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Marquettotti Salcedo Vieira, Roberto Fernandez-Lafuente and Paulo Waldir Tardioli
Performance of Liquid Eversa on Fatty Acid Ethyl Esters Production by Simultaneous
Esterification/Transesterification of Low-to-High Acidity Feedstocks
Reprinted from: Catalysts 2021, 11, 1486, doi:10.3390/catal11121486 . . . . . . . . . . . . . . . . . 13

Ronaldo Rodrigues de Sousa, Ayla Sant’Ana da Silva, Roberto Fernandez-Lafuente and
Viridiana Santana Ferreira-Leitão
Simplified Method to Optimize Enzymatic Esters Syntheses in Solvent-Free Systems: Validation
Using Literature and Experimental Data
Reprinted from: Catalysts 2021, 11, 1357, doi:10.3390/catal11111357 . . . . . . . . . . . . . . . . . 30
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Preface

Welcome to this Special Issue commemorating the 10th anniversary of Catalysts. Over the

past decade, biocatalysis has evolved from a niche field to a cornerstone of the field of catalysis,

driving advancements in organic synthesis and analysis. In this Special Issue, leading researchers

showcase groundbreaking work that highlights the versatility and potential of biocatalysts. From

enzyme discovery to innovative applications, each contribution underscores the transformative

impact of biocatalysis on diverse fields. We delve into enzymatic transformations, exploring substrate

specificity, reaction mechanisms, and protein engineering. Interdisciplinary collaborations across

microbiology, bioinformatics, and materials science further expand the horizons of biocatalysis

research. As we reflect on a decade of innovation in biocatalysis, we extend our gratitude to the

authors, reviewers, and editorial team for their invaluable contributions. Together, we continue to

push the boundaries of biocatalysis, shaping the future of this exciting field. We invite you to explore

this Special Issue and join us in celebrating a decade of excellence in Biocatalysis.

Evangelos Topakas, Roland Wohlgemuth, and David D. Boehr

Editors
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Editorial

Special Issue “10th Anniversary of Catalysts: Biocatalysis in
Analysis and Synthesis—Past, Present and Future”
Evangelos Topakas 1 , David Boehr 2 and Roland Wohlgemuth 3,*

1 Biotechnology Laboratory, School of Chemical Engineering, National Technical University of Athens, 9 Iroon
Polytech Str., Zografou Campus, 15780 Athens, Greece

2 Department of Chemistry, The Pennsylvania State University, University Park, PA 16802, USA
3 Institute of Molecular and Industrial Biotechnology, Lodz University of Technology, 90-537 Lodz, Poland
* Correspondence: roland.wohlgemuth.1@p.lodz.pl

The milestone of the 10th anniversary of Catalysts is a great time to reflect on past
accomplishments, present progress and challenges, as well as to identify future challenges
and opportunities. Biocatalysis has moved from a niche area of catalysis to the forefront as
a key enabling technology for successfully addressing challenges in the fields of organic
synthesis and analysis. This is also illustrated by the continuous growth of the “Biocatalysis”
section of Catalysts, with a total number of 130 Special Issues, from which 32 are active
online and 98 have been completed, and a total number of 761 articles published to date. As
a way of celebrating the 10th anniversary of Catalysts, and in view of the key importance of
biocatalysis, the “Biocatalysis” section has therefore launched a Special Issue entitled “10th
Anniversary of Catalysts: Biocatalysis in Analysis and Synthesis—Past, Present and Future”.

The enzymatic monoacetylation of diols catalyzed by Candida antarctica lipase B is a
valuable desymmetrization methodology and has been applied by Madalińska et al. [1] to
prochiral phosphines and phosphine P-sulfides as a route towards P-chiral catalysts. An
enantiomeric excess of 98% and 10% yield could be achieved in the case of bis(2-hydroxy-
methylphenyl)phenylphosphine when using C. antarctica lipase B as a catalyst and t-butyl
methyl ether/pyridine as a solvent, while 77% enantiomeric excess and 60% yield was the
best result achieved in the case of bis(2-hydroxymethylphenyl)phenylphosphine-P-sulfide
when using lipase from Pseudomonas fluorescens as a catalyst and t-butyl methyl ether as a
solvent [1].

The low-cost liquid lipase Eversa Transform, a variant lipase from Thermomyces lanugi-
nosus, was applied by Vieira et al. [2] in the hydrolysis of acylglycerols from soybean oil
deodorizer distillate to free fatty acids in high yields, and for the simultaneous esterifica-
tion/transesterification of soybean oil deodorizer distillate to fatty acid ethylesters in high
yields using ethanol as an acyl acceptor.

A simple mathematical tool has been developed by Rodrigues de Sousa et al. [3] for
optimizing the syntheses of short, medium or long-chain esters from acids and alcohols
using immobilized lipase and solvent-free systems.

The substrate scope, crystal structure, kinetic properties and thermostability of the
recombinantly expressed L-amino acid oxidase from Pseudoalteromonas luteoviolacea have
been determined by Savino et al. [4]. The high expression level, ease of purification, high
thermostability and activity on many different L-amino acids make this enzyme not only
attractive for the synthesis of enantiopure amino acids or related compounds but also for
detection, due to its high catalytic efficiency on a subset of amino acids [4]. The determined
crystal structure provides a solid basis for engineering tailor-made variants of L-amino acid
oxidase for activity on specific amino acids [4].

The hydrogen-dependent carbon dioxide reductase from Thermoanaerobacter kivui was
immobilized in a redox polymer on a cathode, and its activity was investigated by Ruth
et al. [5] regarding H2 formation from electricity. A 340-fold increase in the current density
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has been demonstrated in a rotating disk electrode system using cobaltocene-functionalized
polyallylamine as a redox polymer paired with the hydrogen-dependent carbondioxide
reductase from T. kivui, which resulted in significantly higher maximum current densities
than for previously reported systems [5].

Cell-free protein synthesis has been used by Rolf et al. [6] as a valuable tool for simplify-
ing and accelerating the identification of novel non-heme Fe2+/α-ketoglutarate-dependent
dioxygenases, which can be applied for the selective hydroxylation of L-lysine in the 3- and
4-position in whole-cell biotransformations. Six novel and yet uncharacterized non-heme
Fe2+/α-ketoglutarate-dependent dioxygenases from Kineococcus rhizosphaerae, Mycobac-
terium interjectum, Photorhabdus luminescens, Burkholderia sp. MSMB617WGS, Burkholderia
pseudomallei and Burkholderia plantarii with suitable activities have been found and extend
the range of enzymes for catalyzing the hydroxylation of L-lysine, whereby further in-
vestigations will be of interest for providing the absolute configuration of the resulting
3-hydroxy-L-lysine and 4-hydroxy-L-lysine [6].

The whole genome sequencing of three Streptomyces sp. strains, different identification
approaches for transaminases and laccases and the functional expression of the correspond-
ing genes have been combined by Ferrandi et al. [7]. They enabled the characterization
of a novel transaminase and a novel laccase, which were shown to be exceptionally ther-
mostable. The novel transaminase Sbv333-TA was demonstrated to have a broad substrate
scope, including β-ketoesters such as methyl acetoacetate and ethyl benzoylacetate, while
improved activity in the presence of the organic solvent acetonitrile was found for the novel
laccase Sbv286-LAC [7].

The substrate scope of silicatein-α, a hydrolytic enzyme from siliceous marine sponges
of interest for biocatalytic silylation, has been investigated by Sparkes et al. [8] in a series of
condensation reactions of triethylsilanol with various aromatic and aliphatic alcohols. The
preference of silicatein-α for the silylation of the S-enantiomers of aliphatic alcohols and the
high degree of conversion in the nonpolar solvents n-octane and toluene are good starting
points for further evolution as valuable biocatalysts for the synthesis of organosiloxanes [8].

Laccases from Trametes versicolor, Myceliophthora thermophila, Bacillus subtilis and
laccase-like multicopper oxidase from T. thermophila have been investigated by Milovanovic
et al. in the oxidation of 1,4-dihydropyridine-based hexahydroquinolines to the correspond-
ing pyridine-containing tetrahydroquinolines and in the oxidation of 1,4-dihydropyridine-
based decahydroacridines to the corresponding pyridine-based octahydroacridines [9].

Phosphotransferases, phosphohydrolases, phosphorylases and phosphomutases are
powerful biocatalysts for highly selective and efficient phosphorylation reactions, and
their applications have been highlighted by Wohlgemuth [10], including useful phospho-
ryl donors and systems for their regeneration, reaction engineering, product recovery
and purification. Examples of valuable analytical and synthetic applications of phospho-
rylation biocatalysts are provided, which illustrate the resource efficiency of highly selective
phosphorylation reactions proceeding with complete conversion [10].

Biocatalysts, including both protein-based and nucleic acid-based enzymes, can also
be utilized for constructing catalyst-based biomolecular logic gates that can read various
molecular inputs and provide chemical, optical, and electrical outputs. Progress in con-
structing logic gates that take advantage of biological catalysts is discussed by Winston and
Boehr [11].

The biological synthesis of biodegradable short-chain-length, medium-chain-length
and short-medium-chain-length polyhydroxyalkanoates and their applications and recy-
cling have been discussed by Dalton et al. [12].

We would like to thank all of the authors for their contributions and the editorial staff
at Catalysts, particularly Pamela Li, M.Sc., Section Managing Editor, and Ellia Zhang, Assis-
tance Editor, for their efforts. We hope that you enjoy this Special Issue to commemorate
the 10-Year Anniversary of Catalysts.

Funding: This research received no external funding.
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Enzymatic Desymmetrisation of Prochiral Phosphines and
Phosphine P-Sulfides as a Route to P-Chiral Catalysts
Lidia Madalińska, Piotr Kiełbasiński and Małgorzata Kwiatkowska *

Division of Organic Chemistry, Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences,
Sienkiewicza 112, 90-363 Łódź, Poland; lmad@cbmm.lodz.pl (L.M.); piokiel@cbmm.lodz.pl (P.K.)
* Correspondence: gosia@cbmm.lodz.pl

Abstract: The enzyme-catalyzed monoacetylation of prochiral bis (2-hydroxymethylphenyl)methyl
phosphine and bis (2-hydroxymethylphenyl)phenylphosphine and their P-sulfides gave, in one single
step, as a result of desymmetrisation, the corresponding monoacetates in moderate yields and with
an enantiomeric excess of 16 to 98%, depending on the substrate structure and enzyme applied. The
absolute configurations of the selected products were determined by a chemical correlation. This led
to the conclusion that, in the case of phosphines, phosphine oxides and phosphine sulfides enzymes
preferentially produce compounds of the same spatial arrangement. The new compounds obtained
will be transformed into chiral catalysts/ligands.

Keywords: biotransformations; configuration determination; desymmetrisation; enzyme catalysis;
phosphorus compounds

1. Introduction

Since the pioneering times of the mid-1970s, when the first practical and generally ap-
plicable methods in asymmetric synthesis [1] were developed, there has been a tremendous
growth in this research field.

One of the fundamental research goals in modern chemistry is the development of effi-
cient and selective procedures to access organic compounds. Among all the methodologies
developed to date, catalysis offers an efficient and economical approach to enantiomerically
pure substances. In particular, organocatalysis, transition metal catalysis and enzymes,
and biotechnology methods are in high demand due to their application in stereoselective
carbon–hydrogen, carbon–carbon or carbon–heteroatom bond formations.

Among the commonly used catalysts, there is a substantial number of hetero-organic
compounds, especially organic phosphorus and sulfur compounds. Concerning the for-
mer ones, there are mainly phosphines and phosphine oxides [2], whose synthesis re-
quires the application of various methodologies. Among them, the desymmetrisation
of prochiral phosphorus substrates seems particularly interesting. Such transformations
were performed mainly in a chemical manner, using chiral catalysts (for some recent re-
sults see [3,4]). There are only a few examples of the use of enzymes as catalysts, such as
desymmetrisation [5–8], three of which came from our laboratory [5,7,8] (vide infra).

The chiral sulfur derivatives that were applied in asymmetric catalysis are variously
functionalized sulfinyl compounds, sulfoximines and others (for a recent overview on the
use of S-chiral sulfur ligands/catalysts in asymmetric synthesis, see [9]).

Searching for new chiral catalysts, we synthesized some time ago a series of organosul-
fur chiral compounds 3, containing a stereogenic sulfinyl moiety, an enantiomeric amine
fragment and the hydroxyl group (Scheme 1) [10,11]. They proved to be excellent catalysts
in a variety of reactions of asymmetric synthesis [9,12].

Following these positive results, we decided to synthesize catalysts in which the
stereogenic sulfinyl moiety was replaced by a stereogenic phosphorus-containing group.

4
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In the first approach, attempts were made at the synthesis of the phosphinyl (P = O)
analogues. We synthesized the enantiomerically pure (2-acetoxymethylphenyl)(2′-hydroxy-
methylphenyl)phosphine oxide 5, which was planned to be a precursor of the desired
ligands 6 (Scheme 2).
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The initial steps involving the enzymatic desymmetrisation of 4 (Scheme 2) were
fully successful [8]. In all cases, the catalyst precursor 5 was obtained in high yields
and with ees up to 99.5%. Unexpectedly, attempts to replace the hydroxyl group with an
enantiomerically pure chiral amine moiety via the mesylation of enantiomerically pure 5
always led to mixtures of diastereomers (which was not the case for the corresponding
sulfinyl analogs 2), which means that racemization must have taken place at one of the
stages of the synthesis. The partial racemization of enantiomeric precursor 5 ultimately
led to the formation of inseparable diastereomeric mixtures of the desired ligands 6 [13].
Moreover, the latter proved to be totally ineffective as catalysts for the several reactions of
asymmetric synthesis [14].

Later, we found that the phosphinyl group (P = O) is responsible for both negative
features of ligands 6 [13,14]. Therefore, we decided to use, instead of the phosphinyl
substrates, the corresponding phosphines 12, 13 and sulfides 22, 23, in the hope of avoiding
the above problems.

2. Results and Discussion
2.1. Synthesis of Bis (2-hydroxymethylphenyl)phosphines 12 and 13

The syntheses of starting phosphines 12 and 13 were based on the reactions of o-
tetrahydropyranyloxymethylphenylmagnesium bromide (Mg-THPBB) 7 with the appropri-
ate dichlorophosphines 8 and 9. Thus, the synthesis of bis (2-hydroxymethylphenyl)methyl
phosphine 12 was achieved by the reaction of dichloro (methyl) phosphine 8 with Mg-
THPBB 7 to give 10, which was then treated with pyridinium p-toluenesulfonate (PPTS) to
remove the THP protecting group. In turn, the synthesis of bis (2-hydroxymethylphenyl)
phenylphosphine 13 was accomplished in a similar way, starting from dichloro (phenyl)
phosphine and treatment of the resulting 11 with PPTS [8] (Scheme 3).

Catalysts 2022, 12, x FOR PEER REVIEW 3 of 9 
 

 

 
Scheme 3. Synthesis of bis (2-hydroxymethylphenyl)phosphines 12 and 13. 

2.2. Desymmetrisation of Bis (2-hydroxymethylphenyl)phosphines 12 and 13 

Due to the fact that in our laboratory we have successfully used enzymes for the syn-

thesis of non-racemic hetero-organic compounds, particularly those containing stereo-

genic phosphorus and sulfur atoms, we decided to use also in this case such a procedure 

for desymmetrisation of the appropriate substrates. Thus, prochiral phosphines 12 and 13 

were subjected to asymmetric acetylation with an excess of vinyl acetate in various sol-

vents at 30 °C, using selected enzymes as biocatalysts (Scheme 4).  

 

Scheme 4. Desymmetrisation of bis (2-hydroxiymethylphenyl)phosphines 12 and 13. 

The reactions were monitored by 31P NMR. After completion, the enzymes were fil-

tered off, the solvent and excess of vinyl acetate were evaporated to leave the residue, 

which, in addition to the desired enantiomerically enriched monoacetates 14 and 15, con-

tained some byproducts. These were the corresponding oxidized derivatives 16 and 17, 

diacetates 18 and 19 and phosphoranes 20 and 21, whose formation proved inevitable in 

spite of all the undertaken protection from air (as shown in Scheme 4) 

The residue was separated via column chromatography and the results are collected 

in Table 1. The inspection of Table 1 clearly shows that the products exhibiting the highest 

enantiomeric excess were obtained using CAL-B as the biocatalyst and toluene as the sol-

vent in acetylation of diol 12 and CAL-B as the biocatalyst and t-butyl methyl ether as the 

solvent in acetylation of diol 13. The relatively low yield of the desired monoacetates may 

be due to the formation of byproducts (vide supra). Some attempts to improve the results, 

using increased amounts of enzymes, did not lead to the expected better outcome. 

The comparison of the above results with those obtained in our previous paper de-

voted to the desymmetrisation of the P = O analogs (vide supra and Scheme 2) [8] clearly 

shows that the replacement of the phosphinyl (P = O) moiety by the phosphino (P-:) one 

results in a lower stereoselectivity of the reaction and lower yields of the products. 

  

Scheme 3. Synthesis of bis (2-hydroxymethylphenyl)phosphines 12 and 13.

5



Catalysts 2022, 12, 171

2.2. Desymmetrisation of Bis (2-hydroxymethylphenyl)phosphines 12 and 13

Due to the fact that in our laboratory we have successfully used enzymes for the syn-
thesis of non-racemic hetero-organic compounds, particularly those containing stereogenic
phosphorus and sulfur atoms, we decided to use also in this case such a procedure for
desymmetrisation of the appropriate substrates. Thus, prochiral phosphines 12 and 13
were subjected to asymmetric acetylation with an excess of vinyl acetate in various solvents
at 30 ◦C, using selected enzymes as biocatalysts (Scheme 4).
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The reactions were monitored by 31P NMR. After completion, the enzymes were
filtered off, the solvent and excess of vinyl acetate were evaporated to leave the residue,
which, in addition to the desired enantiomerically enriched monoacetates 14 and 15, con-
tained some byproducts. These were the corresponding oxidized derivatives 16 and 17,
diacetates 18 and 19 and phosphoranes 20 and 21, whose formation proved inevitable in
spite of all the undertaken protection from air (as shown in Scheme 4)

The residue was separated via column chromatography and the results are collected
in Table 1. The inspection of Table 1 clearly shows that the products exhibiting the highest
enantiomeric excess were obtained using CAL-B as the biocatalyst and toluene as the
solvent in acetylation of diol 12 and CAL-B as the biocatalyst and t-butyl methyl ether as
the solvent in acetylation of diol 13. The relatively low yield of the desired monoacetates
may be due to the formation of byproducts (vide supra). Some attempts to improve the
results, using increased amounts of enzymes, did not lead to the expected better outcome.

The comparison of the above results with those obtained in our previous paper devoted
to the desymmetrisation of the P = O analogs (vide supra and Scheme 2) [8] clearly shows
that the replacement of the phosphinyl (P = O) moiety by the phosphino (P-:) one results in
a lower stereoselectivity of the reaction and lower yields of the products.

2.3. Desymmetrisation of Bis (2-hydroxymethylphenyl)phosphine Sulfides

Because the results obtained during desymmetrisation of bis (2-hydroxymethyl-phenyl)
phosphines 12 and 13 were acceptable, but not very satisfactory and, moreover, some
byproducts arising from oxidation phosphines were formed, we decided to synthesize ap-
propriate phosphine sulfides 22 and 23. Prochiral bis (2-hydroxymethylphenyl)phosphines
12 and 13 were treated with elemental sulfur to give the appropriate phosphine sulfides 22
and 23 (Scheme 5).
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Table 1. Monoacetates 14 and 15 via Desymmetrisation of bis (2-hydroxymethylphenyl)phosphines
12 and 13.

Entry Diol R Enzyme (a) Solvent

Time Monoacetate

[Days] Symbol Yield
[%] [α]D

(b)
Ee

[%] (c)

1 12 Me CAL-B CH2Cl2 8 14 53 −5.40 40

2 12 Me CAL-B i-Pr2O 1 14 52 −7.10 53

3 12 Me CAL-B TBME 1 14 49 −8.70 64

4 12 Me CAL-B toluene 11 14 25 −9.85 73

5 13 Ph CAL-B TBME + pyridine 21 15 10 4.49 98

6 13 Ph CAL-B i-Pr2O + toluene + pyridine 23 15 10 4.42 95

7 13 Ph CAL-B acetone 14 15 52 2.74 60

8 13 Ph CAL-B toluene + pyridine 15 15 38 2.74 60

9 13 Ph CAL-B toluene 6 15 27 2.28 50

10 13 Ph CAL-B acetonitrile 22 15 26 1.26 28

11 13 Ph CAL-B CHCl3 12 15 16 −1.50 33

12 13 Ph CAL-B CH2Cl2 29 15 5 −1.40 31

13 13 Ph PFL CHCl3 12 15 6 −2.26 49

14 13 Ph LPL toluene 28 15 <5 - -

15 13 Ph CR toluene 33 15 11 2.54 56

16 13 Ph PS CHCl3 29 15 10 - -

17 13 Ph - Toluene 24 - - - -
(a) Enzyme: CAL-B: Candida antarctica lipase B (Novozym 435); PFL: lipase from Pseudomonas fluorescens; CR: lipase
from Candida rugosa; PS: Lipase PS (AMANO); LPL: Lipoprotein lipase; (b) in chloroform (c = 1); (c) the ee values
were determined by chiral HPLC: OD, n-Hexane: (i-PrOH: EtOH 4:1) 98%: 2%, Fl. 0.5 mL/min.
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The latter were subjected to asymmetric acetylation with an excess of vinyl acetate in
various solvents at 30 ◦C, using a number of lipases (Scheme 6).
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filtered off, the solvent and excess of vinyl acetate were evaporated, and the residue was
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separated via column chromatography. Interestingly, also in this case, the formation of
achiral diacetates 26 and 27 was observed, which, in some cases, may be responsible for
a decreased yield of monoacetates. The results are collected in Table 2.

Table 2. Monoacetates 24 and 25 via desymmetrisation of bis (2-hydroxymethylphenyl)phosphine
sulfides 22 and 23.

Entry Diol R Enzyme (a) Solvent + Pyridine

Time Monoacetate

[Days] Symbol
Yield

[α]D
(c)

Ee

[%] [%] (d)

1 22 Me CAL-B TBME (b) 4 24 60 4.7 72 (e)

2 22 Me CAL-B toluene 4 24 80 3.25 50 (e)

3 22 Me CAL-B acetone 4 24 70 1.65 25 (e)

4 22 Me CAL-B CH2Cl2 8 24 49 0 0

5 22 Me CR TBME 11 24 55 0 0

6 22 Me PFL TBME 11 24 60 0 0

7 23 Ph PFL TBME 38 25 60 −7.57 77

8 23 Ph PFL Et2O 38 25 55 −4.44 45

9 23 Ph PFL toluene 38 25 66 −1.56 16

10 23 Ph PFL CH2Cl2 38 25 44 −1.62 16

11 23 Ph CAL-B Et2O 38 25 44 3.25 54

12 23 Ph CAL-B i-Pr2O 38 25 37 1.1 0

13 23 Ph CAL-B acetone 38 25 14 2.25 23

14 23 Ph CAL-B toluene 26 only substrate

15 23 Ph CAL-B TBME 16 25 10 2.2 23

16 23 Ph CR TBME 38 25 23 1.8 18
(a) Enzyme: CAL-B: Candida antarctica lipase B (Novozym 435); PFL: lipase from Pseudomonas fluorescens; CR: lipase
from Candida rugose; (b) TBME: t-butyl methyl ether; (c) in chloroform (c = 1); (d) the ee values were determined by
chiral HPLC: AS, n-Hexane: (i-PrOH: EtOH 4:1) 96%: 4%, Fl. 0.4 mL/min; (e) the ee values were calculated on the
basis of the optical rotation, compared to the one shown in Scheme 7 (vide infra).
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The inspection of Table 2 clearly shows that the reaction time, yields and enantios-
electivity strongly depended on the lipase and the solvent used. Monoacetate 24 was
obtained in good yield, but with moderate enantioselectivity. In turn, monoacetate 25
was formed in good yield and enantioselectivity. The best results were obtained using
PFL as the biocatalyst and t-butyl methyl ether as the solvent. Again, attempts to use
increased amounts of enzymes did not lead to higher outcomes. Nevertheless, it should be
stressed that in both cases presented above, the stereoselective enzymatic transformation
was achieved using the substrates in which the prostereogenic phosphorus atom and the
reacting hydroxy oxygen were distant from each other by four bonds.
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2.4. Determination of the Absolute Configuration of Monoacetates 14 and 24

The absolute configuration of the newly obtained enantiomerically enriched monoac-
etates was determined as follows: phosphine 14 (Table 1, entry 4) was oxidized with air
to give phosphine oxide (-)-(R)-5, whose absolute configuration and optical rotation are
known from our previous work [8]. Since oxidation with air proceeds with the retention
of the configuration at phosphorus [15], (S) configuration was ascribed to (-)-phosphine
14 obtained. In turn, the reaction of phosphine 14 with elemental sulfur, proceeding also
with retention of configuration at phosphorus [15], gave phosphine sulfide 24. Hence,
the absolute configuration of the latter is (+)-(R) (Scheme 7), that is, the same as the one
obtained in the enzymatic desymmetrisation.

Unfortunately, no such correlation could be made for phosphine monoacetate 15 and
phosphine sulfide acetate 25 due to the lack of the corresponding phosphine oxides of
known absolute configuration. Moreover, all the chiral products were oils, which excluded
X-ray analysis.

3. Materials and Methods
3.1. General Information

The synthesized products were purified by column chromatography on Merck 60 silica
gel (0.063–0.200 mm) or preparative plate chromatography using Merck 60 F254 silica
gel plate (2.5 mm). TLC was performed on Merck 60 F254 silica gel plate (0.25 mm).
Solvents were dried using general procedures and distilled prior to use. The NMR spectra
were recorded in CDCl3 with a Bruker AV 200 spectrometer. The chemical shifts (δ) are
expressed in ppm, the coupling constants (J) are given in Hz. Mass spectra were recorded
with a Finnigan MAT95 Voyager Elite spectrometer or Synapt G2-Si mass spectrometer
(Waters) equipped with an ESI source and quadrupole-time-of-Flight mass analyser. Optical
rotations were measured on a Perkin-Elmer 241 MC polarimeter. HPLC analysis was made
using Varian Pro Star 210 instrument using column with chiral filling Chiralcel OD or
Chiralpak AS. The enzymes were purchased from AMANO or SIGMA. Enzymes: CAL-B
(Novozym 435)–lipase acrylic resin from Candida antarctica (E.C. 3.1.1.3), SIGMA-ALDRICH;
PFL–lipase from Pseudomonas fluorescens (E.C. 3.1.1.3), SIGMA-ALDRICH; PS–lipase from
Pseudomonas species (E.C. 3.1.1.3), AMANO, CR–lipase from Candida rugosa (E.C. 3.1.1.3),
SIGMA-ALDRICH; LPL–Lipoprotein lipase (E.C. 3.1.1.34), SIGMA-ALDRICH. All the
NMR spectra are collected in the “Supplementary Materials”.

3.2. Synthesis of Bis (2-hydroxymethylphenyl)phosphines 12 and 13
3.2.1. Synthesis of Bis [2-(2′-tetrahydropyranyloxy)methylphenyl]phosphine 10 and 11

To magnesium (0.264 g, 0.01 mol) under nitrogen was added a solution of 2′-(2-
tetrahydropyranyloxymethyl)bromobenzene 7, obtained according to the known proce-
dure [8] (3 g, 0.01 mol) in THF (8 mL) followed by a small crystal of iodine. The mixture was
gently heated to initiate the Grignard reagent formation. After the magnesium completely
dissolved, appropriate dichlorophosphine 8 or 9 (0.649 g for 8 or 0.985 g for 9, 0.0055 mol)
dissolved in THF (5 mL) was added and the solution was stirred for 3 h. THF was evap-
orated, saturated aqueous solution of NH4Cl (10 mL) was added to the residue and the
mixture was extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were dried
over anhydrous MgSO4 and the solvent was removed to give crude phosphine 10 or 11.

Bis [2-(2′-tetrahydropyranyloxy)methylphenyl]methylphosphine 10
Crude yield: 1.970 g, 90%
31P NMR (CDCl3): δ = −48.3
Bis [2-(2′-tetrahydropyranyloxy)methylphenyl]phenylphosphine 11
Crude yield: 2.535 g, 94%
31P NMR (CDCl3): δ = −25.7

9
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3.2.2. Synthesis of Bis (2-hydroxymethylphenyl)phosphines 12 and 13

To a solution of crude phosphine 10 or 11 (0.0054 mol) in EtOH (40 mL) pyridinium
p-toluenesulfonate (PPTS) (0.2 eq., 0.27 g, 0.0011 mol) was added and the mixture was
stirred at 55 ºC for 7 h. EtOH was evaporated, to the residue saturated aqueous solution
of NaHCO3 (10 mL) was added and the mixture was extracted with CH2Cl2 (3 × 10 mL).
The combined organic layers were dried over anhydrous MgSO4. After the evapora-
tion of the solvent, the crude products were purified by column chromatography using
dichloromethane-acetone in a gradient from 5:1 to 1:1 as eluent to give products 12 and
13, respectively.

Bis (2-hydroxymethylphenyl)methylphosphine 12
Oil, isolated yield: 0.439 g, 25%
31P NMR (CDCl3): δ = −50.8;
1H NMR (CDCl3): δ = 1.59 (d, J = 3.8 Hz, 3H), 4.67–4.90 (m, 4H), 7.27–7.39 (m, 8H);
MS (+ESI): m/z = 261 (M + H);
HRMS (+ESI): m/z = 261.1049, calcd for C15H18PO2 (M + H), 261.1044.
Bis (2-hydroxymethylphenyl)phenylphosphine 13
Oil, isolated yield: 0.098 g, 56%
31P NMR (CDCl3): δ = −27.5;
1H NMR (CDCl3): δ = 4.75–5.04 (m, 4H), 6.94–7.52 (m, 13H);
MS (+ESI): m/z = 323 (M + H);
HRMS (+ESI): m/z = 323.1208, calcd for C20H20PO2 (M + H), 323.1201.

3.3. Synthesis of Bis (2-hydroxymethylphenyl)phosphine Sulfides 22 and 23

To obtain bis(2-hydroxymethylphenyl)phosphine sulfides 22 and 23, to the solution
of phosphine 12 and 13 (0.180 g, 0.692 mmol for 12 and 0.134 g, 0.416 mmol for 13) in
dichloromethane (20 mL) under nitrogen elemental sulfur (1 eq., 0.022 g, 0.692 mmol
for 12 and 0.014 g, 0.416 mmol for 13) was added. The mixture was refluxed until the
substrate disappeared, which was found by 31P NMR. Then, the reaction mixture was
filtered through celite and the solvent was evaporated. The crude reaction mixture was
purified by column chromatography using dichloromethane-acetone 6:1 with the addition
of triethylamine (0.03% vol.) to give pure 22 and 23.

Bis (2-hydroxymethylphenyl)methylphosphine sulfide 22
Yellowish solid, m. p. 92–94 ◦C, isolated yield: 0.124 g, 61%
31P NMR (CDCl3): δ = 34.2;
1H NMR (CDCl3): δ = 2.34 (d, J = 13.2 Hz, 3H), 3.71 (br. s, 1H), 4.39–4.75 (m, 4H),
7.11–7.72 (m, 8H);
13C NMR (CDCl3): δ = 23.68 (d, JP-Me = 60.5 Hz), 62.93 (d, JP-CH2OH = 6.0 Hz), 128.15, 131.03,
131.12, 131.73, 132.22, 132.30, 132.36, 132.74, 143.97, 144.04 (Aryl);
MS (+ESI): m/z = 293 (M + H);
HRMS (+ESI): m/z = 293.0771, calcd for C15H18PO2S (M + H), 293.0765.
Bis (2-hydroxymethylphenyl)phenylphosphine sulfide 23
Yellowish solid, m. p. 132–134 ◦C, isolated yield: 0.111 g, 76%
31P NMR (CDCl3): δ = 40.7;
1H NMR (CDCl3): δ = 3.85 (br. s, 1H), 4.67–4.82 (m, 4H), 5.29–5.49 (m, 2H), 6.78–7.72 (m,
13H);
MS (CI): m/z = 355 (M + H);
HRMS (CI): m/z = 354.0845, calcd for C20H19PO2S (M + H), 354.0843.

3.4. General Procedure for the Enzymatic Desymmetrization of Bis
(2-hydroxymethylphenyl)phosphines 12 and 13 and Bis (2-hydroxymethylphenyl)phosphine
Sulfides 22 and 23

To a solution of the prochiral phosphine diol (12 or 13, 0.1 mmol) or prochiral P-sulfide
diol (22 or 23, 0.1 mmol) in a solvent (5 mL) pyridine (3 eq., 0.024 mL, 0.3 mmol), vinyl
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acetate (0.5 mL) and an enzyme (20 mg) were added. In the case of phosphines 12 and
13, the reaction was carried out under a nitrogen atmosphere. The whole mixture was
stirred at room temperature. The conversion degree was determined by 31P NMR. Then,
the enzyme was filtered off and the solvents were evaporated. The crude reaction mixture
was separated by column chromatography using dichloromethane-acetone in gradient
from 100:1 to 1:1 with the addition of triethylamine (0.03% vol.) as eluent, to give pure
enantiomerically enriched phosphine monoacetates 14 and 15 and P-sulfide monoacetates
24 and 25. The results are collected in Table 1 for phosphines 12 and 13 and in Table 2 for
sulfides 22 and 23.

(2-acetoxymethylphenyl)(2′-hydroxymethylphenyl)methylphosphine 14
31P NMR (CDCl3): δ = −48.4;
1H NMR (CDCl3): δ = 1.59 (d, J = 3.6 Hz, 3H), 1.86 (s, 3H), 4.69–4.89 (m, 4H), 7.19–7.48 (m,
8H);
MS (CI): m/z = 303 (M + H);
HRMS (+ESI): m/z = 303.1158, calcd for C17H20PO3 (M + H), 303.1150.
(2-acetoxymethylphenyl)(2′-hydroxymethylphenyl)phenylphosphine 15
31P NMR (CDCl3): δ = −26.3;
1H NMR (CDCl3): δ = 1.62 (s, 3H), 4.71–4.82 (m, 2H), 5.29–5.49 (m, 2H), 6.81–7.44 (m, 13H);
MS (FAB): m/z = 365 (M + H);
HRMS (FAB): m/z = 365.1317, calcd for C22H22PO3 (M + H), 365.1306.
(2-acetoxymethylphenyl)(2′-hydroxymethylphenyl)methylphosphine sulfide 24
31P NMR (CDCl3): δ = 33.7;
1H NMR (CDCl3): δ = 1.89 (s, 3H), 2.38 (d, J = 13.2 Hz, 3H), 4.31–4.75 (m, 2H), 4.94–5.09 (m,
2H), 7.36–8.15 (m, 8H);
MS (+ESI): m/z = 335 (M + H);
HRMS (+ESI): m/z = 335.0876, calcd for C17H20PO3S (M + H), 335.0871.
(2-acetoxymethylphenyl)(2′-hydroxymethylphenyl)phenylphosphine sulfide 25
31P NMR (CDCl3): δ = 41.2;
1H NMR (CDCl3): δ = 1.84 (s, 3H), 4.01 (br. s, 1H), 4.60–4.82 (m, 2H), 5.38–5.55 (m, 2H),
6.89–7.73 (m, 13H);
MS (CI): m/z = 397 (M + H);
HRMS (+ESI): m/z = 397.1023, calcd for C22H22PO3S (M + H), 397.1027.

4. Conclusions

Prochiral bis (2-hydroxymethylphenyl) phosphines and their sulfides could be suc-
cessfully transformed into enantiomerically enriched monoacetyl derivatives by a desym-
metrisation procedure using an enzymatic acetylation reaction. The use of enzymes proved
to be useful in obtaining the desired products with high stereoselectivity in one step. The
determination of their absolute configuration proved that, in the case of phosphines, phos-
phine oxides and phosphine sulfides enzymes preferentially produce compounds of the
same spatial arrangement. The new compounds obtained will be transformed into chiral
catalysts/ligands. The appropriate investigations are underway.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12020171/s1: NMR spectra of all the new compounds.
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11. Leśniak, S.; Rachwalski, M.; Sznajder, E.; Kiełbasiński, P. New Highly Efficient Aziridine-functionalized Tridentate Sulfinyl
Catalysts for Enantioselective Diethylzinc Addition to Carbonyl Compounds. Tetrahedron Asymmetry 2009, 20, 2311–2314.
[CrossRef]
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Abstract: Liquid Eversa was evaluated in hydrolysis of acylglycerols from soybean oil deodorizer
distillate (SODD), as well as simultaneous esterification/transesterification of SODD with low-
to-high free fatty acids (FFAs) content using ethanol as acyl acceptor. Hydrolysis of SODD at
mild temperature (37 ◦C) and without pH control (water:SODD mass ratio of 4:1) increased its
FFAs content from 17.2 wt.% to 72.5 wt.% after 48 h reaction. A cold saponification of SODD
allowed a saponification phase (SODD-SP) to be recovered with 93 wt.% saponification index and
2.25 wt.% FFAs content, which was used to find the experimental conditions for simultaneous
esterification/transesterification reactions by experimental design. Temperature of 35 ◦C, enzyme
concentration of 8.36 wt.%, and molar ratio of 3.64:1 (ethanol:SODD-SP) were found as the best
conditions for fatty acid ethyl esters (FAEEs) production from SODD-SP (86.56 wt.% ester yield after
23 h reaction). Under the same reaction conditions, crude SODD (17.2 wt.% FFAs) and hydrolyzed
SODD (72.5 wt.% FFAs) yielded products containing around 80 wt.% FAEEs. Caustic treatment could
increase the ester content to around 90 wt.% and reduce the FFAs content to less than 1 wt.%. Our
results show the good performance of liquid Eversa in aqueous (hydrolysis reactions) and organic
(esterification/transesterification reactions) media.

Keywords: liquid Eversa; SODD; hydrolysis; simultaneous esterification and transesterification;
substrate low to high acidity

1. Introduction

There is in the market a low-cost liquid lipase (Eversa Transform, a variant lipase from
Thermomyces lanuginosus) specially formulated for the biodiesel industry [1–4]. It has been
reported that this enzyme exhibits excellent performance in both liquid and immobilized
forms, with both methanol and ethanol as acyl acceptors, and using refined and acid
feedstocks (alkyl esters yields up to 99%) (Table A1 in Appendix A) [1,5–19].

Among the several fatty-rich industrial co-products, the soybean oil deodorizer distil-
late (SODD) is an interesting low-cost raw material as source of fatty acids. The SODD is a
by-product of the soy oil refining, generated in the oil deodorization step [20] that is carried
out to remove volatile compounds responsible for unacceptable odor, color and taste in the
quality standard of oils for commercialization [20,21]. This by-product is mostly composed
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of FFAs, acylglycerols (monoglycerides (MAGs), diglycerides (DAGs) and triglycerides
(TAGs)) and smaller amounts of tocopherols, free sterols and scalene [22–24].

Due to the high content of saponifiable materials (up to 90 wt.%), deodorizer distillates
(DDs) of vegetable oils (soy, palm, rapeseed, etc.) have been exploited as raw material for
biodiesel production (Table A2 in Appendix A) [25–30], reaching ester yields from 88% to
about 98%, mainly using commercial immobilized lipases (Lipozyme IM, Novozym 435
and Lipozyme RM-IM) [25–30]. According to our research in the scientific literature, there
are still no works on the production of fatty acids ethyl esters (FAEEs) from SODD using
liquid Eversa.

This work aimed to evaluate the performance of liquid Eversa in the simultaneous
esterification of FFAs and transesterification of acylglycerols in feedstocks containing low-
to-high FFAs content, employing SODD as model substrate. For this purpose, crude SODD
(containing around 17 wt.% FFAs, as described below) was pretreated by two processes,
aiming to reduce (cold saponification) or increase the FFAs (Eversa hydrolysis) content in
the SODD. The experimental conditions for obtaining high ester yields by simultaneous
esterification/transesterification using liquid Eversa as biocatalyst were evaluated by
statistical design. At the defined conditions, FAEEs were produced from SODD containing
low, medium, and high FFAs content and using ethanol as acyl acceptor. Finally, as an
attempt to increase the FAEEs content in our product, a caustic treatment was adopt under
the previously reported conditions [1,5].

2. Results and Discussion
2.1. Soybean Oil Deodorizer Distillate (SODD) Characterization

As the SODD is a by-product of oil refining, its composition depends on the oil source
and the processing steps. In this way, its physical-chemical characterization is important to
verify the particularities of the raw material under study. The physical-chemical properties
of the SODD (Table 1) show a saponification index (181.62 ± 0.96 mg KOH/g) close to that
reported by Yin et al. [31,32] (154.87 mg KOH/g ± 2.62), who used SODD for biodiesel
production. The saponification index of refined soybean oil is in the range 180–200 mg
KOH/g [33], therefore, our results were very close to these values, indicating that the
SODD had similar characteristics to refined oil in terms of that index.

Table 1. Physicochemical properties of the soybean oil deodorizer distillate (SODD).

Parameter Results Method

Acidity index (mgKOH/g) (25 ◦C) 34.19 ± 0.52 (17.18 wt.%) [34]
Iodine index by the Wijs method (gI2/100 g)

(25 ◦C) 112.98 ± 0.32 [35]

Saponification index (mgKOH/g) (25 ◦C) 181.62 ± 0.96 (91.27 wt.%) [36]
Kinematic viscosity (mPa.s) (40 ◦C) 32.74 ± 0.01 Note 1
Kinematic viscosity (mPa.s) (25 ◦C) 57.10 ± 0.01 Note 1

Moisture (%) (130 ◦C) 1.33 ± 0.04 [37]
Saponifiable matter as fatty acid methyl esters

(FAME) (wt.%) 85.15 ± 0.53 [38,39]

α-Tocopherol (g/100 g) (%) 0.37 ± 0.001 [40]
β-Tocopherol (g/100 g) (%) 0.09 ± 0.005 [40]
γ-Tocopherol (g/100 g) (%) 1.01 ± 0.003 [40]
δ-Tocopherol (g/100 g) (%) 0.36 ± 0.003 [40]

Total of tocopherols (g/100 g) (%) 1.83 [40]

Palmitic acid (C16:0) (g/100 g) (%) 3.19 ± 0.01 [41]
Stearic acid (C18:0) (g/100 g) (%) 0.99 ± 0.03 [41]
Oleic acid (C18:1) (g/100 g) (%) 5.43 ± 0.04 [41]
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Table 1. Cont.

Parameter Results Method

Linoleic acid (C18:2) (g/100 g) (%) 7.91 ± 0.15 [41]
Linolenic acid (C18:3) (g/100 g) (%) 0.95 ± 0.06 [41]

Total of free fatty acids (g/100 g) (%) 18.47 [41]
Note 1: Rheometer (Brookfield DV-III Ultra with bath TC-650. Brookfield Brazil. Middleboro. MA. EUA) and
spindle SC4–27. program Rheocalc V3.3 Build 49–1.

Regarding the FFAs content, the SODD acidity index (34.19 ± 0.52 mg KOH/g) was
lower than those previously reported for deodorizer distillates of soybean oil (107.64 ± 228 mg
KOH/g) [31,32], palm oil (191.69 mg KOH/g) [27], rice oil (163.66 ± 0.57 mg KOH/g) [42],
and rapeseed oil (97.61 ± 1.87 mg KOH/g) [43]. In general, the content of FFAs of vegetable
oil by-products depends on the composition of the original oil, as well as the deodoriza-
tion conditions; thus, the physical-chemical parameters of deodorizer distillates can vary
according to the oilseed [20].

The iodine index is a parameter related to the degree of the oil unsaturation [35]. The
value obtained for the SODD (112.98 ± 0.32 gI2/100 g) was about twice higher than that
obtained for palm oil deodorizer distillate (63.8 gI2/100 g) [27], since soybean oil is rich in
polyunsaturated fatty acids, while palm oil is rich in saturated fatty acids. However, for
biodiesel production it is recommended an iodine index less than 115 gI2/100 g [44]. The
moisture of SODD (1.33 ± 0.04%) was higher than those of refined oils (less than 0.5%) [45],
but this parameter can be corrected for biodiesel production, since the presence of water
may favor the hydrolysis of the esters produced, thus reducing the reaction yield. The
kinematic viscosity of the SODD at 25 ◦C (57.10 ± 0.01 mPa.s) was very close to that of
refined soybean oil [46] that is consistent with the high content of acylglycerols (MAGs,
DAGs and TAGs) in the SODD (~70 wt.%).

The total content of FFAs and acylglycerides was also quantified by gas chromatog-
raphy in terms of fatty acid methyl esters (FAMEs). For that, all glyceridic matter was
previously submitted to an alkaline transesterification with methyl alcohol, converting
it totally into FAMEs. Table 1 shows that the SODD is mainly composed of saponifiable
matter (85.15 ± 0.53 wt.%), which makes it an excellent raw material to produce biodiesel.

Soybean oil is a good source of tocopherols (α-, β-, γ- and δ-tocopherols) [24], but
part of these compounds are lost in the oil deodorization, making the SODD a good
source of tocopherols too. The total of tocopherols in the SODD under study (around
1.8 wt.%) was around 10-fold lower than those reported in the literature (16.3–18.2%) [20].
This difference can be attributed to the fact that the degradation of tocopherols occurs
quickly [23]. Tocopherols are prone to degradation at alkaline conditions and at high
temperature (up to 61% degradation at 300 ◦C during the oil distillation process) [47].

The FFAs in the SODD were majority composed of linoleic, oleic and palmitic acids,
since soybean oil is composed of linoleic acid (51%), oleic acid (23%), palmitic acid (10%),
linolenic acid (7–10%) and stearic acid (4%) [48]. However, the total content of FFAs
(18.47 wt.%) found in this work was lower than those reported by Kasim et al. [49] and
Gunawan et al. [22], 41.15 ± 0.39% and 45.38 ± 2.13%, respectively. However, this parame-
ter depends on the operational conditions of the deodorization process (temperature and
pressure).

2.2. SODD Saponification

A cold saponification method was adopted in this study aiming to recovery the
saponifiable matter of the SODD. The saponifiable phase (93.03 wt.% saponification index,
2.25 wt.% FFA and 1.33 wt.% tocopherols) was selected to carry out the statistical design to
define better reaction conditions to produce FAEEs (discussed below). The saponification
method adopted here degraded a large amount of tocopherols, mainly α-tocopherol, as
will be discussed below. Tocopherol’s degradation during saponification processes was
also reported by Maniet et al. [50].
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2.3. SODD Hydrolysis Reaction

SODD was hydrolyzed using free Eversa as biocatalyst. As the Thermomyces lanugi-
nosus lipase, Eversa (a genetically-modified variant of Thermomyces lanuginosus lipase) is a
1,3-specific lipase [1] that mainly releases acyl moieties linked to the sn-1 and sn-3 positions
at the glycerol backbone, being the hydrolysis of TAGs to DAGs faster than the hydrolysis
of MAGs [51,52].

Figure 1 shows that after 48 h hydrolysis, a FFA yield of 72.48 ± 2.91 wt.% was reached,
remaining approximately constant after 72 h reaction (FFA yield of 72.64 ± 3.76 wt.%). This
FFA yield represents a reaction conversion of around 80% (based on the initial saponifica-
tion index, 91.27%). Other works using Thermomyces lanuginosus lipase also report hydroly-
sis conversions in the same magnitude order, viz. 89% [53] and 94% [54], using soybean oil
and waste cooking oil, respectively. However, the hydrolysis conversions are not directly
comparable because of different reaction conditions. Besides FFAs, the hydrolysis product
also contained non-converted acylglycerols, esters and tocopherols, as follows (in wt.%):
8.02 ± 0.05 MAGs, 7.12 ± 0.01 DAGs, 8.62 ± 0.03 TAGs, 3.76 ± 0.01 esters, and 0.28 total
tocopherols (0.09 ± 0.004 α-tocopherol, 0.12 ± 0.11 β-tocopherol, 0.04 ± 0.001 δ-tocopherol,
and 0.03 ± 0.001 γ-tocopherol).
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Figure 1. Free fatty acid (FFA) yield profile (wt.%) vs. time for the hydrolysis of SODD by the enzyme
Eversa Transform 2.0. Reaction conditions: up to 72 h reaction; 37 ◦C; 4:1 mass ratio (H2O:SODD)
and 5% enzyme (m/mSODD).

2.4. Simultaneous Transesterification and Esterification Reactions

As commented above, the SODD saponifiable phase (SODD-SP, 93.03% saponification
index) was used as substrate in the statistical design assays. The levels of the variables
of the statistical design were based on reaction conditions previously reported for the
synthesis of biodiesel using Eversa Transform (Table A2 in Appendix A) to establish a
range of parameters that encompassed a large part of those works. The response variable
was analyzed in terms of the reaction ester yield (FAEEs, mass basis).

The experimental runs resulted ester yields (in wt.%) ranging from 59.30 to 82.06%
(Table 2 showing experimental and predict ester yields). Analysis of variance (ANOVA)
(Table A3 in Appendix A) allowed determination of the significant parameters. The F-
values of model and lack of fit were 24.448 (p-value < 0.0002, 95%-confidence level) and
14.402 (p-value > 0.08) (Table A3 in Appendix A), respectively, indicating that the fitted
model (Equation (1)) represents well the behavior of our system (R-squared value of 0.9692).
The difference between adjusted and predicted R-squared is recommended to be less than
0.20. The adjusted R-squared and predicted R-squared values were 0.9295 and 0.8890,
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indicating good representativity of experimental dataset and capability of extrapolating
the model, respectively.

Table 2. Experimental design for the influences of three independent variables (real and coded) on the ester yield of the
esterification/transesterification reaction with SODD saponifiable phase (SODD-SP) (experimental and predicted values).

Assays Molar Ratio
(Ethanol:SODD-SP)

Enzyme Concentration
(wt. %)

Temperature
(◦C)

Ester Yield
Experimental (wt.%)

Ester Yield
Predicted (wt.%)

1 2.3:1 (−1) 3 (−1) 30 (−1) 73.00 ± 2.55 72.38
2 3.3:1 (+1) 3 (−1) 30 (−1) 70.77 ± 0.79 70.46
3 2.3:1 (−1) 7 (+1) 30 (−1) 81.91 ± 0.80 82.40
4 3.3:1 (+1) 7 (+1) 30 (−1) 80.10 ± 1.37 80.48
5 2.3:1 (−1) 3 (−1) 40 (+1) 59.30 ± 1.60 61.14
6 3.3:1 (+1) 3 (−1) 40 (+1) 69.36 ± 1.03 69.70
7 2.3:1 (−1) 7 (+1) 40 (+1) 67.57 ± 1.68 67.28
8 3.3:1 (+1) 7 (+1) 40 (+1) 74.40 ± 1.34 75.84
9 1.96:1 (−1.68) 5 (0) 35 (0) 67.98 ± 0.72 69.70

10 3.64:1 (+1.68) 5 (0) 35 (0) 73.90 ± 2.06 75.28
11 2.8:1 (0) 1.64 (−1.68) 35(0) 67.99 ± 4.44 68.36
12 2.8:1 (0) 8.36 (+1.68) 35 (0) 82.06 ± 4.87 81.93
13 2.8:1 (0) 5 (0) 26.6 (−1.68) 72.94 ± 1.61 76.42
14 2.8:1 (0) 5 (0) 43.4 (+1.68) 65.14 ± 4.32 63.08
15 2.8:1 (0) 5 (0) 35 (0) 72.03 ± 0.45 72.49
16 2.8:1 (0) 5 (0) 35 (0) 72.74 ± 1.01 72.49
17 2.8:1 (0) 5 (0) 35 (0) 72.76 ± 0.25 72.49

A second order (Equation (1)) model was fitted to the experimental data of ester
yield vs. the coded independent variables X1 (ethanol:SODD-SP molar ratio), X2 (enzyme
concentration, in wt. %) and X3 (temperature, in ◦C):

Yield = 72.50 + 1.67X1 − 0.50X1
2 + 4.04X2 + 0.94X2

2 − 3.67X3 − 0.98X3
2 − 0.35X1X2 + 2.62X1X3 − 0.62X2X3 (1)

A good agreement was observed between experimental and predicted (from Equa-
tion (1)) responses (Figure A1 in Appendix A).

Figure 2 shows the response surfaces constructed from the model (Equation (1)). As
expected, both enzyme concentration (more expressive) and molar ratio (ethanol:SODD-
SP) influenced positively the ester yield, i.e., an increase in these parameters leads to
higher ester yields. In particular, as SODD has a high content of FFAs and its esterification
generates water as a by-product, the reaction was favored using an excess of ethanol,
which shifts the reaction equilibrium towards the products [17,55]. On the other hand,
temperature negatively affected the ester yield, i.e., the reaction was favored at lower
temperatures because high temperatures can inactivate the enzyme. These effects and their
magnitudes are clearly shown in the Pareto chart (Figure A2 in Appendix A).
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The highest FAEE yield was reached at 35 ◦C, 8.36 wt.% enzyme concentration and
3.64:1 molar ratio (ethanol:SODD-SP) (Figure A3 in Appendix A). Under these conditions,
the model predicted an ester yield of 83.31 wt.%, which could be experimentally validated
in an independent assay (83.25 ± 1.11 wt.% ester yield after 16 h reaction, Figure 3). Figure 3
shows that the reaction equilibrium was reached after 23 h reaction (86.56 wt.% ester yield),
after which the ester yield remains practically constant (86.84 wt.% after 48 h reaction).
This result is very close to that reported by Wancura et al. [7] (85.08%) using methanol,
deacidified cattle tallow, and liquid Eversa.
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Figure 3. Profile of fatty acid ethyl ester (FAEE) yield (wt.%) vs. time for the esterification/trans-
esterification of SODD saponifiable phase (SODD-SP) (15 g) with ethanol (8.10 g). Reactions condi-
tions: up to 48 h reaction; 35 °C; molar ratio of 3.64:1 (ethanol:SODD-SP) and 8.36 wt.% enzyme 
concentration. 
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Figure 3. Profile of fatty acid ethyl ester (FAEE) yield (wt.%) vs. time for the esterifica-
tion/transesterification of SODD saponifiable phase (SODD-SP) (15 g) with ethanol (8.10 g). Reactions
conditions: up to 48 h reaction; 35 ◦C; molar ratio of 3.64:1 (ethanol:SODD-SP) and 8.36 wt.% enzyme
concentration.

2.5. Performance of Liquid Eversa in Simultaneous Transesterification and Esterification of Fatty
Material with Different Free Acidity

Under the best conditions described above, an experiment was carried out using
SODD-SP (2.25% FFAs), crude SODD (17.18% FFAs), and hydrolyzed SODD (72.48% FFAs).
Table 3 shows a mass percentage of the main components (FAEEs, FFAs, acylglycerides and
tocopherols) for each step. Eversa similarly converted all substrates (with low, medium,
and high FFAs content) in FAEEs (86.56, 76.85 and 80.02 wt.% ester yields, respectively);
only a slightly higher ester yield (less than 10 wt.%) was observed for a substrate with low
free acidity. However, for a highly acidic substrate, the product contained a higher content
of FFAs and non-converted acylglycerides than the other substrates (low and medium
acidity).

Table 3. Mass percentage of main components of producing FAEEs from low-to-high acidity SODD.

FAEEs Production (Reaction Step) Caustic Treatment
Inputs Outputs Outputs

Component Value (wt.%) Component Value (wt.%) Component Value (wt.%)
Crude SODD Crude FAEEs Crude FAEEs

SI 91.27 ± 0.88 Saponifiable Saponifiable
FFAs 17.18 ± 0.26 FAEEs 76.85 ± 0.65 FAEEs 82.42 ± 0.78

Acyl-gly a 74.09 FFAs 5.08 ± 0.01 FFAs 1.08 ± 0.08
Toc-total 1.83 Acyl-gly 1.59 Acyl-gly 0.94

α-tocopherol 0.37 ± 0.001 Glycerol 0.04 ± 0.01 Glycerol 0.04 ± 0.004
β-tocopherol 0.09 ± 0.005 MAGs 0.73 ± 0.01 MAGs 0.42 ± 0.0
γ-tocopherol 1.01 ± 0.003 DAGs 0.79 ± 0.09 DAGs 0.45 ± 0.05
δ-tocopherol 0.36 ± 0.003 TAGs 0.03 ± 0.01 TAGs 0.03 ± 0.003

Toc-total 1.39 Toc-total 0.41
α-tocopherol 0.06 ± 0.01 α-tocopherol 0.002 ± 0.001
β-tocopherol 0.07 ± 0.001 β-tocopherol 0.005 ± 0.001
γ-tocopherol 0.99 ± 0.01 γ-tocopherol 0.19 ± 0.003
δ-tocopherol 0.27 ± 0.001 δ-tocopherol 0.22 ± 0.01

SODD–SP Crude FAEEs Crude FAEEs
SI 93.03 ± 1.08 Saponifiable Saponifiable
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Table 3. Cont.

FAEEs Production (Reaction Step) Caustic Treatment
Inputs Outputs Outputs

Component Value (wt.%) Component Value (wt.%) Component Value (wt.%)
Crude SODD Crude FAEEs Crude FAEEs

FFAs 2.25 ± 0.13 FAEEs 86.56 ± 0.31 FAEEs 90.83 ± 0.82
Acyl-gly a 90.78 FFAs 2.77 ± 0.08 FFAs 0.82 ± 0.08
Toc-total 1.33 Acyl-gly 1.89 Acyl-gly 1.03

α-tocopherol 0.34 ± 0.01 Glycerol 0.05 ± 0.01 Glycerol N.d.
β-tocopherol 0.01 ± 0.003 MAGs 0.90 ± 0.05 MAGs 0.50 ± 0.02
γ-tocopherol 0.84 ± 0.01 DAGs 0.87 ± 0.23 DAGs 0.53 ± 0.09
δ-tocopherol 0.14 ± 0.001 TAGs 0.07 ± 0.03 TAGs N.d.

Toc-total 1.01 Toc-total 0.67
α-tocopherol 0.20 ± 0.05 α-tocopherol 0.06 ± 0.02
β-tocopherol 0.01 ± 0.001 β-tocopherol 0.01 ± 0.002
γ-tocopherol 0.67 ± 0.02 γ-tocopherol 0.49 ± 0.03
δ-tocopherol 0.13 ± 0.001 δ-tocopherol 0.11 ± 0.002

Hydrolyzed SODD Crude FAEEs Crude FAEEs
SI b 96.24 Saponifiable Saponifiable

FFAs 72.48 ± 2.91 FAEEs 80.02 ± 0.11 FAEEs 88.83 ± 0.85
Acyl-gly 23.76 FFAs 8.07 ± 0.19 FFAs c 9.16 ± 0.001
Glycerol N.d. Acyl-gly 11.91 Acyl-gly 1.82
MAGs 8.02 ± 0.05 Glycerol N.d. Glycerol 0.73 ± 0.08
DAGs 7.12 ± 0.01 MAGs 2.41 ± 0.09 MAGs 1.09 ± 0.07
TAGs 8.62 ± 0.03 DAGs 7.64 ± 0.01 DAGs N.d.

Toc-total 0.41 TAGs 1.86 ± 0.01 TAGs N.d.
α-tocopherol 0.10 ± 0.003 Toc-total 0.21 Toc-total 0.29
β-tocopherol 0.10 ± 0.08 α-tocopherol 0.01 ± 0.005 α-tocopherol 0.06 ± 0.05
γ-tocopherol 0.06 ± 0.01 β-tocopherol 0.07 ± 0.003 β-tocopherol 0.07 ± 0.004
δ-tocopherol 0.15 ± 0.02 γ-tocopherol 0.03 ± 0.04 γ-tocopherol 0.04 ± 0.02

δ-tocopherol 0.10 ± 0.005 δ-tocopherol 0.12 ± 0.01

SODD–soybean oil deodorizer distillate; FAEEs–fatty acid ethyl esters (by gas chromatography using EN-14103 method [39]); FFAs–free
fatty acids (by gas chromatography using Agilent method [41]); SI–saponification index (by AOCS method Cd 3–25) [36]; Toc-total–sum of
α-, β-, γ-, and δ-tocopherol (by liquid chromatography, AOCS method Ce 8–89 [40]); SODD-SP–SODD saponifiable phase; Acyl-gly–sum of
monoglycerides, diglycerides, triglycerides, and free glycerol (by gas chromatography using ASTM D 6584 method [56]); a values indirectly
calculated as (SI–FFAs); b values indirectly calculated as FFAs+total acylglycerides; c measured by AOCS method Ca 5a-40 [34]; reaction
conditions: 24 h reaction; 35 ◦C; ethanol:SODD-SP molar ratio of 3.64:1, 8.36 wt.% enzyme, and 6.74 g of molecular sieves (only for FAEEs
production from hydrolyzed SODD).

In general, even using raw material with different acidities, the Eversa performance
was very close. In relation to the initial saponifiable matter (91–96 wt.% saponification
index), the conversion of saponifiable matter to FAEEs was up to around 90%, showing
the good performance of this enzyme for lowly and highly-acid raw materials, as already
demonstrated with other fatty materials [1,4,7,8,10,11,13,14,19,55,57–59]. For example,
Miranda et al., [5] reported FAEE yields around 90 wt.% after 48 h of reaction in the
presence of 6.0% water, using liquid Eversa and refined soybean oil. After a caustic
treatment, the ester yield could be increased to 98.2 wt.%. Other authors, using the same
enzyme and methanol as acyl acceptor, obtained similar yields: 96% [8], 96.7 % [19], and
97.5 % [1].

Regarding the SODD as acyl donor, Facioli and Barrera-Arellano [30] reported 88%
conversion of SODD to FAEEs; however, the enzyme used was the Mucor miehei immobi-
lized lipase (LipozymeIM). Wang et al., [29] and Du, Wang and Liu [28] reported ester yields
of 97% and 95% (calculated as the percentage of methyl esters measured in relation to the
theoretical methyl esters amount), respectively, using SODD, Novozym 435 (immobilized
Candida antarctica lipase B) and methanol as acyl acceptor. This brief review shows that our
results are very closed to those previously reported using other systems acyl donors-acyl
acceptors-enzyme.

As an attempt to reduce residual FFAs in our product, a caustic treatment of the prod-
uct was used. For the product from SODD-SP, the FAEEs content increased to 90.83 wt.%
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and the non-converted acylglycerides and FFAs decreased to 1.03 and 0.82 wt.% (Table 3),
respectively. Although our final product has still not met the values recommend to biodiesel
for some parameters (such as FAEEs, min. 96.5 wt.%) [60], a deep study focused on this
matter could adjust it as a biofuel and even recover other value-added compounds. A
deep study of separating FAEEs, FFAs, tocopherols, and other compounds, as well as the
economic analysis of these processes is in progress in our group.

3. Materials and Methods
3.1. Materials

Soybean oil deodorizer distillate (SODD) was supplied by COCAMAR (Maringá,
PR, Brazil). Eversa® Transform 2.0 (Novozymes A/S, Bagsværd, DK), chromatography
standards (α-, β-, γ- and δ-tocopherols, methyl heptadecanoate, monoolein, diolien, triolein,
butanethiol, tricarpine, free fatty acids) and N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) were purchased from Sigma Chem. Co. (St. Louis, MO, USA). Molecular
sieves (3Å) were obtained from JT Baker (New Jersey, NJ, USA). All other chemicals were
analytical grade and were used as received.

3.2. Characterization of the SODD

SODD was characterized in terms of acidity index by AOCS method Ca 5–40 [34],
iodine index by AOCS method Cd 1–25 [35], saponification index by the AOCS method Cd
3–25 [36], density by AOCS method Cc 10a-25 [61] and humidity by the AOCS method Ca
2b-38 [37]. Viscosity at 25 and 40 ◦C was measured in a Brookfield Rheometer (Brookfield
DV-III Ultra with TC-650 bath, Brookfield Brazil, Rio de Janeiro, RJ, Brazil) with a SC4–27
spindle.

3.3. SODD Saponification

The saponifiable matter from SODD was obtained by a cold saponification reaction
according to the AOCS method Ca 6a-40 [62] with adaptations. SODD (100 mL), 10%
alcohol solution (600 mL) and 50% KOH solution (100 mL) were added in an Erlenmeyer
flask, and the mixture was stirred (in a magnetic stirrer) for 1 h at room temperature.
Afterwards, 55 mL of ethyl ether were added, and the material was transferred to a
separation funnel. Both phases were titrated with 0.1 M HCl for neutralization. The
saponifiable phase was washed twice with hot distilled water (volume ratio 1:1), dried
overnight in an oven at 60 ◦C, and used for enzymatic esterification/transesterification.

3.4. SODD Hydrolysis Reaction

The hydrolysis of SODD saponifiable matter was carried out at 37 ◦C in a thermo-
statically controlled closed reactor with mechanical stirring. The reaction medium was
composed of 50 g of SODD, 200 g of distilled water (1:4 SODD/water mass ratio) and 2.5 g
of free Eversa (5%, m/mSODD). The reaction was monitored by measuring free fatty acids
(FFAs) released in the reaction medium by gas chromatography [41]. For that, samples
were withdrawn, immediately cooled in an ice bath, and centrifuged. The light phase (oily
phase) was washed twice with hot distilled water (1:1 volume ratio), dried overnight in
an oven at 60 ◦C, and used for FFAs analysis by gas chromatography. The heavy phase
containing the enzyme was discarded. At the end of the reaction, the reaction product was
washed twice with hot distilled water (1:1 volume ratio), dried overnight in an oven at
60 ◦C, and used for simultaneous enzymatic esterification and transesterification of FFAs
and non-hydrolyzed acylglycerides (MAGs, DAGs, and TAGs).

3.5. Esterification/Transesterification Reaction Using SODD Saponifiable Phase (SODD-SP)
and Ethanol

Firstly, a statistical design was performed to define the reaction conditions: ethanol:
SODD-SP molar ratio, enzyme concentration and temperature (Table 4). The ethanol:SODD-
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SP molar ratio (in terms of saponifiable material) was calculated based on the saponification
index (SI) using Equations (2) and (3):

SODD − SP (mol) = mSODD−SP(g)× SI
(

mgKOH
gSODD−SP

)
× 1

MMKOH

(
mol

g

)
× 10−3

(
g

mg

)
(2)

Ethanol : SODD − SP molar ratio
(

molethanol
molSODD−SP

)
= methanol (g)×

1
MMethanol

(
mol

g

)
× 1

molSODD−SP
(3)

Table 4. Coded values of the input variables for statistical design.

Variables −1.68 −1 0 +1 +1.68

Molar ratio (ethanol:SODD-SP) X1 1.96:1 2.3:1 2.8:1 3.3:1 3.64:1
Enzyme concentration (wt.%) X2 1.64 3 5 7 8.36

Temperature (◦C) X3 26.6 30 35 40 43.4

The data were analyzed and represented graphically using the software Statistica
version 7.0 (Stat Soft), with a significance level of α = 0.05. In the optimization stage,
all tests were performed in closed flasks in an orbital shaker (Model MA832, Marconi,
Piracicaba, SP, Brazil) at 250 rpm for 16 h. After defined the best conditions, the esteri-
fication/transesterification reactions were conducted in a batch reactor (50 mL working
volume, thermostated and mechanically stirred at 2000 rpm) to construct the ester yield
profile with the time (0–48 h) using SODD-SP. Samples were withdrawn, immediately
cooled in an ice bath, and centrifuged. The light phase (oily phase) was washed twice
with hot distilled water (1:1 volume ratio), dried overnight in an oven at 60 ◦C, and used
for chromatography analyses (FFAs, FAEEs, MAGs, DAGs, TAGs, and free glycerol). The
heavy phase containing the enzyme was discarded.

3.6. Caustic Treatment

A volume of 4% NaOH solution (w/v) was added to the esterification/transesterification
product to reach 1.15 moles of base per mole of residual FFAs. The reaction mixture was
stirred in a shaker (SL–222, Solab, Piracicaba, SP, Brazil) at 60 ◦C, 60 rpm, for 1 h. Then, the
mixture was decanted for 10 min at 60 ◦C, and centrifuged at 8000 rpm for 10 min at 25 ◦C.
The light phase (upper oily phase) was recovered, washed twice with hot distilled water
(volume ratio 1:1), and dried overnight in an oven at 60 ◦C.

3.7. Tocopherol Quantification by Liquid Chromatography

Tocopherols were analyzed according to the AOCS method Ce 8–89 [40] with adap-
tations. The liquid chromatography system was a Waters E2695 chromatograph (Waters
Co., Milford, MA, USA) equipped with UV detector (Photodiode Array Detector, Waters
Co., Milford, MA, USA). The chromatographic separation was performed in a Luna® Silica
100 column (250 × 4.6 mm × 5 µm, Phenomenex INC., Torrance, CA, USA) at room tem-
perature. The mobile phase was a mixture of n-hexane:isopropanol (98:2, v/v) at a flow rate
of 1 mL/min, 20 µL injection volume, 12 min analysis time.

3.8. Quantification of Esters by Gas Chromatography

The yield of FAEEs (in wt.%) was determined by gas chromatography according to
EN-14103 method [39], with modifications. An Agilent chromatograph (7890A, Agilent
Technologies, Santa Clara, CA, USA) was used, equipped with a flame ionization detector
(FID-250 ◦C) and a Rtx-Wax column (30 m × 0.25 mm × 0.25 µm, Restek Corporation,
Bellefonte, PA, USA) at a temperature of 210 ◦C, with helium as carrier gas and methyl
heptadecanoate as an internal standard. The samples were centrifuged at 9000 rpm for
10 min at 5 ◦C, the light phase was washed with hot distilled water and centrifuged (three
times), and dried overnight in an over at 60 ◦C. For quantification, 50 mg of sample were
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diluted in 1 mL of methyl heptadecanoate solution (10 mg/mL, in heptane) and 1 µL was
injected in the equipment.

3.9. Quantification of Glycerol, Triglycerides (TAGs), Diglycerides (DAGs), and Monoglycerides
(MAGs) by Gas Chromatography

The content of free glycerol, TAGs, DAGs, and MAGs (in wt.%) was determined by
gas chromatography in an Agilent chromatograph (7890A, Agilent Technologies, Santa
Clara, CA, USA) equipped with a Select Biodiesel column (glycerides, UM + 2 m RG,
15 m × 0.32 mm × 0.1 µm, Agilent Technologies, Santa Clara, CA, USA) and a flame ion-
ization detector. The temperature ramp was 50 ◦C for 1 min, heating to 180 ◦C at 15 ◦C/min,
230 ◦C at 7 ◦C/min and 380 ◦C at 10 ◦C/min, maintained for 10 min. The detector tem-
perature was 380 ◦C and helium was used as the carrier gas. The calibration curves were
constructed with diolein, monoolein and triolein standards, butanethiol and tricaprine
as internal standards, and N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) as
derivatization reagent. Sample preparation, analysis and quantification were performed
according to the ASTM D 6584 method [56].

3.10. Quantification of Free Fatty Acids (FFAs) by Gas Chromatography

FFAs were quantified by gas chromatography according to methodology adapted
from the Agilent Catalog [41]. A gas chromatograph (7890A, Agilent Technologies, Santa
Clara, CA, USA) was used, equipped with a flame ionization detector set at 250 ◦C, a
split-splitless injector (250 ◦C, split ratio 40:1) and an Rtx-WAX column (30 m × 0.25 mm
× 0.25 µm, Restek Corporation, Bellefonte, PA, USA). The oven temperature was set at
120 ◦C for 1 min, heating to 250 ◦C at 10 ◦C/min, and 250 ◦C for 5 min. Helium was used
as carrier gas (42 cm/s, 24 psi at 120 ◦C, 1.8 mL/min). The samples were dissolved in
dichloromethane at a concentration of 0.016 g/mL, and the standards were prepared in
five different concentrations (0.25, 0.5, 1.0, 1.5 and 2.0 g/L) to adjust the calibration curve.

4. Conclusions

This study showed that liquid Eversa is a versatile lipase, serving multi-purposes,
namely hydrolysis and simultaneous esterification and transesterification of feedstocks
with low-to-high acidity. Besides that, soybean oil deodorizer distillate was shown to be
an interesting source of unsaturated fatty acids (oleic, linoleic and linolenic acids), as well
as a potential feedstock to produce fatty acid ethyl esters. Under the adopted conditions,
products with a high content of free fatty acids (72.5 wt.%, by enzymatic hydrolysis) and
fatty acid ethyl esters (up to 90 wt.%, by simultaneous esterification and transesterification,
followed by caustic treatment) could be prepared.
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Table A1. Studies of biodiesel production using Eversa® Transform lipase (liquid or immobilized) as biocatalyst.

Acyl Donor Acyl Acceptor Reaction Conditions Biocatalyst Form Yield (%) Reference

Soy oil Ethanol
6:1 alcohol: oil (molar ratio)

12 U esterification/g oi 40 ◦C,
1500–1700 rpm, and 24 h

Magnetic CLEAs a 98.9 [5]

Glyceril trioleate Fusel oil
5:1 alcohol:oil (molar ratio)

2 wt.% enzyme 35 ◦C,
250 rpm, and 24 h

Liquid >97% [6]

Deacidified cattle
tallow Methanol

4.5:1 alcohol: oil (molar ratio)
1.0 wt.% enzyme

35 ◦C, 300 rpm, 6.0 wt.%
water, and 8 h

Liquid 85.08 [7]

Soy oil Methanol

550 kg oil and 2.2 kg methanol
0.2 wt.% enzyme, 45 ◦C,

20.0 wt% water, 100 ppm
NaOH, and 24 h

Liquid 96 [8]

Castor oil Methanol
6:1 alcohol: oil (molar ratio)

5.0 wt.% enzyme, 35 ◦C,
5.0 wt.% water, and 8 h

Liquid 83 [9]

Residual oil from a
poultry industry Methanol

100 g oil and 1.5 eqv. alcohol
0.3 wt.% enzyme, 45 ◦C,

1.5 wt.% water, 250 rpm, and
24 h

Liquid
(NS 40116

trademark)
90.61 [10]

Cotton seed oil Methanol
6:1 alcohol: oil (molar ratio)

5 wt.% enzyme, 35 ◦C, 6 wt.%
water, 250 rpm, and24 h

Liquid 98.5 [11]
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Table A1. Cont.

Acyl Donor Acyl Acceptor Reaction Conditions Biocatalyst Form Yield (%) Reference

Sunflower oil Ethanol

1:4 alcohol: oil (molar ratio)
4.1 mL hexane, 10 wt.%

enzyme, 40 ◦C, 150 rpm, and
3 h

Immobilized on
Sepabeads 99 [12]

Oleic acid Methanol
3.44:1 alcohol:acid (molar

ratio) 11.98% enzyme,
35.25 ◦C, and 2.5 h

Liquid 96.73 [13]

CTO b of the kraft
pulping process

Methanol
1.5:1 alcohol: oil (molar ratio)

1 wt.% enzyme, 500 rpm,
40 ◦C, and 16 h

Liquid 96.57 [14]

Castor oil Methanol
6:1 alcohol: oil (molar ratio)

5 wt.% enzyme, 5 wt.% water,
750 rpm, 35 ◦C, and 8 h

Liquid 94.21 [15]

Castor oil Methanol
6:1 alcohol: oil (molar ratio)

5 w.t% enzyme, 5 wt.% water,
750 rpm, 35 ◦C, and 8 h

Liquid Not informed [16]

Bleached sardine
oil Ethanol

8:1 alcohol: oil (molar ratio)
60 U enzyme, 10 wt.% water,

25 ◦C, and 4 h
Liquid 93.98 [17]

Castor oil Methanol
6:1 alcohol: oil (molar ratio)
10 wt.% enzyme, 750 rpm,

35 ◦C, and 8 h
Liquid 94.21 [18]

Soy oil Methanol

1.5 eqv. methanol
1 wt.% enzyme, 2.5 wt.%

water, 250 rpm, 35 ◦C, and
16 h

Liquid 96.7 [19]

Soy oil Methanol

1.5 eqv. methanol
0.2 wt.% enzyme, 3 wt.%

water, 500 rpm, 35 ◦C, and
24 h

Liquid 97.5 [1]

SODD-SP c Ethanol

3.64:1 ethanol:SODD-SP
(molar ratio) 8.36 wt.%

enzyme
35 ◦C and 48 h

Liquid 90.83 This study

a Crosslinked enzyme aggregates, b Crude tall oil, c Soybean oil deodorizer distillate saponifiable phase.

Table A2. Research focused on the production of biodiesel by the enzymatic route from deodorizer distillates (DD) of
vegetable oils.

DD Source Oil Alcohol Reaction Conditions Biocatalyst Yield (%) Reference

Soy Methanol Methanol:DD 2.3:1 (molar
ratio), 53.6 ◦C, and 2 h Lipozyme IM a 88 [30]

Soy Methanol Methanol:DD 3.6:1 (molar
ratio), 40 ◦C, and 24 h Novozym 435 b 97 [29]

Soy Methanol Methanol:DD 3.9:1 (molar
ratio), 40 ◦C, and 24 h Novozym 435 95 [28]

Palm Ethanol Methanol
2 g of alcohol added in
two steps to 8 g of DD,

60 ◦C, and 2.5 h

Novozym 435
Lipozyme RM-IM c

Lipozyme TL-IM d
93 [27]
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Table A2. Cont.

DD Source Oil Alcohol Reaction Conditions Biocatalyst Yield (%) Reference

Rapeseed Ethanol Ethanol:DD 4:1 (molar
ratio), 40 ◦C, and 30 h

Lipase from Rhizopus
oryzae immobilized on

hydrophobic
macroporous resin

NKA e

98.23 [26]

Rapeseed Methanol Methanol:DD 167 µL:2 g,
34 ◦C, and 6 h

Lipase from Rhizopus
oryzae 98.16 [25]

a Lipozyme IM - Mucor miehei lipase immobilized on a macroporous ion exchange resin, b Candida antarctica lipase immobilized on acrylic
resin, c Lipozyme RM-IM-Rhizomucor miehei lipase immobilized on a macroporous ion exchange resin, d Lipozyme TL-IM-Thermomyces
lanuginosus lipase immobilized on a macroporous ion exchange resin, e NKA-Neurokinin A.

Table A3. Analysis of variance (ANOVA) for ester yield (wt. %) from SODD saponifiable phase (SODD-SP) (response
variable) as function of the independent variables (ethanol:SODD-SP molar ratio, enzyme concentration and temperature).

Factor SS * DF * MS * F Calculatted p-Value

Model 527.9898 9 58.6655 24.4483 0.000176
(1) Molar ratio (ethanol:SODD-SP)(L) 38.0718 1 38.0718 179.989 0.005510

Molar ratio (ethanol:SODD-SP)(Q) 2.8603 1 2.8603 13.522 0.066644
(2) Enzyme concentration (wt.%)(L) 223.2497 1 223.2497 1055.441 0.000946

Enzyme concentration (wt.%)(Q) 9.9646 1 9.9646 47.109 0.020575
(3) Temperature (◦C)(L) 184.3259 1 184.3259 871.424 0.001146

Temperature (◦C)(Q) 10.7223 1 10.7223 50.691 0.019162
1L by 2L 0.9895 1 0.9895 4.678 0.163034
1L by 3L 54.7595 1 54.7595 258.882 0.003841
2L by 3L 3.0462 1 3.0462 14.402 0.062951

Lack of Fit 12.0879 5 2.4176 11.429 0.082403
Pure Error 0.4230 2 0.2115

Total SS 549.5108 16

* DF: degree of freedom; SS: sum of squares; MS: mean square; R-squared = 0.9692; adjusted R-squared = 0.9295; predicted
R-squared = 0.8890.
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Abstract: The adoption of biocatalysis in solvent-free systems is an alternative to establish a greener
esters production. An interesting correlation between the acid:alcohol molar ratio and biocatalyst
(immobilized lipase) loading in the optimization of ester syntheses in solvent-free systems had been
observed and explored. A simple mathematical tool named Substrate-Enzyme Relation (SER) has
been developed, indicating a range of reaction conditions that resulted in high conversions. Here,
SER utility has been validated using data from the literature and experimental assays, totalizing
39 different examples of solvent-free enzymatic esterifications. We found a good correlation between
the SER trends and reaction conditions that promoted high conversions on the syntheses of short, mid,
or long-chain esters. Moreover, the predictions obtained with SER are coherent with thermodynamic
and kinetics aspects of enzymatic esterification in solvent-free systems. SER is an easy-to-handle tool
to predict the reaction behavior, allowing obtaining optimum reaction conditions with a reduced
number of experiments, including the adoption of reduced biocatalysts loadings.

Keywords: immobilized lipases; solvent-free reactions; enzymatic esterification; esters

1. Introduction

Solvent-free systems (SFS) are becoming popular for enzymatic esterifications. These
systems have many advantages because the reaction media is formed only by the reactants,
increasing the volumetric productivity of the process and avoiding complex downstream
and hazardous wastes [1–3]. The adoption of solvent-free systems may contribute to
achieving the feasibility of biocatalytic ester syntheses on a large scale in both technical
and economic aspects, in consonance with the principles of Green Chemistry.

Immobilized lipases have been utilized successfully for esterification reactions in
SFS [4–9]. Enzyme immobilization enables enzyme recovery and reuse, associated with
the possibility of improving enzyme stability, activity, selectivity, or specificity [10–12].
Moreover, it may enlarge the window of operating conditions (reducing inhibitions or inac-
tivation by chemicals) and be coupled to the purification processes [13–16]. Immobilized
lipases are extensively studied for esters syntheses [10,12,17–20], potentially addressing
demands in many different sectors such as energy and transport [21–23], food indus-
tries [24–26], cosmetics and personal care [19,27], and chemical industries [28–30].

Molar ratio and biocatalyst loading are two of the main parameters studied in solvent-
free enzymatic esterifications because this reaction is thermodynamically controlled and,
thus, the concentration of the catalyst determines the conversion rate [31–33]. The reaction
media and the experimental conditions have major influences on these aspects, and, in
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solvent-free systems, the medium is determined by the substrates and the molar ratio
of the substrates [1]. The evaluation of molar ratio in SFS gains additional importance,
considering that the use of a surplus reagent is required to obtain high conversions in the
synthesis of the other substrate, and the surplus reagent, i.e., its nature and its quantity
in the system, will define critical physicochemical characteristics of the reaction media in
the different steps of the reaction [1,31,34–36]. A dynamic environment is presented in SFS
esterification; initially, the media is formed exclusively by the mixture of the substrates,
and at the end, it will be formed by the ester product, the co-product water (if is not
removed), the remaining excess substrate, and some traces of the minority substrate [1,37].
The final reaction media is generally more hydrophobic than the initial system. The
elimination or capture of the formed water is a way to shift the reaction thermodynamic
equilibrium towards synthesis [37,38]. However, even if water is eliminated in the reaction
medium when the enzyme activity is very high, the accumulation of water inside the
biocatalyst particle (when the enzyme activity is very high) can generate a water phase in
the enzyme environment, adversely affecting the enzyme performance [39,40]. The use of
very hydrophobic supports or ultrasounds may reduce these adverse effects [41–48]. On
the other hand, biocatalyst loading in the reactor defines the kinetics aspects of the reaction,
such as reaction rate and the occurrence of inhibition/inactivation, with a substantial
impact on reaction time, productiveness, and process costs [42,49–52]. As immobilized
lipases are still expensive incomes, the definition of an optimized biocatalyst loading is a
critical parameter for any applied biocatalytic process [44,49–52].

The classical approach of evaluating independent variables once a time is still com-
monly used for enzymatic esterification reaction optimization, even in recent
studies [7–9,53–56]. However, it has been shown that correlation among some of the
studied variables makes the independent optimization incomplete, and, thus, statistical
tools, such as response surface methodology (RSM), became popular for optimization
studies [49,57–64]. Although interactions between variables may be discovered using RSM,
the molar ratio of reagents and biocatalyst loading are generally considered independent
variables. Nonetheless, in a previous study, we have found an interesting correlation
between both variables for the synthesis of octyl octanoate catalyzed by Novozym 435 in
a SFS [6]. Our findings led us to develop a simple mathematic tool, that we named SER
(Substrate-Enzyme Relation) that correlates the mass of reagents and immobilized lipases,
as described in Equation (1):

SER =
m alcohol − m acid

m biocatalyst
(1)

where “m alcohol” and “m acid” are the masses (grams) of alcohol and acid in the reaction,
respectively, and “m biocatalyst” is the mass of immobilized lipase (enzyme + support).
SER is a dimensionless number that expresses a certain reaction condition—a mass of
reagents and biocatalyst in the system. This reaction condition will generate a conversion
result in the reaction, i.e., the percentual degree of conversion of the reagents (in general
carboxylic acid) into products (ester). Considering that lipases are specific catalysts that
catalyze only esterification/hydrolysis reactions, the conversion of the reagents means
the yield of the reaction. Thus, a SER number may be associated with a conversion result.
In our first approach, the study of the interaction between molar ratio and biocatalyst
loading in the reactor and their influence on the process performance resulted in high
conversions (above 96.0%), using relatively low enzyme loading (1.5% wt/wt acid mass)
and 30% stoichiometric excess of alcohol [6]. SER possible fundamentals were based on
the hypothesis of a shift of chemical equilibrium by using stoichiometric excess of alcohol
until an estimated level in which the yields are not further improved because lipase suffers
inhibition or inactivation. The simple combination of the masses of reagents and biocatalyst
enabled us to obtain practical information about the reaction thermodynamics and kinetics,
using the outcome to establish a range of reaction conditions in which high conversions
could be achieved (in this case, SER between 0 and 65).
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Thus, considering that SER can be an easy-to-handle tool to predict the enzymatic
esterification reaction optimization, this study aims to validate its applicability in synthe-
sizing aliphatic esters in SFS mediated by immobilized lipases. We applied this mathematic
tool for lipase-catalyzed esterification reactions previously described in the literature and
using experimental data obtained in this study (39 different examples).

2. Results
2.1. SER Validation from Literature and Experimental Data

Table 1 shows the SER outcomes calculated utilizing available data in the selected
publications and the correlation with the optimal range suggested by our previous work.
We observe that high conversions (above 80%) were associated, in most cases, with inter-
mediate positive values of SER, between 0 and 65, as observed by Sousa and co-workers
(2020) [6] for the octyl octanoate synthesis. In addition, conversion higher than 90% were
observed within this SER range for a variety of cases—92–93% on butyl formate and octyl
formate with SER 35–36 [8]; 92–94% on isobutyl propionate with SER 20 [4] and SER 13 [65];
92% on butyl octanoate with SER 0.5 [7]; 96–99% on octyl octanoate with SER 4–9 [6];
95–98% on cetyl tetradecanoate, cetyl hexadecanoate, cetyl stearate, and cetyl oleate with
SER 4 [66].

Table 1. Enzymatic syntheses studies of aliphatic esters in solvent-free systems with calculated SER and its respective
conversion results.

Acid Alcohol Lipase Immobilization Support T (◦C)
Conversion
Response

Reported (%)

SER
Calculated

Range

SER with the
Highest

Conversion
Ref.

Good level of agreement
Metanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 40 55.0–93.0% 35 to 39 36 (93.0%) [8]
Metanoic Acid n-Octanol Novozym 435® Lewatit VP OC 1600 40 - - 35 (92.0%) [8]
Propionic Acid Isobutanol Fermase CALB 10000 Polyglycidemethaacrylate 60 71.8–94.2% 0 to 20 13 (94.2%) *** [65]
Propionic Acid Isobutanol Novozym 435® Lewatit VP OC 1600 40 63.8–92.5% 0 to 30 20 (92.5%) [4]
Butanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 37 41.0–48.6% −3 to −1 −1 (48.6%) * [67]
Pentanoic Acid Ethanol Lipase from S. simulans CaCO3 37 29.0–51.0% −20 to −4 −4 (51.0%) ** [68]
Pentanoic Acid Ethanol Novozym 435® Lewatit VP OC 1600 50 40.0–69.0% −50 to −21 −33 (69.0%) *** [55]
Octanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 37 - - −4 (38.0%) * [67]

Octanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 50 85.0–89.0% −24 to 27 27 (89.0%) Data not
published

Octanoic Acid n-Butanol Lipozyme RM IM® Duolite ES 562 50 68.2–89.0% −12 to 14 14 (89.0%) Data not
published

Octanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 60 76.5–92.5% −14 to 9 0.5 (92.5%) [7]
Octanoic Acid n-Octanol Novozym 435® Lewatit VP OC 1600 65 74.7–96.1% −19 to 207 9 (96.1%) [6]

Octanoic Acid n-Octanol Lipozyme RM IM® Duolite ES 562 65 19.6–99.0% −10 to 171 4 (99.0%) Data not
published

Decanoic Acid n-Propanol Fermase CALB 10,000 Polyglycidemethaacrylate 60 19.0–83.8% −96 to 8 1 (83.8%) [9]
Dodecanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 37 28.0–35.0% −10 to −3 −10 (35.0%) [67]
Dodecanoic Acid Hexadecan-1-ol Lipozyme RM IM® Duolite ES 562 70 67.0–98.1% 4 to 32 4 (98.1%) [66]

Tetradecanoic Acid Isopropanol Novozym 435® Lewatit VP OC 1600 60 7.0–87.7% 7 to 60 15 (87.7%) [5]
Tetradecanoic Acid Hexadecan-1-ol Lipozyme RM IM® Duolite ES 562 70 65.9–97.3% 4 to 33 4 (97.3%) [66]
Hexadecanoic Acid Hexadecan-1-ol Lipozyme RM IM® Duolite ES 562 70 61.8–97.1% 4 to 33 4 (97.1%) [66]
Octadecanoic Acid Hexadecan-1-ol Lipozyme RM IM® Duolite ES 562 70 60.5–95.8% 4 to 33 4 (95.8%) [66]

Octadec-9-enoic Acid n-Octanol Lipase from R. miehei
Poly(ehtylene)-g-co-

hydroxyethyl
methaacrylate

37 - - 56 (82.0%) [69]

Intermediate level of agreement
Propionic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 45 81.2–92.7% 100 to 600 100 (92.7%) [70]
Propionic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 60 35.0–92.0% 39 to 160 85 (92.0%) *** [56]
Butanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 53.9 - - 91 (99.6%) [64]
Decanoic Acid n-Octanol Novozym 435® Lewatit VP OC 1600 50 92.0–96.0% −1 to 0 −0.4 (96.0%) [71]
DecanoicAcid n-Octanol Lipozyme RM IM® Duolite ES 562 50 88.8–95.1% −1 to 0 −0.2 (95.1%) [71]

Dodecanoic Acid n-Octanol Novozym 435® Lewatit VP OC 1600 50 93.9–96.3% −10 to −1.5 −1.5 (96.3%) [71]
Dodecanoic Acid n-Octanol Lipozyme RM IM® Duolite ES 562 50 86.7–97.7% −10 to −1.5 −4 (97.7%) [71]

Octadec-9-enoic Acid n-Butanol Lipase from R. oryzae CaCO3 37 18.0–81.0% −54 to −5 −5 (81.0%) [72]
Low level of agreement

Etanoic Acid n-Butanol Lipase from R. oryzae Celite 545 37 12.0–61.0% −7.5 to 9 1 (61.0%) ** [73]
Etanoic Acid Isopentanol Lipase from S. simulans CaCO3 37 2.0–64.0% −26 to 35 −7 (64.0%) ** [74]
Etanoic Acid Isopentanol Novozym 435® Lewatit VP OC 1600 30 46.7–68.4% 3 to 10 3 (68.4%) [60]
Etanoic Acid n-Hexanol Lipase from S. simulans CaCO3 37 21.0–43.0% 3 to 14 3 (43.0%) ** [68]

Dodecanoic Acid Ethanol Fermase CALB 10,000 Polyglycidemethaacrylate 60 67.0–92.4% −31 to −2 −15 (92.4%) [75]
TetradecanoicAcid Isopentanol Novozym 435® Lewatit VP OC 1600 60 82.0–97.0% −197 to 17 −99 (97.0%) *** [76]
Hexadecanoic Acid Isopropanol Novozym 435® Lewatit VP OC 1600 75 33.5–88.0% −35 to −10 −10 (88.0%) [57]
Octadecanoic Acid Ethanol Novozym 435® Lewatit VP OC 1600 60 66.0–92.0% −65 to 27 −19 (92.0%) [77]
Octadecanoic Acid n-Butanol Novozym 435® Lewatit VP OC 1600 60 61.0–92.0% −74 to 104 −48 (92.0%) [77]

Octadec-9-enoic Acid Ethanol Lipozyme® Duolite A568 40 72.0–99.0% −41 to −4 −41 (99.0%) [1]

* Included the use of molecular sieves or vacuum pressure to remove the water. ** With the addition of water. *** Included activation by
microwave or ultrasound.

SER optimum range seems to be applicable for different carboxylic acid and alcohols
of different chain lengths, as showed by the first section of Table 1, but some important
aspects should be highlighted. For short-chain acids and alcohols, as studied by Aljawish
et al. (2019) [8] and Kuperkar et al. (2014) [4], optimum SER was found in the middle of the
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proposed range, between 20 and 36, due to the use of significant molar excess of alcohol for
reducing the strong inhibition potential of short-chain acids. As short-chain alcohols also
promote inhibition of lipases and may cause damages in their hydration layers [1,57,72,76],
the formed water in the system helps to attenuate this problem, resulting in high conver-
sions. Jaiswal & Rathod (2017) [65] did not use the same level of a stoichiometric excess of
isobutanol, which resulted in SER equals 13, but the reaction was assisted by microwave.
Similarly, the formed water remained in the system. Contrarily, for long-chain acid and
alcohols, as reported by Arnaldos et al. (2018) [66], optimum SER was found to be close
to 0, as shown by Table 1. Since long-chain acids or alcohols have less potential to affect
the biocatalysts’ hydration layer, it is essential to remove the formed water due to the
possible water accumulation in lipase vicinity in such a hydrophobic environment, form-
ing a diffusional barrier for the substrate and lipase active sites [2,37,78]. In these cases,
it is possible to adopt biocatalyst loadings lower than those used for esterification with
short-chain reagents, which is coherent with the reduced probability of substrate enzyme
inhibition when using long-chain reagents [1,79,80]. The same rationale can be extended
for mid-chain acids and alcohols, as suggested by the SER in our previous study [6] and the
experimental data collected in this work, as shown in the first section of Table 1. Studies in
which water was not removed, include own data, showed conversions slightly lower [5].
Data from Ghamgui et al. (2004) [72] and Sousa et al. (2021) [71] show that mid and
long-chain acids and alcohols seem to have optimum SER close to 0, although within
a broader range of values including slightly negative outcomes. These studies showed
optimum conditions using discrete stoichiometric excess of alcohol, associated with low
biocatalyst loadings, which resulted in a low SER number.

It is plausible to compare different studies of solvent-free enzymatic esterification with
immobilized lipases because (i) chemical equilibrium in an esterification reaction, using
monofunctional acids and alcohols, is not dependent on the (bio)catalyst adopted [31,81,82];
(ii) the theoretical equilibrium constant should be the same for the same type of reaction
independently of the reagents, even though slight variations may occur due to effects
of the solvation of different reagents and products and the ionization of the different
carboxylic acids, as observed in experimental data [31,82]. Furthermore, external mass
transfer limitations are generally neglected in immobilized lipase-catalyzed esterification
reactions at a lab-scale [1,5,10,83,84].

Considering the many different aspects that define the kinetics and yields of enzymatic
esterifications in SFS using immobilized lipases, it is counterintuitive to think that a simple
mathematical equation is effective in predicting the behavior of the reaction with different
reagents. The numerator of SER represents, in terms of mass, the quantity of exceeding
reagent. Indirectly, the analysis of its nature coupled with its quantity may give an idea if the
solvation of the second reagent by the exceeding reagent will be favored or not. Solvation
of reagents and products are associated with their respective thermodynamic activities,
which govern the equilibrium equation of the reaction [31,81,85–88]. The denominator of
SER is the mass of biocatalyst that provides information about the reaction rate: in the
absence of harmful interferences, increasing biocatalyst loadings in the reactor will linearly
increase the reaction rate. The stoichiometric excess of one of the reagents (the numerator
of SER) and the biocatalyst loading (denominator of SER) are linked by the ability of the
exceeding reagent to affect the enzyme properties, causing modifications in the essential
hydration layer of the enzyme or generating enzyme inhibition. An intermediate outcome
is obtained by a relation between a proper biocatalyst loading and an excess of reagent that
potentially leads the system to shift the equilibrium towards synthesis without noticeable
inhibition or inactivation of enzymes. If a highly hydrophilic reagent is present in the
system, a sizeable molar excess of the second reagent or adopting high biocatalyst loading
is required to counterbalance its deleterious effect using to compensate for the possible
reaction rate reduction, as observed in the study of Vadgama and co-workers (2015) [5].
This condition is associated with an intermediate SER outcome, depending on the nature of
the reagents and biocatalysts involved. The proposition of a different range of values that
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correspond to high conversions is a way to deal with the variability of reaction conditions
that include the nature of reagents and biocatalysts and different methods of activation
and reactional strategies. SER should be understood as a general tool, not a mathematical
simulator of the reaction.

The data of short-chain esterifications lead us to hypothesize that the optimum range
established for mid-chain esterifications should be shifted for higher SER values. The
synthesis of butyl propionate carried out by Dai and co-workers (2014) [70] is an interesting
case because only conditions with high SER were evaluated. Although the lowest SER
number tested—the closest to the previously defined optimum range—resulted in the
highest conversion, this result was obtained using a similar strategy than Aljawish et al.
(2019) [8] and Kuperkar et al. (2014) [4] maintaining the formed water in the media. The
reduction in the reaction rate seems clear in this case due to the long reaction times (30 h)
compared to the synthesis of isobutyl propionate carried out by Kuperkar and co-workers
(10 h) [4]. The study of Rahman and co-workers (2017) [64] reinforces the relevance of
water maintenance in the esterification of short-chain acids and alcohols, and although only
one condition was tested, the optimum SER value in this study (91) is above the supposed
optimum range.

The studies of short-chain esterifications classified as low level of agreement with our
previous work also reinforce this hypothesis, because conversions below 80.0% with SER
close to 0 (supposedly inside the proposed optimum range) were obtained [68,73,74,89].
However, three studies of the same research group [68,73,74] adopted specific conditions
in the reactions related to the addition of a considerable quantity of water (10% or more) to
the system. As potent inhibition caused by highly polar acids (as etanoic or pentanoic acid)
and short-chain alcohols are expected in these cases, the authors tried to avoid this using
stoichiometric excess of some of the reagents. Thus, the addition of the water (acting as a
co-solvent) reduced the acid concentration and may have restored the hydration layer of
the enzymes; however, as water is a product of the reaction, thermodynamic equilibrium
was shifted to hydrolysis, as discussed by the authors. Moreover, the syntheses studied by
Karra-Châabouni et al. (2006) [68] were carried out only in equimolar substrate conditions
at different biocatalyst loadings, indicating why the SER trend is not followed in this case.

The use of microwave irradiation can be included in the same set of specific reaction
conditions. Bhavsar & Yadav (2018) [55,56] studied the syntheses of n-butyl propionate
and ethyl valerate—two pairs of short-chain substrates—assisted by microwave. The first
study shows SER value equals 85 as the optimum; the lowest conversions observed were
associated with SER value 39 and 170 (respectively, 52.0% and 35.0%), indicating a range of
optimum reaction conditions with different values than the initially suggested SER trend.
However, when the condition corresponding to SER 85 was evaluated under conventional
heating (60 ◦C), the reaction presented a 72.0% of conversion after 8 h, not so far from the
expected trend. The second study evaluates reaction conditions corresponding to negative
SER outcomes (between −50 and −21). Besides the use of microwave—which affects the
reaction media behavior and immobilized lipase performance differently than conventional
heating—the reaction time was too short (40 min), suggesting that the equilibrium may not
have been achieved. Comparing the results obtained in optimum reaction conditions under
microwave and conventional heating indicates that the reaction presented a low conversion
(53.1%) with SER −33. Then, the adoption of microwave in SFS brings additional difficulties
for analyzing the data. However, utilizing the data obtained using conventional heating in
the same studies, we observe an acceptable level of agreement with the SER trend.

The most remarkable exceptions are the studies involving long-chain acids (above
C12) and short-chain alcohols (below C7) [1,57,76,77]. High conversions were obtained
with negative SER results far from 0, within a range of −10 and −48. The reason is that the
SER equation, as firstly established, does not consider the molar masses of the different
involved reagents. When a long-chain acid reacts with short-chain alcohol, the subtraction
of utilized masses of alcohol (even using an excess of alcohol) and acid generates a negative
SER number due to the accentuated differences in molar masses. For instance, the highest

34



Catalysts 2021, 11, 1357

conversion obtained by Pereira and co-authors [77] for butyl stearate synthesis (92.0%) was
obtained with acid:alcohol molar ratio 1:2, which corresponded to the SER value of −48.
Yadav and Thorat (2012) [76] obtained a high yield on isopentyl tetradecanoate with a very
negative SER value, −99. The authors indicated the equimolar ratio of reagents with a
low biocatalyst loading of Novozym 435® (0.38% wt/wt) as the optimum condition for
this synthesis, but the system was submitted to microwave. The same reaction conditions
under conventional heating resulted in a low 56.0% of conversion. Considering these cases,
we have elements to hypothesize that, for esterifications between long-chain acids and
short-chain alcohols, SER negative outcomes also follow the same trends as the positive
ones, keeping the same rationale about extreme values.

Summarizing: (i) SER optimum range (0 to 65) is also observed for other mid-chain
esters syntheses besides octyl octanoate mediated by Novozym 435®; (ii) SER optimum
range seems to be shifted for higher values (20 to 100) in short-chain esters syntheses and
lower values in long-chain esters syntheses (−65 to 0); (iii) the trend is not followed either
when the reaction is assisted by microwave or ultrasound, nor when water is added to
the media.

Few studies evaluated a wide range of SER values at a constant temperature [6,9,76,77].
The highest conversion observed in these studies were achieved not only by the manip-
ulation of molar ratio and biocatalyst loadings at a constant temperature, but with the
application of some additional strategy to obtain the maximum yield, as the continuous
removal of the water from the media [6,7,9,66], or different methods of activation, as mi-
crowave irradiation [55,56,76]. Therefore, we believe that SER will only indicate a range
of conditions in which thermodynamics and kinetics aspects have a convergence towards
high conversions but not predicting the exact condition that will result in the maximum con-
version. The effective use of SER to optimize molar ratios and biocatalyst loadings implies
that temperature and stirring rate are enough to promote a proper reaction performance.

The work of Santos and co-authors (2007) [67] illustrates well the limitations caused
by stirring and temperature. The authors adopted stoichiometric excesses of acid for esteri-
fications of n-butanol with butanoic, octanoic, or dodecanoic acid, with high biocatalyst
loadings (5, 10, and 15% wt/wt) of Novozym 435®, at 37 ◦C and 150 rpm of stirring rate.
Besides the unfavorable relation between these variables using SER as a parameter, 37 ◦C
seems inadequate in the esterification of dodecanoic acid for a proper mixture of reagents
since the dodecanoic acid melting point is 43 ◦C; its use in stoichiometric excess may
limit the diffusion of n-butanol inside the biocatalyst particle. Moreover, the stirring rate
(150 rpm) could not be enough to properly mix biocatalyst and substrates, considering that
most cited studies used 200 rpm or higher stirring rates in these reactions [4,7–9,72–74,77].
Moreover, high biocatalyst loadings were adopted, and the poor conversions after 72 h (be-
low 50.0%) of reaction may be associated with biocatalyst particle aggregation, increasing
the diffusional limitations on the system. Partial inactivation of the immobilized lipase
may also be suggested in the esterification of butanoic acid by reducing pH in the enzyme
environment. To reinforce the hypothesis of diffusional limitations caused by high bio-
catalyst loadings in that stirring rate, we obtained 73.0% of conversion in butyl octanoate
synthesis using 2.0% Novozym 435® and an acid:alcohol molar ratio of 1:2 (SER equals
to 2), at 30 ◦C and 150 rpm, in just 3 h. Similar issues may be suggested for the results
obtained by Güvenç and co-workers (2007) [89] in the esterification of etanoic acid and
n-pentanol, where high biocatalyst loadings (6% and 10%, which corresponds to SER 3 and
10, respectively), temperatures of 35 ◦C, and 150 rpm of stirring rate were employed.

As we can see in Table 1, most of studies used Novozym 435® as biocatalyst. Its
immobilization support material is a moderately hydrophobic resin [20]. The same feature
can be observed in Lipozyme RM IM®, whose support is Duolite ES 562® [18]. By adopting
proper reaction conditions, reactions mediated by these biocatalysts achieve high conver-
sions. Thus, it is possible to observe that moderately hydrophobic materials are enough to
promote a proper partitioning of the water in the media, keeping the hydration layer of
enzymes and simultaneously avoiding the occurrence of hydrolysis of formed esters.
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2.2. Thermodynamics and Kinetics Aspects

SER contains a term indirectly correlated with thermodynamics (difference between
substrates masses) and another term indirectly correlated to kinetics (biocatalyst mass in the
system). An exploration of these topics is required to check how SER is coherent with the
phenomena involved in enzymatic esterification. Chemical equilibrium is established by the
relation of products and reagents concentrations, or more accurately, its thermodynamics
activities (in non-ideal systems) [31–34]. Substrates thermodynamic activities should
increase to favor the esterification, and this increase will not happen if the reagents are
very well solvated (by the solvent or by the exceeding reagent in SFS); contrarily, the
thermodynamic activities of the products should decrease to avoid hydrolysis [1,31,36,90].
The quantity and the nature of the exceeding reagent can provide simple predictions about
solvation and thermodynamic activities, helping obtain a good overview of the reaction.
For instance, in a reaction between short-chain alcohol (C3) and a long-chain acid (C14)
with a molar ratio acid:alcohol 1:3, the mutual solubility of the substrates will not be
favored—highly polar alcohol with a non-polar acid. Due to the differences in polarity,
the alcohol will not solvate the acid completely, although some degree of solvation may
affect the final conversion due to its excess. In the case of a reduction in alcohol quantity
that corresponds to a discrete stoichiometric excess, it is expected that the alcohol will
be unable to solvate a more significant percentage of the acid, which means that the acid
conversion will be favored. The opposite situation—the increase of alcohol concentration
in the system—may increase the probability of damages in the hydration layer of lipases
or inhibition [1,4,72,76,91]. Not only surplus reagent can cause these damages, but its
probability is higher than that of the limiting reagent. SER helps visualize these situations
by a simple way. A discrete stoichiometric excess of the mentioned alcohol that is unable
to solvate the acid is associated with low number in the SER numerator; similarly, discrete
stoichiometric excess of alcohol that reduces the probability of damages on immobilized
lipases or inhibition is also associated with low numbers.

Adopting a significant stoichiometric excess of alcohol in this hypothetical case may
cause inhibition, with a consequential reduction in the reaction rate. Then, an increase in
the biocatalyst loading may be adopted to compensate for this reduction. Mathematically,
an increase in the biocatalyst loading means an increase in the SER denominator, reducing
the outcome of SER. From a thermodynamic perspective, a discrete stoichiometric excess
of alcohol seems adequate to shift the chemical equilibrium, avoiding excessive solvation
of acid in this case and with a reduced probability of inhibition on lipases. These effects
will depend on the amounts and the nature of the surplus reagent in the media. The
combination of this condition, expressed by SER numerator, associated with low biocatalyst
loading, expressed by SER denominator as the mass of biocatalyst, will result in a low SER
outcome. As shown in Table 1, this observation is coherent with high conversions observed
in the literature (and own data) for the esterification of long-chain acids and short-chain
alcohols [1,72].

Water plays an essential role in enzymatic esterification, affecting both thermodynamic
and kinetics aspects. For example, in a C14 acid and C3 alcohol esterification, the formed
water is expected to be solubilized mainly in the alcohol. However, some water may remain
in the vicinity of the enzyme if the immobilization support of the enzyme is moderately
hydrophobic [92–94]. The ester formed is always more apolar than both substrates, and
its concentration will be growing along with the reaction time. Partitioning of the water
between the reaction media and the catalytic phase may occur, driving to favor the lipases
hydrolytic activity. The effects of an excess of the alcohol (indicated by an increase in
SER numerator) may cause a complete strip-off of the hydration layer of the enzyme
with probable enzyme inhibition/inactivation. As the remaining quantity of alcohol will
decrease along with the reaction, the essential hydration layer of the immobilized enzyme
may be less affected at the end than at the beginning of the reaction, depending on the
biocatalyst loading and the excess of alcohol in the system (indicated by SER denominator
and numerator, respectively). Most of the water formed may be bounded to the biocatalyst,
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forming a water layer around the enzymes, affecting enzyme activity and stability. Also,
the water layer may produce a partition of the ester from the active site of the enzyme,
considering the ester hydrophobicity; then, diffusional limitation caused by the water
layer may avoid the access of the ester into the active site of the enzyme, preventing likely
inhibitions by the reaction product.

Further information of the reaction media may be predicted in qualitative terms,
and SER can be used to a quantitative understanding of these phenomena. Overall con-
siderations about the behavior of the reaction from a chemical equilibrium and kinetics
perspective are summarizing in Table 2.

Table 2. Predictions of the behavior of enzymatic esterifications in different conditions of molar ratio using stoichiometric
excess of reagents.

Reaction Condition Initial Condition of the Media Effect on Biocatalyst Condition on Equilibrium Possible Optimization Path

Large stoichiometric excess
of a highly polar reagent

Possible strip-off of essential water
on enzymes

pH acid
(if exceeding reagent is the acid)

Low log P; low viscosity

Possible reduction in the
enzymatic activity

Accumulation of the water
on the organic phase

pH slightly acid
Low log P;

increased viscosity

Adoption of high biocatalyst
loadings

Control of the water activity
Fractioned additions of the

exceeding reagent

Discrete excess of a highly
polar reagent

pH slightly acid
(if the surplus reagent is the acid)
Limited solubility/poor solvation
(if limiting reagent is non-polar)
Intermediate log P; intermediate
viscosity (if limiting reagent have

a long-chain)

-

pH neutral
(or slightly acid)

Intermediate log P;
considerable viscosity

Possibility of adopting
reduced biocatalyst loadings

Discrete excess of a
non-polar reagent

pH slightly acid
(if the surplus reagent is the acid)
Limited solubility/poor solvation
(if limiting reagent is highly-polar)
Intermediate log P; intermediate
viscosity (if limiting reagent have

a long-chain)

-
pH neutral (or slightly acid)

Intermediate log P;
considerable viscosity

Possibility of adopting
reduced biocatalyst loadings

Large stoichiometric excess
of a non-polar reagent

pH acid
(or slightly acid)

High log P; high viscosity
(if surplus reagent have a

long-chain)

Possible reduction in the
enzymatic activity

Accumulation of the water
on catalytic phase

pH neutral (or slightly acid)
High log P; high viscosity

Adoption of high biocatalyst
loadings

Control of the water activity
Increase the temperature

For different reasons, we can observe that large stoichiometric excesses of one of the
reagents seem to be unfavorable to enzymatic esterifications since it increases the solvation
of the limiting reagent requires the use of high biocatalyst loading or other strategies to
avoid inhibition of lipases. Nevertheless, some high conversion results showed in Table 1
were attained with a large stoichiometric excess of one of the reagents [4,8,64], diminishing
the inhibition potential of the utilized acid by increasing its solvation. Vadgama et al.
(2015) [5] did not observe deleterious effects on Novozym 435® above 4% biocatalyst
loading using a substrate molar ratio acid:alcohol of 1:15. This stoichiometric alcohol excess
was applied to dissolve the tetradecanoic acid, increasing its solvation. These authors,
however, did not explore different molar ratios. Besides the thermodynamic and kinetics
issues, this excessive amount of alcohol must be removed after the reaction completion,
bringing additional difficulties for the downstream processes.

When varied molar ratios and biocatalyst loadings in short-term evaluations (lim-
ited reaction time), the conversion reductions of the limiting reagent may be associated
exclusively with a reaction rate reduction. In these cases, it is possible to observe which
concentration of surplus reagent (correlated to the biocatalyst loading in the system) is not
favorable for the enzymatic activity, indicating some potential inhibition. For this reason,
SER may be helpful to indicate in which conditions (or a range of conditions) inhibition by
exceeding reagent may arise. Another essential aspect to emphasize is the possibility of
aggregation of biocatalyst particles when high biocatalyst loadings are adopted. The aggre-
gation will reduce the reaction rates due to increased substrate diffusion limitations [83,95].
SER values close to zero (positive or negative) indicate, in some cases, the employment
of high biocatalyst loadings in the system, increasing the possibility of aggregation of the
biocatalysts. This phenomenon is favored when immobilization support has affinity by
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water or when high water content is present in the system [91]. For example, Novozym
435®, the most widely studied lipase in these studies, is immobilized in Lewatit VP OC
1600, an organic carrier composed of poly(methyl methacrylate) and divinylbenzene. This
support material is moderately hydrophobic and susceptible to absorb some water [20].
Observations like this should be considered, mainly when highly hydrophilic reagents are
present and high biocatalyst loadings are adopted.

To check the accuracy of these kinds of predictions with SER, a more detailed analysis
of the reaction condition of a selected study—Parikh et al. (2019) [9]—was carried out, as
showed in Table 3.

Table 3. SER and conversions results of the reaction conditions studied by Parikh et al. (2019) in the synthesis of propyl
decanoate mediated by Fermase at 60 ◦C, in the solvent-free system, 300 rpm, and 10 h. The biocatalyst loading is showed
based both on wt/wt of the total mass of reagents and based on wt/wt of acid.

Acid:Alcohol
Molar Ratio

Biocatalyst
Loading (% wt/wt Acid)

Biocatalyst
Loading (% wt/wt Total) SER Conversion (%)

1:1 0.7 0.5 −97 19%
1:1 1.3 1.0 −48 47%
1:1 2.7 2.0 −24 59%
1:1 4.0 3.0 −16 62%
1:2 3.4 2.0 −9 71%
1:3 4.1 2.0 1 83%
1:4 4.8 2.0 8 78%
2:1 2.3 2.0 −35 36%
3:1 2.2 2.0 −40 24%

Table 3 shows that the intermediate SER values (−9 to 8) resulted in the highest
conversions observed in the conditions tested. The equimolar substrate condition and
biocatalyst loadings below 2.0% (wt/wt total mass) were unfavorable for the synthesis.
Above 2.0% biocatalysts loading at equimolar condition, it is possible to observe that the
60% conversion was reached without shifting the equilibrium due to the lack of surplus
reagent. The molar ratios 1:2 to 1:4 improved the yields and showed that the excess of n-
propanol shifted the equilibrium, promoting the low acid solvation without generating an
unfavorable partitioning of the water. Although this information is insufficient to indicate
the most proper conditions for this synthesis, it is possible to discard the evaluation of
molar ratios superior to 4, as well as the conditions with an excess of acid (SER negative)
due to the increase of the viscosity and the decrease of pH. Considering the molar mass
differences between decanoic acid and n-propanol, SER optimum condition seems to be
close to 0 (positive or slightly negative values), implying that the evaluation of molar
ratio conditions between 1:2 and 1:3 with biocatalyst loadings close to 2.0%. Another
important observation is that slight differences in SER values seem to be associated with
slight variations in conversion (the difference between SER 1 and 8, resulting in conversions
of 83% and 78%), as observed initially by Sousa et al. (2020) [6]. This trend may be used to
optimize the conditions, simultaneously reducing the molar ratio (avoiding the waste of
alcohol) and the biocatalyst loading (reducing the costs of the process).

In this sense, important consequences can be extracted: (i) the interdependence of
substrate molar ratio and biocatalyst loading; (ii) the possibility of using reduced biocatalyst
loadings in the reactor in some cases. We emphasize that this kind of analysis is not trivial,
or even feasible, to be made using equilibrium constant or kinetics parameters (Vmax, Km,
Kcat, Ki), whose determinations are laborious, reinforcing the potential utility of SER as a
tool for predicting enzymatic esterification behavior. Figure 1 shows, in a simplified way,
the convergence between molar ratio (expressed as a mass ratio) and biocatalyst loading
that may lead to high conversions in esterification reactions in SFS. This convergence may
be numerically translated by SER, which can be used as a tool for designing experiments
and optimizing reaction conditions.
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Figure 1. Graphical representation of the optimal reaction condition (molar ratio and biocatalyst loading) range for
optimizing enzymatic esterification and its mathematical expression using SER.

2.3. Handling SER for Design Experiments

We discussed up to now the use of SER to analyze reaction conditions already estab-
lished. However, the real interest is the use of SER to simplify the design of the process,
thus predicting an optimum range of conditions and discarding exhaustive assays in
extreme conditions.

When designing an optimization study, some additional information should be known
to allow a reasonable prediction based on SER. The first one is the enzymatic activity of
the biocatalyst used, which will establish a “starting point” of the biocatalyst loading
studied and the reaction time. Enzymatic activity expresses the rate of the conversion of
a given acid per time (usually per minute) per mass of biocatalyst (usually per gram); if
we extrapolate this data for the acid used, we can obtain an estimation of the minimum
quantity of biocatalyst is required to consume the acid within a specific time of the reaction.
The second one is temperature, which should promote activation of the reaction without
denaturation of the enzyme, taking into account the maximum temperature tolerated by the
enzyme and the melting point/boiling point of the reagents. Moreover, we should establish
the mass of the acid used and some bounds in which we want to find the biocatalyst
loadings (considering its cost and the reaction time). Then, we should establish some SER
values within the optimum estimated range (considering the nature of the reagents) and
the respective mass of alcohol. The general procedure to design experiments with SER is
given in Figure 2, and hypothetic examples of the application shown in Table 4.

The enzymatic activity of Novozym 435® is expressed as PLU (propyl dodecanoate
units), which means that this data refers to the conversion of dodecanoic acid to esters in
the conditions tested. It is not possible to extrapolate this data to the conversion of any
other acid, and in this sense, we adopt an estimation that 260 PLU will be sufficient. This
biocatalyst content is sufficient to convert 0.025 mols of dodecanoic acid to ester in 1.5 h.
We can suggest that this biocatalyst loading will convert these different acids in esters in
less than 3 h, considering the broad substrate specificity shown by Novozym 435® [20]. As
the moles of hexadecanoic acid are much lower than 0.025, we suggested using minimum
biocatalyst content (135 PLU). The temperature selection considers favoring the reaction
kinetics, the melting of the hexadecanoic acid, and the fact that Novozym 435® is stable at
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high temperatures [20]. The selection of SER values was empiric, considering the analysis
of the previous data carried out in this study, but we adopt the premise to make a coupled
increase of molar ratio and enzyme loading. We already observed that the conditions that
conciliate large stoichiometric excesses of reagents with low biocatalyst loadings resulted in
a poor conversion due to the increased probability of enzyme inhibition. Moreover, we did
not consider adopting an excess of acid to avoid potential issues related to the pH media.
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Table 4. Hypothetical experimental design for enzymatic esterification using SER.

Synthesis (Product) Pentyl Propionate Ethyl Hexadecanoate Dodecyl Hexanoate

Enzyme (commercial lipase) Novozym 435® (7000 PLU) Novozym 435® (7000 PLU) Novozym 435® (7000 PLU)

Temperature 60 ◦C 70 ◦C 60 ◦C

Initial quantity of acid 1.85 g (0.025 mol) 1.85 g (0.0072 mol) 1.85 g (0.016 mol)

Minimum biocatalyst loading 0.037 g (260 PLU) 0.019 g (135 PLU) 0.037 g (260 PLU)

Maximum biocatalyst loading 0.065 g (455 PLU) 0.037 g (260 PLU) 0.065 g
(455 PLU)

SER and the respective
reaction conditions

SER 18
Molar ratio 1:1.1/Bioc.

loading 2.0%

SER −43
Molar ratio 1:3.2/Bioc. loading 1.0%

SER 27
Molar ratio 1:0.9/Bioc. loading 2.0%

SER 24
Molar ratio 1:1.5/Bioc.

loading 3.5%

SER −30
Molar ratio 1:3.9/Bioc. loading 1.0%

SER 38
Molar ratio 1:1.1/Bioc. loading 2.0%

SER 39
Molar ratio 1:2/Bioc. loading 2.0%

SER −18
Molar ratio 1:3.6/Bioc. loading 2.0%

SER 42
Molar ratio 1:1.4/Bioc. loading 3.5%

SER 42
Molar ratio 1:1.5/Bioc. loading

2.0%

SER −1
Molar ratio 1:5.4/Bioc. loading 2.0%

SER 68
Molar ratio 1:1.7/Bioc. loading 3.5%

SER 74
Molar ratio 1:3/Bioc.

loading 3.5%

SER 4
Molar ratio 1:6/Bioc. loading 2.0%

SER 75
Molar ratio 1:2/Bioc. loading 3.5%

Bioc. loading = Biocatalyst loading, expressed as % wt/wt of the acid mass.

One may argue against using the mass of biocatalyst instead of using the enzymatic
activity in SER calculation. Some reasons support our decision. The first one is that
enzymatic activity data are expressed by many different methodologies, which may make
the comparison between different studies unfeasible. Although enzymatic activity is indeed
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a more precise measure of catalytic activity than the mass of biocatalyst (which considers a
significant proportion of immobilization support mass), the enzymatic activity is measured
in units per mass (as U g−1), which means a direct correlation between mass and quantity
of active enzymes in the media. In an industrial context, it is reasonable to think that
frequent enzymatic activity measures must be carried out as part of quality control of raw
materials, giving the relation between the mass of biocatalyst and enzymatic activity. The
second and most important reason is the influence of the immobilization support on the
partition of the water in the system, which impacts the equilibrium position depending
on the reaction media [1,10,90,96] and the influence of the immobilization support on
kinetics aspects [42,92,97,98]. The third reason is that the measure of the mass is practical;
indirectly, the mass of the biocatalyst in the system may bring valuable information about
the operational costs, productivity, design of the reaction system, stirring rate, downstream
processes, among others.

It is noteworthy that if the enzymatic esterification study aims to understand the
mutual interaction between reaction variables, an extensive set of assays is required to
generate accurate data that support the results. On the other hand, if the aim is to obtain
optimized conditions for a specific synthesis, SER helps find the optimum molar ratio
of reagents and enzyme loading. However, the reaction yield can still be increased by
using different methods for shifting the reaction equilibrium, activating the reaction, and
designing the reaction system [19,42,99–102].

Some experiments were carried out with different SER in various syntheses to obtain
additional pieces of evidence of the relation between molar ratio and biocatalyst loading,
as shown in Table 5. As a result, we can observe a general trend—variations in molar
ratio and biocatalyst loading that generate discrete differences in SER resulted in similar
conversions. In these cases, we increase simultaneously molar ratio (the stoichiometric
excess of alcohol) and biocatalyst loading.

Table 5. Enzymatic syntheses of ethyl, butyl, and octyl dodecanoate, butyl octanoate, and butyl decanoate in different
reaction conditions, respective SER, and conversion results.

Ethyl Dodecanoate Butyl Dodecanoate Octyl Dodecanoate Butyl Octanoate Butyl Decanoate
SER Conversion SER Conversion SER Conversion SER Conversion SER Conversion

13
(1:5.2)
(1.5%)

89.0%
8

(1:3)
(1.5%)

88.9%
10

(1:1.7)
(1.5%)

90.7%
1

(1:1.9)
(1.5%)

87.4%
7

(1:2.6)
(1.5%)

89.5%

19
(1:6.4)
(2.5%)

85.2%
27

(1:3.7)
(2.5%)

92.1%
16

(1:2.1)
(2.5%)

90.9%
13

(1:2.7)
(2.5%)

90.3%
20

(1:3.5)
(2.5%)

91.9%

The molar ratio acid:alcohol and biocatalyst loading (wt/wt mass of acid) used in each synthesis are described below the SER value. All
syntheses were mediated by Novozym 435®, in closed stoppered flasks for 24 h, under 50 ◦C, 200 rpm, in a solvent-free system.

It is possible to obtain similar results when we carried out an equivalent reduction
in keeping the same (or similar) resultant SER, which means the possibility of attaining
advantageous conditions of molar ratio and biocatalyst loading. The variation of the
conversion result with SER was also checked with esterification of decanoic acid and
n-butanol mediated by Novozym 435® at 65 ◦C, using the SER equals 20 in two different
conditions. The first one was equivalent to molar ratio acid:alcohol 1:3 and biocatalyst
loading 1.5%, and the second one was molar ratio acid:alcohol 1:3.5 and biocatalyst loading
2.5%. Very similar conversions were observed: 93.5% and 93.6% after 24 h. Although
both conditions did not represent a significant change in the system, we emphasize that
this kind of analysis is helpful to reduce the biocatalyst loading. As the biocatalyst cost
represents the highest cost item in a biocatalytic process, reduced biocatalyst loadings in
the reactor are a way to overcome the main obstacle for a broader application of biocatalysis
in the production of commodities and chemical specialties [49,50,52,83]. We also observed
a discrete increase in the conversion of decanoic acid by increasing the temperature from
50 ◦C (Table 5) to 65 ◦C.
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To illustrate how changes in biocatalyst loading impact SER, we can take as an example
the synthesis of medium-chain alcohol (C8) and acid (C6). If we use molar ratio acid:alcohol
1:2 and biocatalyst loading (wt/wt of acid mass) of 5%, resultant SER will be 25; if we use the
same molar ratio with biocatalyst loading 10%, a not considerable variation will occur—SER
value becomes 12. In practical terms, this discrete difference can be associated with a common
observation present in enzymatic esterification studies—an increase in biocatalyst loading
after a certain level did not increase the conversion in a specific time [4,5,8,67,100]. Although
the biocatalyst does not affect the equilibrium position (i.e., the yield of the reaction), this
observation refers to the conversion obtained after a short interval of time, which turns
evident the alterations in the reaction rate. As already mentioned, discrete differences in SER
(inside the range of intermediate values) seem to be associated with marginal differences
in the reaction conversion. Both conditions show high biocatalyst loadings, and it seems
evident that there is an unnecessary excess of biocatalyst in the system—as biocatalysts are
high-cost incomes, it is necessary to recycle them for obtaining a cost-effective biocatalytic
process. However, if we adopt a biocatalyst loading of 1%, the resultant SER will be 124,
which is an extreme value. In this case, it is possible to evaluate a coupled reduction of the
enzyme loading and the stoichiometric excess generating a more favorable condition. SER
will remain equals to 25 if we use biocatalyst loading 2% and a molar ratio 1:1.3. We reduce
the potential inhibitor effect of the reagent (keeping their effect on the shift of equilibrium),
coupling these effects with a proportional reduction of biocatalyst loading using SER as a
guide. However, the reduction of biocatalyst loading is limited by the minimum quantity of
enzyme required to process the reagents within a given time. This kind of rationale using
SER as a guide shows how interesting this tool could be for economic purposes, considering
the strict correlation between raw materials quantities (reagents and biocatalyst) or, in other
words, between different operational costs terms.

2.4. Limitations of SER

The first explicit limitation of SER is related to the temperature of the reaction. It
is well-known that temperature influences the equilibrium constant, but Flores and co-
workers (2000) [81] found that the equilibrium position variation of a reaction between
octadec-9-enoic acid acid and n-butanol was negligible between 35 and 50 ◦C. As already
pointed out, we are dealing with reaction conditions (molar ratio and biocatalyst loading)
at a constant temperature in a given synthesis to reduce the complexity of our analysis. The
temperature probably produces some SER response variation due to the thermodynamics
and kinetics temperature effects that should be further investigated. In here, we considered
that the temperature was enough to promote a proper activation of the reaction without
causing the enzyme denaturation.

The SER formulae, as proposed, did not consider the mass molar between reagents.
The lack of this parameter in SER calculation may lead to inaccurate conclusions when
a reaction between reagents with substantial differences in chain length (for example, a
long-chain acid and short-chain alcohol) is evaluated. For example, using 5% of biocatalyst
loading, an SER equals 20 is equivalent to the molar ratio acid:alcohol 1:10 in a reaction
between tetradecanoic acid (C14) and ethanol (C2), but the same SER equals 20 is equivalent
to the molar ratio acid:alcohol 1:1.1 in a reaction between butanoic acid (C4) and decanol
(C10). We can manipulate the SER formulae to consider the molar mass of reagents
keeping the outcome as a dimensionless number. Moreover, this alteration (proposed in
Equation (2)) will avoid the outcome equals to zero, which was considered non-applicable
when SER was first described [6], which is another explicit limitation of the equation.
However, this alteration will produce specific ranges for every combination of reagents
and, although noticeable gain in precision of the analyses may be obtained, general trends
and predictions may be offset.

SER =
((m/M) alcohol − (m/M) acid)(M alcohol)

m biocatalyst
(2)

42



Catalysts 2021, 11, 1357

Another expected limitation of the SER equation is that the same outcome can be
associated with more than one experimental condition (molar ratio and biocatalyst load-
ing), even though both variables proportionality is maintained. However, there is no
guarantee that this trend will be observed in reactions between short-chain acids and
long-chain alcohols.

As the SER was described for synthesizing an aliphatic ester in SFS, this study focuses
on applying the SER for other aliphatic molecules in the same condition. We can suppose
that applying a mathematic relation like SER (as it is, or with modifications) could help
predict enzymatic esterifications with alicyclic reagents, polyfunctional reagents (like
ethylene glycol, glycerol, acrylic acid, for example), using free lipases, or in the presence
of solvents.

Table 6 summarizes which information can be extracted from SER and its limitations,
showing the advantages and the disadvantages of its use. Further studies should be
performed to address all these issues, considering the practical applicability of SER in
predicting different kinds of esterification reactions in SFS.

Table 6. Advantages and disadvantages of SER.

Advantages

Predictability of reaction’ s behavior
Easy to handle
Reduced number of experiments to achieve high yields
Offer a range of reaction conditions that achieve high yields
Possibility to reduce the biocatalyst loading keeping high yields

Disadvantages

One SER number may be associated with more than one reaction condition
Optimum range may be shifted depending on the nature of the reagents
Temperature effects are not considered
Differences in molar ratio of reagents are not considered
Differences in esterification activity of lipases are not considered

3. Materials and Methods
3.1. Data Obtained from the Literature

A bibliographic survey was carried out to collect relevant enzymatic esterification
studies in literature in which SER could be appropriately calculated and compared with
our previous work [6]. To obtain a direct comparison and to facilitate the SER validation,
only monofunctional and aliphatic reagents were considered. The following criteria were
adopted for their selection: (i) ester syntheses should involve monofunctional carboxylic
acids and alcohols in SFS using immobilized lipases; (ii) the selected studies should provide
a detailed description of the quantities of reagents and biocatalysts (enzyme + support)
used in the assays, allowing SER calculation. Studies that simultaneously fulfilled these
criteria were considered for further analysis. However, we did not differentiate studies
that applied a one-by-one variable optimization approach or RSM. In addition, studies
that synthesize aliphatic esters from mixtures of different fatty acids or alcohols were not
considered to facilitate the validation of SER.

As SER does not include the temperature effects, the data utilized for SER calculation
were studied only at a constant temperature. For example—if a given study evaluated three
different molar ratios and three different enzyme loadings at two different temperatures,
only the set of data in which higher conversions were reported was used for SER application.
In RSM studies, the maximum amount of data at a constant temperature was selected. The
same rationale was applied when different stirring rates were evaluated. We considered
that the selected temperature and stirring rate were high enough to favor the reaction but
not so high to generate deleterious effects on immobilized lipases. Figure 3 shows the
schematic procedure used to collect and calculate the data in both cases.
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Figure 3. Schematic representation of collecting data from two hypothetical studies of enzymatic
ester syntheses for SER calculation and compilation of obtained data.

The molar ratio and biocatalyst loading data extracted from the studies were com-
pilated in a sheet, converted to masses (g) of alcohol, carboxylic acids, and biocatalysts
when presented in mol or enzymatic activity per gram. The mass of biocatalyst considers
the mass of the whole immobilized enzymes, accounting for protein and immobilization
supports masses. The data collected were displayed in a Table, including the descrip-
tion of reagents (in IUPAC names) and immobilized lipase adopted. The respective SER
outcomes were calculated as described in Equation (1) for each data of mass of reagents
and biocatalyst. These SER outcomes were correlated to the conversion result obtained
for each reaction condition. Thus, a range of SER numbers and conversion results were
obtained. However, in some cases, only one condition of molar ratio and enzyme loading
was available for calculations.

The range of SER numbers and the respective conversion results for the different
ester syntheses were compared to the data reported by our group [6] to check if similar
conclusions could be obtained—conversions above 80.0% but frequently around 90.0%, are
associated with intermediate values of SER, i.e., between 0 and 65. Similarly, conversions
below 80.0% could be associated with extreme values of SER, i.e., negative values or SER
higher than 100. Therefore, we divided the data into three different sections: studied with
(i) a good level of agreement, with optimum range between 0 and 65; (ii) an intermediate
level of agreement, whose optimum SER are deviated from the estimated optimum range
but still delimited between −10 and 100; (iii) and a low level of agreement, in which high
conversions were observed outside the range or low conversions (using the maximum
conversion observed as reference) were observed inside the range. In these cases, the likely
reasons for the discrepancies were discussed. For the purpose of this text, in the discussion
of the results the term “extreme values of SER” were considered as SER numbers largely
outside the proposed optimum range (for example, ≥−25 or ≤120); on other hand, the
term “intermediate values of SER” were considered as SER within the proposed optimum
range, or more specifically in a narrower range (for example, 5 or 30).

3.2. Data Obtained Experimentally

Part of the data used in this study were obtained experimentally by our group. Esterifi-
cation reactions in a solvent-free system were carried out in 150 mL stoppered closed flasks
under orbital stirring (200 rpm). Different molar ratios of carboxylic acid and alcohols
were mixed, starting from 2.0 g of acid. For the syntheses of octyl decanoate and octyl
dodecanoate, molar ratio acid:alcohol 1:1.3 were evaluated using different enzyme loadings
of Novozym 435® and Lipozyme RM IM®, varying from 1.5% to 10.0% (wt/wt acid). To
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synthesize butyl octanoate, molar ratios acid:alcohol varied from 1:1 to 1:3 with enzyme
loading 2.0% wt/wt acid. The synthesis of octyl octanoate mediated by Lipozyme RM IM®

evaluated molar ratios acid:alcohol varied from 1:1 to 1:3 and enzyme loadings from 2.5%
to 4.0% wt/wt acid. Syntheses of dodecanoates—ethyl dodecanoate, butyl dodecanoate,
and octyl dodecanoate—and butyl decanoate mediated by Novozym 435® were carried
out in the reaction conditions described in Table 6, aiming to check slight variations in
reaction condition using SER as a parameter. These systems were studied considering
the previous experience of our group in medium-chain esters syntheses [6]. The immobi-
lized lipases used, Novozym 435® and Lipozyme RM IM®, were provided by Novozymes
Latin American (Araucária, Brazil). Reactions between octanoic acid and n-butanol or
n-octanol were carried out at 65 ◦C for 3 h; reactions between decanoic acid and n-butanol
or n-octanol, and dodecanoic acid with ethanol, n-butanol, and n-octanol were carried out
at 50 ◦C for 24 h. All reagents were of analytical grade. The titration of the samples was
used to monitor the progress of the reaction by the reduction of the acidity index. The
samples were collected at the beginning and the end of the reactions. The conversions of
the esterification reactions were calculated by the percentual reduction observed between
the final and initial acidity index.

4. Conclusions

This study shows that SER is an empiric mathematical relation that presents a reason-
able agreement with the literature results for solvent-free enzymatic syntheses of aliphatic
esters. SER offers a simple way to conciliate the thermodynamics and kinetics aspects
towards high conversions in enzymatic ester syntheses, providing a helpful overview of
the reaction variables. In combination with other physicochemical parameters, a general
prediction of the reaction’s behavior can be obtained using SER. Its main advantage is
to indicate a range of conditions in which the equilibrium shift towards synthesis may
be attained without inhibition of immobilized lipases. By analyzing the application of
the SER trend which indicated a range of reaction conditions correspondent to 0 from
65 as an optimum in a mid-chain ester synthesis, we observed an expanded range of
−20 from 100 as potentially able to cover a variety of cases—short, mid, and long-chain es-
ters syntheses—taken into account certain exceptions when esterifications are carried under
ultrasound or microwaves, or with addition of water. A fast and simple methodology to
design experiments using SER was proposed, by defining some boundaries of temperature,
reaction time, and maximum biocatalyst loading, and after the determination of molar
ratio using arbitrary SER values inside the estimated optimum range for the esterification
reaction, considering the nature of the reagents involved. Although some limitations of the
SER application are evident, its use brings attractive features—the possibility of achieving
high yields with a reduced number of experiments, the possibility of understanding the
practical implications of thermodynamics and kinetics on the syntheses, and the obtaining
of more realistic reaction conditions for scaling-up (reduced biocatalyst loadings). Specific
studies are required to evaluate how robust this mathematical tool is in various cases and
an accurate definition of the optimum SER range and extreme values for each case. SER
was applied successfully for the synthesis of octyl octanoate and its application can be
extended to the optimization of other similar syntheses, considering the analyses carried
out in this study with an extensive set of data.
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Abstract: L-Amino acid oxidase (LAAO) is a flavin adenine dinucleotide (FAD)-dependent enzyme
active on most proteinogenic L-amino acids, catalysing their conversion to α-keto acids by oxidative
deamination of the substrate. For this oxidation reaction, molecular oxygen is used as the electron
acceptor, generating hydrogen peroxide. LAAO can be used to detect L-amino acids, for the pro-
duction of hydrogen peroxide as an oxidative agent or antimicrobial agent, and for the production
of enantiopure amino acids from racemates. In this work, we characterised a previously reported
LAAO from the bacterium Pseudoalteromonas luteoviolacea. The substrate scope and kinetic properties
of the enzyme were determined, and the thermostability was evaluated. Additionally, we elucidated
the crystal structure of this bacterial LAAO, enabling us to test the role of active site residues con-
cerning their function in catalysis. The obtained insights and ease of expression of this thermostable
LAAO provides a solid basis for the development of engineered LAAO variants tuned for biosensing
and/or biocatalysis.

Keywords: flavin-dependent oxidase; L-amino acids; deracemisation; biocatalysis; crystal structure

1. Introduction

LAAOs are flavin-dependent enzymes present in many organisms [1]. Until recently,
representatives were only known and isolated from eukaryotes. LAAOs have been isolated
from various snakes and are often a major component in venom [2] and given these
venomous secretions their typical yellow colour [3]. Studies have revealed that these
proteins consist of three structural elements: a substrate-binding domain, an FAD domain,
and a helical domain [4]. LAAOs catalyse the oxidative deamination of L-amino acids to
α-keto acids, and substrate ranges have been determined for different LAAOs [5].

LAAOs harbour a tightly bound FAD cofactor which assists in catalysis. The mech-
anism can be divided in two discrete catalytic steps (Figure 1). Initially, the amino acid
substrate is oxidised to the imino acid, which spontaneously reacts with water to form the
α-keto acid and ammonium. This results in the formation of the flavin adenine dinucleotide
(FAD) cofactor in the reduced state (FADH2). Regeneration of the reduced FAD by molecu-
lar oxygen leads to the production of hydrogen peroxide. It is the formation of this reactive
oxygen species that has been the focus of studies concerning the role of LAAOs as inducers
of oxidative stress [6]. The oxidative damage induced by LAAO activity from snake venom
leads to cytotoxicity, antibacterial activity, and the disruption of platelet aggregation [7–9].
Recent biochemical studies have revealed that LAAOs are not only present in the venom of
snakes but are also produced in other eukaryotes and even bacteria [1].
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Figure 1. The catalytic mechanism of LAAO: oxidation of amino acids into imino acids and the
subsequent reoxidation of the FAD cofactor by reduction of dioxygen into hydrogen peroxide. The
hydration of the initial product, imino acid, is a spontaneous reaction.

LAAOs are regarded as valuable biotechnological tools. Applications include their use
as biosensors to detect amino acids [10], as antibacterial agents, and as biocatalysts [11]. As
a biocatalytic tool, LAAO can be applied to deracemise amino acids, generating enantiopure
D-amino acids. This approach takes advantage of an almost exclusive activity of LAAO
towards L-amino acids, leaving D-amino acids untouched. Through in situ reduction of
the imino acid intermediate produced in the first step of the reaction using a chemical
reductant, enantiopure D-amino acids can be produced [12]. LAAO can also be considered
for alternative biocatalytic routes. A more recent example of the use of an LAAO in
biocatalysis was described by Busch et al. [13], where it was used for the in situ generation
of α-ketoglutarate using L-glutamate.

LAAO from the marine bacterium Pseudoalteromonas luteoviolacea (Pl-LAAO, 653 amino
acids, 74 kDa) was shown to display antibacterial activity [14]. The reported broad sub-
strate range of this enzyme makes it an attractive biocatalyst. We decided to investigate
its biochemical features in more detail, which included the elucidation of its molecular
structure. The obtained structure was analysed and compared with a recently reported
structure of an ancestrally reconstructed LAAO, AncLAAO [15,16]. The determined struc-
ture of Pl-LAAO was also used to design, create, and analyse several Pl-LAAO mutants
that revealed the role of specific active site residues.

2. Results
2.1. Expression and Purification

The final yield of Pl-LAAO was approximately 200 mg/L of Escherichia coli culture in
terrific broth (TB). This shows that this recombinant bacterial LAAO is well expressed as
His-tagged protein, in contrast to previous attempts to express bacterial LAAOs [17]. It
also outperforms the expression levels of recently reported ancestral reconstructed LAAOs
(40–80 mg/L) [16]. Pl-LAAO was purified using immobilised metal affinity chromatogra-
phy (IMAC) as shown by SDS-PAGE (Supplementary Figure S1). The UV–Vis absorbance
spectrum of purified Pl-LAAO shows absorbance features that are typical for a flavin-
containing protein, in line with its yellow appearance (Supplementary Figure S2). The
extinction coefficient of the FAD-bound enzyme was determined to be 11.4 mM−1 cm−1

at 455 nm and used to quantify Pl-LAAO. For crystallisation experiments, Pl-LAAO was
further purified using size exclusion chromatography, yielding a single peak correspond-
ing to a monodispersed sample of dimeric Pl-LAAO (Supplementary Figure S3). This fits
the observation of Andreo-Vidal et al. [14] that Pl-LAAO is only active as an oligomeric
protein and is in accordance with the oligomeric states previously reported for bacterial
LAAOs [17].

2.2. Thermostability

To establish optimal conditions for studying and applying Pl-LAAO, the thermosta-
bility of Pl-LAAO was tested in several buffers and at different pH values. Interestingly,
the apparent melting temperatures at pH 5–6.5 (50 mM Tris-HCl) were found to be rela-
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tively high: 82–84 ◦C (Supplementary Figure S4a). At higher pH, the stability decreased
(Tm = 60 ◦C in 50 mM Tris-HCl, pH 7.5). The addition of salt fully rescued the stability of
Pl-LAAO at pH 7.5 (Tm = 85 ◦C in 500 mM NaCl, 50 mM Tris-HCl, pH 7.5) (Supplementary
Figure S4b).

To verify that the enzyme was not only retaining its structure at high temperatures
but also remained functional, its residual activity was measured after incubation at various
temperatures for 10 min. The remaining activity of samples in 500 mM NaCl, 50 mM
Tris-HCl, pH 7.5 was measured at elevated temperatures (Supplementary Figure S4c).
Incubation at 70 and 80 ◦C only led to partial inactivation (>60% remaining activity), but at
90 ◦C, the residual activity dropped to about 10%. Residual activity was also monitored
at 37 ◦C for an extended time period (Supplementary Figure S4d). When using 500 mM
NaCl, 50 mM Tris-HCl, pH 7.5, this resulted in slow inactivation, with 50% remaining
activity after 56 h. Interestingly, these thermostability data reveal that this extant LAAO is
significantly more stable when compared with ancestrally reconstructed LAAOs [15,16].
The most stable ancestral LAAO lost most of its activity in 10 min at 70 ◦C (<20% remaining
activity) and in 10 h at 30 ◦C (about 30% remaining activity).

2.3. Kinetic Properties

Next, the kinetic parameters of Pl-LAAO were determined for all 20 naturally occur-
ring amino acids (Table 1, Supplementary Figure S5). No significant activity was detected
in the case of proline and cysteine. Gratifyingly, oxidase activity was observed for all
other L-amino acids. The highest rates were found for L-leucine and L-glutamine. This
is in full agreement with the initial characterisation of this bacterial LAAO that only re-
ported activities on L-amino acids at concentrations of 2 mM [14]. We have found that
Pl-LAAO is most efficient with non-charged bulky L-amino acids (L-leucine, L-methionine,
L-phenylalanine, L-glutamine, L-tryptophan) with kcat values of 36–136 s−1 and Km values
ranging from 0.34 to 2.4 mM. There are also other L-amino acids with high kcat values
(L-glutamate, L-isoleucine, L-arginine, L-valine, L-histidine, L-alanine, L-lysine) but they
suffer from relatively high Km values. Other L-amino acids (mainly small and polar amino
acids) displayed poor catalytic efficiencies. The substrate specificity resembles those of
the recently reported ancestral LAAOs [15,16] which were described to be most efficient
with L-glutamine, L-phenylalanine, and L-methionine. The kinetic parameters of the most
stable AncLAAO (AncLAAO-N4) for L-methionine (kcat = 34.2 s−1, Km = 0.76 mM [16])
were found to be similar to Pl-LAAO (kcat = 63 s−1, Km = 0.42 mM, Table 1).

2.4. Structure Elucidation

The crystal structure of Pl-LAAO was solved at 2.8 Å resolution. The crystallographic
data and the model refinement values are reported in Supplementary Table S1. The content
of the asymmetric unit is the physiological dimer of Pl-LAAO, with both molecules binding
one FAD (Figure 2a). The structure of the Pl-LAAO monomer reveals an overall conserved
folding with respect to the recently reported crystal structure of the ancestral LAAO,
AncLAAO-N5 [16], with an rmsd value of 0.77 Å when the monomers of each protein
are superimposed. This is in line with the 71% sequence identity between both protein
sequences. Two main differences are (i) the identity of surface residues, specifically some
secondary structure elements exposed to the solvent and involved in the dimerisation
interface (Supplementary Figure S6), and (ii) the number of intra-chain salt bridges (20 in
Pl-LAAO and 17 in AncLAAO). These differences in structural features may explain the
relatively high stability of Pl-LAAO.
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Table 1. Steady state kinetic parameters for amino acid substrates, ordered from highest to lowest
kcat/Km values. For L-glutamate, L-aspartate, and L-tyrosine, the individual kinetic parameters, kcat

and Km, could be determined because of the relatively high Km values in combination with relatively
low solubility of some of these substrates.

Substrate kcat
(s−1)

Km
(mM)

kcat/Km
(s−1 mM−1)

Vmax
(U/mg)

L-leucine 72 0.40 180 58
L-methionine 63 0.42 150 51

L-phenylalanine 52 0.34 150 42
L-glutamine 136 2.4 56 110

L-tryptophan 36 1.5 25 29
L-glutamate >30 >6.9 4.4 24
L-isoleucine 25 11 2.3 20
L-arginine 43 25 1.7 35
L-valine 9.4 9.5 0.99 7.5

L-histidine 5.3 11 0.48 4.3
L-alanine 14 48 0.30 11.3
L-lysine 7.2 57 0.13 5.8
L-serine 0.21 14 0.015 0.17

L-tyrosine >0.75 >10 0.075 0.60
L-asparagine 0.46 8.7 0.053 0.37
L-aspartate >0.023 >3.8 0.0061 0.018
L-threonine 0.05 14 0.0035 0.040

L-glycine 0.01 30 0.0003 0.0081

Figure 2. (a) The overall structure of Pl-LAAO monomer in cyan ribbons and the FAD cofactor
highlighted in yellow sticks. (b) Close-up of the active site, with the isoalloxazine moiety of the flavin
cofactor in yellow and active site residues in cyan.

In one of the monomers, a glycerol molecule occupies the pocket that is next to the
redox active part of the bound FAD, identifying the active site at the Re-face of the flavin
cofactor (Supplementary Figure S7). Comparison with the L-phenylalanine-complexed
structure of AncLAAO confirms the location of the substrate binding pocket. There is a
tunnel leading from the solvent exposed surface to the substrate binding pocket (Supple-
mentary Figure S8). A number of hydrophobic residues line the substrate binding pocket
of Pl-LAAO (L245, L361, V533, W569) and account for the preference of Pl-LAAO for bulky
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hydrophobic amino acids (Figure 2b). There is one polar residue (Q535) located in the back
of the binding pocket which explains the relatively good activity and affinity of Pl-LAAO
for L-glutamine. The residues R87 and Y445, positioned close to the isoalloxazine moiety
of the flavin cofactor, bind the carboxyl group of amino acid substrates. Their essential role
in catalysis was confirmed by generating and testing R87M and Y445F Pl-LAAO mutants,
which displayed drastically reduced activity on L-phenylalanine (<2% activity).

3. Discussion

We have found that Pl-LAAO can be overexpressed in E. coli, yielding large amounts
of FAD-containing, soluble, active enzyme. Surprisingly, such high levels of expression do
not seem to affect the viability of the expression host, even though it is active on abundantly
present L-amino acids. It was discovered that Pl-LAAO is quite thermotolerant and shows
a higher tolerance to temperature when compared with other microbial and ancestral
reconstructed LAAOs [16]. The relatively high temperature tolerance and preference for
high salt concentrations may reflect the conditions at which the oxidase is active in real
life. It has been found that it is secreted by the original bacterial host, contributing to the
antimicrobial activity of Pseudoalteromonas luteoviolacea [14]. Substrate profiling of Pl-LAAO
revealed that it is active on most L-amino acids. Yet, it shows the highest activity and
affinity towards bulky hydrophobic L-amino acids and L-glutamine. No activity or very
poor activity is observed with small amino acids.

To understand the structural basis for the stability and the substrate preferences of
Pl-LAAO we set out to determine its crystal structure. The obtained structure sheds light
on the relatively high stability of this enzyme with respect to close homologs, the recently
reported ancestral LAAOs [16]. While the core of the protein is structurally highly similar
to the ancestral LAAOs, the surface residues are not conserved, especially in some specific
regions (Supplementary Figure S6). The residues involved in the dimerisation of LAAO
differ by 26 substitutions between Pl-LAAO and AncLAAO. The latter enzyme accumulates
asparagine and lysine residues in hotspots (N520-N522-N524 and K341-K345-K346) which
may prevent complementarity of charges between the two monomers, lowering the stability
of the dimeric protein. Moreover, the difference in the number of intra-chain salt bridges
might contribute to the difference in thermostability.

By inspecting the Pl-LAAO structure and, specifically, the substrate binding site, being
rather large and hydrophobic, it becomes clear why a specific set of L-amino acids is
preferred, similar to the ancestral LAAO. Comparing Pl-LAAO with the structures of other
flavin-dependent amino acid oxidases provides some clues on how evolution has generated
several solutions for oxidising amino acids with the help of a flavin cofactor. Snake venom
LAAOs, for example LAAO from the Malayan pit viper, also have well-described substrate
scopes, typically with low Km values for many amino acids [2,18] and its crystal structure
has been reported [19]. Both Pl-LAAO (or AncLAAO) and venom LAAO use the same
configuration of residues for binding and positioning of their substrates (Figure 3a,b).
In both types of LAAOs, an arginine and a tyrosine residue interact with the carboxyl
group of the amino acid substrate. This array of H-bonds together with the side chain of
a tryptophan, which defines one boundary of the active site, orient the L-amino acids for
hydride transfer to the N5 atom of the FAD cofactor. The other part of the substrate binding
pocket, interacting with the side chain of the amino acid substrate, shows many differences,
explaining the different substrate preferences (Figure 3a,b). Intriguingly, D-amino acid
oxidase (DAAO) from yeast, acting on mirror-image substrates and having quite a different
protein structure, also contains a tyrosine and arginine couple that binds the carboxylate of
the amino acid substrate (Figure 3c). For DAAO, the binding pocket accommodating the
substrate amino acid side chain is orthogonal compared to LAAO, allowing binding of the
stereoisomeric substrates, D-amino acids [20]. The structural dissimilarities indicate that
LAAOs and DAAOs independently evolved and converged to perform the same reaction,
oxidation of amino acids, using a similar active site arrangement. The structural insights
into the basis of substrate binding in Pl-LAAO and other amino acid oxidases is valuable
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to understand their catalytic mechanism and can inform future enzyme engineering efforts
towards other substrates.

Figure 3. Structural comparison of active sites of amino acid oxidases. Active sites of (a) ancestral
LAAO (7C4L), (b) LAAO from the Malayan pit viper (2IID), and (c) yeast DAAO (1C0L). In (a),
residues R89 and Y447, highlighted by the orange mark, interact with the carboxyl group of the
bound L-glutamine substrate (dark blue). In (b), the same role is exerted by R90 and Y372 for binding
L-phenylalanine (purple). In (c), R287 and Y240 interact with the carboxyl moiety of the bound
D-trifluoroalanine (dark brown). The green marks highlight the W571 and W465 in (a,b) respectively,
which form part of the substrate binding pocket, close to the amine moiety of the bound substrate. In
DAAO (c), a phenylalanine (F60) serves a similar role. The grey marks indicate the residues involved
in binding of the substrate side chain in the three different amino acid oxidases.

4. Materials and Methods
4.1. Materials

The reagents used in this study were from Merck (Kenilworth, NJ, United States),
Acros (Geel, Belgium), and BioRad (Hercules, CA, United Stated). Culture media compo-
nents were from Difco (Franklin Lakes, NJ, United States) and were used to prepare TB
medium (12 g/L tryptone, 24 g/L yeast extract, 5 g/L glycerol, 23 g/L 170 g/L KH2PO4,
and 125 g/L K2HPO4). The crystallisation screens were purchased from Hampton Research
(Aliso Viejo, CA, United States) and Molecular Dimensions (Sheffield, UK).

4.2. Protein Expression and Purification

E. coli NEB10β cells were transformed with pBAD-based plasmid containing the
codon-optimised sequence coding for wild type Pl-LAAO including a His-tag for affinity
chromatography located at the N-terminus of the Pl-LAAO sequence. A single colony was
used to inoculate 10 mL LB preculture which was used, after overnight growth, to inoculate
(1% v/v) 1 L TBamp. When the culture reached an OD600 of 0.6, L-arabinose was added to a
final concentration of 0.02% (w/v) to trigger protein expression. The flasks were moved from
37 to 24 ◦C and incubated for 2 days. The obtained cells were harvested by centrifugation
(3153× g, 30 min) and the obtained cell pellet was resuspended in 50 mM Tris-HCl pH 7.5
with 100 mM NaCl (buffer A). Cells were sonicated for 20 min using 70% amplitude with 10
s on/ 5 s off intervals on a Sonic Vibra cell processor, and cell debris was separated from the
supernatant via centrifugation (20,130× g, 30 min). The supernatant was collected, filtered,
and applied to pre-equilibrated columns loaded with Ni-Sepharose. After a washing step
with 3 CV of buffer A and the removal of not specifically bound proteins with buffer A
containing 10 mM imidazole (3 CV), the enzyme was eluted using buffer B (buffer A +
500 mM imidazole). The collected sample was desalted using Vivaspin concentrators.

4.3. Determination of the Extinction Coefficient and Stability

In order to determine the extinction coefficient of Pl-LAAO, the absorbance spectra of
the flavin-containing enzyme and of the FAD after protein denaturation and pellet removal
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were measured at 455 and 450 nm, respectively. The known extinction coefficient of FAD at
450 nm (11.3 mM−1 cm−1) was used to calculate the extinction coefficient of Pl-LAAO.

The stability of Pl-LAAO was tested using the ThermoFAD protocol [21]. A thermo-
cycler was programmed to run a temperature gradient from 25 to 99 ◦C on the samples
composed of 12.5 µL of different buffers and 12.5 µL protein diluted to 1 mg/mL. The emis-
sion signal was measured using a SYBR filter (ThermoFisher, Waltham, MA, United States),
taking advantage of the increase in FAD fluorescence caused by protein denaturation. The
first derivative of the measured peaks provides apparent Tm values.

The residual activity of Pl-LAAO was measured after incubation for 10 min at different
temperatures (30, 40, 50, 60, 70, 80, and 90 ◦C) and over time (56 h) at 37 ◦C. The activity
was measured using L-phenylalanine as the substrate following the protocol below.

4.4. Mutagenesis

The rationally designed mutants of Pl-LAAO were obtained by Quick Change PCR us-
ing pairs of primers designed by AAscan (https://github.com/dmitryveprintsev/AAScan,
(accessed on 27 October 2021)) to introduce the mutations R87M and Y445F. Successful
introduction of mutations was confirmed by sequencing.

4.5. Kinetic Analysis

LAAO activity was measured at 37 ◦C and both the enzyme samples and the reac-
tion mixtures were preincubated at this temperature. Substrates were added to start the
reaction. The final reaction mixture contained 8 U of horseradish peroxidase, 0.1 mM
amino antipyrine, 1 mM 3,5-dichloro-2-hydroxybenzene, 180–680 µL substrate at varying
concentrations and 0.1 µM–0.5 nM Pl-LAAO in buffer A, for a total volume of 1 mL. Re-
action rates of mutants were measured in the same setup, using a fixed concentration of
0.02 µM enzyme.

4.6. Crystallisation and Structure Determination

For crystallisation, wild type Pl-LAAO samples underwent further purification by
size exclusion chromatography on a Superdex 200 10/300 column (Cytiva, Medemblik, The
Netherlands) pre-equilibrated with 100 mM Tris-HCl pH 7.5 containing 150 mM NaCl on
an ÄKTA purifier (Cytiva). The eluted peak was pooled and concentrated to 24 mg/mL for
crystallisation experiments. Multiple hits were found, with crystals growing in conditions
from several commercially available screens. The most easily reproducible crystals were
obtained by sitting drop method in 20% (w/v) PEG 3350 and 0.1 M Tris-HCl pH 7.0, but also
in HEPES pH 7.0 and Tris pH 8.0. The crystals were small cubes of a bright yellow colour,
which were cryoprotected by adding 20% (v/v) glycerol and frozen in liquid nitrogen for
synchrotron data collection at Diamond Light Source (Didcot, UK). The collected datasets
were merged [22] and scaled [23]. The structure of PDB 7C4K [16] was used as a model
for molecular replacement [24]. The obtained model underwent REFMAC5 refinement
and manual fitting with COOT [25] yielding the final structure deposited at the PDB
with code 7OG2. Images of the Pl-LAAO structure and other models were made using
Chimera [26]. The number of salt bridges present in the structure was calculated using the
ESBRI tool available on the LSCF Bioinformatics Unit portal [27]. The Pl-LAAO structure
was inspected in PyMOL [28] using the CAVER [29] plugin. This allowed analysis of the
tunnel leading from the solvent accessible surface to the active site.

5. Conclusions

Due to the high expression level, ease of purification, high thermostability, and activity
on many different L-amino acids, Pl-LAAO is an attractive enzyme for biocatalysis and
biosensing. It can be used for the synthesis of enantiopure amino acids or related com-
pounds. The high catalytic efficiency on a subset of L-amino acids allows it to be used for
detection of amino acids. The determined crystal structure can be exploited for tailor-made
variants for activity on specific amino acids.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111309/s1, Figure S1: SDS-PAGE of the LAAO purification process. Figure S2:
UV–Vis absorbance spectrum of purified LAAO. Figure S3: Size exclusion chromatogram of LAAO
sample before crystallisation experiments. The sample was collected in small fractions and pooled
together, avoiding the shoulder on the right side of the peak. Figure S4: (A) pH-dependence of
Tm of Pl-LAAO in 50 mM TRIS/Cl at different pH values, (B) salt concentration dependence of
Tm of Pl-LAAO in 50 mM TRIS/Cl, pH 6.5, with different NaCl concentrations, (C) observed Pl-
LAAO activity after 10 min incubation at different temperature, (D) observed Pl-LAAO activity upon
incubation at 37 ◦C over time. For the last two figures, data are shown for samples in low salt buffer
(blue line) and in high salt buffer (orange line) as comparison. Figure S5: Steady state kinetics for
18 of the 20 proteinogenic amino acids. All measurements were performed in duplicate. No activity
was observed for proline and cysteine. Figure S6: Top, sequence alignment between Pl-LAAO and
the homologue from ancestral sequence reconstruction, the structure of which is deposited under
the PDB 7C4K. Non-conserved sites are highlighted by black bars. Bottom, the structure of 7C4K
with non-conserved sites in dark blue. All of these are limited to surface-exposed portions of the
protein, while the active site and the cofactor binding residues are fully retained. For sake of clarity,
the portions with highest divergence are reported in rectangles of the same colour in both sequence
alignment and structure representation. Figure S7: Focus on the electron density (in blue chicken
wire) of FAD (in yellow carbons) and glycerol (in green carbons) present only in molecule B of the
asymmetric unit. Figure S8: (a) Structure of LAAO with the tunnel (magenta) leading from the FAD
cofactor to the solvent-accessible surface. (b) Side view of the tunnel, the entrance of which is enclosed
in the black circle. A set of side chains, the motion of which is necessary to allow access to the active
site, is highlighted. (c) A 180◦ rotated view of the same side view. Table S1: Crystallographic data
collection and refinement statistics. The values for the high-resolution shell are shown in parenthesis.

Author Contributions: Conceptualisation, H.L.v.B. and M.W.F.; methodology, S.S., J.D.-M.M. and
H.J.R.; writing—original draft preparation, S.S.; writing—review and editing, S.S., H.L.v.B. and
M.W.F.; and funding acquisition, M.W.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by NWO through a VICI grant to M.W.F.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kasai, K.; Ishikawa, T.; Nakamura, T.; Miura, T. Antibacterial properties of L-amino acid oxidase: Mechanisms of action and

perspectives for therapeutic applications. Appl. Microbiol. Biotechnol. 2015, 99, 7847–7857. [CrossRef] [PubMed]
2. Guo, C.; Liu, S.; Yao, Y.; Zhang, Q.; Sun, M.Z. Past decade study of snake venom L-amino acid oxidase. Toxicon 2012, 60, 302–311.

[CrossRef] [PubMed]
3. Izidoro, L.F.; Sobrinho, J.C.; Mendes, M.M.; Costa, T.R.; Grabner, A.N.; Rodrigues, V.D.M.; Da Silva, S.L.; Zanchi, F.B.; Zuliani, J.P.;

Fernandes, C.F.C.; et al. Snake venom L-amino acid oxidases: Trends in pharmacology and biochemistry. Biomed. Res. Int. 2014,
2014, 196754. [CrossRef]

4. Pawelek, P.D.; Cheah, J.; Coulombe, R.; Macheroux, P.; Ghisla, S.; Vrielink, A. The structure of L-amino acid oxidase reveals the
substrate trajectory into an enantiomerically conserved active site. EMBO J. 2000, 19, 4204–4215. [CrossRef] [PubMed]

5. Chen, W.M.; Sheu, F.S.; Sheu, S.Y. Novel L-amino acid oxidase with algicidal activity against toxic cyanobacterium Microcystis
aeruginosa synthesized by a bacterium Aquimarina sp. Enzyme Microb. Technol. 2011, 49, 372–379. [CrossRef] [PubMed]

6. Samel, M.; Tõnismägi, K.; Rönnholm, G.; Vija, H.; Siigur, J.; Kalkkinen, N.; Siigur, E. L-Amino acid oxidase from Naja naja oxiana
venom. Comp. Biochem. Physiol. Part B 2008, 149, 572–580. [CrossRef] [PubMed]

7. Zuliani, J.P.; Kayano, A.M.; Zaqueo, K.D.; Neto, A.C.; Sampaio, S.V.; Soares, A.M.; Stabeli, R.G. Snake venom L-amino acid
oxidases: Some consideration about their functional characterization. Protein Pept. Lett. 2009, 16, 908–912. [CrossRef]

8. Li, Z.Y.; Yu, T.F.; Lian, E.C. Purification and characterization of L-amino acid oxidase from king cobra (Ophiophagus hannah) venom
and its effects on human platelet aggregation. Toxicon 1994, 32, 1349–1358. [CrossRef]

9. Lee, M.L.; Tan, N.H.; Fung, S.Y.; Sekaran, S.D. Antibacterial action of a heat-stable form of L-amino acid oxidase isolated from
king cobra (Ophiophagus hannah) venom. Comp. Biochem. Physiol. Toxicol. Pharmacol. 2010, 153, 237–242. [CrossRef]

10. Lata, S.; Pundir, C.S. L-amino acid biosensor based on L-amino acid oxidase immobilized onto NiH-CNFe/c-MWCNT/PPy/GC
electrode. Int. J. Biol. Macromol. 2013, 54, 250–257. [CrossRef]

11. Kasai, K.; Nakano, M.; Ohishi, M.; Nakamura, T.; Miura, T. Antimicrobial properties of L-amino acid oxidase: Biochemical
features and biomedical applications. Appl. Microbiol. Biotechnol. 2021, 105, 4819–4832. [CrossRef] [PubMed]

58



Catalysts 2021, 11, 1309

12. Huh, J.W.; Yokoigawa, K.; Esaki, N.; Soda, K. Total conversion of racemic pipecolic acid into the L-enantiomer by a combination
of enantiospecific oxidation with D-amino acid oxidase and reduction with sodium borohydride. Biosci. Biotechnol. Biochem. 1992,
56, 2081–2082.

13. Busch, F.; Brummund, J.; Calderini, E.; Schürmann, M.; Kourist, R. Cofactor generation cascade for α-ketoglutarate and Fe(II)-
dependent dioxygenases. ACS Sustain. Chem. Eng. 2020, 8, 8604–8612. [CrossRef]

14. Andreo-Vidal, A.; Sanchez-Amat, A.; Campillo-Brocal, J.C. The Pseudoalteromonas luteoviolacea L-amino acid oxidase with
antimicrobial activity is a flavoenzyme. Mar. Drugs 2018, 16, 499. [CrossRef]

15. Nakano, S.; Kozuka, K.; Minamino, Y.; Karasuda, H.; Hasebe, F.; Ito, S. Ancestral L-amino acid oxidases for deracemization and
stereoinversion of amino acids. Commun. Chem. 2020, 3, 181. [CrossRef]

16. Nakano, S.; Minamino, Y.; Hasebe, F.; Ito, S. Deracemization and stereoinversion to aromatic D-amino acid derivatives with
ancestral L-amino acid oxidase. ACS Catal. 2019, 9, 10152–10158. [CrossRef]

17. Pollegioni, L.; Motta, P.; Molla, G. L-amino acid oxidase as biocatalyst: A dream too far? Appl. Microbiol. Biotechnol. 2013,
97, 9323–9341. [CrossRef]

18. Ponnudurai, G.; Chung, M.C.; Tan, N.H. Purification and properties of the L-amino acid oxidase from Malayan pit viper
(Calloselasma rhodostoma) venom. Arch. Biochem. Biophys. 1994, 313, 373–378. [CrossRef] [PubMed]

19. Moustafa, I.M.; Foster, S.; Lyubimov, A.Y.; Vrielink, A. Crystal structure of LAAO from Calloselasma rhodostoma with an L-
phenylalanine substrate: Insights into structure and mechanism. J. Mol. Biol. 2006, 364, 991–1002. [CrossRef] [PubMed]

20. Umhau, S.; Pollegioni, L.; Molla, G.; Diederichs, K.; Welte, W.; Pilone, M.S.; Ghilsa, S. The x-ray structure of D-amino acid oxidase
at very high resolution identifies the chemical mechanism of flavin-dependent substrate dehydrogenation. Proc. Natl. Acad. Sci.
USA 2000, 97, 12463–12468. [CrossRef]

21. Forneris, F.; Orru, R.; Bonivento, D.; Chiarelli, L.R.; Mattevi, A. ThermoFAD, a Thermofluor-adapted flavin ad hoc detection
system for protein folding and ligand binding. FEBS J. 2009, 276, 2833–2840. [CrossRef] [PubMed]

22. McCoy, A.J.; Grosse-Kunstleve, R.W.; Adams, P.D.; Winn, M.D.; Storoni, L.C.; Read, R.J. Phaser crystallographic software. J. Appl.
Crystallogr. 2007, 40, 658–674. [CrossRef]

23. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66 Pt 2, 125–132. [CrossRef] [PubMed]
24. Winn, M.D.; Ballard, C.C.; Cowtan, K.D.; Dodson, E.J.; Emsley, P.; Evans, P.R.; Keegan, R.M.; Krissinel, E.B.; Leslie, A.G.W.;

McCoy, A.; et al. Overview of the CCP4 suite and current developments. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 235–242.
[CrossRef] [PubMed]

25. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2126–2132.
[CrossRef] [PubMed]

26. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput Chem. 2004, 25, 1605–1612. [CrossRef]

27. Sarakatsannis, J.N.; Duan, Y. Statistical characterization of salt bridges in proteins. Proteins 2005, 60, 732–739. [CrossRef]
28. The PyMOL Molecular Graphics System, version 2.0; Schrödinger, LLC.: New York, NY, USA, 2015.
29. Chovancová, E.; Pavelka, A.; Benes, P.; Strnad, O.; Brezovsky, J.; Kozlikova, B.; Góra, A.; Sustr, V.; Klvana, M.; Medek, P.; et al.

CAVER 3.0: A tool for the analysis of transport pathways in dynamic protein structures. PLoS Comput. Biol. 2012, 8, e1002708.
[CrossRef]

59



catalysts

Communication

Enzymatic Hydrogen Electrosynthesis at Enhanced Current
Density Using a Redox Polymer

John C. Ruth 1, Fabian M. Schwarz 2, Volker Müller 2 and Alfred M. Spormann 1,3,*

����������
�������

Citation: Ruth, J.C.; Schwarz, F.M.;

Müller, V.; Spormann, A.M.

Enzymatic Hydrogen

Electrosynthesis at Enhanced Current

Density Using a Redox Polymer.

Catalysts 2021, 11, 1197. https://

doi.org/10.3390/catal11101197

Academic Editors: Evangelos

Topakas, David D. Boehr and

Roland Wohlgemuth

Received: 29 August 2021

Accepted: 27 September 2021

Published: 30 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemical Engineering, Stanford University, Stanford, CA 94305, USA; jruth@stanford.edu
2 Department of Molecular Microbiology and Bioenergetics, Johann Wolfgang Goethe University,

60438 Frankfurt am Main, Germany; f.schwarz@bio.uni-frankfurt.de (F.M.S.);
vmueller@bio.uni-frankfurt.de (V.M.)

3 Department of Civil and Environmental Engineering, Stanford University, Stanford, CA 94305, USA
* Correspondence: spormann@stanford.edu

Abstract: High-temperature tolerant enzymes offer multiple advantages over enzymes from mesophilic
organisms for the industrial production of sustainable chemicals due to high specific activities and
stabilities towards fluctuations in pH, heat, and organic solvents. The production of molecular hydrogen
(H2) is of particular interest because of the multiple uses of hydrogen in energy and chemicals
applications, and the ability of hydrogenase enzymes to reduce protons to H2 at a cathode. We
examined the activity of Hydrogen-Dependent CO2 Reductase (HDCR) from the thermophilic
bacterium Thermoanaerobacter kivui when immobilized in a redox polymer, cobaltocene-functionalized
polyallylamine (Cc-PAA), on a cathode for enzyme-mediated H2 formation from electricity. The
presence of Cc-PAA increased reductive current density 340-fold when used on an electrode with
HDCR at 40 ◦C, reaching unprecedented current densities of up to 3 mA·cm−2 with minimal
overpotential and high faradaic efficiency. In contrast to other hydrogenases, T. kivui HDCR showed
substantial reversibility of CO-dependent inactivation, revealing an opportunity for usage in gas
mixtures containing CO, such as syngas. This study highlights the important potential of combining
redox polymers with novel enzymes from thermophiles for enhanced electrosynthesis.

Keywords: hydrogen-dependent CO2 reductase; redox polymer; cobaltocene; enzymatic electrosynthesis;
hydrogen evolution; carbon monoxide

1. Introduction

Rising global temperatures and their resulting environmental effects are leading to
an urgent transition towards renewable energies [1]. Converting sustainably generated
energies to a chemical form is desirable and important for long-term energy storage and
transport [2]. A variety of small, high-energy molecules are promising target products
for this conversion, including hydrogen and formate, because only simple, two-electron
reduction reactions are required for their production and their usability in existing tech-
nologies [3–5]. Hydrogen is particularly interesting due to its high energy content, low
redox potential, and usage in a wide variety of industrial processes [4,6].

Enzymes, such as hydrogenases and formate dehydrogenases, are promising catalysts
for conversion of electrical energy to storable chemical energy, due to their high selectivities
and activities [3,7]. In particular, Hydrogen-Dependent CO2 Reductase (HDCR) is an
enzyme of interest for both enzymatic formate and hydrogen synthesis as a result of its
high turnover rates and selectivity at high temperatures [8–11]. In vivo, HDCR catalyzes
the simultaneous oxidation of H2 to protons and reduction of CO2 to formate in the methyl
branch of the Wood-Ljungdahl pathway of the two acetogenic bacteria Acetobacterium woodii
and Thermoanaerobacter kivui. HDCR-like gene clusters were also found in the genome of
different organisms but biochemical evidence of purified HDCRs was so far only given
for the two mentioned acetogens. HDCR from Thermoanaerobacter kivui is O2-sensitive

60



Catalysts 2021, 11, 1197

and contains a hydrogenase and a formate dehydrogenase subunit, linked by two 4Fe–4S
cluster-containing electron transfer subunits [10]. This HDCR is a Fe-Fe hydrogenase with
two Fe atoms in its active site, which has the highest measured hydrogen production
activities among hydrogenases. Other Fe-Fe hydrogenases were previously shown to be
irreversibly inactivated by both O2 and carbon monoxide (CO) [12]. Purified HDCR from
thermophilic T. kivui catalyzes hydrogen evolution from formate at a specific activity of
930 µmol hydrogen·min−1·mg−1 at 60 ◦C [10]. This enzyme is stable above 37 ◦C and
has its optimal activity between 60 and 70 ◦C. Interestingly, HDCR from the mesophilic
acetogen Acetobacterium woodii is completely tolerant of CO, regaining full activity after an
initial inhibition [8]. Reversible inactivation after CO addition to this Fe-Fe hydrogenase is
unusual, as Fe-Fe hydrogenases are typically irreversibly inactivated by CO via binding to
the distal Fe [12]. CO-insensitivity in enzymatic catalysts is desirable in many industrial
processes, such as those involving syngas. While the HDCR of A. woodii has displayed
reactivation after exposure to CO, CO sensitivity of the heat stable HDCR of T. kivui, which
has significantly higher turnover rates and also contains an Fe-Fe hydrogenase, has not
been investigated.

Many studies have investigated the ability of oxidoreductase enzymes to produce
chemicals of interest in an electrochemical cell, in a process known as enzymatic elec-
trosynthesis [3,7,13–19]. In such a system, enzymes receive electrons from an electrode
either directly or through a chemical mediator, and then catalyze the reduction of their
specific substrate to the specific product. Redox polymers have been shown to greatly
enhance oxidoreductase activity at the electrode surface through enzyme immobiliza-
tion and mediation of electron flux to the enzyme [3,20]. Recently characterized redox
polymers for enzymatic hydrogen evolution have been either cobaltocene functionalized
poly(allylamine) (Cc-PAA) or viologens, due to their low redox potential [3,18,21,22]. An
advantage of viologens is the ability to choose from a wide variety of viologen deriva-
tives with different redox potentials. However, many such systems require diffusion of
the species for electron transfer to occur, and none have been tested with hydrogenases
above ambient temperature. Cobaltocene-functionalized poly(allylamine) has previously
been shown to effectively mediate electron transfer to both formate dehydrogenases and
hydrogenases for reduction of their respective substrates (Figure 1) [18,23]. The polyal-
lylamine backbone forms a hydrogel when crosslinked with ethylene glycol diglycidyl
ether (EGDGE), allowing for enzyme immobilization. Electron transfer can then occur
via the cobaltocene functional groups throughout the hydrogel. However, there has been
very little research on the ability of redox polymers as mediators for hydrogen evolution
by enzymes at elevated temperatures. Given the high specific activity of thermophilic
enzymes at elevated temperatures, polymers capable of increasing electron flux to the
enzyme at a cathode would further increase activity compared to current electrochemical
enzymatic hydrogen evolution reaction (HER) systems.

Here, we demonstrate the hydrogen evolution activity of T. kivui HDCR via direct
electron transfer when immobilized at an electrode. We further investigated the capacity
of embedding HDCR in a Cc-PAA redox polymer at the cathode and found an enhanced
activity of H2 production by more than 340-fold. Further, Cc-PAA mediated hydrogen
production occurred at 90% faradaic efficiency with minimal current loss. Interestingly,
HDCR demonstrated reversible inactivation by CO when in the redox polymer, with most
activity being regained after CO was removed. Cc-PAA is a promising redox polymer
for enzyme-mediated, enhanced hydrogen production even at elevated temperatures,
making it an auspicious component of new technology for use in chemical storage for
renewable energy.
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Figure 1. (A) In the mediated electron transfer system, electrons are passed from the electrode through the Cc-PAA redox
polymer, with self-exchange between cobaltocene functional groups, before entering the HDCR enzyme for use in hydrogen
evolution at the hydrogenase subunit’s active site. (B) An energy diagram shows the regimes of hydrogen oxidation and
proton reduction in the mediated Cc-PAA/HDCR system. At potentials above the HDCR hydrogenase midpoint potential,
direct electron transfer results in a very small oxidative current from hydrogen oxidation at the enzyme. At potentials below
the midpoint potential, proton reduction occurs, mediated by Cc-PAA. When the potential is below the midpoint potential
of the Cc-PAA, electron transfer to HDCR occurs at the maximum rate.

2. Results
2.1. Optimization of Electrochemical Buffer Conditions

Electrochemical activity of HDCR was tested first at a 3-electrode, rotating disk elec-
trode (RDE) system. The magnitude of the steady state reductive wave at low potentials
of cyclic voltammetry was assumed to be analogous to hydrogen evolution activity as
a result of the electrons passing through the electrode for proton reduction. Increasing
the temperature of the electrochemical cell from room temperature to 60 ◦C resulted in
a higher rate of H2 formation but resulted in a higher loss of current density over time
(Figure S1). Therefore, an intermediate temperature of 40 ◦C was selected for further
electrochemical studies, as this temperature displayed similar initial current density as a
sample at 60 ◦C at a slower loss of activity over time. At 40 ◦C, the hydrogenase activity was
190 µmol H2·min−1·[mg protein]−1, and the activity of formate dehydrogenase < 1 µmol
formate·min−1·[mg protein]−1. Thus, only electrochemical hydrogen formation was inves-
tigated further. As shown in Figure S2A, pH optimization was carried out using HDCR
immobilized in Cc-PAA in two different buffers: 1 M sodium citrate with 200 mM potas-
sium chloride for testing a pH range 4.5–6, and 1.6 M potassium phosphate with 320 mM
sodium chloride for a pH range 6–7. The difference in activity observed between both
buffers at pH 6 was approximately 4%. The optimum HDCR activity was at pH 5.0,
allowing for a high concentration of protons in the electrochemical setup. Subsequent
assays were conducted using citrate buffer at pH 5.0, maintaining a 5:1 ratio of sodium
citrate to potassium chloride (Figure S2B). An increase in activity with increasing buffer
concentration was observed up to the solubility limit of the buffer, resulting in a maximum
activity at 2.4 M total solute concentration, with no increase observed in the absence of
HDCR. All subsequent electrochemical tests were carried out in the optimal buffer: 2 M
sodium citrate, 400 mM potassium phosphate, pH 5.0.
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2.2. Hydrogenase Activity Using Methyl Viologen Assays

Hydrogen evolution activity of HDCR in a chemical assay was determined using
methyl viologen as electron mediator. Sodium dithionite showed little reducing activity in
the citrate buffer, with no color change of methyl viologen upon the addition of dithionite.
This is understandable, given the strong dependence of the sodium dithionite redox
potential on temperature, pH, and other environmental factors [24]. Titanium citrate (Ti(III)
citrate) showed the ability to reduce methyl viologen at low concentrations of sodium
citrate in the buffer but not at high sodium citrate concentrations. It, therefore, was used as
the electron donor in a 10× diluted electrochemistry buffer (0.2 M sodium citrate, 40 mM
sodium chloride), maintaining an excess concentration of Ti(III) citrate. Hydrogen was
quantified via GC, and a linear increase in rate was observed (Figure S3). A maximum
specific activity of 190 ± 25 µmol·min−1·[mg protein]−1 was observed, which was roughly
a 4-fold higher specific activity relative to the Fe-Fe hydrogenase CpI from mesophilic
Clostridium pasteurianum (Figure S4) [18]. Methyl viologen activity assays displayed a
similar trend of increasing activity with increasing buffer concentration to that observed in
electrochemical buffer optimizations.

2.3. Cobaltocene-Mediated Hydrogen Evolution in Cyclic Voltammetry Experiments

Cobaltocene-mediated hydrogen evolution activity was examined using cyclic voltam-
metry (CV) (Figure 2). HDCR was immobilized in Cc-PAA, and the reductive current at
low potentials was measured. A maximum current density of 3.0 mA·cm−2 was achieved.
When cobaltocene was absent, a maximum current density of 8.7 µA·cm−2 was observed.
Therefore, the presence of cobaltocene resulted in an activity increase of 340-fold, indicating
significantly enhanced hydrogen evolution activity. This activity was also compared to
inactive, O2-exposed HDCR immobilized in Cc-PAA, and BSA embedded in Cc-PAA as a
negative control, both of which displayed significantly lower activities than active HDCR.
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hydrogel. The curve displayed a relatively constant current density with time, at low potentials, which is indicative of 

mediated enzymatic hydrogen evolution. Inset: Bovine serum albumin (BSA) immobilized in Cc-PAA as a negative activ-

ity control showed the expected reduction and oxidation peaks of Cc-PAA. HDCR in non-functionalized polyallylamine 

Figure 2. Cyclic voltammetry of HDCR on a rotating disc electrode. A greatly enhanced reductive current at low potentials
was observed when cobaltocene-functionalized polyallylamine was present as electron shuttle in the electrode-coating
hydrogel. The curve displayed a relatively constant current density with time, at low potentials, which is indicative of
mediated enzymatic hydrogen evolution. Inset: Bovine serum albumin (BSA) immobilized in Cc-PAA as a negative activity
control showed the expected reduction and oxidation peaks of Cc-PAA. HDCR in non-functionalized polyallylamine and
O2-exposed HDCR in Cc-PAA both displayed minimal activities. Rotation rate: 2.83 µg HDCR, 2000 RPM, scan rate:
10 mV/s. pH 5, 40 ◦C.

2.4. Stability of Cc-PAA at Elevated Temperatures

In both CV and amperometric i-t experiments, reductive current of hydrogen evolution
decreased over time. As the enzyme activity appeared to be stable at those temperatures
based on methyl viologen assays (Figure S3), we hypothesized that the loss of electrochem-
ical activity was due to an instability of the redox polymer at elevated temperatures. We
tested this directly via cyclic voltammetry by monitoring the peak heights of cobaltocene
reduction and oxidation at the electrode surface in the absence of HDCR. As shown in
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Figure S5, Cc-PAA stability varied widely with temperature. After 3 h of continuous cy-
cling, electrodes at 25 ◦C, 40 ◦C and 60 ◦C retained 79%, 32% and 25% activity, respectively.
Qualitative tests showed that increasing the crosslinker ratio during electrode preparation
or increasing the drying time increased stability at high temperatures. However, both
experimental variations also resulted in lower initial activity in the presence of HDCR, as
seen in Figure S6.

2.5. Electrochemical Hydrogen Evolution Rates by HDCR and Faradaic Efficiency

To determine the relationship between observed reductive current and hydrogen
produced, quantitative analysis of faradaic efficiency was conducted in closed-system
electrochemical H-cells. Amperometric i-t was conducted at a potential of −650 mV vs. SHE.
Hydrogen in the headspace was measured via GC using a thermal conductivity detector,
and compared to the theoretical maximum yield, which was calculated from the total
current passed through the electrode. Hydrogen production was also measured for a control
experiment lacking Cc-PAA (Figure 3). Over a 6.5 h testing period, hydrogen production
rate in the cobaltocene-mediated system (6.24 µmol·mg protein−1·min−1) was, on average,
17-fold higher than in the cobaltocene-free control (0.365 µmol·mg protein−1·min−1).
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Figure 3. Quantitative comparison of hydrogen produced with and without the presence of Cc-PAA in a closed electro-

chemical system. Cc-PAA resulted in significantly higher hydrogen production, approaching the maximum theoretical 

Figure 3. Quantitative comparison of hydrogen produced with and without the presence of Cc-PAA in a closed electro-
chemical system. Cc-PAA resulted in significantly higher hydrogen production, approaching the maximum theoretical
yield based on current passed through the working electrode. Error bars indicate one standard deviation, replicates: N = 2.
Potential: −650 mV vs. SHE. pH 5, 40 ◦C.

The faradaic efficiency was calculated from the ratio of the measured and theoretical
hydrogen yields and is shown in Figure S7. Due to the low hydrogen concentrations at
early timepoints, variability in measurements is more visible, resulting in a high apparent
variance in efficiency. However, over the time span of the experiment, faradaic efficiency of
cobaltocene-mediated hydrogen evolution converged at approximately 90%, showing that
reductive waves observed during CV and reductive currents observed in amperometric i-t
are useful indicators of hydrogen production.
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2.6. Reversible HDCR Inactivation by Carbon Monoxide

The effect of carbon monoxide (CO) on H2-evolution activity of T. kivui HDCR in the
Cc-PAA-mediated electrochemical system was tested in an RDE setup using amperometric
i-t. A CO-saturated buffer solution was injected into the system to reach an approximate
concentration of 10 µM CO in the electrochemical cell and hydrogen evolution (Figure
S8) or hydrogen oxidation (Figure 4) was tested. Sodium citrate buffer at pH 5 was used
for hydrogen evolution, and potassium phosphate buffer at pH 8 was used for hydrogen
oxidation, to make oxidation more thermodynamically favorable. Because the RDE system
is intrinsically open to the anoxic atmosphere of the glove box, rotation of the electrode
resulted in loss of CO over time.
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Figure 4. Reversible carbon monoxide inactivation of HDCR H2 oxidation activity during oxidative
amperometric i-t. After initial CO addition, HDCR activity as inferred by current production
decreased rapidly, before regaining ca. 75% of activity over a period of 30 min. Rotation rate:
2000 RPM, potential: −200 mV vs. SHE. Phosphate buffer, pH 8, 40 ◦C.

In both the oxidative and reductive directions, addition of CO resulted in a sharp
reduction of activity after stable current consumption or production. Interestingly, activity
slowly recovered to 70–75% of the original current density, which is indicative of reversible
CO inactivation.

3. Materials and Methods
3.1. Materials and Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scien-
tific (Waltham, MA, USA) with the following exceptions: 1-(2,5-dioxopyrrolidinylcarboxy)-
cobaltocenium hexafluorophosphate was purchased from MCAT (Donaueschingen, Ger-
many). Poly(allylamine) (PAA) (MW 15000, 15% aq. soln.) was purchased from Poly-
sciences, Inc (Warrington, PA, USA). Ethylene glycol diglycidyl ether (EGDGE) was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Glassy carbon working electrodes
(GCE) (3 mm diameter), platinum counter electrodes, saturated calomel reference electrodes
(SCE), and a CHI1230c potentiostat were purchased from CH Instruments, Inc (Austin, TX,
USA). A rotating disk electrode workstation (WaveVortex 10) and glassy carbon rotating
disk electrodes (5 mm diameter) were purchased from Pine Research Instrumentation, Inc
(Durham, NC, USA). Electrode preparation was conducted in an anoxic chamber (COY
Laboratory Products, Inc., Grass Lake, MI, USA) with an N2/H2 headspace.
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3.2. HDCR Expression and Purification

HDCR from T. kivui was produced using the homologous production system as
recently described [25]. Therefore, the production strain was grown at 66 ◦C under anoxic
conditions in complex medium using 1 L flasks (Müller-Krempel, Bülach, Switzerland)
with 500 mL of media with additional 28 mM glucose and 200 µg·mL−1 kanamycin. The
preparation of cell-free extract as well as protein purification via nitrilotriacetic acid (Ni2+-
NTA) resin (Qiagen, Hilden, Germany) were carried out as described before [25]. In
contrast, 25 mM of Tris was used in all buffers and the equilibration and elution buffer
contained 50 mM and 150 mM imidazole, respectively. Buffer exchange of the eluted
and pooled proteins was achieved by ultrafiltration in 100-kDa VIASPIN tubes (Sartorius
Stedim Biotech GmbH, Germany) using a buffer composition of 25 mM K-phosphate,
10 mM MgSO4, 20 mM KCl, 20% [v/v] glycerol, 2 mM DTE, pH 7.0. Aliquots of the
purified HDCR enzyme were frozen in liquid nitrogen and stored at −80 ◦C [10].

3.3. Synthesis of Cobaltocene-Functionalized Poly(allylamine) (Cc-PAA)

Cc-PAA was synthesized as previously described [18].

3.4. Preparation of HDCR-Embedded Electrodes

The HDCR/Cc-PAA enzymatic electrode was prepared via drop casting 11 µL of
a solution containing 7 µL Cc-PAA (5 mg/mL), 2.3 µL EGDGE (10% v/v), and 2.3 µL
of HDCR (1.3 mg/mL) onto a polished glassy carbon electrode (5 mm diameter). The
electrode was then dried for 75 min before testing. The HDCR/PAA enzymatic electrode
used the same mixture, substituting poly(allylamine) (PAA) (5 mg/mL) in place of Cc-PAA.
The BSA/Cc-PAA electrode was prepared by drop casting 11 µL of a solution containing
7 µL Cc-PAA (5 mg/mL), 2.3 µL EGDGE (10% v/v), and 2.3 µL of BSA (2 mg/mL), followed
by 75 min of drying before use. O2-exposed HDCR was prepared by incubating HDCR
in a conical centrifuge tube open to air at room temperature for 30 min. Bulk electrolysis
enzymatic electrodes were prepared by drop casting 5.5 µL of the solution described
above on a polished glassy carbon electrode (3 mm diameter), followed by drying for
75 min. Cobaltocene-free bulk electrolysis controls were prepared using 5.5 µL of a solution
containing 2.3 µL HDCR and 9.3 µL BSA, to aid in protein immobilization and minimize
side reactions occurring on the exposed glassy carbon surface.

3.5. Electrochemical Methods

Rotating disk studies were performed with a WaveVortex® electrode rotator (Pine
Research Instrumentation, Durham, NC, USA). Studies used an SCE reference electrode,
GCE working electrode, and platinum mesh counter electrode in a three-electrode con-
figuration. All potentials are reported relative to the standard hydrogen electrode (SHE)
(E0

SHE = E0
SCE + 0.242 V). Electrode preparation and testing were done in an anoxic glove

bag. Preparation occurred at room temperature and tests were conducted at the tempera-
tures indicated.

Bulk electrolysis experiments were completed using an airtight H-cell (Adams and
Chittenden, Berkeley, CA, USA) with a Nafion® proton exchange membrane. A sil-
ver/silver chloride (Ag/AgCl) reference electrode, glassy carbon disk working electrode,
and graphite rod counter electrode were used. Potentials were reported relative to the
SHE (E0

SHE = E0
Ag/AgCl + 0.197 V). Electrode preparation was done in an anoxic glove bag

at room temperature, and testing was conducted at 40 ◦C, after flushing for 20 min with
100% N2. Tests were completed using a VMP3 potentiostat (Biologic Science Instruments,
Seyssinet-Pariset, France).

3.6. Synthesis of Ti(III) Citrate

Ti(III) citrate was synthesized as previously described [26], with the following modifica-
tion: pH adjustment to pH 7.0 was completed with 1 M NaOH in place of sodium carbonate.
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3.7. Methyl Viologen Assay for Quantification of Chemical Hydrogen Evolution Rates

Chemical hydrogen evolution activity assays were carried out using 5 mL liquid
samples with 5 mL headspace in sealed vials. The indicated buffer solutions were combined
with 2 mM methyl viologen and 10 mM electron donor. For phosphate buffered samples,
sodium dithionite was used as the electron donor. For citrate buffered samples, Ti(III)
citrate was used as the electron donor. Vials were flushed with nitrogen for 10 min, followed
by addition of HDCR, and incubated at 40 ◦C. Hydrogen concentration in the headspace
was measured by gas chromatography (GC).

4. Discussion and Conclusions

Cc-PAA was previously found to enhance hydrogen electrosynthesis by hydrogenases,
with 20- to 40-fold increase in reductive current densities compared to the absence of
the redox polymer [18]. In this work, we showed that Cc-PAA, paired with HDCR of
thermophilic T. kivui, increased current density 340-fold in an RDE system. This resulted in
maximum current densities of approximately 3 mA·cm−2—an unprecedented activity that
is significantly higher than previously reported current densities in mediated enzymatic
electrochemical hydrogen evolution systems, particularly in systems which contain hy-
drogen in the headspace [18,22]. In closed-system electrochemical hydrogen experiments,
Cc-PAA increased hydrogen production by 17-fold. This difference in activity increase
can be attributed to several factors, including primarily mass transfer limitations in the
closed-system H-cells which were mixed using stir bars rather than an RDE, and lower
apparent specific activity due to loss of enzyme activity over the extended course of the
6.5-h test. Despite the heat inactivation of Cc-PAA, approximately 90% faradaic efficiency
was maintained over the 6.5-h testing period. This confirms that at elevated temperatures,
Cc-PAA continues to supply electrons to embedded enzymes with high specificity even
when partially degraded.

CO inactivation of HDCR was largely reversible, with a fast inactivating step followed
by a gradual reactivating step, with 70–75% recovery of activity. This important finding
shows promise for the use of this enzyme in CO-containing systems such as syngas
utilizing processes. Additional optimization of the system may allow for this recovery
to be improved further. While the enzyme preparation used had a bias for hydrogenase
activity, given the previously demonstrated activity of the enzyme to catalyze the reaction
in either direction in nonelectrochemical settings, it is hypothesized that electron mediation
via Cc-PAA to fully active HDCR would also result in CO2 reduction to formate. If this is
the case, it would allow for the production of a highly soluble energy carrier at high rates,
and should be investigated in future work [27]. The presented data show that Cc-PAA
in conjunction with the T. kivui HDCR acts as a highly effective catalyst for hydrogen
production, achieving both high current densities and high specificity. This demonstrates
an important improvement in catalytic current density of a mediated enzymatic hydrogen
evolution system, further optimization of which will allow for industrially relevant rates
and volumes to be achieved, aiding in the search for sustainable hydrogen catalysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11101197/s1, Figure S1. Activity comparison of HDCR activity in Cc-PAA at different
temperatures. A: 25 ◦C, B: 30 ◦C, C: 40 ◦C, D: 60 ◦C. Tests at 40 ◦C showed high activity, but with
less activity loss over time compared to higher temperatures. Phosphate buffer, pH 6, Figure S2.
pH and buffer concentration optimizations revealed an optimal pH of 5.0 and higher activities at
increasing buffer concentrations. (A) Comparison of the magnitude of the reductive wave for electro-
chemical hydrogen evolution in buffers of different pH. Citrate buffer was used for pH 6 and below,
and phosphate buffer for pH 6 and above, with negligible difference between the buffers at pH 6.
(B) Citrate buffer had a molar ratio of 5:1 sodium citrate:KCl, and this ratio was maintained across all
solute concentrations. Activity increased with increasing solute concentration up to the solubility
limit of the buffer—a similar trend to that observed in previous FeFe hydrogenase, cobaltocene-
mediated systems [1]. Rotation rate: 2000 RPM, scan rate: 10 mV/s. Replicates: N = 3, Figure S3.
Specific hydrogen production by HDCR in 0.2 M sodium citrate and 40 mM KCl, pH 5.0, when
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mediated by methyl viologen with Ti(III) citrate as electron donor. Similar trends at different rates
were observed in phosphate buffer and HEPES buffer, both at pH 6 with dithionite as the electron
donor. Test completed at 40 ◦C. Replicates: N = 3, Figure S4. HDCR displayed high specific activities
for methyl viologen mediated hydrogen evolution, compared to previously reported hydrogenases
in their respective optimal electrochemistry buffers [1]. Replicates: N = 3, Figure S5. Cobaltocene
redox peak magnitude is lost over time at increasing rates with increasing temperature. Of the tested
temperatures, Cc-PAA shows the highest stability at 25 ◦C (A), intermediate stability at 40 ◦C (B),
and lowest stability at 60 ◦C (C). Note the different time scale between panels—12 h for A and B, 4 h
for C. Cycles are normalized for the maximum magnitude achieved at each temperature, respectively.
Rotation rate: 2000 RPM, scan rate: 10 mV/s. pH 5, Figure S6. Increasing crosslinker ratio resulted
in less activity loss over time, but with a lower initial activity. Data shown is the magnitude of the
reductive wave during cyclic voltammetry of HDCR embedded in Cc-PAA with the usual crosslinker
ratio as “low” and a 2× crosslinker concentration as “high”. Timepoint 1: 1 min; timepoint 2: 29 min.
pH 5, Figure S7. Faradaic efficiency of Cc-PAA-mediated HDCR approached 90% over extended
testing periods. Large error bars at early timepoints are due to variation in measurements at very low
hydrogen concentrations. Error bars indicate one standard deviation. Replicates: N = 2. pH 5, 40 ◦C,
Figure S8. Carbon monoxide inactivation during reductive amperometric i-t of Cc-PAAembedded
HDCR displayed an initial strong decrease in activation before regaining activity to a stable value.
Subsequent additional inactivation resulted in another initial loss of activity, followed by ca. 70%
of activity being regained. Rotation rate: 2000 RPM, potential: −650 mV vs. SHE. Citrate buffer,
pH 5, 40 ◦C.
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Abstract: The selective hydroxylation of non-activated C-H bonds is still a challenging reaction in
chemistry. Non-heme Fe2+/α-ketoglutarate-dependent dioxygenases are remarkable biocatalysts
for the activation of C-H-bonds, catalyzing mainly hydroxylations. The discovery of new Fe2+/α-
ketoglutarate-dependent dioxygenases with suitable reactivity for biotechnological applications is
therefore highly relevant to expand the limited range of enzymes described so far. In this study, we
performed a protein BLAST to identify homologous enzymes to already described lysine dioxyge-
nases (KDOs). Six novel and yet uncharacterized proteins were selected and synthesized by cell-free
protein synthesis (CFPS). The subsequent in vitro screening of the selected homologs revealed activity
towards the hydroxylation of L-lysine (Lys) into hydroxy-L-lysine (Hyl), which is a versatile chiral
building block. With respect to biotechnological application, Escherichia coli whole-cell biocatalysts
were developed and characterized in small-scale biotransformations. As the whole-cell biocatalyst
expressing the gene coding for the KDO from Photorhabdus luminescens showed the highest specific
activity of 8.6 ± 0.6 U gCDW

−1, it was selected for the preparative synthesis of Hyl. Multi-gram
scale product concentrations were achieved providing a good starting point for further bioprocess
development for Hyl production. A systematic approach was established to screen and identify
novel Fe2+/α-ketoglutarate-dependent dioxygenases, covering the entire pathway from gene to
product, which contributes to accelerating the development of bioprocesses for the production of
value-added chemicals.

Keywords: KDO; Fe2+/α-ketoglutarate-dependent dioxygenase; chaperones; cell-free protein syn-
thesis (CFPS); L-lysine; hydroxy-L-lysine

1. Introduction

Non-heme Fe2+/α-ketoglutarate-dependent dioxygenases constitute a large super-
family of enzymes. They are capable of catalyzing a plethora of different reactions, such as
desaturations, epoxidations, halogenations, oxidations, cyclizations, and predominantly
hydroxylations [1,2]. In recent years, Fe2+/α-ketoglutarate-dependent dioxygenases have
been discovered, which hydroxylate L-lysine (Lys) to produce hydroxy-L-lysine (Hyl) [3,4].
The enzymes have been termed KDO for lysine dioxygenase [3]. Depending on the re-
spective KDO, different isomers are formed with high regio- and stereospecificity. Hyl is
a molecule of industrial interest as it is a building block for the synthesis of a variety of
pharmacologically relevant molecules, such as the HIV protease inhibitor palinavir [5,6], or
newly identified drug candidates such as tambromycin (anticancerogenic activity), cepa-
fungin I or glidobactin A, both of which are proteasome inhibitors [7–9]. It can also be
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used for the generation of chiral amino alcohols, which represent relevant chiral building
blocks [10,11]. Therefore, the discovery of novel enzymes able to catalyze challenging
reactions such as the selective hydroxylation of non-activated C-H bonds in Lys is of high
importance.

To screen and identify novel enzymes, in vitro or cell-free protein synthesis (CFPS)
has become an established tool for rapid transcription and translation [12–14]. CFPS
can complement traditional in vivo protein synthesis to accelerate the discovery of novel
enzymes or enzyme variants [15]. However, a common challenge is that proteins, when
synthesized with heterologous systems, often do not fold properly and therefore become
insoluble. Molecular chaperones prevent protein aggregation and promote protein folding.
Exogenous addition of molecular chaperone proteins has effectively facilitated the synthesis
of various soluble proteins in CFPS systems [16]. Alternatively, the chaperones can be
directly synthesized in the source organisms before CFPS extract preparation [17]. To
accomplish this, Escherichia coli strains are transformed with plasmids encoding different
sets of molecular chaperones. These are synthesized during growth of the strain, which
serves as the basis for the cell extract. The extract thus contains not only all components
for transcription and translation, but also chaperones that will support the synthesis of
soluble protein. This avoids the time-consuming and laborious synthesis and purification
of chaperones, or the expensive use of commercially available chaperones. Alternatively,
the CFPS reaction mix can be used first to synthesize the chaperones, and only in a second
step does the synthesis of the target protein take place [18]. In this case, it is mandatory
that the synthesis solution is refreshed after the first synthesis step, as the systems will
otherwise have a lower synthesis performance.

In this study, chaperone-enriched CFPS extracts were developed to synthesize KDOs,
which are difficult to express in soluble form in E. coli [3,8]. Five different chaperones
containing CFPS systems were prepared from E. coli strains and tested to screen novel and
putative KDOs (Figure 1). The CFPS systems allowed the efficient synthesis of soluble
enzymes without the need for exogenous addition or co-expression of folding effectors.
Subsequent activity assays demonstrated the successful hydroxylation of Lys to Hyl for
several KDOs, including six novel and previously biochemically uncharacterized and
undescribed enzymes. The novel KDOs were further characterized in whole-cell systems
using recombinant E. coli. One newly identified homolog was selected and applied in a
resting-cell biotransformation on a preparative scale.
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2. Results
2.1. Sequence Similarity Search for Novel KDOs in Bacteria

In this study, 13 enzymes from different bacteria (Figure 2) were tested for hydrox-
ylation of Lys to Hyl, of which six were uncharacterized enzymes. To identify novel
KDOs belonging to the superfamily of Fe2+/α-ketoglutarate-dependent dioxygenases, we
searched for enzyme homologs to the known KDOs, which were discovered by Baud
et al. 2014 [3] and Hara et al. 2017 [4], using Protein Basic Local Alignment Search Tool
(BLAST) (NCBI, Bethesda, MD, USA). These enzymes catalyze the regio- and stereospecific
hydroxylation of Lys to form either (3S)-3-hydroxy-L-lysine or (4R)-4-hydroxy-L-lysine and
were grouped in the clavaminate synthase-like family (IPR014503) [19]. Our BLAST search
led to protein sequences of the putative KDOs KrhiKDO from Kineococcus rhizospharae
and MintKDO from Mycobacterium interjectum (Figure 3A). They share a protein sequence
identity of 47.32% and 42.11%, compared to the sequence of CaciKDO from Catenulispora
acidiphila, respectively.
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In 2019, Amatuni et al. discovered that the enzyme GlbB, from the glidobactin
synthesis cluster of Polyangium brachysporum (now reclassified as Schlegelella brevitalea sp.
nov. [21]) also belongs to the Fe2+/α-ketoglutarate-dependent dioxygenase family and
acts as KDO to produce (4S)-4-hydroxy-L-lysine [9]. This enzyme is therefore termed
PbraKDO in our study. Interestingly, as the authors mentioned, this enzyme only shares a
very low sequence identity with the KDOs discovered previously (e.g., 11.7% to CaciKDO).
PbraKDO was found to form a novel cluster in the PF10014 (IPR018724) family [9]. The
phylogenetic assignment clearly shows the distinction between the two different groups
of KDOs belonging to the superfamily of Fe2+/α-ketoglutarate-dependent dioxygenases
(Figure 2).

Using the protein sequence of PbraKDO as a query sequence, we found almost 100
protein sequences ranging from a maximum of 59% identity to 31% identity. We se-
lected four sequences with different phylogenetic distance to PbraKDO for our study
(Figure 2, Figure 3B); the putative KDOs PlumKDO from Photorhabdus luminescens (56.73%
identity), BspeKDO from Burkholderia species MSMB617WGS (57.48% identity), BpseKDO
from Burkholderia pseudomallei (51.89% identity) and BplaKDO from Burkholderia plantarii
(50.41% identity). These protein sequences were all annotated as belonging to the Fe2+/α-
ketoglutarate-dependent dioxygenase family.

The enzymes from the group of C. acidiphila are all larger in size than the KDO from
P. brachysporum and its homologs (Figure 3). The alignments show the conserved sites
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for metal ion binding as well as the conserved arginine, which is involved in the binding
of α-ketoglutarate (α-KG). Fe2+ binding is usually facilitated by a 2-His-1-carboxylate
facial triad [22]. While Fe2+ binding of the first group is facilitated by His-Glu-His motif
(Figure 3A), it is constituted by a His-Asp-His motif in the second group (Figure 3B).

2.2. Cell-Free Protein Synthesis Identifies Novel KDOs

CFPS can be performed within a few hours and thus accelerates the screening of
enzyme variants [13,15]. Therefore, we performed the synthesis of known KDOs and
yet undescribed homologs in an E. coli-based CFPS system with plasmids carrying DNA
templates.

The protein syntheses were investigated with SDS-PAGE analysis (Figure 4A, Sup-
plementary Materials Figures S3–S26). Corresponding protein bands could be proven
for most protein homologs. For the new variants, no synthesis could be confirmed only
for the homolog derived from B. plantarii. However, the successful synthesis cannot be
ruled out due to the complex protein composition of the CFPS mix in combination with
insufficient protein concentrations. In some cases, prominent bands of E. coli’s endogenous
proteins overlaid the area for the associated sizes. Therefore, no preselection of expressible
or non-expressible homologs was carried out and all CFPS reactions were screened for
activity in subsequent hydroxylation assays combined with LC-MS-based analysis. The
previously described KDOs showed activity towards the hydroxylation of Lys, proven
by the formation of Hyl (Figure 4B). Previous studies already identified the products of
CpinKDO, NkorKDO, FspeKDO, FjohKDO to be (4R)-4-hydroxy-L-lysine and CaciKDO and
KradKDO to be (3S)-3-hydroxy-L-lysine [3,4,19]. The product of PbraKDO was identified to
be (4S)-4-hydroxy-L-lysine [8,9]. We were able to distinguish between 5-hydroxy-DL-lysine
(analytical standard) and (4R)-4-hydroxy-L-lysine with our HPLC-methods. Unfortunately,
(3S)-3-hydroxy-L-lysine and (4S)-4-hydroxy-L-lysine eluted at the same retention time,
so no clear discrimination was possible. However, based on the phylogenetic origin, it
is likely that KrhiKDO and MintKDO form (3S)-3-hydroxy-L-lysine and that PlumKDO,
BspeKDO, BpseKDO and BplaKDO produce (4S)-4-hydroxy-L-lysine. The products still need
to be investigated further to determine their absolute configuration. For that, synthesis in
preparative scale of all products would be required for chemical derivatization and NMR
analysis, which was beyond the scope of this work. Nevertheless, these results confirm the
applicability of CFPS in combination with a hydroxylation assay for KDOs.

Remarkably, four of six novel KDOs, which have never been characterized biochem-
ically before, catalyzed the synthesis of more than 50 µM Hyl and were thus confirmed
as KDOs. Only the enzyme homologs originating from M. interjectum and B. species
MSMB617WGS produced just trace amounts of Hyl. In negative controls with the CFPS
mix but without a DNA template, Hyl could not be detected after 20 h. The highest product
concentration of 3.66 ± 0.16 mM (~37% yield) was achieved by the KDO of Flavobacterium
species. As the CFPS reaction solution is a complex mixture, it is possible that enzymes
from E. coli metabolism, which are present in the extract, degraded Lys or α-KG. Moreover,
oxygen limitation, oxidation of Fe2+, or chelation by components of the CFPS reaction
solution might be reasons for the incomplete conversion in the hydroxylation assay. It
should be noted that identical reaction conditions were tested for all enzymes. However,
it has already been described that some KDOs showed higher activities under different
conditions, such as increased or decreased temperatures and pH [4]. Nevertheless, higher
product concentration may indicate better protein expression, higher enzyme stability or
activity, and thus indicate a suitable biocatalyst for the biotransformation of Lys into Hyl.
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Figure 4. (A) SDS-PAGE gel image of cell-free synthesized CaciKDO. M, marker; -DNA, CFPS mix without plasmid template;
+DNA, CFPS mix containing the plasmid template for CaciKDO. (B) Hydroxy-L-lysine (Hyl) concentrations achieved in
in vitro hydroxylation assays for cell-free synthesized KDOs (Caci, Catenulispora acidiphila; Krad, Kineococcus radiotolerans,
Krhi, Kineococcus rhizosphaerae; Mint, Mycobacterium interjectum; Cpin, Chitinophaga pinensis; Nkor, Niastella koreensis; Fspe,
Flavobacterium sp.; Fjoh, Flavobacterium johnsoniae; Pbra, Polyangium brachysporum; Plum, Photorhabdus luminescens; Bspe,
Burkholderia sp. MSMB617WGS; Bpse, Burkholderia pseudomallei; Bpla, Burkholderia plantarii). Assays were performed on a
100 µL scale with 10 mM L-lysine (Lys) and 20% v/v protein solution for 20 h. Protein homologs are sorted by phylogenetic
distance. Grey bars indicate described KDOs, while white bars indicate undescribed KDOs. Error bars are a result of
biological duplicates.

Hence, the combination of CFPS and the in vitro hydroxylation assay is very well
suited for the screening and identification of KDOs. A further simplification and increase
in speed would be the use of PCR-based linear DNA templates, thus eliminating any
cloning steps [23]. This would allow a much larger number of proteins to be screened for
biocatalytic activity in a very short time.

2.3. Chaperone-Assisted Expression Can Improve the Productivity of Cell-Free Synthesized KDOs

In a previous study, suboptimal protein yields of CaciKDO and PbraKDO were ob-
tained due to the synthesis of insoluble proteins [7,8]. This issue could be mostly solved
by the co-expression of chaperones, in this case, GroEL and GroES. In our study, similar
problems were noticed when we analyzed the soluble and total fraction of the cell-free
synthesized KDOs (Figure 5). Since correct three-dimensional folding is critical for full
enzyme function, these insoluble proteins are usually inactive.

Therefore, we decided to test chaperone-enriched cell extracts for the CFPS of KDOs,
which could lead to a higher fraction of soluble enzyme and thereby increased hydroxyla-
tion activity. We generated five additional cell extracts, in which the commercially available
plasmids pG-KJE8, pKJE7, pGro7, pG-Tf2, and pTf16 were used for the expression of differ-
ent chaperone sets, consisting of DnaK, DnaJ, GrpE, GroES, GroEL, and tig. These extracts
were used for the synthesis of the 13 enzyme variants, which were tested in subsequent
hydroxylation assays (Table 1).
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(FjohKDO). M, marker; T, total protein; S, soluble protein fraction (obtained through centrifugation
for 10 min at 18,000× g).

Table 1. Hyl concentrations in mM achieved in in vitro hydroxylation assays for cell-free synthesized
KDOs with chaperone-enriched cell extracts. Assays were performed on a 100 µL scale with 10 mM
Lys and 20% v/v protein solution for 20 h. Coloring applies to each row individually; dark green is the
highest value and red is the lowest value. Values below 0.02 mM are dark red. Standard deviations
are a result of biological duplicates.

Reference
DnaK, DnaJ,
GrpE, GroES,

GroEL

DnaK,
DnaJ,
GrpE

GroES,
GroEL

GroES,
GroEL, tig tig

Caci 0.08 ± 0.06 0.06 ± 0.00 0.03 ± 0.01 0.05 ± 0.00 0.07 ± 0.01 0.02 ± 0.00
Krad 2.07 ± 0.30 0.83 ± 0.54 0.99 ± 0.34 0.17 ± 0.05 2.02 ± 0.03 1.65 ± 0.09
Krhi 1.22 ± 0.08 0.15 ± 0.02 0.32 ± 0.01 0.06 ± 0.01 0.46 ± 0.01 0.02 ± 0.00
Mint 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
Cpin 1.85 ± 0.21 0.48 ± 0.24 1.55 ± 0.41 0.34 ± 0.01 0.30 ± 0.02 0.05 ± 0.00
Nkor 0.54 ± 0.05 0.28 ± 0.08 0.44 ± 0.04 0.02 ± 0.00 0.03 ± 0.00 0.01 ± 0.00
Fspe 3.66 ± 0.16 3.13 ± 0.98 2.68 ± 0.20 0.23 ± 0.01 0.27 ± 0.02 0.09 ± 0.00
Fjoh 0.20 ± 0.02 0.08 ± 0.01 0.15 ± 0.01 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
Pbra 0.52 ± 0.02 0.95 ± 0.20 0.31 ± 0.07 0.03 ± 0.02 0.08 ± 0.04 0.03 ± 0.00
Plum 0.12 ± 0.01 0.12 ± 0.01 0.08 ± 0.02 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00
Bspe 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Bpse 0.31 ± 0.06 0.72 ± 0.12 0.33 ± 0.01 0.05 ± 0.01 0.15 ± 0.09 0.03 ± 0.02
Bpla 0.05 ± 0.01 0.11 ± 0.01 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

The concentrations obtained after 20 h incubation with 10 mM Lys varied from 0 to a
maximum of 3.66 ± 0.16 mM, which was still obtained with FspeKDO in the cell extract
without chaperones. Thus, the maximum obtained yield was 37%, which is significantly
lower than the expected yield of up to 100% [4,7,8]. Lys or Hyl degrading enzymes in the
complex cell extract or insufficient KDO activity or stability may cause the incomplete
conversion of Lys into Hyl. The CFPS reaction volume is too low and complex for a
more detailed analysis of the product and substrate progress, so no definite statement
can be made at this point. In most cases, lower Hyl concentrations were achieved in the
chaperone-containing synthesis mixes compared to the reference. This could be explained
by interactions between the enzymes and the chaperones. The chaperones might have a
negative influence on the activity or overall stability of the biocatalysts. A previous study
showed that an excess of DnaK, DnaJ, and GrpE was inhibitory for protein production,
and it was suggested that increased proteolysis could be the explanation [24]. Interestingly,
enhanced synthesis in the presence of chaperones cannot be attributed to individual
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chaperones, but rather occurs in the complex mixture of all chaperones. In the case of the
PbraKDO homologs, the combination of DnaK, DnaJ, GrpE, GroES, and GroEL increased
the product concentrations for all active variants. Increases of more than 100% were
achieved for BpseKDO and BplaKDO. The enzyme variants MintKDO and BspeKDO, which
showed only marginal Hyl production in the initial screening, did not show any higher
product concentrations in these experiments either. Furthermore, a tendency can be seen
that the respective chaperone sets show a similar effect for phylogenetically closely related
variants. Thus, chaperone-assisted CFPS is a good tool for the rapid screening of suitable
chaperones for the synthesis of difficult-to-synthesize proteins and can lead to more efficient
biocatalysts.

2.4. Heterologous Expression of Novel KDOs

PbraKDO is known to catalyze the hydroxylation of Lys to (4S)-4-hydroxy-L-lysine.
The enzyme and its respective homologs have not yet been characterized for biotechnolog-
ical application in a whole-cell biocatalyst format. Since all homologs of PbraKDO were
shown to synthesize Hyl in the CFPS experiments, we next investigated them as whole-cell
biocatalysts with E. coli. Although BspeKDO yielded only trace amounts of Hyl in the
screening experiments, we decided to include it in the whole-cell experiments to test the
transferability of our approach. All proteins were successfully synthesized in vivo in E. coli
BL21 (DE3), but the percentage of the soluble protein fraction varied significantly among
the different homologs (Figure 6A). Especially for BspeKDO, the heterologous expression
led almost exclusively to insoluble protein. We then tested the different strains in small-
scale resting-cell biotransformations for hydroxylation of Lys and determined the activity
of the biocatalysts (Figure 6B). No activity was detected for E. coli BL21 (DE3) pET-24a(+)-
BspeKDO. This might be a result of misfolded protein and is in accordance with the results
obtained from CFPS experiments. E. coli BL21 (DE3) pET-24a(+)-BplaKDO and PlumKDO
exhibited the highest activity of the tested whole-cell biocatalysts of about 2 U gCDW

−1.
At first glance, these results seem to contradict the results from the in vitro hydroxylation
assays, where PbraKDO and BpseKDO gave the highest product concentrations of the five
considered enzymes. However, it should be noted that the in vivo and in vitro expression
conditions are very different, and the biotransformation conditions also differ from each
other. Despite that, the combination of CFPS and the in vitro hydroxylation assay correctly
identified the four most active and therefore most promising enzyme homologs.

To test whether the whole-cell biotransformation is limited by mass transfer, we
performed resting-cell biotransformations with the addition of 1% v/v Triton X-100 as
permeabilization agent (Figure 6B). As before, α-KG was added in twofold excess relative
to Lys to avoid limitation by insufficient co-substrate concentrations. The permeabilization
led to a vast increase in activity for the four active biocatalysts. E. coli BL21 (DE3) pET-
24a(+)-PlumKDO exhibited the highest activity with 8.6 ± 0.6 U gCDW

−1, which is more
than a threefold improvement compared to the assay without Triton X-100. The activity is
on a similar scale as other E. coli-based whole-cell biocatalysts from the study of Hara et al.
(5–27 U gCDW

−1, calculated from the given specific productivities [4]).
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Figure 6. (A) SDS-PAGE gel image of the protein content of E. coli BL21 (DE3) whole-cell biocatalysts.
M, marker; Tpi, total protein pre-induction; T, total protein; S, soluble protein fraction; I, insoluble
protein fraction. Molecular weights of the proteins of interest are PbraKDO 32.5 kDa, BplaKDO
31.5 kDa, BpseKDO 30.5 kDA, PlumKDO 31.8 kDa and BspeKDO 30.2 kDa. (B) Specific whole-cell
biocatalyst activities, assays were performed in 0.5 mL 50 mM KPi pH 7.4 with 1 gCDW L−1, 10 mM
Lys, 20 mM α-KG, 5 mM L(+)-ascorbic acid and 1 mM FeSO4 for 1 h at 30 ◦C in an Eppendorf®

ThermoMixer® C at 500 rpm. n.d., not detected. Standard deviations are a result of two biological
replicates.

Limitations due to mass transfer across the bacterial membrane have already been
observed with whole-cell biocatalysts in combination with other Fe2+/α-ketoglutarate-
dependent dioxygenases [25–27]. In these cases, permeabilization was achieved by Nymeen
solution or freezing and thawing of the cells. Alternatively, the overexpression of respective
transporters, for example LysP, the lysine permease from E. coli, could reduce mass transfer
limitations. Such endeavors have already been proven successful for other whole-cell
biocatalysts such as the production of 5-aminovalerate [28] or the production of L-pipecolic
acid from Lys [29] using recombinant E. coli.

2.5. Preparative-Scale Production of Hydroxy-L-Lysine

We employed the most active biocatalyst, E. coli BL21 (DE3) pET-24a(+)-PlumKDO for
the preparative production of Hyl on a 50 mL reaction scale (Figure 7). Using a biocatalyst
concentration of 10 gCDW L−1 (Figure 7A), 25 mM of Lys were fully converted to Hyl.
Motivated by these results, we set up a reaction with 50 mM Lys. From 50 mM initial Lys,
30 mM were converted to Hyl during 12 h of biotransformation, which corresponds to a
yield of ca. 60% and a titer of almost 5 g L−1 (Figure 7B). After 12 h, no further conversion or
degradation of the substrate and the product was observed. Generally, complete conversion
of Lys to Hyl is feasible (Figure 7A). This was also demonstrated in studies with other
KDOs [4,7,8]. Amatuni et al. fully converted approximately 40 mM Lys to Hyl using a cell
lysate from E. coli BL21 (DE3) expressing the gene coding for PbraKDO, with a final amount
of lysate corresponding to an OD600 of 15 [8]. The reaction was carried out overnight at
23 ◦C in 50 mM KPi pH 8.0. In our study, we employed cells at an OD600 of 30 at 30 ◦C in
50 mM KPi pH 7.4. It is therefore very likely that optimization of the reaction conditions
may lead to a higher degree of conversion. Moreover, the use of Triton X-100 may not fully
circumvent mass transfer limitation in the whole-cell biotransformation.
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The activity during the first 2.5 h is in the same range as in the small-scale biotrans-
formations, which reflects the principal scalability (Figure 7). While the specific activity
during the first 2.5 h of reaction is about 10 U gCDW

−1 for the biotransformation with
initially 50 mM Lys, it already drops to 3.6 U gCDW

−1 between 2.5 and 5 h (Figure 7B). As
α-KG was added in large excess (twofold concentration of Lys), this is not likely to be the
reason for the incomplete conversion. The KM of PbraKDO is about 34 µM for Lys, so the
decreasing substrate concentration is not considered to be the reason for the reduction in
the specific activity in the reaction with 50 mM initial Lys [9]. Product inhibition might be
an explanation but has not yet been reported for KDOs. The incomplete conversion might
also be attributed to enzyme stability (kinetic stability, thermodynamic stability, operational
stability). Moreover, Fe2+/α-ketoglutarate-dependent dioxygenases are reported to show
uncoupling effects, which might lead to inactivation of the biocatalyst and therefore result
in incomplete conversion [30]. Interestingly, Hara et al. were able to completely convert up
to 600 mM Lys to Hyl, with E. coli whole-cell biocatalysts expressing the gene coding for
KradKDO (K4H-1 in their study) using a biocatalyst concentration of OD600 = 30 in 52 h [4].
This might indicate higher biocatalyst stability, which is of high importance for efficient
scale-up. The reasons for this significantly higher stability are not yet known. Nevertheless,
our results are a good basis and they demonstrate the principal applicability of the whole-
cell biocatalyst, which already showed suitable productivity and a high titer without a
detailed optimization. Through optimization of the reaction parameters and systematic
elucidation of the process boundaries, the overall performance of the biotransformation
can likely be further increased [31].

3. Materials and Methods
3.1. Chemicals/Strains and Plasmids

Chemicals were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany),
VWR International (Radnor, PA, USA), Merck KGaA (Darmstadt, Germany), Sigma-Aldrich
Chemie GmbH (Steinheim, Germany), AppliChem GmbH (Darmstadt, Germany) and
Thermo Fisher Scientific (Waltham, MA, USA). The kits for DNA extraction (NucleoSpin®

Gel and PCR Clean-up), plasmid isolation (NucleoSpin® Plasmid (No Lid)) and genomic
DNA extraction (NucleoSpin® Microbial DNA) were purchased from Macherey-Nagel
GmbH & CO. KG (Düren, Germany). Q5® High-Fidelity Polymerase (2× Master Mix)
and restriction enzymes were purchased from New England Biolabs (Ipswich, MA, USA).
Plasmids pG-KJE8, pTf16, pGro7, pG-Tf2, and pKJE7 were obtained from Takara Holdings
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Inc. (Kyoto, Japan). The plasmids pET-22b(+)-CaciKDO, pET-22b(+)-CpinKDO, and pET-
22b(+)-FjohKDO were a kind gift from Prof. Anne Zaparucha and were described in [3].

A list of strains and plasmids used in this study is shown in Table 2. Nucleotide
sequences of the genes are provided in Supplementary Materials (Table S2).

3.2. Cloning

Gene sequences coding for KradKDO and KrhiKDO were amplified from genomic
DNA of Kineococcus radiotolerans and Kineococcus rhizosphearae with the primer pairs
PPN070/PPN071 and PPN072/PPN073 and cloned into NdeI/NotI digested pET-24a(+)
via Gibson cloning. Gene sequences coding for PbraKDO (PPN088/PPN089), BplaKDO
(PPN091/PPN092), PlumKDO (PPN092/PPN093), BpseKDO (PPN094/PPN095), BspeKDO
(PPN096/PPN097) and MintKDO (PPN074/PPN075) were purchased as DNA strings
from Thermo Fisher Scientific (Waltham, MA, USA) and amplified by PCR with the indi-
cated primer pairs. The PCR products were purified by gel electrophoresis and cloned
into NdeI/NotI digested pET-24a(+) via Gibson cloning [32]. The codon-optimized gene
sequence of PbraKDO was adopted from [9], gene sequences of the homologs were codon-
optimized for E. coli by Thermo Fisher Scientific.

Table 2. Strains and plasmids used in this study.

Strain Information

Escherichia coli DH5α F-, Φ80dlacZ∆M15, ∆(lacZYA-argF)U169, deoR, recA1, endA1,
hsdR17(rK-mK+), phoA, supE44, λ-, thi 1, gyrA96, relA1

Escherichia coli BL21 (DE3) F-, ompT, hsdSB(rB-mB-), gal (c1875, ind1, Sam7, nin5, lacUV5-T7 gene1), dcm (DE3)
Kineococcus radiotolerans wild-type, DSM No. 14245
Kineococcus rhizospharae wild-type, DSM No. 19711

Plasmid Protein Description Reference
pET-22b(+)-CaciKDO CaciKDO KDO, L-Lysine 3-hydroxylase [3]
pET-22b(+)-CpinKDO CpinKDO KDO, L-Lysine 4-hydroxylase [3]
pET-22b(+)-FjohKDO FjohKDO KDO, L-Lysine 4-hydroxylase [3]
pET-22b(+)-NkorKDO NkorKDO KDO, L-Lysine 4-hydroxylase [3]
pET-22b(+)-FspeKDO FspeKDO KDO, L-Lysine 4-hydroxylase [3]
pET-24a(+)-KradKDO KradKDO KDO, L-Lysine 3-hydroxylase This study
pET-24a(+)-KrhiKDO KrhiKDO Putative KDO This study
pET-24a(+)-MintKDO MintKDO Putative KDO This study
pET-24a(+)-PbraKDO PbraKDO KDO, L-Lysine 4-hydroxylase This study
pET-24a(+)-BplaKDO BplaKDO Putative KDO This study
pET-24a(+)-BpseKDO BpseKDO Putative KDO This study
pET-24a(+)-PlumKDO PlumKDO Putative KDO This study
pET-24a(+)-BspeKDO BspeKDO Putative KDO This study

pAR1219 T7RNAP T7 RNA-polymerase [33]

pG-KJE8 DnaK, DnaJ, GrpE, GroES,
GroEL Molecular chaperones [24]

pKJE7 DnaK, DnaJ, GrpE Molecular chaperones [24]
pGro7 GroES, GroEL Molecular chaperones [24]
pG-Tf2 GroES, GroEL, tig Molecular chaperones [34]
pTf16 tig Molecular chaperones [34]

All vector constructs were checked for errors with sanger sequencing (Microsynth
Seqlab, Göttingen, Germany). Plasmids used in this study are shown in Table 2 and
nucleotide sequences of the genes and primers are provided in the Supplementary Materials
(Tables S1 and S2).

3.3. E. coli Extract Preparation

The E. coli extract was prepared as described by [15] with some modifications, which
are stated in the following. E. coli BL21 (DE3) was transformed with pAR1219 for over-
expression of T7 RNA polymerase (T7RNAP) and with pG-KJE8, pKJE7, pGro7, pG-Tf2,
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or pTf16 for the overexpression of different chaperone sets, respectively. A preculture of
10 mL lysogeny broth medium (LB, 10 g L−1 tryptone, 5 g L−1 yeast extract, 5 g L−1 NaCl)
with 100 µg mL−1 ampicillin and 20 µg mL−1 chloramphenicol, in case of strains with
chaperone-encoding plasmids, was inoculated with a single colony of the source strain
for the cell extract. The preculture was grown for 16 h at 200 rpm and 37 ◦C. The main
culture of 125 mL 2xYTPG medium (16 g L−1 tryptone, 10 g L−1 yeast extract, 5 g L−1 NaCl,
7 g L−1 K2HPO4, 3 g L−1 KH2PO4, 18 g L−1 glucose) in a 1 L baffled shake flask was inocu-
lated to an OD600 of 0.1 and grown at 200 rpm at 37 ◦C. Chaperone expression was induced
by addition of 0.5 mg mL−1 L-arabinose (Carl Roth, Karlsruhe, Germany) or 5 ng mL−1

tetracycline (Thermo Fisher Scientific, Waltham, MA, USA) according to the manual of the
chaperone plasmid set. At an OD600 of 0.6, 1 mM of isopropyl-β-D-thiogalactopyranoside
(IPTG, Carl Roth, Karlsruhe, Germany) was added to induce T7RNAP production. Cells
were harvested at an OD600 of 3 and pelleted via centrifugation at 5000× g for 10 min at
10 ◦C. The pellets were washed three times with 4 ◦C cold S30 buffer (10 mM tris acetate,
pH 8.2; 14 mM magnesium acetate; 60 mM potassium acetate; and 2 mM dithiothreitol
(DTT, Carl Roth, Karlsruhe, Germany), flash-frozen with liquid nitrogen, and stored at
−80 ◦C. For lysis, cells were thawed on ice and resuspended in 1 mL of S30 buffer per
gram of wet cells. Three cycles of sonication were performed for 40 s and 2 mM DTT were
added. Cellular debris was removed by centrifugation at 18,000× g for 10 min at 4 ◦C. The
supernatant was incubated in an Eppendorf® ThermoMixer® C (Eppendorf, Hamburg,
Germany) at 450 rpm for 60 min at 37 ◦C, and then centrifuged at 10,000× g for 10 min
at 4 ◦C. The final supernatant was flash-frozen with liquid nitrogen and stored at –80 ◦C
until use. Protein concentrations were determined by the Bradford method using bovine
serum albumin (BSA) as a standard [35]. Obtained extracts contained between 40 and
60 mg mL−1 total protein.

3.4. Cell-Free Protein Synthesis (CFPS)

CFPS reactions with a reaction volume of 20 µL were performed in microtubes con-
taining: E. coli cell free extract (see 4.3) amounting to 9.2 to 15.3 mg mL−1 protein, 10 mM
magnesium glutamate, 130 mM potassium glutamate, 1.5 mM each of 20 amino acids
(except leucine), 1.25 mM leucine, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 1.5 mM ATP and GTP, 0.9 mM cytidine triphosphate (CTP) and uridine
triphosphate (UTP), 0.2 mg mL−1 E. coli tRNA, 0.26 mM coenzyme A (CoA), 0.33 mM
nicotinamide adenine dinucleotide (NAD), 0.75 mM cyclic adenosine monophosphate
(cAMP), 0.068 mM folinic acid, 1 mM spermidine, 30 mM 3-phosphoglyceric acid (3-PGA),
2% polyethylene glycol-8000 (PEG), and 5 nM plasmid DNA. Reactions were incubated in
an Eppendorf® ThermoMixer® C for 4 h at 450 rpm and 37 ◦C.

3.5. In Vitro Biotransformations

In vitro biotransformation reactions were performed in a total volume of 100 µL,
consisting of 20 µL CFPS-reaction solution and 80 µL assay solution (50 mM KPi pH 7.0).
Final concentrations were 10 mM Lys, 20 mM α-KG, 5 mM L(+)-ascorbic acid, and 1 mM
FeSO4. Reactions were incubated in 1.5 mL reaction tubes at 25 ◦C and 500 rpm in an
Eppendorf® ThermoMixer® C for 20 h and stopped by addition of 100 µL acetonitrile.
After centrifugation for 10 min and 17,000× g, the supernatant was subjected to LC-MS
analysis.

3.6. Resting-Cell Biotransformations

For resting-cell biotransformations, LB pre-cultures (10 mL) were inoculated from
cryogenic-stocks and incubated at 37 ◦C and 200 rpm overnight. A 50 mL LB culture with
50 µg mL−1 kanamycin was inoculated to an initial OD600 of 0.1 and incubated at 37 ◦C
and 200 rpm until an OD600 of 0.6–0.8. Cultures were then cooled on ice for 20 min and
heterologous gene expression was started by addition of 0.5 mM IPTG. Cultivation was
continued at 20 ◦C for another 20 h.
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Cells were harvested by centrifugation (4500× g, 10 min, 4 ◦C) and resuspended
in 50 mM KPi buffer pH 7.4 to a biomass concentration of approximately 1 gCDW L−1

(an OD600 of 1 corresponds to 0.312 gCDW L−1). Resting-cell biotransformations were
performed in a total volume of 0.5 mL in 2 mL reaction tubes (1 gCDW L−1, 20 mM α-KG,
5 mM L(+)-ascorbic acid and 1 mM FeSO4). Reactions were performed at 30 ◦C and 500 rpm
in an Eppendorf® ThermoMixer® C. After preconditioning for 5 min, biotransformation
was started by addition of 10 mM Lys and the reactions were incubated for 60 min and
quenched by addition of 0.5 mL acetonitrile. Following centrifugation for 10 min and
17,000× g, the supernatant was analyzed via LC-MS.

3.7. Preparative-Scale Biotransformation

For the preparative-scale biotransformation, E. coli BL21 (DE3) pET-24a(+)-PlumKDO
was cultivated as in 3.6, but the main cultures consisted of 2 × 200 mL LB medium in
2-L baffled shake flasks. After cultivation, the cells were harvested by centrifugation and
concentrated to the desired biomass concentration. The biotransformation was performed
in a volume of 50 mL at 30 ◦C and with orbital shaking at 180 rpm (2.5 cm amplitude)
in a 500 mL baffled shake flask. The reaction mixture contained 50 or 100 mM α-KG
(twofold concentration of Lys), 5 mM FeSO4, 10 mM L(+)-ascorbic acid, 1% v/v Triton
X-100 and approximately 10 gCDW L−1 cells in 50 mM KPi buffer pH 7.4. The cells were
preconditioned at the desired temperature for 10 min. Afterwards, the reaction was started
by addition of 25 or 50 mM Lys. Aliquots of 0.5 mL were withdrawn after regular time
intervals and cells were separated by centrifugation (10 min, 17,000× g) and the supernatant
was subjected to LC-MS analysis.

3.8. Analytics

Detection and quantification of Lys and Hyl was performed on an Agilent 1260 Infinity
II liquid chromatography system coupled to a 6120 single quadrupole ESI mass spectrome-
ter (Agilent Technologies Inc., Santa Clara, CA, USA). Chromatographic separation was
realized with an iHILIC®-(P) Classic column (150 × 2.1 mm, 5 µm, 200 Å) in combination
with a SeQuant® ZIC®-pHILIC-guard column (20 × 2.1 mm, 5 µm, 200 Å) in isocratic mode
(70% acetonitrile, 30% 50 mM ammonium acetate pH 4.0) and a flow rate of 0.2 mL min−1

in 20 min. MS-analysis was conducted in positive SIM mode with the following settings:
drying gas chamber temperature 350 ◦C, gas flow 12 L min−1, capillary voltage 3000 V and
nebulizer pressure 35 psig. Quantification was conducted by external calibration using
standards of Lys (Sigma-Aldrich, St. Louis, MI, USA) and 5-hydroxy-DL-lysine hydrochlo-
ride (Carbosynth, Compton, UK) as the latter was the only commercially available Hyl
isomer. Lys was retrieved as [M+H]+ (m/z 147.1) and Hyl isomers as [M+H]+ (m/z 163.1).

4. Conclusions

In this study, CFPS has been combined with subsequent activity assays for the identifi-
cation of Fe2+/α-ketoglutarate-dependent dioxygenases for the first time. Investigating a
set of known and putative KDOs, production of Hyl was confirmed for all published as well
as for new, previously undescribed enzymes. This demonstrates that CFPS is a valuable tool
to simplify and speed up the identification of new Fe2+/α-ketoglutarate-dependent dioxy-
genases. In current research, for example, genetic-engineering derived enzyme variants
are generated, which possess higher activity or which expand the reaction and substrate
scope of Fe2+/α-ketoglutarate-dependent dioxygenases [5,36–38]. It is reasonable that our
screening system would also allow for rapid prototyping of enzyme variants, analysis
of the substrate scope, or the screening of different reaction conditions. With regard to
our study, it will be interesting to investigate the substrate scope of our newly identified
enzymes as PbraKDO also accepts L-leucine and L-methionine as substrates [9].

We successfully applied the newly identified KDOs in a whole-cell biocatalyst format.
Mass transfer of the substrates and products across the membrane was found to be a major
limitation of the biotransformation. Using a permeabilization method with Triton X-100,
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preparative-scale production of Hyl was accomplished and feasibility was demonstrated.
Reaction conditions (pH, temperature) and enzyme stabilities require further investigation
and optimization, which would very likely lead to higher product formation. Optimization
of gene expression (IPTG concentration and expression temperature) may lead to higher
percentages of functionally active protein, which in turn is expected to yield higher reaction
rates and conversion. Moreover, our experiments with CFPS and different combinations
of chaperones indicate that distinct sets of chaperones (e.g., DnaK, DnaJ, GrpE, GroES,
and GroEL in the case of PbraKDO and its homologs) might be beneficial for biocatalyst
activity also in a whole-cell format. While some chaperones and combinations thereof
had a beneficial influence on product formation, others showed severe detrimental effects.
This demonstrates the applicability of CFPS for the screening of chaperones for difficult-to-
express proteins.

In summary, a systematic approach from CFPS to screen and identify novel Fe2+/α-
ketoglutarate-dependent dioxygenases to a whole-cell biotransformation for the prepara-
tive synthesis of Hyl was successfully developed. New homologs have now been identified
with suitable reactivity, resulting in a multi-gram scale hydroxylation reaction. These
homologs now expand the spectrum of the previously limited number of described KDOs
(nine wild-type enzymes) and represent potential new candidates for biotechnological
application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11091038/s1, Figure S1. Exemplary plasmid map of pET-22b(+)-CaciKDO, Figure S2.
Exemplary plasmid map of pET-24a(+)-PbraKDO, Figure S3–S26 SDS-PAGE analysis of cell-free
synthesized KDOs (with and without chaperone-enriched extracts), Table S1. Primer sequences,
Table S2. Gene sequences, Table S3. Amino acid sequences.
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Abstract: Three Streptomyces sp. strains with a multitude of target enzymatic activities confirmed
by functional screening, namely BV129, BV286 and BV333, were subjected to genome sequencing
aiming at the annotation of genes of interest, in-depth bioinformatics characterization and functional
expression of the biocatalysts. A whole-genome shotgun sequencing followed by de novo genome
assembly and annotation was performed revealing genomes of 6.4, 9.4 and 7.3 Mbp, respectively.
Functional annotation of the proteins of interest resulted in between 2047 and 2763 putative targets.
Among the various enzymatic activities that the three Streptomyces strains demonstrated to produce
by functional screening, we focused our attention on transaminases (TAs) and laccases due to their
high biocatalytic potential. Bioinformatics search allowed the identification of a putative TA from
Streptomyces sp. BV333 as a potentially novel broad substrate scope TA and a putative laccase from
Streptomyces sp. BV286 as potentially novel blue multicopper oxidase. The two sequences were
cloned and overexpressed in Escherichia coli and the two novel enzymes, transaminase Sbv333-TA
and laccase Sbv286-LAC, were characterized. Interestingly, both enzymes resulted to be exceptionally
thermostable, Sbv333-TA showing a melting temperature (TM = 85 ◦C) only slightly lower compared
to the TM of the most thermostable transaminases described to date (87–88 ◦C) and Sbv286-LAC
being even thermoactivated at temperature >60 ◦C. Moreover, Sbv333-TA showed a broad substrate
scope and remarkably demonstrated to be active in the transamination of β-ketoesters, which are
rarely accepted by currently known TAs. On the other hand, Sbv286-LAC showed an improved
activity in the presence of the cosolvent acetonitrile. Overall, it was shown that a combination
of approaches from standard microbiological and biochemical screens to genome sequencing and
analysis is required to afford novel and functional biocatalysts.

Keywords: Streptomyces spp.; transaminase; laccase; whole-genome; biocatalysis

1. Introduction
Actinomycetes, especially Streptomycetes, have been in the focus of systems biology

and genome metabolic modelling approaches to further intensify their explorations in
terms of antibiotic discovery. However, their particular development and specificity of the
niches they occupy led our research towards exploring them as a potential source of novel
biocatalysts [1,2].

The enzyme market is fast-growing and was valued at USD 7082 million in 2017, and
is projected to reach USD 10,519 million in 2024, while the cost of enzymes for biofuel
applications alone should total USD 1.0 billion in 2020 [3,4]. More stringent environmen-
tal norms coupled with health and environmental awareness are contributing towards
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intensified research and development efforts in widening the diversity of enzyme applica-
tions beyond the laboratory scale. Therefore, carbohydrate hydrolases and proteases are
expected to dominate the enzyme market due to their applications in the production of
biofuels and detergents, however, other enzyme classes, including laccases and transami-
nases, are gaining importance due to their increasing usage in food and beverage, textile,
pharmaceutical/cosmetic and recycling industries [5].

Streptomyces spp. are usually saprophytic soil-dwelling aerobic filamentous bacteria
playing a crucial role in soil ecology by effectively hydrolyzing a wide range of polysac-
charides (cellulose, chitin, xylan, and agar) and other natural macromolecules [6]. This
biodegradation efficiency is based on the secretion of potent hydrolases (enzymes classified
as EC 3 in the EC number classification) such as cellulases, lipases, proteases, xylanases,
and cutinases, while other enzymes of environmental and industrial importance have also
been identified from this genus [7–9]. Of special interest are laccases and aminotransferases.

Aminotransferases (ATAs) or transaminases (TAs) are pyridoxal-5’-phosphate (PLP)-
dependent enzymes capable of performing the transfer of an amino group between an
amino donor and a prochiral ketone generating optically pure chiral amines. The numerous
examples of ATA applications in the synthesis of chiral amines in the pharmaceutical and
fine chemical industries demonstrate the high biocatalytic potential of these enzymes,
the most remarkable example being the industrial application of ATAs in the production
of the anti-hyperglycaemic drug sitagliptin [10,11]. To date, despite ATAs being quite
ubiquitous in nature, ATAs exploited for biocatalytic application are mainly from bacteria
and fungi. Curiously, to the best of our knowledge only a few ATAs have been identified
and characterized in Streptomycetes. For example, two ATAs from S. griseus were reported
as capable to catalyse the transamination ofω-aminoacids [12,13], while an ATA from S.
venezuelae was shown to be involved in the biosynthesis of the rare sugar desosamine [14].

Laccases are blue multicopper oxidoreductases able to catalyze the oxidation of a wide
range of substrates [15]. These enzymes find a broad range of applications in the paper and
pulp, textile, petrochemical and pharmaceutical industries [16]. Moreover, they can be used
for the treatment of industrial wastes by performing detoxifications and bioremediation
processes or surface modifications of plastic materials [17]. Bacterial laccases, showing a
thermophilic character and working in a broad pH range, result to be particularly attractive
for industrial applications [17]. Streptomyces laccases are among the best-characterized
bacterial laccases and have been identified for example in S. cyaneus [18], S. coelicolor [19],
and S. sviceus [20,21].

We previously conducted an extensive activity screen of our in-house library of Strep-
tomyces spp. rhizosphere isolates, and showed their biocatalytic potential [2]. The goal
of this study was to identify and evaluate potentially novel biocatalysts from selected
Streptomyces spp. Thus, three of the strains with target activities confirmed by functional
screening, namely Streptomyces sp. BV129, BV286, and BV333 were subjected to genome
sequencing aiming at the annotation of genes of interest, and in-depth bioinformatic charac-
terization that led to cloning and heterologous expression in E. coli of one aminotransferase
(Sbv333-TA) and one laccase (Sbv286-LAC) sequence.

2. Results

Three Actinobacteria strains, namely Streptomyces sp. BV129, Streptomyces sp. BV286
and Streptomyces sp. BV333, were selected in this study to identify and evaluate potentially
novel biocatalysts. These strains were selected due to the fact that they showed excellent
activities during the phenotypic screen [2]. BV129, BV286 and BV333 strains grew well
on the mannitol–soy flower medium and sporulated well after 7 days at 30 ◦C (Figure 1a).
BV286 extruded deep brown pigment on this solid medium even after 24 h growth. Further
morphological differences were revealed by SEM (Figure 1b) which revealed chains of
smooth and oval spores for BV129 and BV333, while BV286 only sporadically sporulated
within this time frame.
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Figure 1. Streptomyces sp. BV129, BV333 and BV286 morphology upon growth for 7 days on mannitol–
soy flower medium (a) agar plates; (b) electron micrographs of material collected from the plates.

2.1. Genome Sequencing and Analysis

A whole-genome shotgun sequencing (WGS) followed by de novo genome assembly
and annotation was performed on these three strains. Genomes were assembled using
ABySS v.1.5.2 and annotated with Prokka 1.12 and analyzed by a variety of bioinformatics
tools (Table S1). Corresponding assembly statistics are represented in Table 1. The resulting
whole-genome shotgun project, including assembly and raw sequence reads, was deposited
at NCBI (PRJNA739376; https://www.ncbi.nlm.nih.gov/bioproject/739376).

Table 1. Genome assembly statistics of Streptomyces sp. BV129, BV333 and BV286.

Sample ID Streptomyces sp.
BV129

Streptomyces sp.
BV286

Streptomyces sp.
BV333

Genome size 6,475,242 9,426,047 7,323,588
Genome coverage 83.50 59.02 72.73
Number of contigs 82 212 699

Longest contig 704,247 515,226 151,113
N50 * 144,188 114,510 28,611
L50 ** 15 26 80

GC content (%) 71.86 70.77 73.2

Predicted genes 5933 8326 6373
Predicted tRNAs 84 92 83

Predicted CDS 5848 8233 6289
Predicted tmRNA 1 1 1

*—N50—the minimum contig length among contigs required to cover 50% of the whole genome sequence length;
can be used as a measure of a quality of assembled genome. Genomes of comparable size with the higher N50
number will be less fragmented and therefore should have higher assembly quality. **—L50 is a minimum
number of contigs to reach half of the assembly size. Together with N50 serves as an assembly quality measure.
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To reliably classify the Streptomyces strains, we performed a phylogenetic analysis
based on whole genome-based sequence comparison using a TYGS (The Type (Strain)
Genome Server) [22]. TYGS is a web-based bioinformatics pipeline utilizing well-established
tools to perform sequence-based taxonomical classification (the full list of tools used for the
analysis with corresponding references is given in Table S1). The phylogenetic tree inferred
with the FastME 2.1.6.1 [23] from the type-based species clustering from the whole-genome
comparison is depicted in Figure 2. Based on the phylogenetic analysis, all three strains
belong to different species clusters and do not share common characteristics, such as GC
content or the number of predicted genes. Nevertheless, the phylogenetic analysis based
on de novo assembled sequences reveals a higher similarity between BV129 and BV286
strain (Figure 2).
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Streptomyces sp. BV129, BV333 and BV286 highlighted in red.

A gene-annotation-based search was carried out by using Prokka [24] to find putative
gene coding for biotechnologically important enzymatic activities (Table 2). In particular,
the search was focused on (i) hydrolases, e.g., lipases, cutinases, cellulases, gelatinase, PHA-
depolymerase, and proteases, (ii) oxidoreductases, e.g., lignin peroxidase, laccases and
tyrosinases, and (iii) aminotransferases. According to gene annotation, the most abundant
enzymes among the selected ones are hydrolases belonging to a rather broad EC category
“proteases” (Table 2), followed by “lipases” and “cellulases”, while other hydrolases are
much less abundant or not present. One or two laccase-coding genes are predicted in all
strains, while aminotransferases are largely represented with >30 annotated genes in each
strain, this fact being not surprising due to their functional role in the cell metabolism.
Nevertheless, many enzymes which are not predicted by the algorithm underlying Prokka
were previously identified by alternative methods [2]. Indeed, activities such as gelatinase,
PHA-depolymerase and lignin peroxidase were confirmed in the functional screen but
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revealed non-present by sequence analysis. One of the possible explanations is the way
Prokka processes the data. It is a computational pipeline, utilizing different tools for
every step of its analysis. For example, for the genes/CDS prediction, Prokka uses the
Prodigal [25]. At the later stages of the Prokka pipeline, the prediction results first are
refined with the BLAST and then made compatible with an NCBI genome submission
policy using the tbl2asn tool. Such conversion sometimes removes additional information
from the protein annotation as not compliant with the submission standards.

Table 2. Prokka-based prediction of selected genes in the de novo assembled genomes of Streptomyces
sp. BV129, BV333 and BV286. Enzymes potentially acting in the degradation of different substrates
are shown together with the corresponding EC category, other categories for which no genes were
predicted by Prokka are not shown.

EC no. Streptomyces sp.
BV129

Streptomyces sp.
BV286

Streptomyces sp.
BV333

lipase 3.1.1.3 7 8 4
cutinase 3.1.1.74 0 1 0
cellulase 3.2.1.4 3 11 3
protease 3.4.-.- 124 160 136
laccase 1.10.3.1 2 1 1

tyrosinase 1.14.18.1 1 1 0
aminotransferase

(transaminase) 2.6.1.- 32 35 38

Predicted genes with
EC number 2049 2763 2114

2.2. Bioinformatics Analysis of Transaminases and Laccases

A deeper bioinformatic analysis of the three genome sequences of Streptomyces sp.
BV129, BV286 and BV333 was carried out in the search of genes coding for transaminases
(ATAs) and laccases. Known ATA sequences, either (S)- or (R)-selective (Table S2), or
laccase sequences (Table S3) were used to perform a multiple sequence alignment with the
predicted ORFs of the above mentioned Streptomyces genomes by using the LAST program
(http://last.cbrc.jp/).

Concerning the search for (S)-selective ATAs, 11 potential (S)-selective transami-
nases were identified in the genome of Streptomyces strain BV129, 6 sequences in the
genome of strain BV286 and 10 sequences in the genome of strain BV333, respectively.
Based on the LAST alignment score, 8 of these candidates (BV129_00199, BV129_05035,
BV286_01057, BV286_02269, BV286_05820, BV333_00884, BV333_03408, BV333_03485) were
selected for further bioinformatics analysis. Five of the eight selected sequences were
discarded since they lacked the high-(S)-selective-ATAs conserved residues suggested by
Steffen-Munsberg et al. [26]. The three remaining sequences shared high sequence identity
(88% similarity of BV129_05035 sequence and 91% BV286_05820 sequence compared to
BV333_03408, respectively). Therefore, only one of these was selected for further characteri-
zation, i.e., the BV333_03408 sequence, encoding for a protein of 459 aa (named Sbv333-TA).
Remarkably, BLAST analysis revealed that Sbv333-TA is identical (100% query cover) to
an uncharacterized protein annotated as an aspartate aminotransferase from Streptomyces
sp. M10 (WP_047470642.1). It is also noteworthy that the alignment of Sbv333-TA with
available ATA genes from other sources revealed a high sequence similarity with ATA
sequences from extremophiles. In particular, Sbv333-TA showed high sequence similarity
with the TA from Thermomicrobium roseii (Tr-TA, WP_015922033) (43% identity, 89% query
cover) [27] and a TA from hot spring metagenomes (B3-TA, KX505389) (41% identity, 94%
query cover) [28] (Figure 3). Concerning the search for (R)-selective transaminases, only
two sequences showing similarity with known (R)-selective ATAs were found, but the
alignment scores were low and they lacked the important conserved residues suggested by
Hohne et al. [29].
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Concerning the search for laccase homologs, five sequences (BV129_02175, BV129_04916,
BV286_03089, BV333_01214 and BV333_01561) showing similarity with known laccases
were found in the genomes of the selected Streptomyces isolates and in particular three of
them showed high LAST alignment score (BV129_04916, BV286_03089, and BV333_01561).
These three sequences were quite similar to each other, sharing around 72–74% identity,
therefore, among them, the 975 bp-long BV286_03089 sequence, corresponding to a protein
of 325 amino acids, was selected for cloning ad expression in E. coli. By BLAST analysis,
it was shown that BV286_03089 has similarities with a putative copper oxidase from
Streptomyces umbrinus (Genbank GHH35467.1) (92% identity) while a search in the PDB
database revealed that the closest homologue to this sequence is the laccase Ssl1 from
Streptomyces sviceus (82% identity) (pdb 6YZY). In addition, a Clustal Omega alignment was
carried out to compare BV286_03089 with other already characterized laccase sequences
(Table S3). This analysis confirmed the high similarity of BV286_03089 with different
Streptomyces laccases (79–82% identity) and low identity with other bacterial laccases
(18%–25% identity).

2.3. Cloning, Expression and Functional Analysis of Novel Transaminase and Laccase

The two selected sequences, BV333_03408 and BV286_03089, potentially coding for
an (S)-ATA and a laccase, respectively, were cloned into the pETite vector in frame with a
C-term His-tag sequence and the resulting plasmids (pETite-Sbv333-TA and pETite-Sbv286-
LAC; Table S4) were subsequently transformed and overexpressed in E. coli Rosetta cells.

As shown by SDS-PAGE analysis, Sbv333-TA was successfully produced by this
host, but mostly accumulated in the cells as inclusion bodies (Figure S1), thus leading
to poor recovery yields (about 4 mg L−1 after Ni-NTA purification). To overcome these
solubility issues, plasmid pETite-Sbv333-TA was expressed in E. coli BL21(DE3) containing
the plasmid pGro7 (Takara Bio Inc.; Table S4) which allows the co-expression of the target
protein with the chaperon proteins GroES and GroEL. This expression system significantly
improved the solubility of Sbv333-TA yielding 70 mg L−1 of pure enzyme. On the contrary,
the laccase from Streptomyces sp. BV286 (Sbv286-LAC) was obtained in soluble form in
E. coli Rosetta cells. Expression conditions were further optimized, and the expression
levels were higher when cells were cultivated in terrific broth (TB) media and at 17 ◦C
for 72 h. After successful expression in E. coli Rosetta, Sbv286-LAC was purified using
QIAGEN Ni-NTA column and 12 mg of pure protein were obtained from 1 L culture
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(Figure S2). Cell lysate from cells maintained at 17 ◦C for 72 h after induction contained
the highest concentration of Sbv286-LAC and a lesser concentration of other proteins in
comparison to lysates obtained from other induction conditions.

2.3.1. Functional Analysis of Sbv333-TA

The functional characterization of Sbv333-TA was carried out by investigating the
influence of different reaction conditions on enzyme activity (Figure 4). The transaminase
activity of Sbv333-TA was evaluated by spectrophotometric assays at 245 nm following the
formation of the product acetophenone from the benchmark substrates (S)-methyl benzyl
amine ((S)-MBA) and pyruvate. The influence of pH on Sbv333-TA activity was evaluated
at pH values ranging from 7.0 to 9.5. As shown in Figure 4a, Sbv333-TA, similarly to most
of the known (S)-ATAs, shows its maximum activity at alkaline pHs, specifically at pH 9.0
(0.43 U mg−1 pure protein at 30 ◦C).
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The influence of temperature on the enzyme activity was evaluated in the range of
temperature between 20 and 90 ◦C at the optimal pH (9.0) (Figure 4b). Surprisingly, Sbv333-
TA showed a thermophilic character with a constant activity increase with temperature
up to 90 ◦C. Accordingly, Sbv333-TA showed remarkable thermostability. In fact, it retains
100% of starting activity after 3 h incubation at temperatures ranging from 30 ◦C to 70 ◦C
and it maintains 25% of initial activity even when incubated at 80 ◦C for 3 h (Figure 4c). To
support these results, the melting temperature (TM) of Sbv333-TA was evaluated by CD
analysis, by monitoring structural changes at 220 nm. CD analysis clearly defined a TM of
85 ◦C (Figure S3), a value very close to those estimated for the hyperthermophilic enzymes
B3-TA (TM 88 ◦C) and Tr-TA (TM 87 ◦C) [27,28].

To evaluate Sbv333-TA activity toward a series of (R)- or (S)-aromatic amines, bearing
a methyl, ethyl, or propyl side-chain adjacent to the amine function, a spectrophotometric
assay was carried out using pyruvate as amino acceptor. Sbv333-TA resulted to be active
only toward (S)-MBA, indicating that more sterically hindered aromatic amines are not the
substrate of this enzyme and, on the other hand, confirming that the enzyme is strictly (S)-
selective, as inferred by sequence analysis. Subsequently, several keto acids, ketones, esters
and aldehydes were evaluated as potential amino acceptors in transamination reactions
using (S)-MBA as an amino donor (Table 3). The reaction’s outcome was estimated after
24 h by GC-MS analysis and Sbv333-TA demonstrated a broad substrate scope in this
regard (see Discussion for details).

Table 3. Amino acceptor spectrum of Sbv333-TA.

Amino Acceptor Conversion (%)
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2.3.2. Functional Analysis of Sbv286-LAC

Laccase activity profile at different pHs was determined using ABTS and syringal-
dazine as the substrate with buffers of different pH (pH 3.0–9.0) and results are presented
as relative enzyme activity where maximal activity was set as 100% (Figure 5). Sbv286-LAC
reached its maximum activity towards ABTS at pH 4.0 (0.3 U mg−1 pure protein at 30 ◦C,
Figure 5a), and was active from pH 3.0 to pH 8.0, while its activity peaked at alkaline pH
using syringaldazione as substrate (0.05 U mg−1 pure protein at 30 ◦C). The temperature
optimum (60 ◦C) was determined by enzyme assays with ABTS at temperatures ranging
from 20 to 80 ◦C at pH 4.0 (Figure 5b).
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Figure 5. pH and temperature optimum of the recombinant Sbv286-LAC. Relative laccase activity at
(a) different pH using ABTS (�) and syringaldazione (♦) as substrates and (b) different temperatures.
Values are means of two independent experiments ± standard deviations (SD).

Sbv286-LAC exhibited not only a remarkable thermophilicity, but also a high ther-
mostability at 60 ◦C and 80 ◦C, as well as a 1.5-fold increase in enzyme activity even after
2 h of incubation at high temperatures in comparison to control (enzyme activity measured
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before incubation at 60 ◦C and 80 ◦C) (Figure 6a). Enzyme activity was affected by the
presence of 10% (v/v) of solvents in the reaction buffer (Figure 6b). While DMF, DMSO
and methanol reduced the enzyme activity between 20–70% in comparison to no-solvents
control, acetonitrile enhanced the Sbv286-LAC by 1.5-fold upon incubation for 15 and
30 min (Figure 6b).
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Figure 6. Thermal and solvent stability of the recombinant Sbv286-LAC. Relative laccase activity after
incubation (a) at 60 ◦C and 80 ◦C for up to 2 h and (b) in different solvents. Untreated control reactions
were set to 100%. Values are means of two independent experiments ± standard deviations (SD).

3. Discussion

Following our previous work of screening of a library of Streptomyces spp. rhizosphere
isolates to explore their biocatalytic potential [2], in this work, we selected three strains from
this library, i.e., Streptomyces sp. BV129, BV286 and BV333, which, according to functional
screening, showed the capability to produce interesting enzymatic activities. The genome of
the three strains was sequenced, de novo assembled and submitted for genome annotation.
It is noteworthy that we found some apparent discrepancies between the results obtained
by functional screening [2] and gene annotation by Prokka. For example, no gene was
annotated as gelatinases, but strain BV129 and strain BV333 resulted to produce these
enzymes. Or, on the other hand, various genes were annotated as lipases in all three strains,
but no lipase activity was detected in strain BV286 by functional screening. However, these
differences could be due to inaccuracies of the annotation algorithm or to the substrates
used during the functional screening that could not be suitable for the enzymes expressed
by the selected Streptomyces strains.

95



Catalysts 2021, 11, 919

With the three new genomes in our hands, we focused our search for novel enzymes
on transaminases and laccases, enzymes that are of particular interest for biocatalytic
applications. Transaminase and laccase candidates were found in the genomes of all three
strains and the most promising candidates (Sbv333-TA and Sbv286-LAC) were selected
based on sequence alignment score and presence of key active site residues. It must be
pointed out that only homologs to (S)-selective ATAs were identified. Considering that
(S)-selective ATAs are mainly produced by bacteria whereas (R)-selective ATAs belong
to a completely different fold type class (PLP fold type IV) from that of (S)-ATA (PLP
fold type I) and are usually produced by fungi [29,30], the identification of only (S)-ATA
homologs in Streptomyces is not surprising. Moreover, it is worth noting that the Prokka
algorithm predicted around 30 aminotransferases in each genome, but much fewer ATA
candidates have been found by a more specific bioinformatics search. It is important to
highlight that our search was restricted to homologues of experimentally confirmed ATAs
showing activity toward a wide range of substrates (the so-called high-activity ATAs) [26],
and these enzymes are relatively rare when compared to transaminases accepting as amino
donors only α-amino acids.

Bioinformatic analysis showed that neither Sbv333-TA nor Sbv286-LAC corresponded
to already characterized enzymes and, interestingly, Sbv333-TA shared high sequence
identity with ATA sequences from extremophiles, whereas Sbv286-LAC showed high
similarity to the so-called small laccases, typical two-domains bacterial laccases [17].

Sbv333-TA and Sbv286-LAC were cloned and overexpressed in E. coli Rosetta, and
while Sbv286-LAC resulted to be successfully expressed in this host, Sbv333-TA formed
inclusion bodies and its successful production was obtained by co-expression with co-
chaperons GroES and GroEL. Activity assays using (S)-MBA and ABTS as substrates,
respectively, revealed that, as expected, the two proteins were functionally active transami-
nase and laccase, thus both proteins were submitted for functional characterization.

Although Streptomyces BV333 and BV286 are mesophilic strains, both enzymes showed
a thermophilic character. Sbv333-TA activity increased constantly with temperature up to
90 ◦C and remarkably, the same behavior is described in literature only for B3-TA [10], the
most thermostable wild-type TA reported to date. Indeed, these data are in correlation with
the relatively high sequence identity between these two proteins (41% identity). Bacterial
laccases and laccase-like multi-copper oxidases are usually described as thermophilic
enzymes and Sbv286-LAC, with an optimum temperature of 60 ◦C, is in line with these
findings [19,31]. Furthermore, the two enzymes showed remarkable thermal stability,
Sbv333-TA retaining 100% of starting activity after 3 h incubation at temperatures up
to 70 ◦C and Sbv286-LAC resulting even thermoactivated at 60 ◦C and 80 ◦C after 2 h
incubation. Sbv333-TA thermostability is comparable to that of other thermophilic TAs,
such as the TA from Thermomicrobium roseum, which retains 100% of starting activity
after 3 h incubation at 70 ◦C, as well. The exceptional thermostability of Sbv333-TA was
confirmed also by determining its melting temperature (TM) which resulted to be of 85 ◦C,
a value only slightly lower than the TM reported for the thermostable B3-TA (88 ◦C) and
the ATA from T. roseum (87 ◦C) [27]. On the other side, the thermoactivation effect observed
with Sbv286-LAC at high temperature was previously shown by Ece and coworkers with a
laccase from S. cyaneus [18]. It is worth noting that the thermostability of these enzymes
makes these biocatalysts quite attractive for industrial applications. In fact, (thermo)stable
enzymes usually result suitable to be used under industrial process harsh conditions, such
as at high temperatures and/or in the presence of organic solvents.

The relative activities of the two enzymes were also tested at different pHs and Sbv333-
TA showed the best activity at pH 9.0, which is in agreement with the pH optimum of most
of the transaminases described to date, whereas Sbv286-LAC reached maximum activity at
pH 4.0 or 8.5 according to the tested substrate (ABTS or syringaldazine respectively) like
other laccases, such as the one from S. sviceus [20].

In addition, Sbv286-LAC tolerance to organic co-solvents (10% (v/v)) was evaluated
and this enzyme resulted to be quite stable in MeOH and DMF, while, surprisingly, acetoni-
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trile enhanced its activity by 1.5 fold. Some bacterial laccases have exhibited high tolerance
to different solvents as well, including ethanol, methanol, DMF, acetonitrile, acetone, and
DMSO. For example Bacillus pumilus W3 laccase retains > 50% of its activity in solvents
such as ethanol, methanol, DMF and DMSO 10% (v/v) [32] while the laccase from Bacillus
licheniformis retained 55% of its activity in the presence of 40% DMSO [33]. Similar to
our study, Wu and co-workers tested different fungal laccases and they also observed an
activity enhancement by 1.5- to 4.0-fold by enzyme pre-incubation in acetone, methanol,
ethanol, DMSO, and DMF [34].

Finally, the activity of Sbv333-TA was tested toward three differently substituted
amino donors and toward a wide array of amino acceptors. Concerning the amino donors,
only (S)-MBA, bearing a small methyl group, was accepted, this result suggesting that the
substrate-binding pocket is not large enough to accept bulkier substituents. Moreover, the
enzyme did not convert (R)-MBA, demonstrating to be strictly (S)-selective, as expected
given the similarity to class I (S)-selective TAs. As far as amino acceptor concerns, this
transaminase accepted a broad range of substrates (Table 3). Comparing the amino donor
spectra of the new enzyme with the spectra of the closest relative B3-TA and the spectra of
the most characterized (S)-ATA from Vibrio fluvialis [10], it is possible to appreciate some
analogies and differences. α-Ketoacids, such as pyruvate and 2-oxo butyrate are accepted
by all three enzymes, while the di-ketoacid α-ketoglutarate is not accepted by any of them.
In the respect of aldehydes, glyoxylic acid was one of the best substrates in all three cases,
while propionaldehyde and phenyl propionaldehyde are mostly preferred by Sbv333-TA.
Very low conversions were obtained with aliphatic ketones such as methyl isobutyl-ketone
(7% conv.). Remarkably, Sbv333-TA showed activity toward β-ketoesters, and in particular,
it was active toward methyl acetoacetate (52% conv.) that gave low conversions with B3-TA
and Vf-TA and toward ethyl benzoylacetate (47% conv.), a precursor of β-phenylalanine,
which is not accepted by most of the described transaminases [35,36]. This result is
quite interesting considering that amination of β-keto acids is quite challenging, as they
decompose easily in an aqueous solution and amination of more stable β-keto esters would
be a valuable alternative.

4. Materials and Methods
4.1. Reagents and Chemicals

Microbiological media and components such as yeast extract, tryptone, casamino
acids were from Oxoid (Hampshire, UK). Amino donors, amino acceptors, ABTS, PLP,
IPTG, inorganic salts were purchased from Sigma-Aldrich (Munich, Germany). All other
reagents were of analytical grade and commercially available. All strains and plasmids
used in this study are presented in Table S4.

4.2. Analytical Methods

GC-MS analyses were carried out on an HP-5MS column (30 m × 0.25 mm × 0.25 µm,
Agilent) on a Finnigan TRACE DSQ GC/MS instrument (ThermoQuest, San Jose, CA,
USA). Acetylation of (S)-MBA before injection was done as described in Ferrandi et al.
2017 [10]. GC-MS analysis was carried out by keeping column temperature at 60 ◦C for 1
minute, then raising the temperature to 150 ◦C at 6 ◦C/min, hold 1 min and finally raising
the temperature from 150 ◦C to 210◦C at 12 ◦C/min. Under these conditions retention
times were: acetophenone, 7.6 min; (S)-α-methylbenzylamine ((S)-MBA), 16.3 min.

CD analysis was performed on nitrogen-flushed Jasco J-1100 spectropolarimeter (Eas-
ton, MD, USA) interfaced with a thermostatically controlled cell holder. For the determina-
tion of apparent TM, spectral scans at increasing temperatures were performed at 210 nm,
varying the temperatures as follows: 20 up to 65 ◦C at 5 ◦C/min data pitch each 2 ◦C, hold
30 s; 65 up to 90 ◦C at 2.5 ◦C/min, data pitch each 0.5 ◦C, hold 30 s; 90 up to 95 ◦C at
5 ◦C/min, pitch data each 2 ◦C, hold 30 s. This analysis was carried out using a purified
Sbv333-TA sample diluted in degassed water (0.15 mg mL−1 final concentration) in quartz
cuvettes with 0.1 cm path length.
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Scanning electron micrographs of three Streptomyces strains grown on MSF agar
were obtained by a high-resolution field emission Zeiss Ultra Plus-SEM (Carl Zeiss AG,
Oberkochen, Germany) using InLens detector with an accelerating voltage of 5 kV at a
working distance of 5 mm. Prior to imaging, strains were fixed onto the SEM stubs using
carbon tape and sputtered with gold/palladium (80/20 ratio) for 10 s.

4.3. Streptomyces sp. BV129, BV286, BV333 Genome Sequencing, Annotation, and Analysis

Streptomyces spp. genomic DNA (gDNA) was isolated by the method of Nikodi-
novic et al. [37].

The sequencing library for an Illumina HiSeq2500 was prepared from extracted DNA
with the Nextera DNA kit (Illumina) using a standard protocol. Sequencing was performed
in a paired-end mode with 2 × 150 cycles for every species. After de-multiplexing with
Illumina’s software bcl2fastq-1.8.4 with default settings for adapter trimming (at least 90%
match of bases should match) and no mismatches allowed in sequencing barcode, all reads
undergo quality-based trimming to remove potential contaminants, low quality reads
and sequencing adapters with the help of BBDuk from the BBMap package version 34.41
(https://sourceforge.net/projects/bbmap/). To pass the quality filter, read quality needed to be
higher than a Phred score of 20 and achieve a minimal length of 50 bp after quality-based
and adapter trimming. Additionally, every sample was quality-controlled before and after
trimming with the FastQC (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). FastQC
evaluates per base sequence quality, average base composition, GC content, sequence length
distribution and adapter contaminations after trimming. Samples statistics are given in
Table S5.

The assembly was carried out on a computational cluster running under CentOS 6.9
by ABySS version 1.5.2 [38] after iterative k-mer length optimization with the k = 85 (BV129,
BV333) and k = 92 (BV286). Gene annotation was performed with the Prokka 1.12 [24].

The phylogenetic tree was inferred with the FastME 2.1.6.1 [23] and the tree was
estimated from the distance matrix and rooted at the midpoint [39].

4.4. In Silico Screening for Novel Transaminases and Laccases

Bioinformatic search for novel biocatalysts was carried out by performing alignment
analysis with known sequences retrieved from the NCBI database as queries. The program
LAST (http://lastweb.cbrc.jp/) was used with default settings [40]. Bioinformatic analysis
was done for three novel Streptomyces genomes in order to identify novel sequences coding
for transaminases (S- and R-selective) and laccases. Sequence alignment was done using
ClustalΩ [41,42].

4.5. Gene Cloning and Recombinant Strains

Selected enzyme-coding sequences (BV333_03408 and BV286_03089) were amplified
from Streptomyces gDNA under standard PCR conditions using XtraTaq polymerase (Gene-
spin, Milan, Italy) and primers (Table S6). Standard PCR amplifications were carried out
in 50 µL reaction mixtures containing 100 ng gDNA, primers (1 µM each), dNTPs (0.2
mM each), 2 U of Xtra.Taq polymerase and 5 µL of buffer containing MgCl2. All PCR
reagents were from Genespin. PCR conditions were as follows: 95 ◦C for 3 min, followed
by 35 cycles at 95 ◦C for 30 s, 65 ◦C for 30 s, 72 ◦C for 100s, and then 72 ◦C for 10 min.
Amplified sequences were purified from agarose gel (1.0%, w/v) using the Wizard®SV
Gel and PCR Clean-Up System (Promega, Wisconsin, USA) before cloning. Sequences
BV333_03408 and BV286_03089 were cloned in the pETite C-His Kan plasmid using the
Expresso T7 Cloning and Expression kit from Lucigen (Wisconsin, USA). According to the
Expresso T7 Cloning and Expression kit manual, amplified BV333_03408 or BV286_03089
were mixed with the pETite linear plasmid and transformed in chemically competent
HI-Control 10 G cells. The resulting plasmids pETite-Sbv333-TA and pETite-Sbv286-LAC
were purified using the E.Z.N.A. Plasmid Mini kit II (Omega/VWR). Correct insertion
of amplified sequences was confirmed by sequencing on both strands (Biofab Research
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(Rome, Italy)) using primers T7 promoter and pETite reverse (Table S7). Purified pETite-
Sbv333-TA and pETite-Sbv286-LAC were subsequently transformed in E. coli Rosetta for
protein expression.

4.5.1. Sbv333-TA Expression and Purification

E. coli Rosetta (DE3)-Sbv333-TA cells were grown overnight at 37 ◦C, 220 rpm, in LB
medium supplemented with 30 µg mL−1 kanamycin and 34 µg mL−1 chloramphenicol
(LBkan30cam34, 100 mL). Amounts of 20 mL of precultures were subsequently inoculated in
500 mL LBkan30cam34 medium and maintained at 37 ◦C, 220 rpm, till the OD600 cell density
reached 0.5–1. Recombinant protein expression was induced by the addition of IPTG (1 mL
of 1 M solution in water) and the culture was transferred to 30 ◦C with shaking 220 rpm
and grown overnight. Cells were thus recovered by centrifugation (5000 rpm, 30 min,
4 ◦C), resuspended in 20 mL wash buffer (20 mM KP buffer, pH 7.0, 500 mM NaCl, 20 mM
imidazole) and lysed by sonication. Cell extracts were separated from insoluble debris by
centrifugation (11,000 rpm, 30 min) and the presence of soluble recombinant protein in
clear lysates was assessed by SDS-PAGE (10% T, 2.6% C).

To perform protein purification, clear cell extracts containing the overexpressed protein
were incubated with the Ni Sepharose 6 Fast Flow agarose resin (Ni-NTA) (GE Healthcare,
Italy) for 90 min at 4 ◦C under mild shaking. The mixture was then loaded onto a glass
column (10 × 110 mm), the resin was washed with 20 mL of wash buffer (20 mM imidazole,
500 mM NaCl, 20 mM potassium phosphate buffer pH 8.0). His-tagged Sbv333-TA was
thus eluted using a 3-step gradient (10 mL washing buffer with 100, 200, and 300 mM
imidazole, respectively), dialyzed against 20 mM KP buffer, pH 9.0, at 4 ◦C for 16 h and
stored at −80 ◦C. Protein content was estimated according to the method of Bradford
with the Bio-Rad Protein Assay and protein purity was assessed by SDS-PAGE analysis
(10% T, 2.6% C). The molecular weight protein standard mixture from Bio-Rad (Karlsruhe,
Germany) was used as a reference. Gels were stained for protein detection with Coomassie
Brilliant Blue.

Due to unsatisfactory results obtained using E. coli Rosetta (DE3)-Sbv333-TA, pETite-
Sbv333-TA was transformed into E. coli BL21(DE3) containing the plasmid pGro7 (Takara
Bio Inc., Kyoto, Japan), obtaining the E. coli BL21(DE3)-GroES, GroEL-Sbv333-TA strain.
An overnight preculture of E. coli BL21(DE3)-GroES, GroEL-Sbv333-TA grown in LBkan30
at 37 ◦C was then inoculated in 1 L of LB kan30cam20 and 2 mg mL−1 arabinose was added
for induction of chaperone proteins. When cell density reached OD600 0.4–0.6, recombinant
expression of Sbv333-TA was induced by the addition of IPTG (1 mL of 1 M solution
in water) and the culture was kept at 30 ◦C overnight. Finally, cells were harvested by
centrifugation, lysed by sonication and Sbv333-TA was purified as described above.

4.5.2. Sbv286-LAC Expression and Purification

E. coli Rosetta (DE3)-Sbv286-LAC cells were grown at 37 ◦C and 180 rpm for 16 h in
LBkan30cam34 (100 mL). The following day, 1% overnight inoculum was added to fresh LB,
M9 or TB media supplemented with antibiotics (30 µg mL−1 kanamycin and 34 µg mL−1

chloramphenicol) and cultures were induced with 1 mM IPTG at OD600 between 0.4–0.6.
Enzyme expression was carried out at 37 ◦C for 3 h, 28 ◦C for 16 h and at 17 ◦C for 72 h with
shaking at 180 rpm. Sbv286-LAC was purified using QIAGEN Ni-NTA spin kit following
the manufacturer’s instruction (QIAGEN, Hilden, Germany). Purified Sbv286-LAC, as
well as whole cells and cell extracts samples collected during recombinant expression
optimization, were analyzed by SDS-PAGE (10% T, 2.6% C), as previously described for
Sbv333-TA.

4.6. Functional Characterization of Sbv333-TA and Sbv286-LAC

Sbv333-TA activity was determined by spectrophometric assays in quartz cuvettes
(assay volume 0.5 mL) containing transaminase assay solution (2.5 mM pyruvate, 2.5 mM
(S)-MBA in 0.1 M KP buffer, pH 9.0 and 0.25% (v/v) dimethyl sulfoxide (DMSO)). Forma-
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tion of acetophenone upon enzyme addition (10–50 µL of purified Sbv333-TA, 70–350 µg)
was followed at 245 nm (ε245 = 12 mM−1 cm−1) on a Jasco V-530 UV/VIS spectrophotometer.
One unit of activity is defined as the enzyme activity that produces 1 µmol of acetophenone
per minute under the assay conditions described above. Sbv286-LAC activity was de-
tected spectrophometrically at 420 nm using ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) or syringaldazine at 530 nm as substrates (ε420 = 36.0 mM−1cm−1 ,
ε530 = 65.0 mM−1cm−1 respectively). The assay was performed in acrylic cuvettes (total
volume 1 mL) in 20 mM Na-acetate buffer pH 4.0 0.2 mM CuSO4, containing 1 mM ABTS or
20 mM Tris-HCl buffer pH 8.5 0.2 mM CuSO4 containing 20 µM syringaldazine and adding
10–20 µL (28–56 µg) of purified Sbv286-LAC. One unit of enzymatic activity was defined
as the amount of enzyme that oxidizes 1 mmol of ABTS or 1 mmol of syringaldazine per
minute under the described assay conditions.

The optimum pH of Sbv333-TA was determined within a pH range of 7.0 to 9.5 in
20 mM potassium phosphate buffer (pH 7.0–9.0) or 20 mM Tris-HCl (pH 9.5) at 30 ◦C, while
temperature optimum was determined by heating the assay solutions (20 mM potassium
phosphate buffer pH 9.0) in cuvettes in a water bath in the range of 30–90 ◦C for 15 min
before adding the purified enzyme (10–50 µL of purified Sbv333-TA, 70–350 µg). The
thermal stability of Sbv333-TA was evaluated by incubating enzyme samples for 3 h at
temperatures ranging from 30 to 90 ◦C and then measuring spectrophotometrically the
residual activity following the formation of acetophenone. Experiments were done in
duplicate on two independent occasions.

The influence of pH on Sbv286-LAC activity was determined within a pH range of
3.0 to 10.0 using 20 mM acetate buffer (pH 3.0–5.0), 20 mM potassium phosphate buffer
(pH 6.0–7.0), 20 mM Tris-HCl (pH 8.0–9.0), respectively. Sbv286-LAC temperature optimum
was determined by heating the assay solutions in cuvettes in a water bath in the range
of 20–80 ◦C for 15 minutes before adding the purified enzyme. The thermal stability of
purified laccase was assessed by measuring the residual activity after incubation of purified
Sbv286-LAC solution at 60 ◦C and 80 ◦C. Enzymes samples were taken at 30, 60, 90 and
120 min, quickly cooled on ice and activity was determined by the ABTS assay described
above in 20 mM acetate buffer, pH 4.0. Solvent stability of Sbv286-LAC was assessed in 10%
(v/v) dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), methanol and acetonitrile
by measuring residual enzyme activity using ABTS assay after incubation in solvents at
room temperature for 5, 15 and 30 min. Experiments were done at least in duplicate.

The enantioselectivity of Sbv333-TA was evaluated by performing the acetophenone
assay in the presence of (R)-α-methylbenzylamine as substrate under the same conditions
described for (S)-MBA. The formation of propiophenone and butyrophenone was deter-
mined under the same conditions at 242 nm using either (S)- or (R)-ethylbenzylamine
and (S)- or (R)-phenylbutylamine, respectively, as substrates. Sbv333-TA amino acceptor
spectrum was evaluated at 30 ◦C in 0.5 mL reaction mixture containing 0.1 M KP buffer,
pH 9.0, 10 mM (S)-MBA, 10 mM acceptor, 1 mM PLP, and 0.5 mg of purified enzyme.
Conversions of (S)-MBA (after derivatization) into acetophenone were evaluated after 24 h
by GC-MS analysis as described in the analytical methods section.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080919/s1, Figure S1: SDS-PAGE E. coli Rosetta expressing aminotransferase from
pETite_BV333 TA. 1) before the induction 2) after the induction with IPTG 3) cell lysate 4) purified
enzyme M) Marker – SDS-PAGE Standard Broad Range (Bio-Rad, USA), Figure S2: SDS-PAGE gel
of purified laccase Sbv286-LAC. 1) before the induction 2) after the induction with IPTG 3) purified
enzyme M) Marker – SDS-PAGE Standard Broad Range (Bio-Rad, USA), Figure S3: Sbv333-TA melting
curve obtained by circular dichroism spectroscopic analysis at 210 nm Table S1: Bioinformatics tools
used to perform phylogenetic classification, Table S2: GenBank accession number of query sequences
used in the bioinformatics search for novel ATA. Entry 1-11: (S)-selective ATA, Entry 12–18: (R)-
selective ATA, Table S3: GenBank accession number of query sequences used in the bioinformatics
search for novel laccases, Table S4: Bacterial strains and plasmids used in this study, Table S5:
Sequencing statistics, Table S6: Oligonucleotide primers used in this study.
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Abstract: Silicatein-α (Silα), a hydrolytic enzyme derived from siliceous marine sponges, is one of the
few enzymes in nature capable of catalysing the metathesis of silicon–oxygen bonds. It is therefore
of interest as a possible biocatalyst for the synthesis of organosiloxanes. To further investigate the
substrate scope of this enzyme, a series of condensation reactions with a variety of phenols and
aliphatic alcohols were carried out. In general, it was observed that Silα demonstrated a preference
for phenols, though the conversions were relatively modest in most cases. In the two pairs of chiral
alcohols that were investigated, it was found that the enzyme displayed a preference for the silylation
of the S-enantiomers. Additionally, the enzyme’s tolerance to a range of solvents was tested. Silα
had the highest level of substrate conversion in the nonpolar solvents n-octane and toluene, although
the inclusion of up to 20% of 1,4-dioxane was tolerated. These results suggest that Silα is a potential
candidate for directed evolution toward future application as a robust and selective biocatalyst for
organosiloxane chemistry.

Keywords: silicatein; condensation; silyl ether; organosiloxanes; biocatalysis

1. Introduction

During the multi-step chemical synthesis of complex molecules, silyl ethers are often
employed for the protection of hydroxyl groups [1–7], where their utility arises from
orthogonality to other commonly used acid- and base-labile protecting groups. Typically,
the introduction of these silyl groups involves the use of an electrophilic silylating reagent
such as a silyl chloride (i.e., chlorosilane) or triflate, the latter of which is itself produced
from the corresponding silyl chloride [8]. The trimethylsilylation of alcohols has also
been demonstrated with N,O-bis-silyl trifluoroacetamide [9], N,N′-bis-silyl urea [10] and
hexamethydisilazane [11]. It has also been known for many years that the silylation
of alcohols can be affected by hydrosilanes (silyl hydrides), with the dehydrogenative
condensation catalysed by transition metals or strong Lewis acids [12–14]. Alternatively,
silylation can also be affected by activation of the silanol to attack by an alcohol (or phenol)
under Mitsunobu conditions [15].

However, in all cases, the necessary reagents are energy intensive to produce, and their
use results in the generation of stoichiometric amounts of by-products that are hazardous or
environmentally undesirable (e.g., triflic acid, hydrogen chloride, hydrogen). In this regard,
the capability of silylate hydroxy groups through the condensation of the corresponding
silanol and alcohol would circumvent the need for harsh reagents and only release water
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as the by-product. However, only one example of this dehydrative condensation has
been reported, catalysed by rare-earth Lewis acids such as Yb(OTf)3 and Sc(OTf)3 [16]. It
would therefore be preferable to identify a reaction pathway that better conforms to the
principles of green chemistry—in particular, the harnessing of biological catalysts that can
be sustainably sourced and avoid any requirement for rare metals [17].

Silicatein-α (Silα), an enzyme responsible for the condensation of inorganic Si–O bonds
in marine demosponges [18,19], has also previously been shown to catalyse the condensa-
tion of a variety of organosilanols with aliphatic alcohols to produce the corresponding
silyl ether [20]. This enzyme is monomeric and does not require any co-factors for activity,
so may offer a relatively benign alternative biocatalytic approach for silylation. However,
the general substrate scope of this enzyme is currently not well established and requires
further investigation before synthetically useful methods can be subsequently developed.

In this study, the substrate scope from the perspective of the alcohol component
was investigated by surveying the enzyme’s ability to form triethylsilyl ethers with a
range of phenols and aliphatic alcohols. In addition, Silα’s tolerance for a variety of polar
and nonpolar solvents was tested to examine the optimum reaction conditions for Silα
in organic media. In the original report of Silα-catalysed condensations, a preference
for phenolic hydroxy groups was found [20]. However, more recent studies found that
the hexahistidine affinity tag used for isolation of the enzyme was also contributing to
nonspecific catalysis [21]. Thus, in order to more accurately determine the substrate scope
and catalysis mediated by the enzyme active site itself, in this study we used an enzyme
construct consisting of the ribosomal chaperone protein trigger factor fused to the N-
terminus and a Strep II tag fused to the C-terminus (henceforth referred to as TF-Silα-Strep).

2. Results and Discussion
2.1. Triethylsilylation of Phenols

The triethylsilylation of various substituted phenols was first examined to investigate
the effect of the substituents on the enzyme-catalysed reaction. Chloro, methyl and methoxy
substituents were chosen to represent electron-donating and -withdrawing groups, and all
three positions (ortho, meta and para) were investigated. The condensation reactions were
carried out using the procedure previously reported in [20], whereby the enzyme was used
in the form of a lyophilised solid (in a matrix of potassium salts and 18-crown-6) in organic
solvent at 75 ◦C (Scheme 1). The product conversions were measured after 72 h by GC-MS.
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resulted in enhanced conversions, though some were deemed not to be statistically signif-
icant (Figure 1). Unsubstituted phenol was well accepted by the enzyme, giving a gross 
conversion of 88% after 72 h and a net conversion of 61% after subtraction of the percent-
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Scheme 1. General reaction scheme for the condensation of the alcohol with triethylsilanol (TES-OH)
to form the corresponding silyl ether. R: aliphatic or substituted phenyl groups.

For all phenols tested, some degree of product formation was observed, even in
control reactions where the enzyme was omitted. However, in all cases, the inclusion of
Silα resulted in enhanced conversions, though some were deemed not to be statistically
significant (Figure 1). Unsubstituted phenol was well accepted by the enzyme, giving a
gross conversion of 88% after 72 h and a net conversion of 61% after subtraction of the
percentage conversion from the nonenzymatic reaction (Table S1 in the Supplementary
Information). High net conversions were also observed with p-methoxyphenol at 62%
(75% gross). This result equated to a nearly 6-fold higher conversion for the enzyme-
catalysed reaction vs. the nonenzymatic reaction (i.e., 75% vs. 13%). o-Methoxyphenol was
the least reactive substrate under these conditions, giving gross and net conversions of 15%
and 11%, respectively. Even so, this result still represented a 3.7-fold increase in conversion,
which is attributable to the enzyme because the control reaction gave very little conversion.
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In all cases, the remaining material was the unconverted alcohol, silanol and the disiloxane
self-condensation product.
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Figure 1. Graph of percentage conversions of phenols to the corresponding silyl ethers after 72 h.
The error bars indicate standard deviations. A one-tailed Student’s t-test assuming unequal variance
was performed, comparing each enzyme to its control. Comparisons resulting in a p < 0.05 were
deemed to be significant and are marked with *.

In comparing the ortho-substituted substrates, 3.7- and 1.8-fold enhancements in the
conversion were observed for the methoxy- and chlorophenols, respectively. There was
no significant difference in conversion for o-methylphenol compared to its control. Since
the methoxy-bearing substrate is the most sterically demanding (i.e., volume occupied as
quantified by their ligand repulsive energies [22]), its preference could be due to favourable
electronic interactions with the enzyme such as hydrogen bonding or dipole–dipole in-
teractions. Similar interactions could also be responsible for the enhancement observed
with o-chlorophenol.

The phenols with the meta-substituents all exhibited enzymatic enhancements to
their conversion that were statistically significant, but no trends could be identified. The
greatest degree of enzymatic enhancement was found with m-methylphenol with a 3.2-fold
improvement over the control, though the net percentage conversion was low at just 19%.
The methoxy- and chloro-substituted phenols gave higher absolute conversions, but lower
levels of enzymatic enhancement at 1.9- and 1.7-fold respectively, since the control reactions
gave relatively high conversions even in the absence of the enzyme.

Of the three para-substituted phenols, only p-methoxyphenol showed a statistically
significant conversion enhancement. Indeed, the enzyme gave the highest conversion
improvement amongst all the tested phenols (Figure 1). Since this substrate presents the
bulkiest group of the three para-substituted phenols, it is unlikely that this preference is
due to steric factors and suggests that the molecule is forming specific interactions that are
favourable to either binding or catalysis.

From the perspective of the type of substituent (Figure S1 and Table S1 in Supplemen-
tary Information), the chlorophenols generally gave higher conversions for both enzyme-
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catalysed and uncatalysed reactions, and thus the lowest fold improvements (<1.8 in all
cases). Conversely, the methoxyphenols gave low conversions in the control reactions, but
were the most improved by the addition of the enzyme with fold increases ranging from
1.9 to 5.8. The cresols (methylphenols) showed a mixed picture in terms of fold increase
and exhibited generally low gross and net conversions.

Overall, no clear trends could be identified either in terms of the type or position of the
substituent. An analysis of gross and net conversions as well as fold increase also showed
no clear trends with respect to substrate pKa or Hammett substituent constants [23]. Thus,
the results must arise from a complex interplay of stereoelectronic interactions in the active
site of the enzyme. However, as the crystallographic structure of the active enzyme is
currently unknown, it is not possible to infer specific interactions.

2.2. Triethylsilylation of Aliphatic Alcohols

The condensation of a range of alcohols was then investigated under identical reaction
conditions to the phenols. Initially, 1-octanol was tested but gave no conversion above the
control reaction even after 192 h (Figure 2, Table S1 in Supplementary Information). This
result contrasts with the results from the same protein bearing a hexahistidine affinity tag
that gave a net conversion of 86% after just 72 h [20], but is consistent with the observations
from a more recent report showing that the exchange of this tag for a streptavidin affinity
tag resulted in diminished activity [21]. Similar results are reported with E-3-penten-2-ol,
with essentially no activity above baseline.
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selection of solvents in an attempt to address this shortcoming. Several polar solvents 
were chosen (ethyl acetate, tetrahydrofuran, 1,4-dioxane and diisopropyl ether) and tolu-
ene was used as a model aromatic solvent. m-Methoxyphenol was chosen as the substrate, 
as the above results showed a moderate conversion, allowing for leeway to demonstrate 
both increases and decreases in conversion. As before, the reactions were carried out using 
lyophilised enzyme at 75 °C and analysed by GC-MS after 72 h. In line with earlier results, 
some silyl ether product was formed in all cases, even when the enzyme was omitted 
(Figure 3, Table S2 in Supplementary Information). Increased conversions above that of 
the control reactions were observed with the nonpolar solvents n-octane and toluene, with 
both giving similar net and gross conversions. In contrast, no net conversion was observed 
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To gain further insight, an analysis was performed to correlate net conversion with 
solvent polarity. For this purpose, the solvent polarity was quantified using empirical 
“normalised electronic transition energies” (𝐸ே்) as described by Reichardt [24,25]. This 
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and adjusted to a range between 0.0 (for tetramethylsilane) and 1.0 (water). Notably, this 

Figure 2. Graph of percentage conversions of alcohols to the corresponding silyl ethers after 72 h.
The error bars indicate standard deviations. A one-tailed Student’s t-test assuming unequal variance
was performed, comparing each enzyme to its control. Comparisons resulting in a p < 0.05 were
deemed to be significant and are marked with *. The † indicates data for the hexahistidine-tagged
enzyme taken from [20]. The # indicates a reaction time of 192 h. The structures of the alcohols are
also shown inset.
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Two pairs of chiral alcohols, 2-octanol and 1-phenylethanol, were also investigated in
this survey to assess any potential enantioselectivity displayed by the enzyme. Notably,
despite the lack of significant conversions with 1-octanol or (racemic) 3-penten-2-ol, both
enantiomers of 2-octanol did result in significant conversions above that of the control
reactions. These conversions were extremely low at 0.8% for the R-enantiomers and 1.9%
for the S-enantiomers (net), but were statistically significant. Furthermore, these values
represented 6.3- and 38.8-fold increases in conversion compared to the controls. This
result demonstrates that the enzyme preferentially catalysed the condensation of the S-
enantiomer. For the phenylethanols, slightly higher gross conversions of 2.2% and 3.2%
(net) were respectively observed for the R- and S-enantiomers. However, the 25.5- and
20-fold increases compared to the control indicated a lower level of enantioselectivity.

From these results, only very general trends regarding the reactivity could be drawn.
The aliphatic alcohols were overall less reactive than the phenols in both enzymatic and
control reactions, which may be related to their Brønsted acidity. No clear insights were
gained when comparing the individual aliphatic alcohols. Indeed, the results superficially
appear to be contradictory. Large hydrophobic alkyl chains such as those presented by the
2-octanols were accepted (albeit with low conversion), but 1-octanol was not. Likewise,
both 1-phenylethanols were accepted, but rac-E-3-penten-2-ol was not. Substrates contain-
ing an aromatic ring appeared to have higher conversions (the phenols and phenylethanols),
which suggests preferential binding with the enzyme binding site. This observation ap-
pears consistent with earlier computational modelling that indicated a possible cation–π
interaction between the ring and a nearby arginine residue [20]. Conversely, the very low
level of activity of Silα with the aliphatic substrates could simply be due to the lack of any
attractive interactions with these otherwise largely unfunctionalized molecules.

2.3. Screening of Reaction Media

The current procedure for silyl ether condensation with Silα is based on previous
work that utilises octane as the reaction medium [20]. However, this solvent greatly limits
the range of substrates that can be applied, due to their low solubility. Thus, we tested a
selection of solvents in an attempt to address this shortcoming. Several polar solvents were
chosen (ethyl acetate, tetrahydrofuran, 1,4-dioxane and diisopropyl ether) and toluene was
used as a model aromatic solvent. m-Methoxyphenol was chosen as the substrate, as the
above results showed a moderate conversion, allowing for leeway to demonstrate both
increases and decreases in conversion. As before, the reactions were carried out using
lyophilised enzyme at 75 ◦C and analysed by GC-MS after 72 h. In line with earlier results,
some silyl ether product was formed in all cases, even when the enzyme was omitted
(Figure 3, Table S2 in Supplementary Information). Increased conversions above that of
the control reactions were observed with the nonpolar solvents n-octane and toluene, with
both giving similar net and gross conversions. In contrast, no net conversion was observed
in any of the polar solvents.

To gain further insight, an analysis was performed to correlate net conversion with
solvent polarity. For this purpose, the solvent polarity was quantified using empirical
“normalised electronic transition energies” (EN

T ) as described by Reichardt [24,25]. This
measure is based on the energy of the π–π* transition of a solvatochromic dye in a solvent
and adjusted to a range between 0.0 (for tetramethylsilane) and 1.0 (water). Notably,
this analysis showed that the silanol condensations were sharply demarcated, whereby
solvents with EN

T > 0.1 gave essentially no conversions over the control experiments
(Figure 3, Table S2 in Supplementary Information).
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Figure 3. Graph showing percentage conversions of m-methoxyphenol and triethylsilanol conden-
sations in a range of solvents after 72 h. A one-tailed Student’s t-test assuming unequal variance
was performed, comparing each enzyme to its control. Comparisons resulting in a p < 0.05 were
deemed to be significant and are marked with *. The normalised electronic transition energies for the
corresponding solvents are shown inset.

It has long been known that when using lyophilised enzymes in organic solvents,
nonpolar solvents generally give a higher level of activity because the more polar (or hy-
drophilic) solvents remove the essential aqueous monolayer that surrounds the lyophilised
enzyme and causes protein denaturation [26,27]. The results presented here conform to this
postulation and therefore suggest that catalysis requires a correctly folded (not denatured)
enzyme; that is, the results are not solely due to simple acid–base catalysis afforded by the
presence of acidic or basic amino acid residues. Indeed, acid–base catalysis via a classical
SN2 mechanism would have been expected to produce higher conversions in polar aprotic
solvents, which is not the case here.

As attempts to increase the polarity of the reaction media with a single solvent were
unsatisfactory, mixtures containing increasing proportions of 1,4-dioxane in n-octane were
assessed. 1,4-Dioxane was selected due to its lower polarity (and is therefore less likely to
remove the aqueous monolayer) and boiling point (101 ◦C) that more closely matches that
of n-octane. In general, the net conversion fell with increasing proportions of polar solvent
(Figure 4, Table S3 in Supplementary Information). Reactions with 30% 1,4-dioxane gave no
statistically significant difference between the enzyme and control conversions, presumably
due to the removal of structural water crucial to enzyme function, as mentioned above.
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As a final control experiment, the enzymatic condensation of the m-methoxyphenol in
neat n-octane was carried out using a sample of enzyme that was denatured by heating
prior to lyophilisation, to confirm that the enzymatic condensation was indeed the result of
specific catalysis and not simply the presence of the polypeptide chain. It was found that
the heat-denatured enzyme gave a conversion that was no better than the negative control
where no enzyme was added (Figure 4).

3. Materials and Methods
3.1. Materials and Equipment

All solvents and reagents were purchased from either Sigma-Aldrich (now Merck),
VWR or Fisher Scientific. All solvents used were supplied as anhydrous, except n-octane
and isopropyl ether, and used without further purification. Authentic samples of all
product silyl ethers were prepared by conventional synthetic silylation of the corresponding
alcohol or phenol with chlorotriethylsilane under basic conditions [8] (see Supplementary
Information), and were used as standards for the GC-MS analysis. The enzyme was
heterologously produced in E. coli as previously described [21].

The condensation reactions were carried out in crimp-sealable 8 mm vials (Chromacol
C4008-741) that were heated and shaken on an Eppendorf Thermomixer 5350. GC-MS anal-
yses were carried out using an Agilent 5975 Series MSD with the experimental parameters
stated below (Table 1).
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Table 1. Summary of GC-MS experimental parameters.

Parameter Setting

Instrument Agilent 5975 Series MSD
Carrier Gas 9.9995% ultra-high-purity helium

GC Inlet, Split 240 ◦C, split flow 100 mL min−1, split ratio 50
MS Ionisation Electron ionisation

GC Temperature Program 50 ◦C (2 min)→240 ◦C (8.5 min) at 30 ◦C min−1,
10.7 min total run time

GC Column VF-5ht
Volume Injected 1 µL

3.2. Preparation of Lyophilised Enzyme and Matrix

The purified enzyme was buffer exchanged into the lyophilising buffer (100 mM
KH2PO4, 100 mM K2HPO4, 20 mM KCl, pH 7) via PD-10 gravity-fed desalting columns
in 2.5 mL batches (with multiple columns used in series for large batches). The protein
concentration was adjusted to 5 mg mL−1 and 18-crown-6 was added to a 0.04 mM
concentration in the final solution. Aliquots of 100 µL of the enzyme solution were placed
in the glass vials, flash frozen by plunging them into liquid nitrogen, and then lyophilised.
For the negative control where the enzyme was omitted, 100 µL aliquots containing only
lyophilising buffer with 18-crown-6 were flash frozen and lyophilised. For the control
experiment using heat-denatured enzyme, the 100 µL aliquots in the glass vials were heated
at 95 ◦C for 30 min and allowed to cool to ambient temperature before being flash frozen
and lyophilised.

3.3. Enzymatic Condensation Reactions

A stock solution was first prepared by mixing the desired alcohol (1.26 mmol, 420 mM)
and triethylsilanol (6.33 mmol) in the desired solvent (3 mL). 100 µL of this mixture was
added into each vial containing the lyophilised enzyme (see above) and the vial crimp
sealed. Reaction vessels were then heated at 75 ◦C while shaking at 650 rpm. At the desired
time point, hexane (1 mL) was added, and the mixture centrifuged (17,000× g, 10 min)
to separate the solid matter. 1 mL of the supernatant was transferred to a clean vial and
subjected to GCMS analysis. Each reaction was performed in triplicate, and error bars
presented in the figures refer to the standard deviation of these three independent data
point measurements. For quantification of conversion rates, the GC-MS was first calibrated
(Figures S2–S13 in Supplementary Information) using the synthetically prepared standards.

4. Conclusions

In summary, a survey into the reactivity of TF-Silα-Strep with a selection of aromatic
and aliphatic alcohols has been conducted. In general, these enzymatic silyl condensations
show a preference for aromatic alcohols (i.e., phenols) over aliphatic alcohols, as evidenced
by much higher net conversions. However, greater improvements in conversions were
achieved with the chiral aliphatic alcohols, as quantified by the fold increase, since the
uncatalysed reactions with these alcohols showed proportionally much lower levels of
product formation. In addition, Silα has a preference for the S enantiomers of the sub-
strates tested, albeit with only low levels of conversion. A subsequent survey of solvents
for this reaction showed that condensation could be effected only in nonpolar solvents
(EN

T > 0.1), though the addition of a small amount of polar solvent (up to 20% 1,4-dioxane)
was tolerated.

As the main aim of this study was to investigate the substrate scope of Silα, these
results are not currently synthetically useful except perhaps in a few cases (e.g., phenol,
p-methoxyphenol). Nevertheless, this intrinsic activity offers a good starting point for
directed evolution [28] into expanding the substrate scope of Silα. These results thus lay
the foundation for future exploitation of Silα’s chemo- and enantioselectivity toward a
“silyl etherase” for practical biocatalysis. Additional work in this direction would benefit
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from screening a wider variety of aromatic hydroxyl groups, competition experiments
with two alcohols and further elucidation of Silα’s enantioselective capabilities through
screening racemic alcohol mixtures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11080879/s1, Figure S1: Graph of percentage conversions of phenols to the corresponding
silyl ethers after 72 h. Table S1: Percentage conversion, net enzymatic conversion and conversion
enhancement for the condensation of aromatic alcohols and triethylsilanol after 72 h. Table S2: Per-
centage conversion, net enzymatic conversion and conversion enhancement for the condensation of
m-methoxyphenol and triethylsilanol in various solvents after 72 h. Table S3: Percentage conversion,
net enzymatic conversion and conversion enhancement for the condensation of m-methoxyphenol
and triethylsilanol in various mixtures of 1,4-dioxane and n-octane. Figures S2–S13: Calibration
graphs of area under the peak corresponding to silyl ethers in the GC-MS trace against concentration,
compound characterisation data for the authentic silyl ether products.
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Abstract: Reactions involving the transfer of phosphorus-containing groups are of key importance
for maintaining life, from biological cells, tissues and organs to plants, animals, humans, ecosystems
and the whole planet earth. The sustainable utilization of the nonrenewable element phosphorus is of
key importance for a balanced phosphorus cycle. Significant advances have been achieved in highly
selective and efficient biocatalytic phosphorylation reactions, fundamental and applied aspects of
phosphorylation biocatalysts, novel phosphorylation biocatalysts, discovery methodologies and tools,
analytical and synthetic applications, useful phosphoryl donors and systems for their regeneration,
reaction engineering, product recovery and purification. Biocatalytic phosphorylation reactions with
complete conversion therefore provide an excellent reaction platform for valuable analytical and
synthetic applications.

Keywords: phosphorus chemistry; enzymatic phosphorylation; phosphorylation biocatalysts;
biocatalysis; phosphoryl donor

1. Introduction

From the discovery of the element phosphorus and its chemistry to the current status
of knowledge, many light as well as dark aspects have been emerging, connected to value
and waste, to health and disease and to life and death. The element phosphorus is of
central importance for all living organisms as well as for various human activities, from
mining to agriculture, industry, science, the environment and society. Therefore, adequate
attention must be paid to the global phosphorus cycle, which involves biochemical as
well as geochemical reactions and pathways [1]. The resource-efficient use and recycling
of phosphorus is essential at different scales on our planet as the biochemical flow of
phosphorus has been identified as a planetary boundary at high risk [2]. As the phosphorus
cycle is perturbed by human activities such as the increased utilization of phosphorus
mineral resources and increasing abundance of phosphate in aqueous environments, work
on closing the phosphorus loop by phosphorus recovery and recycling is important [3].
As phosphoric acid is produced as a key industrial intermediate for phosphate fertilizers
on a very large scale by a sulfuric acid treatment of phosphate rock raw materials in a
wet process, phosphoric acid is also of much interest for replacing white phosphorus as a
precursor in manufacturing phosphorus-containing nonfertilizer chemicals [4]. Thereby,
the amount of phosphogypsum waste generated in the wet process is four times larger than
the phosphorus fertilizer and also contains toxic metals and radionuclides, which limit
the resource efficiency and sustainability of this phosphorus value chain [5]. It is however
not only at the global scale but also at the regional and local scale where a sustainable
utilization of the nonrenewable element phosphorus is of key importance for a balanced
phosphorus cycle, for example for the life and death of biological organisms in nature, for
the maintenance of a resilient agriculture and for minimizing environmental pollution.

The long-standing scientific interest in many fundamental aspects of reactions in-
volving the transfer of phosphorus-containing groups is therefore of key importance in
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obtaining new knowledge about reactions in phosphorus chemistry and their mechanisms,
thermodynamics and kinetics. The unique kinetic and thermodynamic characteristics of
phosphorus-containing molecules and ionized phosphate groups are of much interest in
prebiotic phosphorylation [6], in the highly important role of phosphorus for the biosphere,
life and nature on planet earth [7–9], as well as for present and future resource-efficient and
sustainable phosphorylation reactions [10]. Spontaneous sugar phosphorylation has been
discovered to occur in microdroplets at ambient pressure and temperature, and the ∆G
of the phosphorylation reaction in microdroplets has been demonstrated to be negative
and much lower than for the reaction in a bulk solution, thus making the phosphorylation
reaction more favorable in microdroplets than in bulk solutions [11].

The thermodynamic challenge of a positive Gibbs free energy change (∆G) for phos-
phorylation in bulk solutions can be overcome by different approaches depending on the
type of phosphorylation reaction. The two main chemical approaches in stoichiometric
phosphorylations, for example the conversion of alcohols to phosphate monoesters, require
three reaction steps, including an oxidation step and protecting group removal when using
trivalent P(III) or two reaction steps including a hydrolysis step when pentavalent P(V) is
involved. The direct esterification of alcohols under mild conditions has been pioneered
by Cramer using an activated phosphoric acid [12,13]. In the condensation of phosphoric
acid with alcohols, the reaction can be favorably shifted towards the product by removing
the water formed in the esterification azeotropically from the reaction [14]. The mixed
anhydride acetyl phosphate, which was prepared by the activation of phosphoric acid by
acetic anhydride, used a high energy phosphoryl donor in the monophosphorylation of
alcohols [15]. Good isolated yields have been obtained by the use of tetrabutylammonium
dihydrogenphosphate as a phosphate donor and trichloroacetonitrile as an esterification
agent [16]. The need for robust and selective one-step phosphorylation reactions, which
are sustainable, protecting-group free and versatile, has made the development of highly
selective and efficient catalytic phosphorylation reactions an important goal. In the case
of the direct phosphorylation of alcohols catalyzed by tetrabutylammonium hydrogensul-
fate, a favorable Gibbs free energy change can be achieved by the use of the high-energy
phosphoryl donor potassium phosphoenolpyruvate [17].

Due to the importance of highly selective and efficient catalytic phosphorylation reac-
tions in the biosphere, phosphorylation biocatalysts, phosphoryl donors and biocatalytic
systems are omnipresent in nature. Biocatalytic phosphorylations have therefore been of
much interest for both in vitro applications such as biocatalytic syntheses as well for in vivo
biotransformations, for example, biocatalytic prodrug activation to biologically active phar-
maceuticals in the human body or biocatalytic antibiotic deactivation in drug-resistant
microbes by the phosphorylation of antibiotics [10]. The discovery and characterization of
phosphoryl-group transferring enzymes from nature (see Figure 1 for a schematic represen-
tation of key classes of phosphorylation biocatalysts and the involved reactions) continues
therefore to be of much interest. In addition, computational and experimental enzyme en-
gineering methodologies and tools have enabled the development of novel biocatalysts for
specific reaction conditions, for catalyzing the phosphorylation of non-natural substrates,
or for new-to-nature reactions.

The main goal of this review is to highlight the current state of the art and advances in
highly selective biocatalytic phosphorylation reactions, fundamental and applied aspects of
phosphorylation biocatalysts, novel phosphorylation biocatalysts, discovery methodologies
and tools, analytical as well as synthetic applications, useful phosphoryl donors and
systems for their regeneration, reaction engineering, product recovery and purification.
The significant advances in all these areas towards improving the resource-efficiency of the
overall bioprocess have made selective and efficient biocatalytic phosphorylation reactions
an excellent reaction platform for valuable industrial applications.
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2. Structures, Functions and Mechanisms of Phosphorylation Biocatalysts

The rational knowledge organization for a growing number of phosphorylation bio-
catalysts benefits from the unique classification of an enzymes according to its functions of
catalyzing reactions from substrates to products, which was introduced more than 60 years
ago and which is continuously developed further by the Enzyme Commission [18]. The
description of enzymes by standardized nomenclature, classification and the four-digit
Enzyme Commission number (EC number), which is well established for identifying an
enzyme according to the reaction or transport catalyzed, is also very valuable for connecting
information on phosphorylation biocatalysts, such as structures, functions and mechanisms.

Molecular information on phosphorylation biocatalysts can benefit greatly from re-
sources accumulating structural data at a fast pace from sequencing work, from the first
gene sequence to the present wealth of relevant sequences, from hypothetical or unre-
viewed annotations to well-characterized and experimentally validated genes. More than
2 billion nucleotide sequences [19] in the genetic sequence database GenBank in June 2022
and sequence data in the Universal Protein Resource Knowledgebase UniProtKB provide
comprehensive sequence data of proteins [20], including phosphorylation biocatalysts.
The UniProtKB Release 2022_02 contains in UniProtKB/TrEMBL more than 231 million
entries, which are however largely predicted, automatically annotated and unreviewed,
while 567,483 protein sequences have been manually annotated and reviewed in UniPro-
tKB/SwissProt [20]. An impressive growth of nearly 10% per year can also be observed
in the number of experimentally determined three-dimensional protein structures, from
the first reported structure to the current number in the Protein Data Bank (PDB) [21]. The
breakthrough of the artificial intelligence (AI) system Alphafold developed by Deepmind
to predict protein structures with high accuracy [22,23] and the release of over 200 million
protein structure predictions recently by the partnership of Deepmind with EMBL-EBI in
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AlphaFold Protein Structure Database provide great opportunities for accelerating research
on phosphorylation biocatalysts.

In addition to the information resources on the sequences and structures of phospho-
rylation biocatalysts, easy access to the current status of knowledge about their functional
properties, such as activities and kinetic parameters, substrate scope or stabilities, as well
as other information about their biological context and occurrence in nature is of major
importance. By focusing for 35 years on the continuous and ongoing extraction of data on
classified enzymes from the literature, the Braunschweig Enzyme Database (BRENDA) has
become the most comprehensive and globally utilized information resource on enzymes,
which also enables fast access to existing knowledge about classified phosphorylation
biocatalysts [24], which has been extracted retrospectively from publications. With the
growing number of publications on enzymes and as the functional descriptions of biocat-
alysts in publications may vary, guidelines on standardizing how biocatalytic reactions
should be reported [25] facilitate the exchange of enzyme function data. The Standards
for Reporting Enzymology Data (STRENDA) database, which has been launched as an
enzyme function database [26] incorporating the STRENDA guidelines, enables authors
to check the completeness and validity of enzymology datasets before submission to a
journal and supports the quality of the whole workflow from discovery to publication and
information retrieval. The elucidation of relationships between the structure and function
of phosphorylation biocatalysts is not only of fundamental interest but also highly valuable
for the discovery and development of novel phosphorylation biocatalysts with desired
function and performance.

2.1. Structures of Phosphorylation Biocatalysts

Biocatalysts which catalyze phosphoryl group transfer reactions are mainly classified
in the class of transferases, which have an Enzyme Commission (EC) four-digit number
starting with two, but there are also various phosphorylation biocatalysts from the hydro-
lases of EC class 3 and the isomerases from EC class 5. Therefore, phosphotransferases and
phosphorylases of EC class 1, phosphohydrolases of EC class 3 and phosphomutases of
EC class 5 form the scope of this review. Beyond the scope of this review are biocatalysts
which, in addition to phosphorylation, catalyze other reactions, such as D-glyceraldehyde
3-phosphate dehydrogenase from the oxidoreductases of EC class 1 catalyzing the oxidative
phosphorylation of D-glyceraldehyde 3-phosphate to D-1,3-diphosphosphate glycerate,
or carbamoyl phosphate synthases, which utilize ammonia or hydrolyze L-glutamine,
from the ligases of EC class 6 catalyzing carbon–nitrogen bond formation in addition
to phosphorylation.

2.1.1. Phosphotransferase Structures

The largest number of phosphorylation biocatalyst structures has been reported for
phosphotransferases in EC class 2.7, with 36,705 reviewed protein sequences listed under
EC class 2.7 in UniProtKB/SwissProt and 5,559,483 unreviewed protein sequences listed
under EC class 2.7 in UniProtKB/TrEMBL [20]. The growing number of phosphotrans-
ferase/kinases has been classified according to sequences and different criteria such as
structural folds, catalyzed reaction types, evolutionary relationships or biological organisms
into protein families, which have also been assembled into fold groups according to similar
structural folds [27–30]. A total of 213,201 experimentally determined three-dimensional
structures of phosphotransferases, among which 1401 structures were obtained with a reso-
lution of 1.5 A or better, have been deposited in PDB [21]. The first three-dimensional kinase
structures, which were obtained more than 4 decades ago by x-ray diffraction, involved
the metabolic enzymes hexokinase B from Saccharomyces cerevisiae [31], pyruvate kinase
from cat muscle [32] and phosphoglycerate kinase from Saccharomyces cerevisiae [33]. In the
meantime, the number of kinase structures with small molecules as substrates has been
continuously growing, for example, for carbohydrate kinases, lipid kinases, nucleoside
kinases, nucleoside monophosphate and nucleoside diphosphate kinases, hydroxyacid
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kinases and amino acid kinases [21]. More than 17,000 kinase sequences were classified
based on the similarity of their sequences into 30 families, whereby 98% of all the sequences
are represented by 19 families and fall into seven general structural folds [27]. These fold
groups with known three-dimensional structure include the Rossmann fold, ferredoxin fold,
ribonuclease H fold and TIM β/α-barrel, which are some of the most widespread folds [27].
Numerous structures of human and viral nucleoside kinases, nucleoside monophosphate
kinases and nucleoside diphosphate kinases have been determined and are highly relevant
for the activation cascade of nucleoside analogs to their active triphosphate forms at high
concentrations and at the desired site [34]. Structures determined in different environments
may differ, as described for example for the small integral membrane protein diacylglycerol
kinase DgkA, which catalyzes the ATP-dependent phosphorylation of diacylglycerol to
phosphatidic acid, where the domain swapping observed by NMR in the solution struc-
ture [35] was not observed by X-ray in the crystal structure [36] or by magic angle spinning
solid-state NMR in phospholipid bilayers [37]. The analysis of protein kinase structures
continues to attract major interest since the first report, describing the structure of a cat-
alytic subunit of a protein kinase depending on cyclic adenosine monophosphate (cAMP),
more than three decades ago [38], because of their fundamental importance in the post-
translation modification of proteins, signaling and drug discovery [39–41]. The discovery
of ribonucleic acid kinase ArkI and the determination of its structure opens a window into a
whole new range of kinases and is of great interest in the post-transcriptional modification
of tRNA [42].

2.1.2. Phosphohydrolase Structures

Phosphohydrolases or phosphatases in EC class 3.1, which in nature catalyze the
hydrolytic reaction direction, can also be used for catalyzing the reverse reaction of phos-
phorylation. A large number of phosphatase sequences are known and have been deposited
in UniProtKB/SwissProt and UniProt/TrEMBL: 4399 reviewed and 669,414 unreviewed
protein sequences of the phosphoric-monoester hydrolases of enzyme class EC 3.1.3, 1043 re-
viewed and 247,424 unreviewed protein sequences of the phosphoric-diester hydrolases
of enzyme class EC 3.1.4 and 34 reviewed and 7396 unreviewed protein sequences of
the diphosphoric-monoester hydrolases of enzyme class EC 3.1.7 [20]. Numerous three-
dimensional phosphatase structures have been determined experimentally and deposited
in PDB: 2639 3D structures of the phosphoric-monoester hydrolases of enzyme class EC
3.1.3, 936 3D structures of the phosphoric-diester hydrolases of enzyme class EC 3.1.4 and
16 3D structures of the diphosphoric-monoester hydrolases of enzyme class EC 3.1.7 [21].

A wealth of structural information is now available for phosphatases, and the struc-
tural classification of proteins (SCOP) database [43] now lists 13 folds, 23 superfamilies and
48 families for phosphatases, enabling new insights about the role of the protein scaffold in
the transfer of phosphoryl groups [44]. The example of the crystal structures determined
for the enzyme encoded by the gene Rv2131c from Mycobacterium tuberculosis, which was
originally assumed to be a bifunctional enzyme inositol monophosphatase/fructose-1,6-
bisphosphatase and then discovered to be a 3′-phosphoadenosine-5′-phosphatase and
showing 31% identity of its amino acid sequence with the regulator protein CysQ of
sulfate assimilation in E. coli [45], illustrates the value of paying attention to molecu-
lar details and the experimental verification of annotations [46]. The CysQ structures
have been determined in a ligand-free form; in the substrate-bound form, which contains
phosphoadenosine-phosphate and is lithium-inhibited; and the product-bound form, in
which AMP, phosphate and 3 Mg2+ ions are bound [46].

As the phosphotransferase versus phosphohydrolase balance of most phosphatases is
unfavorable for phosphorylation reactions, the identification of structural determinants
for shifting this balance towards high phosphotransferase activity and low hydrolases
activity is desirable. The structures of nonspecific acid phosphatases have attracted much
interest in order to understand the factors enabling their use in phosphorylation reactions
with inexpensive phosphoryl donors for a broad range of substrates. The structure of
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the nonspecific acid phosphatase from Escherichia blattae [47] was important for the de-
velopment of a phosphatase with enhanced phosphoryl group transfer activity over its
inherent phosphatase activity. Thereby, the discovery that in the homologous nonspecific
acid phosphatase from Morganella morganii the productivity of the 5′-phosphorylation of
inosine was increased when the value for the Michaelis–Menten constant Km for inosine
was reduced, was important for guiding the structure-based engineering of the phos-
phatase for the inosine 5′-phosphorylation [48]. The replacement of Gly74 by Aspartic acid
and Ile153 by Threonine in the wild-type enzyme of Escherichia blattae practically led to
no tertiary structure change in the G74D/I153T mutant, but it reduced the Km value for
inosine [49]. Further mutations around the binding site of inosine have resulted in the
S72F/G74D/I153T mutant enzyme, which showed Vmax to be 2.7-fold higher and Km to
be 5.4-fold lower than the wild-type enzyme [49,50]. The same phosphotransferase level
as in Morganella morganii was reached for the acid phosphatase by increasing the number
of amino acid substitutions to 11 by site-directed mutagenesis, elucidating amino acid
positions relevant for phosphotransferase activity [50].

The crystal structure of the acid phosphatase from Pseudomonas aeruginosa, containing
in the asymmetric unit 3 identical units, each consisting of 10 α-helices, showed His132
acting as the key acid−base catalyst for phosphorylation reaction [51]. The introduction
of charged residues near the active site has demonstrated an increase in the phosphoryla-
tion/hydrolysis ratio, for example with the optimal Asp135→ Arg135 mutation showing a
2.9-fold increase in the 2-phosphorylation of L-ascorbic acid [51].

2.1.3. Phosphorylase Structures

Phosphorylases in EC class 2.4, which catalyze the reversible phosphorolytic break-
down of an O- or an N-glycosidic bond using inorganic phosphate to generate a specific gly-
cosyl phosphate, are listed with 1191 reviewed protein sequences in UniProtKB/SwissProt
and with 282,371 unreviewed protein sequences in UniProtKB/TrEMBL [20]. Prominent
phosphorylase biocatalysts are the glycoside phosphorylases, which have already been
known for more than eight decades [52], and the nucleoside phosphorylases, which are
involved in the reversible phosphorolysis of purine and pyrimidine nucleosides [53]. A
total of 1319 experimentally determined three-dimensional structures of phosphorylases,
among which 57 structures have been obtained with a resolution of 1.5 A or better, have
been deposited in PDB [21].

The glycoside phosphorylases are mainly classified in the glycoside hydrolase family
(GH family) of the carbohydrate-active enzymes database (CAZy database) [54] and more
than one X-ray structure for each family of disaccharide phosphorylases, which are popular
for phosphorolysis reactions, have been determined [55].

Recently, the crystal structures of a new class of nucleoside phosphorylases were
determined, which showed a conserved dimeric Cupin fold with a high hydrophobic dimer
interface [56], while the classical two families of nucleoside phosphorylases had a different
structure. The nucleoside phosphorylase-I (NP-I) family enzymes are trimeric or hexameric
and share a common α/β-subunit fold, while the nucleoside phosphorylase-II (NP-II)
family enzymes have dimeric structures.

2.1.4. Phosphomutase Structures

Among the intramolecular transferases of EC class 5.4, the phosphotransferases or
phosphomutases of EC class 5.4.2 are of much interest: 1933 reviewed and 156,197 unre-
viewed protein sequences of the phosphomutases can be found in UniProtKB/SwissProt
and UniProtKB/TrEMBL, while 244 experimentally determined 3D structures of the phos-
phomutases of EC class 5.4.2, among which 107 structures have been obtained with a
resolution of 1.5 A or better, have been deposited in PDB [21].

Phosphopentomutase from Bacillus cereus, the crystal structure of which was the first
structure published of a procaryotic phosphopentomutase, has been shown to fold into
a core domain organized around an alkaline phosphatase fold and a cap domain, with
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the active site housed by an electropositive cleft at the interface between the core and cap
domains [57]. Phosphomannomutase HAD5 from Plasmodium falciparum, which is essential
for this malaria-causing parasite and also has phosphoglucomutase activity, has recently
been shown to have a similar structure to the human enzyme with two domains, although
significant sequence variations have been found in an active site loop [58].

2.2. Functions of Phosphorylation Biocatalysts

The importance of powerful biocatalysts for the highly selective covalent introduction
of polar and charged phosphoryl-groups to a large variety of small and large substrate
molecules is reflected by the great functional diversity of phosphorylation biocatalysts. An
overview of the major functions of the phosphoryl-group transferring biocatalysts of EC
classes 1, 3 and 5 is summarized in Figure 2.
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2.2.1. Phosphotransferase Functions

The large functional diversity of phosphotransferases, illustrated also by the many
different phosphorylation reactions and acceptor substrates ranging from metabolites
and other small molecular weight compounds to large biomolecules such as proteins,
enables the highly selective biocatalytic transfer of a defined number and the molecular
nature of a phosphoryl-group-containing donor to one specific functional group of an
acceptor molecule [59,60]. Thereby, the highly selective formation of new covalent bonds of
phosphorus to oxygen, nitrogen, sulfur and carbon is very attractive, as a large number of
phosphotransferases exist in nature and no protecting groups for donors and acceptors are
needed. The exquisite selectivity of phosphotransferases in catalyzing the phosphorylation
of a particular hydroxy group is illustrated in Figure 3 by the two ATP-dependent kinases
AcbM and ValC. The kinase AcbM plays an important role in the biosynthetic pathway to
the seven-carbon cyclitol unit of the antidiabetic drug acarbose in the Actinoplanes sp. and
catalyzes the formation of 2-epi-5-epi-valiolone-7-phosphate [61]. For the phosphorylation
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of the closely related substrates valienone and validone to valienone-7-phosphate and
validone-7-phosphate, respectively, the different kinase ValC is required, which has a critical
function in the biosynthesis of the antifungal compound validamycin A [62]. Short chain
fatty acid kinases are involved in central metabolic pathways catalyzing the reversible ATP-
dependent phosphorylation of carboxylic acids leading to the formation of acyl-phosphates,
such as acetate kinase (see Figure 3) catalyzing the phosphorylation of acetate to acetyl-
phosphate [63,64]. Phosphagen kinases, such as creatine kinases (see Figure 3) catalyzing
the ATP-dependent reversible N-phosphorylation of creatine, are key enzymes in catalyzing
the formation of high energy phosphorus nitrogen bonds [65,66].
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The global analysis, identification and cataloguing of the functional diversity of all
protein kinases in the genome of an organism, which was first introduced for the protein
kinase complement of the human genome and was named kinome by Manning et al. [39],
has been greatly expanded to animal, plant and microbial organisms, thus further extending
the functional diversity. Although tremendous knowledge about protein kinase functions
concerning the phosphorylations of serine, threonine and tyrosine residues in proteins
exists, much less is known about the noncanonical phosphorylations of histidine, lysine,
arginine, cysteine, aspartate and glutamate residues [67]. Evidence is emerging that protein
kinase functions can also be exerted by metabolic enzymes, such as hexokinase, pyruvate
kinase M2 and phosphoglycerate kinase 1 [68]. Despite the long history of metabolic
kinases having small molecules as substrates, the functional diversity of kinases unrelated
to protein kinases is understudied and is therefore of much interest [69,70].

2.2.2. Phosphohydrolase Functions

A broad functional diversity of EC class 3 enzymes is known to catalyze the hy-
drolysis of phosphorus–oxygen bonds in phosphoric-monoesters, phosphoric-diesters,
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diphosphoric-monoesters, triphosphoric acid monoesters, phosphoric acid triesters, RNA,
DNA, phosphorus-containing anhydrides and the hydrolysis of phosphorus–nitrogen and
phosphorus–carbon bonds.

The ability of a number of phosphatases to catalyze not only hydrolysis reactions but
also phosphorylation reactions has been investigated for more than seven decades [71].
Although hydrolytic activities can counteract phosphorylation reactions by reducing the
yield of phosphorylated products, the differential hydrolysis of enantiomers to chiral
precursors of antiviral compounds by phosphotriesterase variants [72], increasing the trans-
ferase/hydrolase ratio of phosphatases by protein engineering and the combined use of
suitable phosphatase, inexpensive phosphoryl donors and reaction engineering offer new
opportunities for broadly applicable and scalable phosphorylation reactions. Acid phos-
phatase from Morganella morganii has been found to also catalyze the 5′-phosphorylation
of nucleosides (see Figure 4) using not only the energy-rich carbamoyl phosphate and
acetylphosphate, but also pyrophosphate as an inexpensive phosphoryl donor [73]. While
the closely related acid phosphatase from Providencia stuartii exhibited phosphorylation
activity similar to the M. morganii enzyme, the acid phosphatases from Enterobacter aerogenes,
Escherichia blattae and Klebsiella planticola showed lower phosphorylation activities [74].
Nonspecific acid phosphatases from Shigella flexneri and Salmonella enterica, which have
been shown to be selective for phosphorylate D-glucose to D-glucose-6-phosphate, with-
out the formation of D-glucose-1-phosphate, using pyrophosphate [75], have also been
demonstrated (see Figure 4), together with other acid phosphatases such as PiACP from Pre-
votella intermedia, to catalyze the selective phosphorylation of monoalcohols and diols [76].
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The transferase/hydrolase ratio is also of much fundamental interest in the regulation
of the energy production and control of glycolysis by the bifunctional 6-phosphofructo-
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2-kinase/fructose 2,6-bisphosphatase isoenzymes (PFKFBs), with the PFKFB3, which is
overexpressed in many cancer types, having the highest kinase/phosphatase ratio [77].

2.2.3. Phosphorylase Functions

Retaining and inverting glycoside phosphorylases catalyze the reversible formation
of glycosyl 1-phosphates with the anomeric configuration corresponding to both the en-
zyme type and the configuration of the substrate, for which a rather limited number of
disaccharides, oligosaccharides and polysaccharides is known, although 544 glycoside
phosphorylase entries from nine GH families and six GT families are listed in the CAZy
database [54]. The reversible formation of the same α-D-ribose 1-phosphate and a purine
base or a pyrimidine base from the corresponding purine or pyrimidine nucleoside is cat-
alyzed by nucleoside phosphorylases of family NP-I or NP-II [53]. Improving the stability
and broadening the substrate scope of nucleoside phosphorylases is of much interest for
both the phosphorolysis as well as the synthesis direction [78–80].

Sucrose phosphorylase catalyzes the reversible phosphorolysis of sucrose using phos-
phate, whereby α-D-glucopyranose-1-phosphate is formed (see Figure 5) and D-fructose is
obtained as a byproduct [81], while trehalose phosphorylase leads to the anomeric β-D-
glucopyranose-1-phosphate using α,α-trehalose and phosphate as substrates [82]. A nearly
quantitative phosphorolysis of 7-methyl- 2′-deoxyguanosine to α-D-2′-deoxyribofuranose-
1-phosphate can be obtained when purine nucleoside phosphorylase from E. coli is used [83].
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2.2.4. Phosphomutase Functions

Phosphotransferases catalyzing the reversible intramolecular transfer of phospho-
ryl groups, also called phosphomutases, represent a metabolically important group of
enzymes, not only for creating new phosphorus–oxygen bonds, but also for forming
phosphorus–carbon bonds, while the phosphorus–oxygen bond of the starting substrate
is cleaved. The reversible conversion of glyceric acids, pentoses and hexoses which are
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phosphorylated can thereby be achieved by the use of phosphoglycerate mutases, phospho-
pentomutases and phosphohexomutases with high selectivity. The reversible isomerization
of 3-phospho-D-glycerate and 2-phospho-D-glycerate can be catalyzed (see Figure 6) by
cofactor-independent as well as 2,3-bisphosphoglycerate-dependent phosphoglycerate mu-
tases [84]. The phosphopentomutase function in catalyzing the reversible intramolecular
phosphoryl group transfer is of much physiological and preparative interest, as shown
for example in the isomerization of 2-deoxy-D-ribose-5-phosphate (see Figure 6) and 2-
deoxy-alpha-D-ribose-1-phosphate [85]. Figure 6 also shows the enzymatic interconversion
of D-mannose-6-phosphate and alpha-D-mannose-1-phosphate, which is catalyzed by
phosphomannomutase and is essential in the activation of D-mannose and glycoconjugate
biosynthesis in eukaryotes [86].
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While D-glucose 6-phosphate interconversion catalyzed byα-D-phospho-glucomutases
leads to α-D-glucose 1-phosphate [87], β-D-glucose 1-phosphate is obtained when its in-
terconversion is catalyzed by β-D-phosphoglucomutases [88] in the thermodynamically
unfavorable rearrangement of phosphoenolpyruvate to 3-phosphonopyruvate catalyzed
by phosphoenolpyruvate mutase [89].

2.3. Mechanisms of Phosphorylation Biocatalysts

The mechanisms by which biocatalysts achieve the enormous rate accelerations by
several orders of magnitude of the phosphoryl-group transfer reactions in comparison with
the slow reaction rates without biocatalysts are of fundamental interest and continue to
attract much attention [90–92]. Various distinct phosphoryl group transfer mechanisms
have been elucidated in numerous enzyme families [93].

2.3.1. Phosphotransferases

The large 1012–1014-fold rate enhancements produced by hexokinase, homoserine
kinase and N-acetylgalactosamine kinase has been demonstrated in a thermodynamic anal-
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ysis to be due to two effects of these representative kinases compared with nonenzymatic
phosphoryl group transfer: a more favorable entropy of activation and major reductions
in the enthalpy of activation [94]. The catalytic mechanism by which adenylate kinase
achieves this rate acceleration, which has been investigated in much detail by a combi-
nation of various techniques such as NMR and crystallography, involves the activation
of phosphoryl transfer and lid opening, both by two orders of magnitude, by placing the
charged cofactor Mg2+ in the active site organized before [95]. Based on structural and
biochemical analyses of the ADP-phosphorylating class I polyphosphate kinase 2 from
Francisella tularensis and the AMP- and ADP-phosphorylating class III polyphosphate
kinase 2 from Meiothermus ruber, a mechanism of action has been proposed [96]. A key
feature of the proposed mechanism is the in-line nucleophilic attack of the nucleotide on
polyphosphate, which is activated by the active-site Lewis acidic Mg2+ upon the binding of
polyphosphate [96].

2.3.2. Phosphohydrolases

The investigation of acid phosphatase α-D-glucose 1-phosphate phosphatase from
Escherichia coli provided evidence for a 104-fold phosphatase efficiency advantage of a
histidine compared to an aspartate nucleophile in position 18 and an additional 100-fold
phosphatase efficiency advantage by the cooperative interaction of the catalytic nucle-
ophile His18 with general acid catalytic groups, which is lost when His18 is replaced with
Asp18 [97].

2.3.3. Phosphorylases

Structural and kinetic studies of hexameric purine nucleoside phosphorylase have pro-
vided detailed insights into the mechanism of purine nucleoside and phosphate binding,
subunit conformations in open and closed forms, phosphate-induced conformational change,
the sequence of nucleoside binding and subunit cooperation for effective catalysis [98].

2.3.4. Phosphomutases

Detailed NMR and X-ray investigations of the β-phosphoglucomutase-catalyzed
isomerization of β-D-glucose 1-phosphate and D-glucose 6-phosphate via β-D-glucose
1,6-bisphosphate have revealed the importance of a conserved transition state organization
by an invariant protein conformation, and priority for phosphate positioning over hexose
in the substrate recognition [99]. The unusual mechanism of the phospho-enolpyruvate
mutase-catalyzed intramolecular phosphoryl group transfer, which requires the cleavage
of a low-energy oxygen–phosphorus bond and the formation of a high-energy carbon–
phosphorus bond, is currently understood as a pericyclic rearrangement, which is retaining
the configuration and placing the incoming nucleophile not strictly in line with the leaving
group [100].

3. Discovery Methodologies and Tools for Phosphorylation Biocatalysts

The range of methodologies and tools for the discovery of novel biocatalysts and
function–sequence relationships has been very much advanced from classical protein pu-
rification from a biological organism and its subsequent biochemical characterization of
the purified protein, which also require the availability or synthesis of suitable enzyme
substrates for both the activity-guided purification as well as for measuring enzyme ki-
netics. A number of methodologies, ranging from bioinformatics and genome mining to
metagenomics, are available for finding phosphorylation biocatalysts with known functions
that are based on sequence similarity. Important tools for the discovery of phosphorylation
biocatalysts with novel functions are meaningful analytical assays of the enzyme-catalyzed
substrate to product conversion. Robust and sensitive enzyme activity assays with a high
information content, which enable the precise identification of the phosphorylation site in
the substrate, continue to be a key prerequisite for the discovery of novel enzyme functions,
or the experimental proof or disproof of automatically annotated protein sequences of
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phosphorylation biocatalysts. There are however many different approaches to utilizing
enzyme activity assays for accelerating the assignment of the enzyme functions of the cat-
alyzing substrate to product conversions to protein sequences and structures. Multiplexing
selected enzyme activity assays in a single reaction vessel has been valuable for facilitating
single protein kinase assays by using a kinase activity assay for kinome profiling in a
single reaction, whereby 90 different peptide phosphorylation rates are obtained by mass
spectrometry [101], requiring, however, stable isotope-labeled phosphorylated peptides
as internal standards. The miniaturization and parallelization of enzyme activity assays
have the advantages of saving costs, materials and time, but require higher sensitivity. This
can be provided by highly informative and sensitive mass spectrometry methodologies,
which have enabled the profiling of in vitro enzymatic activities of the 1,275 Escherichia coli
proteins, which are functionally uncharacterized, to discover 241 enzymes which are poten-
tially novel enzymes, of which 12 have been validated experimentally. This activity-based
metabolite profiling (ABMP) of an overexpressed or purified protein is based on measuring
by nontargeted mass spectrometry metabolites which are accumulated or depleted after
the incubation of the protein of interest in a metabolome extract [102]. The identification in
central enzymes of Escherichia coli of 34 new phosphorylation sites, which are functional in
the regulation of enzyme activity, is of much interest for discovering novel protein kinases
or for finding a relaxed specificity of the known serine/threonine or tyrosine kinases of
Escherichia coli [103]. Chemical probes which are designed to specifically measure all pro-
teins with the same characteristic activity in one class of phosphorylation biocatalysts can
be used in activity-based protein profiling (ABPP), for example, for profiling a specific class
of protein kinases, lipid kinases or other metabolic kinases [104].

A number of broadly applicable methodologies for the assignment of a novel or
known enzyme function to a domain of unknown function (DUF) are provided by genomic
enzymology [105], by the ligand-oriented screening for solute-binding transport proteins,
by the analysis tools of sequence similarity networks (SSN) and genome neighborhood
networks (GNN), enabling the identification of DUF1537 as a novel kinase family in acid
sugar catabolic pathways and the discovery of four DUF1537 family members as novel
C4-sugar kinases which depend on ATP [106].

The great methodological advances for the discovery and development of novel
biocatalysts which have been provided by directed evolution, protein engineering and
computational approaches to protein design have enabled the optimization of biocatalyst
properties such as activities, selectivities or stabilities, and their adaptation to reaction con-
ditions [107,108]. The power and potential of these tools and methodologies has attracted
much interest as they provide the opportunity to develop numerous phosphorylation
biocatalysts since the directed evolution of thymidine kinase for the phosphorylation of zi-
dovudine [109], and their use in tackling challenging new-to-nature phosphorus chemistry
is very interesting [110].

4. Novel Phosphorylation Biocatalysts

Based on the progress with biocatalysts for the formation of new O-P linkages, for
example, in the synthesis of phosphorylated sugars or nucleotides, novel phosphorylation
biocatalysts are highly desirable for efficient, highly selective and sustainable phosphoryla-
tion reactions and because biocatalytic X-P bond formation has been anticipated to lead to
the faster development of nucleoside and nucleotide therapeutics in drug discovery and
development [111].

4.1. Novel Phosphotransferases

Since the first demonstration 55 years ago that an enzyme preparation of an antibiotic-
resistant E. coli strain could phosphorylate kanamycin and related antibiotics [112], the
antibiotic resistome and assignments of enzyme functions to antibiotic resistance genes
have attracted much interest [113,114]. Numerous novel phosphorylation biocatalysts have
been discovered in microorganisms to inactivate antibiotics, such as aminoglycoside and
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macrolide antibiotics, for defense or self-protection by catalyzing their O-phosphorylation.
A new antibiotic-resistance kinase AmiN from Bacillus subtilis has been discovered which
inactivates amicoumacin by catalyzing the phosphorylation of the 2-hydroxy group of
amicoumacin and was misannotated as a homoserine kinase [115]. From the recently dis-
covered rifamycin inactivating phosphotransferase family, an unusual antibiotic resistance
kinase, rifampicin phosphotransferase from Listeria monocytogenes, has been described to
depend on ATP in phosphorylating the 21-hydroxy group of rifampicin, with the con-
comittant formation of AMP and inorganic phosphate [116]. The phosphotransferase
Cpr17, which was discovered by cloning and characterizing the biosynthetic gene cluster
of the capuramycin-type nucleoside antibiotic A-102395, was demonstrated to provide
self-resistance and to prefer GTP as the phosphoryl donor [117].

Enzymes for the selective phosphorylation of hydroxycarboxylic acids are of much
interest, and the recently discovered ATP-dependent pantoate kinase from Thermococcus ko-
dakaraensis, which catalyzes the 4-phosphorylation of D-pantoate to D-4-phosphopantoate
(see Figure 7), is not regulated by CoA and has been demonstrated to accept the nucleotides
CTP, GTP and UTP [118].
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A novel flavonoid phosphotransferase from Bacillus subtilis, which has been discov-
ered to catalyze the regioselective ATP-dependent phosphorylation of a broad range of
flavonoids to the corresponding flavonoid monophosphates and the generation of AMP and
phosphate, enables the efficient and sustainable conversion of poorly water-soluble natural
flavones, isoflavones, flavonols, flavanones and flavonolignans into their monophosphos-
phorylated forms with improved water solubilities [119].

A highly active 25-hydroxysteroid kinase has been found to be involved in the micro-
bial degradation of the side chain of cholesterol and sitosterol in Sterolibacterium denitrificans
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and catalyzed the selective and fully reversible phosphorylation of the tertiary hydroxy-
group at the C25 of steroid alcohols such as the cholesterol metabolites 25-hydroxy-cholest-
4-en-3-one and 25-hydroxy-cholest-1,4-diene-3-one (see Figure 7), the sitosterol metabolite
25-hydroxy-sitost-1,4-diene-3-one or 25-hydroxy vitamin D3 [120].

Numerous novel carbohydrate kinases have been discovered in microbial pathways
of carbohydrate utilization, by expressing and characterizing DUFs, or by directed evolu-
tion. When directed evolution was used to broaden the substrate scope of galactokinase
GalK from Escherichia coli, it was found that the Y371H variant, containing only a single
amino acid exchange from tyrosine in the wild-type enzyme to histidine in the variant,
already showed a wider substrate scope and accepted seven additional D-sugars, L-altrose
and L-glucose as substrates [121]. The TK2285 protein from Thermococcus kodakaraensis
has been discovered to function as an ATP-dependent myo-inositol kinase (see Figure 7)
catalyzing the phosphorylation of the 3-hydroxy group of myo-inositol to 1D-myo-inositol
3-phosphate [122]. The same enzyme function could also be achieved by an engineered
pyrophosphate-dependent myo-inositol 1-kinase by changing residues to recognize myo-
inositol [123]. A highly active galactokinase from Leminorella grimontii has been found to
catalyze the 1-phosphorylation of a number of galactose analogues [124]. From screening
a series of wild-type enzymes, seven galacto- and six N-acetylhexosamine kinases, new
enzyme phosphorylation activities towards fluorinated monosaccharides and four novel
N-acetylhexosamine kinases have been discovered [125]. The novel sugar kinase YdhJ is
the first kinase accepting C8-monosaccharides as substrates and has been discovered in the
course of the functional characterization of the ydj gene cluster [126]. The 1-hydroxy group
of a number of 2-keto-monosaccharides has been shown to be phosphorylated by YdhJ,
and L-glycero-L-galacto-octuluronate was the best substrate (see Figure 7) being converted
to L-glycero-L-galacto-octuluronate-1-phosphate [126]. The functional characterization of
Cj1415, involved in the biosynthetic pathway to the O-methyl phosphoramidate modified
capsular polysaccharide from Campylobacter jejuni, has led to its identification as cytidine
diphosphoramidate kinase catalyzing 3′-phosphorylation [127].

The substrate scope of the ATP-dependent 5′-phosphorylation of all four 2-deoxynucleosides
and analogues catalyzed by deoxynucleoside kinase from Drosophila melanogaster has been
broadened to also include an unnatural nucleoside of an artificially expanded genetic
information system by the Q81E variant [128].

The area of amino acid kinases has experienced a very interesting series of recent
discoveries. Novel serine kinases catalyzing the O-phosphorylation of free serine have been
discovered and were found to be dependent on ADP in Thermococcus kodakaraensis [129],
while the serine kinase from Staphylothermus marinus was found to be ATP dependent [130].
An interesting novel amino acid kinase has been discovered as a DUF1537 family mem-
ber STM0162, which catalyzes not only the phosphorylation of D-threonate, but also the
phosphorylation of the toxic intermediate L-4-hydroxythreonine to the essential metabolite
L-4-phosphohydroxythreonine (see Figure 7), providing thereby a recycling and detoxifica-
tion path [131].

The protein Cj1418 has been discovered to be a unique ATP-dependent L-glutamine
kinase catalyzing the N-phosphorylation of L-glutamine at its amide nitrogen, which is
required in the already-mentioned biosynthetic pathway to the O-methyl phosphoramidate
modification of the Campylobacter jejuni capsular polysaccharide [132,133].

4.2. Novel Phosphohydrolases

Novel phosphohydrolases which can be used in the reverse direction with inexpensive
phosphoryl donors to catalyze phosphorylations have been found from microbial sources
as well as by enzyme engineering. Nonspecific acid phosphatases from wild-type and
genetically modified strains of Enterobacter aerogenes and Raoultella planticola have been
found to also catalyze the phosphorylation of nucleosides and sugars (see Figure 8) using
pyrophosphate as the phosphoryl donor [134].
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The I171T-G92D mutant of the M. morganii acid phosphatase PhoC enabled the de-
crease in the Km value for inosine in the phosphorylation reaction using pyrophosphate
(see Figure 4) by two thirds of that of the wild-type enzyme, to a value well below the
inosine solubility under the phosphorylation reaction conditions [135]. The double mutant
I171T-G92D and the single mutants G92D, I171T, G92A and G92N of the M. morganii acid
phosphatase PhoC and a nonspecific acid phosphatase variant from E. blattae have been
investigated with respect to the phosphorylation of primary alcohols using pyrophos-
phate [135]. Beneficial mutations, for example G92D and I171T-G92D, have led to an
increased affinity for alcohol substrates such as 1,4-butanediol, glycerol, ethylene glycol
and 6-amino-1-hexanol (see Figure 8), as well as the decreased hydrolysis of phosphory-
lated products and the extension of the optimum pH towards a neutral pH [136]. The
covalent immobilization of the nonspecific acid phosphatases PhoN from Shigella flexneri
and Salmonella enterica ser. typhimurium LT2 enabled a better phosphorylation of alcohol
substrates in an aqueous medium using pyrophosphate as the phosphoryl donor [137].

4.3. Novel Phosphorylases

The search for novel glycoside phosphorylases has attracted much interest for extend-
ing the rather limited functional diversity of known glycoside phosphorylases.

A high-throughput assay has been used to screen a metagenomic source library for
glycoside phosphorylases, whereby seven new glycoside phosphorylases from the CAZy
family GH94, among them two cellobiose phosphorylases, two cellodextrin phosphorylases
and two laminaribiose phosphorylases, and a β-1,3-oligoglucan phosphorylase from the
CAZy family GH149 [138]. Expressing and characterizing what was thought to be a sucrose
phosphorylase from Meiothermus silvanus, residing in an unexplored branch of glycoside
hydrolase family GH13, enabled the discovery of a glucosylglycerate phosphorylase (see
Figure 9) [139]. By identifying and experimentally screening unknown clusters of the glyco-
side hydrolase family GH94 sequence space, using a combination of phylogenetic analysis
and SSN, it was possible to discover a new 4-O-β-D-glucosyl-D-galactose phosphorylase
(see Figure 9) from Paenibacillus polymyxa [140]. Efficient glucosaminide phosphorylases
(see Figure 9), which have been engineered from GH84 O-GlcNacases by a single point
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mutation, have been shown to be 10-fold more active than their naturally occurring coun-
terparts [141]. Widening the substrate spectrum is also of much interest for nucleoside
phosphorylases, which has been achieved by engineering novel variants of purine nucleo-
side phosphorylases [142] and by the wider substrate spectrum of thermophilic nucleoside
phosphorylases [143].
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4.4. Novel Phosphomutases

The discovery of novel enzymes catalyzing intramolecular phosphoryl-group transfer
has been especially interesting in the area of the phosphopentomutases, for example, engi-
neered phosphopentomutase variant enzymes (see Figure 10) catalyzing the isomerization of a
deoxyribose-5-phosphate analog to the corresponding deoxyribose-1-phosphate analog [144].
The recombinant expression of the ST0242 protein from Sulfolobus tokadaii has led to the dis-
covery of its phosphoglucosamine-mutase and phosphogalactosamine-mutase activity [145].
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5. Analytical Applications of Phosphorylation Biocatalysts

The manufacturing of suitable and highly active phosphorylation biocatalysts which
have been made available as fit-for-purpose enzymes and with negligible levels of unde-
sired contaminating enzyme activities continue to be important prerequisites for analytical
applications (see Figure 11), as already shown with the development of methods for enzy-
matic analysis several decades ago [146,147], for example, in the applications of glycerol
kinase for the determination of glycerol or creatine kinase for the analysis of creatine. Sig-
nificant improvements in the individual steps of the overall approach to enzymatic analysis,
by efficient enzyme production using recombinant technologies, analytical method opti-
mization, international standardization, miniaturization and automation have facilitated
analytical applications and have led to its routine use in diagnostics. Building on the
principles of enzymatic analysis established long ago and the power of phosphorylation
biocatalysts, the highly selective determination of analytes in complex matrices can be
achieved without time-consuming prior sample preparation.
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Analytical applications connected with phosphorylation biocatalysts are also impor-
tant with respect to the selective measurement of the corresponding enzyme activities,
for example, in medicine as diagnostic tools for human health and disease and in the
development of enzyme inhibitors by determining their characteristics for inhibiting a
desired phosphorylation biocatalyst activity.

5.1. Analytical Applications of Phosphotransferases

The basic principle of the highly selective phosphorylation of glycerol to L-glycerol-
3-phosphate catalyzed by ATP-dependent glycerol kinase continues to be a key reaction,
which is then coupled to indicator reactions in modern quantitative assays of glycerol. The
enzymatic determination of glycerol can be applied in the food, beverages and cosmetics
process analysis and control in microbial fermentation and cell culture media, for example,
in process analysis, or additionally following an enzymatic hydrolysis reaction for obtaining
glycerol which is then also determined by applying glycerol kinase and an indicator reaction
in triglycerides diagnostics in medicine. Phosphorylation biocatalysts are applied not
only for the enzymatic analysis of substrates, but also for the determination of enzyme
activities, and kinases are themselves target enzymes for biomedical analysis. An important
application is the activity assay of creatine kinase and its isoenzymes for disease and
emergency diagnosis, such as acute myocardial infarction and skeletal muscle diseases.
The recommendation of the International Federation of Clinical Chemistry (IFCC) for the
measurement of creatine kinase activity includes the utilization of hexokinase [148].

Phosphorylation biocatalysts have also found broad applications in the analysis of
nucleic acids and oligonucleotides as well as for the analytical scale preparation of selec-
tively phosphorylated nucleic acids. Recombinant T4 polynucleotide kinase has become
a workhorse for molecular biology [149] and is used in molecular cloning for the 5′-
phosphorylation of DNA or RNA. T4 polynucleotide kinase is also used for labeling nucleic
acids and oligonucleotides at the 5′ end for generating analytical reagents for detection,
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size marker in electrophoresis or hybridization probes, which can be used in techniques
for locating and binding the nucleic acids of a complementary sequence, such as Southern
Blotting, Northern Blotting and in situ hybridization [150]. The acceptance of ATP-biotin
as a substrate by T4 polynucleotide kinase is of much interest for the kinase-catalyzed
biotinylation of single-stranded DNA [151].

5.2. Analytical Applications of Phosphohydrolases

Increased alkaline phosphatase activity in serum, if not caused by bone growth or
pregnancy, occurs in bone and/or liver disease and therefore alkaline phosphatase is a
target enzyme in clinical chemistry, with IFCC reference procedures available for measuring
catalytic concentrations of alkaline phosphatase [152]. Alkaline phosphatase has also been
widely used as a reporter enzyme in enzyme immunoassays due to its advantages, such as
enzyme properties, easy preparation of enzyme–antibody conjugates and signal response
for various detection types, making it a privileged label for enzyme immunoassays [153].

5.3. Analytical Applications of Phosphorylases

The substrate specificity of cellobiose phosphorylase has been attractive for the col-
orimetric quantification of cellobiose in the presence of other saccharides, whereby linear
calibration curves have been obtained [154]. Maltose phosphorylase has been applied for
the selective detection of phosphate without interference from other anions by using the
immobilized enzyme in a biosensor with conductometric detection [155]. The activity of
the glycogen phosphorylase isoenzyme BB is of much clinical interest in tissue hypoxia
and ischemic myocardial damage [156].

5.4. Analytical Applications of Phosphomutases

As phosphoglycerate mutase 1 is the rate-limiting glycolytic enzyme in tumor cells,
leukocytes and heart tissue, the analysis of its activity and its regulation is of much biomed-
ical interest [157], for example, as an effector of the mammalian target of the rapamycin
signaling pathway and as prognostic biomarker of non-small cell lung cancer [158].

6. Synthetic Applications of Phosphorylation Biocatalysts

Simple and broadly applicable process designs for synthetic phosphorylation reactions
are attractive for reducing complexity when the required process targets with regard to
selectivity and conversion can be achieved while meeting safety, health, environment and
sustainability goals [159]. Synthetic applications of phosphorylation biocatalysts as well as
the number and types of products have grown (see Figure 12), thus facilitating the further
development of processes.
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As the applications, boundary conditions and approaches differ across the specific
reactions catalyzed by the key classes of phosphorylation biocatalysts, the approaches
towards the synthetic applications of phosphohydrolases, phosphotransferases, phospho-
rylases and phosphomutases are described individually within separate subsections. A
separate subsection summarizes the most recent approaches in applying phosphorylation
biocatalysts in cascade reactions.

6.1. Synthetic Applications of Phosphohydrolases

The application of simple and inexpensive phosphoryl donors such as pyrophosphate
with phosphatases for catalyzing phosphorylation reactions for the synthesis of phospho-
rylated products (see Figure 13) requires, however, measures to counteract or prevent the
favored phosphatase-catalyzed hydrolysis of the newly synthesized phosphorylated products.
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Reaction and enzyme engineering of the phosphatase-catalyzed 5′-phosphorylation of
nucleosides using pyrophosphate as a phosphoryl donor has enabled the production of
5′-nucleotides at an industrial large scale, such as the production of inosine-5′-phosphate
from inosine [160,161]. Bacterial nonspecific acid phosphatases have been exploited in the
phosphorylation of a large range of monoalcohols and diols [162–167]. High product con-
centrations could be achieved in the phosphorylation of glycerol (see Figure 13), where 167 g
per liter of racemic glycerol-1-phosphate was obtained when acid phosphatase PhoN-Sf
from Shigella flexneri and pyrophosphate was used, and 104 g per liter of racemic glycerol-1-
phosphate with the simple application of phytase from Aspergillus niger and monophos-
phate [167]. Even higher product concentrations of greater than 400 g per liter could
be achieved in the 6-phosphorylation of maltotriose and methyl-α-D-glucopyranoside
(see Figure 13) [166]. The phosphorylation efficiency of acid phosphatase from Pseu-
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domonas aeruginosa towards 2-phosphorylation of L-ascorbic acid has been improved by
protein engineering, and L-ascorbic acid-2-phosphate has been obtained with 48.6% con-
version at a product concentration of 61.5 g per liter [168].

6.2. Synthetic Applications of Phosphotransferases

Another biocatalytic 5′-phosphorylation of the β-D-ribofuranoside substructure has
been achieved in the synthesis of β-nicotinamide mononucleotide from the NAD+ precursor
nicotinamide riboside using nicotinamide riboside kinase from Kluyveromyces marxianus
and the system acetyl phosphate/acetate kinase from Bacillus stearothermophilus for ATP
regeneration (see Figure 14), whereby a product concentration of 93.5 g per liter and
a productivity of 281 g per liter and per day could be achieved for NMN [169]. The
synthesis of L-glyceraldehyde-3-phosphate has been performed by the enantioselective
phosphorylation of glyceraldehyde catalyzed by glycerol kinase, whereby only the L-
glyceraldehyde is taken as a substrate [170,171]. The dihydroxyacetone kinase-catalyzed
phosphorylation has been shown to be enantioselective for the D-glyceraldehyde, which
has enabled the synthesis of D-glyceraldehyde-3-phosphate [172].

Catalysts 2021, 11, x FOR PEER REVIEW 23 of 38 
 

 

glyceraldehyde is taken as a substrate [176,177]. The dihydroxyacetone kinase-catalyzed 
phosphorylation has been shown to be enantioselective for the D-glyceraldehyde, which 
has enabled the synthesis of D-glyceraldehyde-3-phosphate [178]. 

 
Figure 14. Synthetic applications of phosphotransferases in phosphorylation reactions. 

Recombinant hydroxyacid kinases have been very valuable for selectively phosphor-
ylating hydroxycarboxylic acids containing two or more hydroxy functional groups. 
Mevalonate-5-kinase from Thermococcus kodakaraensis has been applied in the synthesis of 
(R)-5-phosphomevalonate in >98% purity and a 65% isolated yield [179]. Glycerate-2-ki-
nase from Thermotoga maritima was applied to manufacture D-glycerate-2-phosphate in 
excellent purity and with a 72% isolated yield [180]. The highly active shikimate kinase 
AroL from Escherichia coli illustrates the power of phosphorylation biocatalysts by its ap-
plication in a highly efficient one-step synthesis of shikimate-3-phosphate (see Figure 14), 
which is superior to other approaches by avoiding lengthy synthetic routes, low yields, 
hazardous reagents or side product formation [181]. 

Carbohydrate kinases provide great advantages for the protecting group free and 
selective phosphorylation of a specific hydroxy functional group. Enantiocomplementary 
D- and L-xylulokinases have been applied for phosphorylating D- and L-xylulose with 
the complete conversion to the D- and L-enantiomers of xylulose-5-phosphate, respec-
tively [182]. A facile one-step enzymatic synthesis of D-tagatose-1,6-phosphate using a D-
tagatose-6-phosphate kinase-catalyzed 1-phosphorylation of D-tagatose-6-phosphate 
with ATP regeneration has been demonstrated to be highly efficient and scalable [183]. 
The selectivity of a series of carbohydrate kinases has been used for the synthesis of eight 
phosphorylated ketopentoses, where the high substrate selectivity towards the 
ketopentoses but not to the ketoses D-xylose and L-arabinose enabled the control of the 
coupling of the reversible isomerization/epimerization reactions with the subsequent 
phosphorylation i one pot [184,185]. 

Figure 14. Synthetic applications of phosphotransferases in phosphorylation reactions.

Recombinant hydroxyacid kinases have been very valuable for selectively phospho-
rylating hydroxycarboxylic acids containing two or more hydroxy functional groups.
Mevalonate-5-kinase from Thermococcus kodakaraensis has been applied in the synthesis of
(R)-5-phosphomevalonate in >98% purity and a 65% isolated yield [173]. Glycerate-2-kinase
from Thermotoga maritima was applied to manufacture D-glycerate-2-phosphate in excellent
purity and with a 72% isolated yield [174]. The highly active shikimate kinase AroL from
Escherichia coli illustrates the power of phosphorylation biocatalysts by its application in
a highly efficient one-step synthesis of shikimate-3-phosphate (see Figure 14), which is
superior to other approaches by avoiding lengthy synthetic routes, low yields, hazardous
reagents or side product formation [175].
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Carbohydrate kinases provide great advantages for the protecting group free and
selective phosphorylation of a specific hydroxy functional group. Enantiocomplementary
D- and L-xylulokinases have been applied for phosphorylating D- and L-xylulose with
the complete conversion to the D- and L-enantiomers of xylulose-5-phosphate, respec-
tively [176]. A facile one-step enzymatic synthesis of D-tagatose-1,6-phosphate using a
D-tagatose-6-phosphate kinase-catalyzed 1-phosphorylation of D-tagatose-6-phosphate
with ATP regeneration has been demonstrated to be highly efficient and scalable [177]. The
selectivity of a series of carbohydrate kinases has been used for the synthesis of eight phos-
phorylated ketopentoses, where the high substrate selectivity towards the ketopentoses
but not to the ketoses D-xylose and L-arabinose enabled the control of the coupling of the
reversible isomerization/epimerization reactions with the subsequent phosphorylation i
one pot [178,179].

The highly selective biocatalytic O-phosphorylation of psilocyn to psilocybin cat-
alyzed by recombinant ATP-dependent Psilocybe cubensis 4-hydroxytryptamine kinase
PsiK has been demonstrated at a gram scale without ATP regeneration, with an isolated
yield of 88.5% [180]. Avoiding low-yield phosphorylation chemistry using protecting
groups and their removal by hydrogenolysis depending on heavy metals, and optimization
opportunities by bioprocess development, such as reducing ATP cofactor amounts by
ATP regeneration, downstream processing and product recovery, illustrate the power of
phosphorylation biocatalysts in natural product synthesis.

The application of the recombinant arginine kinase ArgK from Limulus polyphemus en-
abled a straightforward and highly efficient one-step synthesis of Nω-phospho-L-arginine
by the highly selective enzymatic N-phosphorylation of L-arginine at the ω-nitrogen (see
Figure 14), thus avoiding lengthy routes with the introduction and removal of protecting
groups [181].

6.3. Synthetic Applications of Phosphorylases

Sucrose phosphorylase from Leuconostoc mesenteroides has been covalently immobilized
on Eupergit C for the continuous production in a packed bed reactor of α-D-glucose-1-
phosphate from sucrose and phosphate (see Figure 5) at 0.6 M concentration each, whereby
the reactor could be operated with a 91% conversion which remained stable up to a reaction
time of 650 h [81]. When sucrose phosphorylase from Bifidobacterium adolescentis immobi-
lized on Sepabeads for the continuous production at 60 ◦C of α-D-glucose-1-phosphate
from sucrose and phosphate, a space–time yield of 179 g per liter and per hour was
achieved [182]. A-D-glucose-1-phosphate has also been obtained in good yield from starch
and phosphate at 0.7 M concentration each by using α-glucan phosphorylase from Ther-
mus caldophilus [183]. Whole cells of E. coli expressing trehalose phosphorylase have been
applied for the production of β-D-glucose-1-phosphate from trehalose and phosphate (see
Figure 5) at 60 ◦C, with a 26% conversion [82]. The use of nucleoside phosphorylases for the
synthesis of natural and modified α-D-pentofuranose-1-phosphates is of much interest for
facilitated access to these key building blocks and metabolites. Highly efficient syntheses
of α-D-ribose-1-phosphate and 2-deoxy-α-D-ribose-1-phosphate from 7-methylguanosine
and 7-methly-2′-deoxyguanosine, respectively, and phosphate, have been achieved in a
74–96% yield after isolation and purification by enzymatic phosphorolysis (see Figure 5)
using purine nucleoside phosphorylase [83].

Thermostable pyrimidine nucleoside phosphorylases have been applied in the facile
and rapid enzymatic synthesis of a series of natural and modified α-D-pentofuranose-1-
phosphates (see Figure 15) in gram quantities with a purity of greater than 95% from the
corresponding nucleosides and phosphate [184]. After optimizing enzymatic phosphorol-
ysis procedures and reaction conditions for the conversion of uridine and phosphate to
α-D-ribofuranose-1-phosphate and uracil, and for the conversion of thymidine and phos-
phate to α-D-2′-deoxyribofuranose-1-phosphate and uracil, the protocols have been applied
for the pyrimidine nucleoside phosphorylase-catalyzed synthesis of α-D-arabinofuranose-
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1-phosphate, 2′-deoxy-2′-fluoro-α-D-ribofuranose-1-phosphate and 2′-deoxy-2′-fluoro-α-D-
arabinofuranose-1-phosphate [184].
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6.4. Synthetic Applications of Phosphomutases

The equilibrium thermodynamics of intramolecular isomerization reactions catalyzed
by phosphomutases needs to be overcome in order to avoid challenging product re-
covery and purification. Coupling the phosphomutase-catalyzed reaction step with a
subsequent reaction provides an elegant strategy, also used by nature, to shift the ther-
modynamic equilibrium towards the product side. An early application has been the
use of crude preparations of phosphoacetylglucosamine mutase from Neurospora crassa
for catalyzing the conversion of labeled N-acetylglucosamine-6-phosphate to labeled N-
acetylglucosamine-1-phosphate coupled with the subsequent reaction catalyzed by uridinet-
riphosphate: N-acetylglucosamine 1-phosphate phosphotransferase for the synthesis of
labeled uridinediphosphate-N-acetylglucosamine [185]. The recombinant expression of
phosphoacetylglucosamine mutase Agm1 from Saccharomyces cerevisiae has been advanta-
geous for the conversion of N-acetylglucosamine-6-phosphate to N-acetylglucosamine-1-
phosphate (see Figure 16) and subsequently to uridinediphosphate-N-acetylglucosamine
as part of a de novo pathway to legionaminic acid [186].

A phosphopentomutase from a Bacillus sphaericus strain, which was found by screen-
ing for an acetaldehyde- and phosphorylated-compound-tolerant enzyme, was applied in
its recombinant version with the corresponding gene cloned and expressed in E. coli, for
catalyzing the isomerization of 2-deoxyribose-5-phosphate to 2-deoxyribose-1-phosphate
(see Figure 6), towards the enzymatic synthesis of 2′-deoxynucleoside [187]. Phosphoman-
nomutase from E. coli has been applied to catalyze the conversion of 2-deoxy-D-glucose-
6-phosphate to 2-deoxy-D-glucose-1-phosphate (see Figure 16) as part of the enzymatic
synthesis of deoxythymidinediphosphate-2-deoxy-α-glucose [188].
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6.5. Phosphorylation Biocatalysts in Cascades

The five recombinant enzymes N–acetylhexosamine kinase NahK, glucose-1-phosphate
uridyltransferase GalU, uridine monophosphate kinase URA6, polyphosphate kinase PPK3
and inorganic diphosphatase PmPpA have been applied in a cascade reaction in one
pot for the production of uridine-5′-diphospho-N-acetylglucosamine (see Figure 17) from
uridine-5′-monophosphate, N-acetylglucosamine and polyphosphate with a space–time
yield of about 0.8 g per liter per hour [189]. The three enzymes uridine phosphorylase from
Clostridium perfringens, purine nucleoside phosphorylase from Aeromonas hydrophila and
deoxyadenosine kinase from Dictyostelium discoideum have been used for the synthesis of
the antiviral arabinosyladenine-5′-monophosphate (see Figure 17) with 90% purity and
55% yield [190]. Kinases have also been successfully applied in synthetic reaction cascades
for preparing key phosphorylated intermediates, for example dihydroxyacetone kinase
in synthesizing phosphorylated D- and L-monosaccharides [191,192]. The most recent
developments of various optimized phosphorylation biocatalysts in highly efficient and
selective routes to antivirals are impressive examples of the fast move of biocatalytic phos-
phorylations into industrial processes of the pharmaceutical industry. Five phosphorylation
biocatalysts, the evolved pantothenate kinase, phosphopentomutase, purine nucleoside
phosphorylase and the two auxiliary enzymes acetate kinase from Thermotoga maritima and
sucrose phosphorylase from Alloscardovia omnicolens, have been key for the success of the
multistep enzymatic manufacturing process to the antiviral islatravir (see Figure 17) against
HIV [193]. The advantages of biocatalytic cascade reactions for complexity reduction, faster
delivery and higher yield are also important in the synthesis of stable isotope-labeled
compounds, such as the enzymatic one-pot synthesis of 13C- and 15N-labeled ATP and GTP
with up to 66% isolated yields using various kinases [194], due to the costs of the stable
isotope-labeled starting materials. When radioactive isotopes are involved, the minimiza-
tion of radioactive waste and the elimination of handling radioactive intermediates are
further advantages, such as in the one-pot biocatalytic cascade reaction to the 14C-labeled
antiHIV nucleoside islatravir from 2-14C-acetaldehyde, which gave a five-fold improve-
ment in the overall radiochemical yield compared with the chemical route [195]. Evolving
S-methyl-5-thioribose kinase activity for the 1-phosphorylation of the 5-isobutyryl-D-ribose
with an α:β diastereomer ratio of >99:1, using propionyl-phosphate as phosphoryl donor,
and engineering the uridine phosphorylase activity for the synthesis of 5′-isobutyryluridine
from 5′-isobutyryl-D-ribose-1-phosphate and uracil have been key, together with other
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auxiliary enzymes, in a novel short reaction cascade to the antiviral molnupiravir, which
decreased the 10 reaction steps of the initial chemical route from D-ribose and uracil to
3 steps, while increasing the overall yield from less than 10% to 69% [196].
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The chemically challenging diastereoselective synthesis of P-chiral nucleotide 1-
thiotriphosphates has been achieved by a combination of the enzyme optimization of
adenylate kinase, guanylate kinase and the phosphoryl donor regenerating acetate kinase
by several rounds of directed evolution with reaction engineering [197].

6.6. Phosphoryl Donors and Systems for their Regeneration

Easily accessible, safe and inexpensive inorganic phosphates are attractive phosphoryl
donors for a variety of biocatalytic phosphorylation reactions. Therefore, phosphory-
lation biocatalysts, which can accept inorganic phosphoryl donors, such as phosphory-
lases accepting phosphate, phosphatases accepting pyrophosphate or kinases accepting
polyphosphates, are of much interest for phosphorylations at an industrial large scale. The
full utilization of the phosphoryl donor is realized with simple phosphate as a donor in
phosphorylase-catalyzed processes. The use of pyrophosphate for the phosphorylation
of inosine using an engineered acid phosphatase (see Figure 4) has enabled an industrial
large-scale production process for inosine-5-monophosphate with an 88% yield and a
product concentration of greater than 100 g per liter [73,74]. As pyrophosphate can be
easily prepared from phosphate, the phosphate byproduct formed in the phosphorylation
reaction can also be recycled to pyrophosphate. Polyphosphate has not only received
much attention as an easily accessible, inexpensive and stable phosphoryl donor for in-
dustrial phosphorylations but is also of fundamental interest [198,199], and early work on
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metaphosphate as a phosphoryl donor has led to the discovery of an NAD kinase [200]
accepting metaphosphate, but not pyrophosphate or polyphosphate.

A great number of phosphorylation biocatalysts are however not dependent on in-
organic phosphoryl donors but require high-energy organic compounds as phosphoryl
donors [59], among which ATP is in wide use in natural and synthetic phosphorylation
reactions. Therefore, systems for the synthesis and regeneration of ATP are of much inter-
est, not only for phosphorylation biocatalysts with respect to possible enzyme inhibition,
downstream processing aspects or costs of the phosphorylation process, but also in the
wider context of ATP-dependent biocatalysts [201,202]. Regeneration systems utilizing
sacrificial high energy phosphorylating agents together with the corresponding enzymes to
catalyze the conversion of ADP to ATP, such as phosphoenolpyruvate and pyruvate kinase,
or acetyl phosphate and acetate kinase, have been in wide use since the pioneering work of
Whitesides and coworkers [203–205]. The further development of new ATP regeneration
systems using easily accessible polyphosphates and polyphosphate kinases [206], high
energy agents such as propionylphosphate [196] and phosphorus recycling enzymes in
cascade reactions such as pyruvate oxidase [196,207], provides great opportunities for com-
plexity reduction. A new electrochemical system using electricity instead of high energy
phosphates or stoichiometric oxidants has been applied for ATP regeneration at the 20 g
scale, whereby current and enzymatic processes need to be balanced [208].

6.7. Phosphorylation Reaction Engineering

The in-depth knowledge and characterization of the phosphorylation biocatalyst and
the dependence of its properties, such as its activity, stability, activation and inhibition, on
parameters such as temperature, pH, buffer or ionic strength for the reaction in focus is
essential for achieving an optimized performance of a kinetically and thermodynamically
feasible phosphorylation reaction. Kinetic as well as thermodynamic parameters and the
determination of the Michaelis constant KM, kcat or inhibitor constants, the equilibrium
constant of the reaction and complexation constants, for example of ATP with a divalent
cation such as Mg2+, are of major importance not only for optimizing a single enzymatic
reaction but also for a reaction cascade. The properties and stabilities of reaction compo-
nents can be decisive for reaching optimal reaction engineering parameters, for example in
the product half life of the glycerol kinase-catalyzed phosphorylation of L-glyceraldehyde
to L-glyceraldehyde-3-phosphate [209] and the effect of the Mg/ATP-ratio on glycerol
kinase [210].

6.8. Product Recovery and Purification

What is already being taken into account in the reaction design is how the phos-
phorylation can be driven to complete conversion and how a phosphorylated product
is isolated from the reaction mixture is also essential for later operations. Facile product
recovery and purification can be a significant factor for the economy and sustainability
of an overall phosphorylation process. Therefore, making use of the most suitable and
effective methodologies [211] and developing innovative new approaches for recovering
and purifying the highly charged products from aqueous media is of major importance.

7. Opportunities and Outlook

The planetary boundary of the phosphorus biochemical flow at high risk and the
essential and unique status of phosphorus bonds for many central features of life require
resource-efficient use and the re-use of the nonrenewable phosphorus in order to close the
phosphorus cycle. The characteristic and prevailing form of phosphorus occurs in nature
in a stable oxidation state of five, which is what scholars have proposed chemists should
use too [212], and in chemical bonds to oxygen in phosphates, with an impressive balance
of stability and reactivity as pH-dependent ionized species.

The opportunities for discovering and utilizing the power of phosphorylation bio-
catalysts look exciting towards highly selective and efficient phosphorylation reactions,
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towards understanding fundamental and applied aspects and towards sustainable indus-
trial chemistry [213]. Due to its benefits for selectivity, safety, health, the environment and
sustainability, the use of phosphorylation biocatalysts enabling complete conversion to the
phosphorylated product in one reaction step is a highly attractive and powerful synthetic
strategy for replacing lengthy phosphorylation methodologies, which require protected
phosphoryl group donors as well as the introduction of suitable protecting groups into
the starting compound. The predominant use by nature of the phosphorus oxidation state
+5 and of the phosphate group, which can be introduced from inorganic or organic phospho-
ryl donors and can occur in different ionization states carrying multiple negative charges,
provides inspirations for making further valuable use of phosphorylation biocatalysts
in various directions. Cost-efficient industrial large-scale processes can be envisaged by
developing phosphorylation biocatalysts accepting inorganic phosphoryl donors. The pref-
erential use of phosphate as a good leaving group in various biochemical reactions, such as
carbon–carbon bond formation, decarboxylation, substitution and elimination reactions [7],
is an opportunity to develop new reaction cascades involving phosphorylation biocatalysts
and subsequent reactions, thereby replacing leaving groups traditionally used in synthetic
chemistry, such as halides, tosylates or triflates. Finally, the biocatalytic introduction of the
negatively charged phosphate group into poorly water-soluble compounds is of interest for
improving the solubilities in aqueous media and for the retention of compounds within bi-
ological cells as negatively charged compounds after their poorly water-soluble precursors
have passed the cell membranes and have undergone intracellular phosphorylation.

Therefore, the further exploration of the capabilities and power of natural and engi-
neered phosphorylation biocatalysts from different angles and perspectives will be very
beneficial, not only for highly selective and efficient phosphorylation reactions, but also for
biocatalytic routes involving phosphate as a leaving group and for systems biocatalysis
approaches.
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98. Štefanić, Z.; Narczyk, M.; Mikleušević, G.; Kazazić, S.; Bzowska, A.; Luić, M. Crystallographic snapshots of ligand binding to
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Abstract: We describe herein the synthesis and laccase mediated oxidation of six novel 1,4-dihydropyridine
(DHP)-based hexahydroquinolines (DHP1-DHP3) and decahydroacridines (DHP4-DHP6). We em-
ployed different laccase enzymes with varying redox potential to convert DHP1-DHP3 and DHP4-
DHP6 to the corresponding pyridine-containing tetrahydroquinoline and octahydroacridine deriva-
tives, respectively. Intensively coloured products were detected in all biocatalytic reactions using
laccase from Trametes versicolor (TvLacc), possibly due to the presence of conjugated chromophores
formed in products after oxidation. The NMR assessment confirmed that the oxidation product
of DHP1 was its corresponding pyridine-bearing tetrahydroquinoline derivative. Laccase from
Bacillus subtillis (BacillusLacc) was the most efficient enzyme for this group of substrates using HPLC
assessment. Overall, it could be concluded that DHP2 and DHP5, bearing catecholic structures,
were easily oxidized by all tested laccases, while DHP3 and DHP6 containing electron-withdrawing
nitro-groups are not readily oxidized by laccases. DHP4 with decahydroacridine moiety consisting
of three condensed six-membered rings that contribute not only to the volume but also to the higher
redox potential of the substrate rendered this compound not to be biotransformed with any of the
mentioned enzymes. Overall, we showed that multiple analytical approaches are needed in order to
assess biocatalytical reactions.

Keywords: dihydropyridine; hexahydroquinoline; acridinedione; laccase; biotransformation

1. Introduction

1,4-Dihydropyridine (DHP) scaffold occupies a significant position amongst all het-
erocycles, especially due to its therapeutic value [1]. Commercial DHPs, represented by
nifedipine, target the L-type calcium channel and are widely prescribed for the treatment
of cardiovascular conditions [2]. This prominent ring is also suitable for various chemical
modifications. Introducing DHP into fused ring systems such as hexahydroquinoline
and decahydroacridine has led to the discovery of novel molecules with a vast variety of
biological activities [3,4]. DHPs are under investigation not only for medical purposes
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but also for their physicochemical properties. The oxidation of DHP ring to pyridine is
one of the most examined characteristics of DHPs also providing an approach for the
preparation of pyridines starting from DHPs [5]. The oxidation of DHPs is of great interest
since DHP-based calcium channel blockers are biologically converted to the corresponding
pyridine derivatives by the action of cytochrome P-450 in the liver [6,7].

Although a number of catalytic oxidative aromatization of DHPs using molecular
oxygen as the oxidant have been reported, many of these methods rely on transition metals,
employ organic solvents and require high reaction temperatures [8–10]. On the other
hand, laccases (EC 1.10.3.2) are multi-copper oxidoreductases (MCOs), and as such, use the
distinctive redox ability of copper ions to catalyze the oxidation of a wide range of aromatic
substrates, in parallel with the reduction of molecular oxygen to two water molecules [11].

The rate of a laccase-oxidized reaction has been shown to depend on the redox po-
tential difference (∆E0) between the enzyme and the substrate. However, other factors
such as the size, shape and hydrophobicity of the substrate-binding site near the T1 cop-
per apparently also affect the reaction rate [12]. All laccases can be divided into three
groups according to their redox potential (E◦) at the T1 Cu site: (a) low E◦ enzymes with
E◦ ≈ 430 mV referred to a standard normal hydrogen electrode (NHE); (b) a middle E◦

group including enzymes with potentials 470-710 mV; (c) high E◦ enzymes with redox
potentials of 730–800 mV [13].

Only a few reports on the enzyme-mediated oxidation of DHPs are available, using
purified Trametes versicolor laccase (TvLacc) and aerial oxygen, under mild conditions [6,14].
Abdel-Mohsen and coworkers showed that ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt) is the best mediator for the oxidation of DHPs [6]. A
cooperative catalytic system of TvLacc and 4-phenyl urazole has been applied for the
aerobic oxidative aromatization of DHPs [15]. In our previous work, Simic et al. showed
that recombinant bacterial laccase, BliLacc from Bacillus licheniformis was successfully
applied in the preparative oxidation of some DHPs, but the oxidation of DHPs with bulkier
side groups resulted in poor yields of the corresponding products [16].

As laccases oxidize phenolic substrates [17], we aimed to synthesize six novels DHPs
carrying hydroxyl group(s) on the phenyl ring (Figure 1). Unlike commercial DHPs, we
introduced this scaffold into two condensed ring systems; hexahydroquinoline (DHP1-
DHP3) and decahydroacridine (DHP4-DHP6). We investigated their laccase-mediated
oxidation to the corresponding pyridine-containing derivatives using laccase enzymes
with different redox potential. To examine the influence of redox potential on the efficiency
of biocatalytic reaction, we have used four laccases: Trametes versicolor laccase (TvLacc)
(E0 = 800 mV) [18], Myceliophthora thermophila (Novozym®51003) laccase (E0 = 460 mV) [19],
Bacillus subtilis laccase (BacillusLacc) (E0 = 525 mV) [20] and Thermothelomyces thermophila
laccase-like multicopper oxidase (TtLMCO1) (E0 = 317 mV) [21]. Molecular docking
analysis was employed for a better understanding of substrate-enzyme interactions.
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Figure 1. Chemical structures of the synthesized compounds. Figure 1. Chemical structures of the synthesized compounds.

2. Results and Discussion

We have successfully synthesized and structurally characterized two small subseries
of new condensed DHPs carrying hexahydroquinoline (DHP1-DHP3) and decahydroacri-
dine (DHP4-DHP6) scaffolds. The compounds were synthesized from moderate to good
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yields via modified Hantzsch reaction using 1,3-dicarbonyl compounds, appropriate ben-
zaldehyde and ammonium acetate. The synthetic route to obtain the target compounds is
depicted in Figure 2.
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With this approach, we aimed to introduce DHP scaffold into condensed ring systems
unlike the structures of the commercial ones such as nifedipine, isradipine and amlodip-
ine. Additionally, we introduced at least one hydroxyl group on the phenyl ring of the
compounds since laccases oxidize phenolic substrates. To see the effect of the phenyl
substitution pattern on the laccase-mediated oxidation of the compounds, we synthesized
compounds carrying one (DHP1, DHP4) or two phenolic hydroxyl groups (DHP2, DHP5).
Moreover, we introduced an electron-withdrawing substituent, nitro group, to determine
its impact on the oxidation of DHP3 and DHP6.

2.1. Oxidation of DHPs by Laccases from Trametes versicolor (TvLacc)

We have recently described the oxidation of a series of DHP derivatives by recombi-
nant bacterial laccase, BliLacc from B. licheniformis [16]. Encouraged with previous results
this study was initiated to explore if the commercially available laccase TvLacc could
oxidize DHP1-DHP6. It was noticed that all the compounds were insoluble in most of
the tested solvents and poorly soluble in warm ethanol and methanol; however, all reac-
tion mixtures, after 18 h incubation, resulted in the colour change of all reactions: DHP1
and DHP4 turned to purple, DHP2 and DHP5 to orange and DHP3 and DHP6 to green
(Figure 3). Notably, despite the colour change, the additional products were detected by
TLC only in reaction mixtures containing DHP1 and DHP5 as substrates (Figure 3). The
observed colour change indicated that there was a change in the chromophore structure of
the starting compounds. Indeed, UV–VIS spectra of both substrate and reaction product
confirmed this (Figures S1–S6). We expected that the oxidation of the dihydropyridine
ring led to aromatization and formation of a pyridine ring which together with the phenyl
group forms a conjugated chromophore. In the control reactions without enzyme and in
the presence of ABTS, colour changed to green, due to oxidation of ABTS to the green
cation radical (ABTS•+) [22]. In the control reactions without the ABTS as mediator and
TvLacc, a slight change of colour in reactions with substrate DHP2 and DHP5 was notable
(Figure S7), while TLC and HPLC analysis showed very low conversion rate but the same
pattern to reactions in the presence of ABTS (Figures S8–S13, panel f). The addition of
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CuSO4 did not have any influence on resulting products compared to the same reactions
without Cu ions (data not shown).
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Figure 3. Biocatalytic reactions of DHP1-DHP6 using TvLacc as biocatalyst. Reactions after 18 h incu-
bation and extraction with ethyl acetate are depicted in the upper panel and thin-layer chromatography
analysis of DHP substrates and corresponding biotransformation products (eluent hexane/ethyl-
acetate= 1/1, UV visualization). Red rectangles indicate DHP1 and DH5 reaction products.

Reaction mixtures were analysed by HPLC, as well (Figures S8–S13). We found that
the results obtained on HPLC (with a UV detector) are consisted with TLC analysis results.
The reactions using only DHP1 and DHP5 gave an additional significant signal, belonging
to the product of the biocatalytic reaction, in the corresponding chromatograms.

Reaction product from DHP1 oxidation was successfully isolated and characterized by
NMR spectroscopy. The proton NMR spectrum of the starting compound DHP1 contains
signals derived from nitrogen-bound hydrogen and C4-hydrogen in the pyridine nucleus
at about δ~9 ppm and δ = 4.74, respectively. These signals do not exist in the 1H NMR
spectrum of the product (Figure 4, Figure S14). On the other hand, in the 13C NMR spectrum
of the product, an additional signal originating from the carbon C4 in the aromatic pyridine
ring appears in the range from 140 ppm to 170 ppm (Figure S15). Taking into account these
differences in the spectra the structure of the obtained reaction product was determined
(Figure 4). According to the appearance of the HPLC chromatogram and the retention
time (Figure S12, data b), the same transformation was also expected during the reaction
with the substrate DHP5. Noteworthy, when DHP5-R was purified on a silica column,
hydrolysis of the product occurred, preventing the representative NMR spectrum; however,
signature peaks of the expected oxidation product were present (data not shown). When
liquid chromatography coupled with a mass detector was used to analyze products of the
biocatalytic transformation, it was quite difficult to determine the identity and the amount
of the products, as the expected mass difference was only a single H atom (Figure 4).
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Figure 4. HPLC chromatogram of the laccase mediated transformation of DHP1 showing both DHP1 and DHP1-R as
reaction product and 1H NMR spectra of the DHP1 (bottom) and its tetrahydroquinoline derivative as the isolated oxidation
product (top).

It has been well established that in the mediator-redox-system, oxidation occurs
through a mediator, and it is highly dependent on the type of mediator [23]. Recently, it
was shown that, in the presence of ABTS as a mediator, the substrate oxidations by the
laccase and by the ABTS cation radical take place simultaneously, at least for phenolic
substrates [24]. In order to better understand why oxidation products did not occur in
reactions with other substrates, we calculated the relative energies of all substrates and
expected pyridines (Table 1). All substrates have higher stability (lower absolute energy)
in comparison with the corresponding oxidation products. Substrate-product pair DHP1-
DHP1R has the lowest energy barrier in comparison with others; this could be the reason
for the successful oxidation of DHP1. On the other hand, the reaction product occurs
in the oxidation of DHP5 although the relative energy difference is similar to the other
substrate-product pairs (Table 1).

Table 1. Relative energies of substrates DHP1-DHP6 and expected reaction products (DHP1-R–6-R).

Compound Relative Energy (kcal/mol)

DHP1 0.0 a

DHP1-R 750.8
DHP2 0.0 b

DHP2-R 763.2
DHP3 0.0 c

DHP3-R 784.4
DHP4 0.0 d

DHP4-R 763.6
DHP5 0.0 e

DHP5-R 765.8
DHP6 0.0 f

DHP6-R 763.3
Absolute energy baselines (in Hartree). a: −1210.607757755; b: −1285.85580863; c: −1415.17774797;
d: −1212.73819921; e: −1287.97793577; f : −1417.28900326.

2.2. Oxidation of DHPs by Laccases with Different Redox Potential

After the first set of biocatalytic oxidation of a series of DHP compounds with TvLacc,
we found that there was a difference in the success of the reaction with various substrates
(Figure 5A). As the progression of the reaction is influenced by many factors, among
them enzyme redox potential, we decided to examine biocatalytic oxidation with three
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additional laccases having lower redox potential compared to TvLacc (E0 = 800 mV),
Novozym 51003 laccase (E0 = 460 mV) [19], BacillusLacc (E0 = 525 mV) [20], TtLMCO1
(E0 = 317 mV). TtLMCO1 is a novel thermostable laccase-like multicopper oxidase with low
redox potential (E0 = 317 mV vs. NHE at 30 ◦C) [21]. TtLMCO1 has been used previously
for the cyclization of chalcones to the respective aurones with satisfactory yields [25]. The
low redox potential of this particular LMCO leads to higher selectivity and therefore could
be an advantage in synthetic applications, compared to high- E0 laccases, which can quickly
polymerize their substrate to insoluble products.
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(B) BacillusLac; (C) Novozym 51003; Control reactions with enzymes and ABTS mediator without
DHP substrate.

Reactions were set by the same general procedure on small scale (using the same ratio
of enzyme U/mg of a substrate; Table S1) and analyzed by HPLC after 18 h incubation
(Table 2)). Using DHP4 and DHP6 as substrates, no detectable products were observed with
any of the enzymes, although DHP4 changed colour to purple. Similarly, DHP3 was also
very difficult to oxidize by laccases and only about 5–6% of the substrate was converted
using BacillusLacc and Novozym 51003 laccases (Table 2). Among all tested enzymes,
BacillusLacc was the most successful in the oxidation of DHP1 with more than 45% of this
substrate converted to products, followed by TvLacc>Novozym 51003>TtLMCO1. Judging
by the HPLC assessment, the easiest to transform was DHP5 with TtLMCO1 utilising
about 80% of the substrate in the tested time-frame. The biocatalytic reactions without the
presence of the ABTS mediator were also assessed (Table S2). Overall, lower conversion has
been detected, but substrates DHP1, DHP2 and DHP5 were still the most readily oxidized.
On the other hand, it was quite difficult to assess the biocatalytic reaction products using
mass spectral analysis as the major expected product differed only in single hydrogen
from the substrate, but MS analysis detected dimers in reaction with DHP5 as substrate
(Figure S17). Since the detected dimer co-eluted with the respective monomer, it is possible
that it could be formed during the ionization process itself (i.e., the dimerization took place
after elution from the column).
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Table 2. DHP1-DHP6 biotransformation with four laccases assessed by HPLC with the amount of sub-
strate remaining after 18 h reaction expressed as %. Chromatograms are given in supporting material.

Substrate *
Enzyme DHP1 DHP2 DHP3 DHP5

TvLacc 61.8 45.9 100 52.8
BacillusLacc 54.7 63.8 94.1 43.6

Novozym 51003 67.2 79.4 94.1 37.7
TtLMCO1 79.4 76.6 100 21.2

* For reactions DHP4 and DHP6 the results are not shown, since there was no reaction.

DHP3 and DHP6 containing electron-withdrawing nitro-groups are not readily oxi-
dized by laccases [26]; therefore, the absence of activity against –NO2–bearing DHPs could
be expected, despite the use of ABTS as mediator. NO2-bearing DHPs were oxidized at very
low yield only by BacillusLacc and Novozym 51003, but not TvLacc. This is in accordance
with the findings of Tadesse and coworkers, where NO2-bearing phenols were readily
oxidized by Novozym laccase, but not TvLacc, despite the difference of the enzymes in E0

and the high E0 of the substrates [19]. The authors attributed this apparent discrepancy to
steric issues related to the active site architecture of TvLacc: the existence of two pheny-
lalanines (Phe332 and Phe337), forming a ‘gate’ for the entrance of the substrate, could
prohibit access to bulky substrates. Phe162 also plays an important role in the shaping of
the hydrophobic cavity: replacement by Ala resulted in more efficient oxidation of bulky
substrates [27]. Small size residues in these positions result in a more relaxed entrance to
the T1 copper centre (Figure 6 and Figure S18), which is reflected in more efficient oxidation
of bulky substrates by BacillusLacc, compared to the other laccases. On the other hand,
Novozym 51003 contains a Trp residue in the position of Phe337 of TvLacc laccase, which
is a rather bulky amino acid (Table S2, Figures S12 and S19). This may contribute to the
lower oxidation efficiency towards DHP2, compared to BacillusLacc.
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To better understand the obtained results, we explored the interaction of compounds
DHP5 and DHP2 and laccases using standard docking protocols. TtLMCO1 was not in-
cluded in docking analyses due to a lack of available crystal structure. The architecture of
the substrate-binding pocket, together with the respective models are shown in Figure 6
for DHP5 substrate and in Figure S12 for DHP2 substrate. The results of the molecular
docking analysis for DHP5 and DHP2 are shown in Tables S3 and S4, respectively.

Some conclusions can be drawn from the correlation of the size of the substrates with
the architecture of the substrate pocket for each laccase: for example, according to structure-
based sequence alignments, BacillusLacc contains Val, Leu and Gly in the positions Phe 162,
Phe337 and Phe332 of TvLacc laccase, respectively, as shown by structure-based sequence
alignments (Figure S18).

The redox potential of laccases in some cases can be correlated with one residue,
acting as a weakly coordinating axial ligand to the T1 copper centre. This amino acid is
usually a Phe in high-redox, white-rot fungal laccases, while in BacillusLacc and Novozym
51003 laccase this position is occupied by a Met and a Leu, respectively (Figure 6) [28].
Even though DHP1 and DHP4 have the same phenol ring, their reactivity with all tested
enzymes is completely different. DHP1 is oxidized by all tested laccases in good yield
while DHP4 did not react at all. This is expected because of decahydroacridine moiety in
DHP4, which consists of three condensed six-membered rings, which contribute to the
volume but more importantly to the higher redox potential of the substrate resulting in no
detectable oxidation using laccases.

The addition of –OH groups in the phenol ring lowers the redox potential (E0) of the
compound (for example the E0 of catechol is 0.53 V vs. NHE, compared to phenol with
E0 >0.8 V vs. NHE), and therefore, the oxidation of catecholic compounds is easier by
laccases [29]. This is reflected by our results, since DHP2 and DHP5, bearing catecholic
structures, were easily oxidized by almost all tested laccases. Among the catecholic sub-
strates tested, significant differences can be observed in the oxidation efficiency by different
laccases: For example, the oxidation of DHP2 follows the E0 of the tested enzymes (less
substrate remaining with increasing E0), but the exact opposite happens in the case of DHP5
substrate. This is surprising: in the case of TtLMCO1, which is the enzyme with the lowest
E0 tested, the maximum activity was observed. Nonetheless, it is in line with previous
studies, reporting that substrate specificity does not always correlate well with the redox
potential of the enzyme, and kinetic factors also play a significant role. For example, Xu and
co-workers tested the kinetic properties of several multicopper oxidases and concluded
that enzyme affinity is independent of the redox potential, although the turnover number is
increasing with increased E0 [30]. More recently, Mehra and co-workers concluded that the
apparent Km of a given laccase is the result of both affinity and electronic properties of the
substrate [31]. Glazunova and co. also reported that high E0 does not necessarily lead to
more efficient oxidation, and they attributed the observed discrepancies to the architecture
of the substrate-binding pocket [32]. According to this study, both the size and flexibility of
the substrate pocket, together with the presence of specific amino acids, could determine
the affinity for a specific substrate, and thus the architecture of the substrate pocket can be
engineered properly to yield tailored biocatalysts for specific applications.

3. Materials and Methods
3.1. Reagents and Chemicals

All chemicals and solvents were purchased from commercial sources and were used
without further purification.

TvLacc was purchased from Sigma (Munich, Germany), provided in the form of pow-
der. Recombinant Bacillus subtilis CotA laccase preparation was obtained as described [33].
TtLMCO1 was heterologously produced in Pichia pastoris and purified with metal affinity
chromatography according to our previous study [25]. Laccase from Myceliophthora ther-
mophila (Novozym 51003) was a kind gift from Novozymes A/S® (Bagsværd, Denmark)
and was used as supplied.
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3.2. Analytical Methods

The reactions were monitored and the purity of the obtained compounds was initially
checked by thin-layer chromatography (TLC) performed on silica gel 60 F254 precoated
aluminium sheets (Merck, (Darmstadt, Germany) using mobile phase ethyl acetate-hexane
(1:1) and UV light for visualization. Melting points were determined using Thomas
Hoover Capillary Melting Point Apparatus (Philadelphia, PA, USA) and were uncorrected.
1H and 13C NMR spectra were recorded at 400 and 100 MHz, respectively, using High-
Performance Digital FT-NMR Spectrometer, Varian Mercury 400, (Palo Alto, California,
USA) in dimethylsulfoxide (DMSO-d6) solutions. Chemical shifts are expressed in ppm (δ)
using tetramethylsilane as an internal standard, and coupling constants (J) are measured in
hertz (Hz). The ESI-MS spectra were obtained on a micro mass ZQ-4000 single quadrupole
mass spectrometer (Waters, Eschborn, Germany). Elemental analyses were carried out
on a Leco CHNS 932 Elemental Analyzer (St. Joesph, MI, USA). UV–VIS spectra were
recorded at spectrophotometer Ultrospec 3300pro, Amersham Biosciences (Amersham,
Buckinghamshire, UK). Chromatographic analyzes were performed on HPLC (Thermo
Scientific Ultimate 3000, Thermo Scientific, Waltham, Massachusetts, USA) with a UV
detector (UltiMate 3000 DAD).

3.3. General Procedure for the Synthesis and Structure Elucidation of DHPs

DHP-based compounds (DHP1-DHP6) were obtained according to modified Hantzsch
synthesis. DHP-based hexahydroquinolines (DHP1-DHP3) and decahydroacridines (DHP4-
DHP6) were synthesized as follows:

DHP1-DHP3: Equimolar amount (1 mmol) of 4,4-dimethyl-1,3-cyclohexanedione,
substituted benzaldehyde and isopropyl acetoacetate were dissolved in 15 mL absolute
ethanol and heated for 8 h under reflux conditions. The reaction mixture was cooled and
poured into ice water. The obtained precipitate was filtered, and this crude solid was
purified by recrystallization from ethanol-water.

DHP4-DHP6: 2 mmol 4,4-dimethyl-1,3-cyclohexanedione, 1 mmol substituted ben-
zaldehyde and an excess amount of ammonium acetate (5 mmol) were heated in 15 mL
absolute ethanol under reflux conditions for 8 h. After the reaction mixture was cooled
down, the forming crystals were filtered and washed with cold ethanol, or the mixture
was poured into ice-water, the obtained precipitate was filtered and recrystallized from the
ethanol-water mixture.

Isopropyl 4-(3-hydroxyphenyl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3- car-
boxylate (DHP1): Yield: 34%. M.p. 229–231 ◦C. 1H-NMR (δ, DMSO-d6): 0.88 (3H; s), 0.95
(3H; s), 1.05 (3H; d; J = 6.4 Hz), 1.15 (3H; d; J = 6.4 Hz), 1.67–1.71 (2H; m), 2.22 (3H; s),
2.44–2.48 (2H; m), 4.74 (1H; s), 4.77–4.83 (1H; m), 6.41–6.93 (4H; m), 8.97 (1H; s), 9.02 (1H;
s). ESI-MS (m/z): 392 [M+Na]+. Anal. Calcd. for C22H27NO4; C, 71.52; H, 7.37; N, 3.79.
Found: C, 71.25; H, 7.44; N, 3.82.
Isopropyl 4-(3,4-dihydroxyphenyl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydro quinoline-
3-carboxylate (DHP2): Yield: 32%. M.p. 242–244 ◦C. 1H-NMR (δ, DMSO-d6): 0.90 (3H; s),
0.97 (3H; s), 1.08 (3H; d; J = 6.4 Hz), 1.17 (3H; d; J = 6.4 Hz), 1.69–1.73 (2H; m), 2.22 (3H; s),
2.45–2.49 (2H; m), 4.66 (1H; s), 4.79–4.85 (1H; m), 6.38 (1H; dd; J = 2.0/8.0 Hz), 6.49 (1H; d;
J = 8.0 Hz), 6.54 (1H; d; J = 2.0 Hz), 8.45 (1H; s), 8.53 (1H; s), 8.92 (1H; s). ESI-MS (m/z): 408
[M+Na]+. Anal. Calcd. for C22H27NO5; C, 68.55; H, 7.06; N, 3.63. Found: C, 68.38; H, 7.11;
N, 3.62.
Isopropyl 4-(4-hydroxy-3-nitrophenyl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydro quinoline-
3-carboxylate (DHP3): Yield: 65%. M.p. 256–258 ◦C. 1H-NMR (δ, DMSO-d6): 0.86 (3H; s),
0.95 (3H; s), 1.02 (3H; d; J = 6.4 Hz), 1.16 (3H; d; J= 6.4 Hz), 1.66–1.72 (2H; m), 2.24 (3H;
s), 2.45–2.49 (2H; m), 4.75 (1H; s), 4.77–4.83 (1H; m), 6.95 (1H; d; J = 8.8 Hz), 7.28 (1H; dd;
J = 2.0/8.8 Hz), 7.57 (1H; d; J= 2.0 Hz), 9.09 (1H; s). ESI-MS (m/z): 437 [M+Na]+. Anal.
Calcd. for C22H26N2O6; C, 63.76; H, 6.32; N, 6.76. Found: C, 63.31; H, 6.29; N, 6.76.
9-(3-hydroxyphenyl)-2,2,7,7-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H) -dione
(DHP4): Yield: 25%. M.p. 294–295 ◦C. 1H-NMR (δ, DMSO-d6): 0.91 (6H; s), 0.97 (6H; s),
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1.71–1.75 (4H; m), 2.49–2.53 (4H; m), 4.79 (1H; s), 6.37–6.90 (4H; m), 9.01 (1H; s), 9.29 (1H;
s). ESI-MS (m/z): 388 [M+Na]+. Anal. Calcd. for C23H27NO3; C, 75.59; H, 7.45; N, 3.83.
Found: C, 75.43; H, 7.39; N, 3.80.
9-(3,4-dihydroxyphenyl)-2,2,7,7-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8 (2H,5H)-
dione (DHP5): Yield: 39%. M.p. 260–261 ◦C. 1H-NMR (δ, DMSO-d6): 0.89 (6H; s), 0.94 (6H;
s), 1.70 (4H; t), 2.47 (4H; t), 4.68 (1H; s), 6.32 (1H; dd; J = 2.0/8.0 Hz), 6.44 (1H; d; J = 8.0 Hz),
6.52 (1H; d; J = 2.0 Hz), 8.34 (1H; s), 8.50 (1H; s), 9.19 (1H; s). ESI-MS (m/z): 404 [M+Na]+.
Anal. Calcd. for C23H27NO4; C, 72.42; H, 7.13; N, 3.67. Found: C, 72.20; H, 7.07; N, 3.69.
9-(4-hydroxy-3-nitrophenyl)-2,2,7,7-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8 (2H,5H)-
dione (DHP6): Yield: 58%. M.p. 267–268 ◦C. 1H-NMR (δ, DMSO-d6): 0.87 (6H; s), 0.95 (6H;
s), 1.69-1.73 (4H; m), 2.47–2.52 (4H; m), 4.77 (1H; s), 6.92 (1H; d; J = 8.4 Hz), 7.30 (1H; dd;
J = 2.4/8.4 Hz), 7.52 (1H; d; J = 2.4 Hz), 9.38 (1H; s). ESI-MS (m/z): 433 [M+Na]+. Anal.
Calcd. for C23H26N2O5; C, 67.30; H, 6.38; N, 6.82. Found: C, 67.43; H, 6.43; N, 6.89.

3.4. Biocatalytic Reaction Setup and Analytical Procedures
3.4.1. General Procedure for the Laccase-Catalyzed Oxidation of DHPs -Analytical Scale

In 2 mL Eppendorf tubes, 1 mg of DHP substrate was suspended in 50 µL methanol
and 850 µL sodium acetate buffer (0.1 M, pH = 4.5). Subsequently, 5 µL of ABTS diammo-
nium salt (final concentration 0.2 mM) dissolved in acetate buffer, and 100 µL TvLacc
laccase (4–5 U) dissolved in acetate buffer, was added to the suspension. In some cases, a
water solution of CuSO4 to a final concentration of 0.09 mM was also added to the reaction
mixture. Reaction mixtures were set up in Thermomixer (Eppendorf, Hamburg, Germany)
(rpm 500), 50 ◦C overnight. After extraction with ethyl acetate (3 × 300 µL), the solvent
was removed under reduced pressure. The crude products were dissolved in methanol,
filtered and analyzed with HPLC.

3.4.2. General Procedure for the Laccase-Catalyzed Oxidation of DHPs -Medium Scale

In 100 mL flasks, 5 mg of DHP substrate was suspended in 300 µL methanol and
4.5 mL sodium acetate buffer (0.1 M, pH = 4.5). Subsequently, 87.5 µL ABTS diammonium
salt (final concentration 0.2 mM) dissolved in acetate buffer and 200 µL TvLacc (5 U per
1 mg of the substrate) dissolved in acetate buffer was added to the suspension. When
all different laccases were used, the amount of enzyme per mg of the substrate was kept
constant (the activity units of laccases were assessed against catechol in the sodium acetate
buffer (0.1 M, pH = 4.5)). Reaction mixtures were set up in a water bath at 150 rpm, 50 ◦C
overnight. (New Brunswick Scientific, Edison, New JerseyUSA). Reaction products were
extracted with ethyl acetate (3 × 10 mL); the combined organic extracts were dried over
anhydrous MgSO4; the solvent was removed under reduced pressure.

3.4.3. HPLC Analysis of Reaction Mixtures

Prepared crude products of all reaction mixtures were dissolved in methanol, filtered
and analyzed by HPLC (Thermo Scientific Ultimate 3000, Vertex plus C18A 150 × 4.6 mm
column, Thermo Scientific, Waltham, Massachusetts, USA) using eluent acetonitrile/water
in gradient (acetonitrile 30% to 90% for 13 min, 90% constant for 0.5 min, return 3 min
to initial conditions). The eluted products were detected at 210 nm, and quantitative
analysis was performed by calculating the peak areas into a percentage using Chromeleon
software. Reaction products were isolated on a semi-preparative column (Vertex plus C18,
250 × 8 mm) with the same solvent system.

3.4.4. NMR Analysis of Isolated Product from Biocatalytic Oxidation of DHP1

The reaction product was isolated using HPLC, as we described in the previous section.
NMR spectra were recorded in DMSO-d6 solution.

Isopropyl 4-(3-hydroxyphenyl)-2,6,6-trimethyl-5-oxo-5,6,7,8-tetrahydroquinoline-3- car-
boxylate: 1H-NMR (δ, DMSO-d6): 9.45 (s, 1H), 7.10 (t, J = 7.7 Hz, 1H), 6.71 (d, J = 7.3 Hz,
1H), 6.40 (d, J = 7.9 Hz, 1H), 4.79 (dd, J = 12.3, 6.1 Hz, 1H), 3.10 (t, J = 6.2 Hz, 2H), 2.45 (s,
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3H), 1.94 (t, J = 6.4 Hz, 2H), 1.06 (s, 3H), 0.94 (d, J = 6.2 Hz, 3H). 13C NMR (δ, DMSO-d6):
201.74, 166.81, 163.39, 157.16, 156.86, 148.45, 138.91, 129.94, 129.17, 123.73, 118.69, 115.02,
114.81, 69.19, 42.58, 34.59, 29.51, 24.09, 22.96, 21.38.

3.5. Molecular Docking Simulations

The protein database (PDB) structures selected for docking analyses were 1KYA for
TvLacc, 4Q8B for BacillusLacc and 6F5K for Novozym 51003 laccase. TtLMCO1 was not
included in docking analyses due to a lack of available crystal structure. The structures
were optimized, and co-crystallized ligands were removed. Molecular docking analyses
were performed with YASARA (Yet Another Scientific Artificial Reality Application), with
a simulation cell of 13.0 Å filled with water around T1 copper [34]. The receptor was
considered rigid, and the ligand was considered flexible. All other parameters were set to
defaults. After 25 AutoDock VINA runs, the resulting clusters with RMSD > 5.0 Å were
visually inspected. The complex conformations with the highest binding energies were
selected, and visualization of the resulting models was performed with UCSF Chimera 1.14,
which was also used for structure-based sequence alignments. Structure-based sequence
alignments were visualized by ESPRIPT 3.0.

Molecular Energies Calculations
Optimization of geometry and calculation of relative energies (kcal/mol) of com-

pounds DHP1-DHP6 and expected reaction products were obtained by Gaussian with
B3LYP method using a 6-311++G(d,p) basis set.

4. Conclusions

Laccase oxidation usually leads to the formation of multiple products, and thus,
laccase-mediated biocatalytic reactions require the use of multiple approaches for their
characterization. In the present work, the laccase-mediated biocatalytic transformation of
new DHP molecules was described. DHP2 and DHP5, which contain catechol structures,
were easily oxidized by all tested laccases, while DHP3 and DHP6, which contain electron-
withdrawing nitro-groups, are not readily oxidized, even with the addition of ABTS as
mediator. The presence of a voluminous acridine ring, as well as the reportedly higher
redox potential of the phenolic hydroxyl group in DHP4 contributed to the small reactivity
of this compound. From the results of the present study, it can be concluded that molecular
descriptors, such as size and electronic properties, have the greatest influence on the
susceptibility of DHP-based substrates to laccase oxidation. Molecular docking analysis
suggests that the architecture of the substrate-binding pocket is important for efficient
oxidation. BacillusLacc has small gate-forming residues compared to the other tested
laccases, and this enzyme was shown to be the most versatile regarding DHP oxidation,
since it showed satisfactory activity against all tested DHP substrates. Overall, the present
work reports the synthesis and laccase-mediated oxidation of new DHP compounds. The
results of the present study highlight the complexity of laccase-mediated oxidation, and
complement previous studies, supporting that the redox and kinetic properties of a given
laccase may not always be adequate predictors of the activity on a given substrate, since
other factors also may play a defining role, such as the size and side groups.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11060727/s1. Figure S1: DHP1 (a) wave scan 220–800 nm, starting compound from
290–410 nm (concentrated sample dissolved in MeOH, recorded at spectrophotometer); (b) wave
scan 200–400 nm, starting compound from 313–400 nm (sample conc. 1 mg/mL, dissolved in MeOH,
recorded at HPLC); (c) wave scan 200–400 nm, reaction product -peak of product (blue line) (sample
conc. 1 mg/mL, dissolved in MeOH). Figure S2: DHP2 (a) wave scan 220–800 nm, starting compound
from 290–410 nm (concentrated sample dissolved in MeOH, recorded at spectrophotometer); (b) wave
scan 200–400 nm, starting compound from 313–400 nm (sample conc. 1 mg/mL, dissolved in MeOH,
recorded at HPLC); (c) wave scan 200–400 nm, reaction product (sample conc. 1 mg/mL, dissolved
in MeOH, recorded at HPLC). Figure S3: DHP3 (a) wave scan 220–800 nm, starting compound from
290–410 nm (concentrated sample dissolved in MeOH, recorded at spectrophotometer); (b) wave
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scan 200–400 nm, starting compound from 313–400 nm (sample conc. 1 mg/mL, dissolved in
MeOH, recorded at HPLC); (c) wave scan 200–400 nm, reaction product (sample conc. 1 mg/mL,
dissolved in MeOH). Figure S4: DHP4 (a) wave scan 220–800 nm, starting compound from 290–
410 nm (concentrated sample dissolved in MeOH, recorded at spectrophotometer); (b) wave scan
200–400 nm, starting compound from 313–400 nm (sample conc. 1 mg/mL, dissolved in MeOH,
recorded at HPLC); (c) wave scan 200–400 nm, reaction product (sample conc. 1 mg/mL, dissolved
in MeOH, recorded at HPLC). Figure S5: DHP5 (a) wave scan 220–800 nm, starting compound from
290–410 nm (concentrated sample dissolved in MeOH, recorded at spectrophotometer); (b) wave
scan 200–400 nm, starting compound from 313–400 nm (sample conc. 1 mg/mL, dissolved in MeOH,
recorded at HPLC); (c) wave scan 200–400 nm, reaction product (sample conc. 1 mg/mL, dissolved
in MeOH, recorded at HPLC). Figure S6: DHP6 a) wave scan 220–800 nm, starting compound from
290–410 nm (concentrated sample dissolved in MeOH, recorded at spectrophotometer); (b) wave
scan 200–400 nm, starting compound from 313–400 nm (sample conc. 1 mg/mL, dissolved in MeOH,
recorded at HPLC); (c) wave scan 200–400 nm, reaction product (sample conc. 1 mg/mL, dissolved in
MeOH, recorded at HPLC). Figure S7: Colors of reactions after 18 h incubation with TvLacc without
ABTS mediator using six different DHP substrates. Figure S8: HPLC chromatograms of DHP1 before
(a) and after oxidation with different enzymes (b) TvLacc, (c) BacillusLacc, (d) Novozym51003, (e)
TtLMCO1 and (f) TvLacc without ABTS. Figure S9: HPLC chromatograms of DHP2 before (a) and
after oxidation with different enzymes (b) TvLacc, (c) BacillusLacc, (d) Novozym51003 (e) TtLMCO1
and (f) TvLacc without ABTS. Figure S10: HPLC chromatograms of DHP3 before (a) and after
oxidation with different enzymes (b) TvLacc, (c) BacillusLacc, (d) Novozym51003, (e) TtLMCO1
and (f) TvLacc without ABTS. Figure S11: HPLC chromatograms of DHP4 before (a) and after
oxidation with different enzymes (b) TvLacc, (c) BacillusLacc, (d) Novozym51003, (e) TtLMCO1 and
f) TvLacc without ABTS. Figure S12: HPLC chromatograms of DHP5 before (a) and after oxidation
with different enzymes b) TvLacc, (c) BacillusLacc, (d) Novozym51003, (e) TtLMCO1 and (f) TvLacc
without ABTS. Figure S13: HPLC chromatograms of DHP6 before (a) and after oxidation with
different enzymes (b) TvLacc, (c) BacillusLacc, (d) Novozym51003, (e) TtLMCO1 and (f) TvLacc
without ABTS. Figure S14: 1H NMR spectra of isolated product from biocatalytic oxidation of DHP1.
Figure S15: 13C NMR spectra of isolated product from biocatalytic oxidation of DHP1. Figure S16: 2D
COSY NMR spectra of isolated product from biocatalytic oxidation of DHP1. Figure S17: (a) Overlaid
chromatograms of DHP5 (in blue, for the m/z value 382.2013 (±5 mDa) and its corresponding dimer
(in orange, for the m/z value 763.3952 (±5 mDa) eluted at 6.80 min in positive ionization mode.
(b) MS/MS spectra of the dimer of DHP5 in autoMS mode. Figure S18: Structure-based sequence
alignment of laccases from T. versicolor (1kya), B. subtilis (4q8b) and Novozym 51003 (6f5k). Green
arrows indicate the gate-forming phenylalanines in laccase from T. versicolor. Conserved residues
are shown in red. α- helices, β-sheets and turns are indicated in black. Figure S19: Models of
DHP2 interacting with laccases TvLacc (a, d), BacillusLacc (b, e) and Novozym 51003 (c, f). a–c: The
interaction model of DHP2 with the tested laccases. Ligand is coloured in cyan, copper atoms are
coloured in green, equatorial T1 copper ligands are coloured in dark grey, an axial copper ligand is
coloured in red, binding pocket residues are coloured in orange. d-f: The surface binding model of
DHP2 with the tested laccases. Table S1: Specific activities of the different laccases used in this study.
Table S2: DHP1-DHP6 biotransformation with four laccases, without mediator ABTS, assessed by
HPLC with the amount of substrate remaining after 18 h reaction expressed as %. (Chromatograms
for TvLacc are provided in Figures S2–S7 as panel (f)). Table S3: The results of molecular docking for
DHP5 in the active site of the tested laccases. Table S4: The results of molecular docking for DHP2 in
the active site of the tested laccases.
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Abstract: Regulatory processes in biology can be re-conceptualized in terms of logic gates, analogous
to those in computer science. Frequently, biological systems need to respond to multiple, sometimes
conflicting, inputs to provide the correct output. The language of logic gates can then be used to
model complex signal transduction and metabolic processes. Advances in synthetic biology in turn
can be used to construct new logic gates, which find a variety of biotechnology applications including
in the production of high value chemicals, biosensing, and drug delivery. In this review, we focus on
advances in the construction of logic gates that take advantage of biological catalysts, including both
protein-based and nucleic acid-based enzymes. These catalyst-based biomolecular logic gates can
read a variety of molecular inputs and provide chemical, optical, and electrical outputs, allowing
them to interface with other types of biomolecular logic gates or even extend to inorganic systems.
Continued advances in molecular modeling and engineering will facilitate the construction of new
logic gates, further expanding the utility of biomolecular computing.

Keywords: logic gate; allostery; enzyme computing; DNA computing; protein engineering; metabolic
engineering; enzyme cascade

1. Introduction

Organisms have evolved a variety of mechanisms to respond, communicate, and
adapt to their environments. For example, fundamental cellular processes including
transcription and translation are highly regulated. Protein function, especially enzyme
function, is often modulated by the concentrations of metabolites and signaling molecules.
The activity of many enzymes depends not just on the concentration of the substrate, but
on other metabolites that bind to allosteric sites, allowing for more complex regulation.
The interconnected web of the reactions and regulation involved in metabolism can be
conceptualized as a circuit of logic gates, analogous to a computer, where each individual
reaction is a logic gate that produces output molecules in response to input molecules. In the
case of an enzyme allosterically regulated by metabolites, the “decision” to produce more
or less of a given metabolite depends on the concentration of the metabolites that control
the activity of the enzyme. As such, biological regulation can be re-conceptualized in terms
of logic gates, which then have a wide variety of biotechnology applications, including
in synthetic biology for the optimized production of high value chemicals (e.g., [1,2]), for
engineering of biosensors that sense multiple analytes (e.g., [3–5]), and for the programmed
delivery of therapeutics based on biomarkers (e.g., [6,7]). In these applications, synthetic
biological logic gates are often designed to interface with the existing biochemical logic gates
in the cell. Here we provide some historical background for understanding biomolecular
logic gates, outline recent work conceptualizing allosteric enzymes as logic gates, describe
how enzymes (and their associated chemical reactions) can be engineered to behave as
logic gates in response to biological inputs, and finally expand the discussion to nucleic
acid-based logic gates, where allosterically regulated DNA-based enzymes (DNAzymes)
can play important roles.
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1.1. Fundamentals of Logic Gates

Logic gates are the basic building blocks of computers. In electronic Boolean logic gates,
a low voltage/current is 0 and a high voltage/current is 1. This concept can be expanded
to chemical reactions, where a low signal is 0 and a high signal is 1. Although the inputs
and outputs of a molecular logic gate are not truly binary, molecular circuits have been
designed to behave closer to binary logic gates with a sigmoidal response to inputs [8–12],
though such behavior is difficult to apply generally. In living cells, biomolecules sense
and transmit signals, behaving as complex circuits made of logic gates [13,14]. It has
been shown theoretically that a series of chemical reactions occurring in solution without
compartmentalization can be used to create logic circuits of arbitrary complexity [15]
enabling mathematical operations to be carried out [16], although for multi-component
systems noise reduction techniques may be necessary [17,18]. While our focus in this review
is on idealized binary biomolecular logic gates, logic circuits in synthetic biology can be
more generally understood using the theoretical framework of analog circuits to take into
account the noise and leakiness that occur in real molecular systems [19,20].

A logic gate returns an output based on one or more inputs (Table 1). The simplest
logic gate is the YES (or identity (ID)) gate, where the output is the same as the input. The
YES gate is trivial to implement on its own but can be used as part of more complex logic
operations. The NOT gate is the inverse of the YES gate, where the output is the opposite
of the input. The YES and NOT gates can be implemented in biomolecular systems when a
signal based on the product of a chemical reaction depends on the presence or absence of
a reactant. The AND gate results in an output of 1 only if both inputs are 1. The OR gate
results in an output of 1 if one or both inputs are 1. The AND and OR gates are the most
commonly used biomolecular logic gates because of their relative simplicity. The NAND
and NOR gates are the same as the AND and OR gates but with the output inverted. The
XOR gate has an output of 1 only if one of the inputs, but not both, is 1. The NXOR gate
is an XOR gate with inverted output. The NAND and NOR logic gates, while difficult to
implement using biomolecules, are functionally complete operations, meaning they can be
combined to produce any other logic operation. The inhibit gate (INH) describes a system
in which the output is 1 when input A is 1, but is 0 when input B is 1. For example, if
input A is the substrate for an enzyme and the output is the reaction product, input B is an
inhibitor of the enzyme. The imply gate (IMP) is an INH gate with the output reversed. A
summary of the fundamental logic gates and biomolecular examples is provided in [21].

Table 1. Fundamental Boolean logic gates.

Input Values Output Values

A B AND OR INH XOR NAND NOR IMP XNOR

0 0 0 0 0 0 1 1 1 1
0 1 0 1 0 1 1 0 1 0
1 0 0 1 1 1 1 0 0 0
1 1 1 1 0 0 0 0 1 1

1.2. Early History of Biomolecular Logic Gates

A formal conception of chemical reactions as logic gates was published in 1961 [22].
Molecular logic gates have been developed for small molecules, but we will not focus on
that work here and refer readers to other reviews in this area (e.g., [23–27]). In a biolog-
ical context, the concept of molecular logic gates was initially applied to transcriptional
regulation of enzyme activity [28,29]. In the 1980s, Okamoto and co-workers [30,31] ap-
plied the previously developed mathematical framework [32] directly to enzyme-catalyzed
reactions. A decade later, the switching between metabolic pathways involving glucose
was conceptualized by logic gates, and the dependence of the sharpness of transition
between logical states on enzyme kinetic parameters was analyzed [33]. In one of the first
experimental demonstrations of an enzyme-based logic gate, an AND gate was created
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by conformational switching of enzyme-conjugated azobenzene derivatives by light and
oxidation/reduction of an inhibitor to control α-chymotrypsin activity [27,34]. In another
experimental example, an XOR gate was realized via the Ca2+ and Mg2+ dependence of
malate dehydrogenase activity [35]. Willner and colleagues [36,37] developed a half-adder
and half-subtractor from parallel XOR and AND gates using horseradish peroxidase, glu-
cose dehydrogenase, glucose oxidase, and catalase in the presence of reduced (NADH)
and oxidized (NAD+) forms of nicotinamide adenine dinucleotide. The first experimental
demonstration of consecutive enzyme-based logic gates was in 2006, where a system of
acetylcholine esterase, choline oxidase, microperoxidase-11, and glucose dehydrogenase
was used to create logic circuits composed of concatenated AND, OR, and XOR gates [38].
In most examples of enzyme-based logic gates, output signals have been observed by spec-
trophotometry, although other forms of output are possible, including detecting changes in
pH as an electrical signal [39,40] and interfacing to DNA computers [41]. Other methods for
sensing outputs and additional examples are provided in [42]. We note that there are many
strategies for designing biomolecular logic gates and circuits, including modulation of
protein–protein interactions or dimerization [43,44] and regulation of transcription [45,46]
including distributed computing across populations of cells [47,48]; however, in this review,
we will focus primarily on catalyst-based logic gates that feature protein enzymes, nucleic
acid enzymes, and catalytic DNA strands.

2. Protein-Based Logic Gates
2.1. Allosteric Enzymes as Logic Gates

In this review, we focus on recent work using biological catalysts to create biomolec-
ular logic gates. Our own work has focused on understanding allostery and conforma-
tional dynamics of enzymes (e.g., [49–52]), which has implications in the development of
biomolecular logic gates. Allosteric regulation can allow enzymes to behave as biomolecu-
lar logic gates [33]. For example, pyruvate kinase from Mycobacterium tuberculosis that uses
adenosine monophosphate (AMP) and glucose-6-phosphate (G6P) as synergistic allosteric
activators has been conceptualized as acting as an OR gate to regulate energy and glucose
metabolism [53]. Binding of AMP and G6P induces similar allosteric pathways that likely
help to regulate the active site. The sigmoidal response of enzymes that are allosterically
activated by substrate binding can be useful for reducing noise [54]. Allosteric enzymes
that follow the Monod–Wyman–Changeux (MWC) model of allostery, in which concerted
conformational transitions occur across enzyme subunits, have been analyzed as logic gates
and single-output molecules with two inputs have been found to be capable of producing
YES, NOT, AND, OR, NOR, or NAND gates depending on the system [55,56] (Figure 1).

2.2. Engineered Protein Logic Gates

Chimeric proteins have been created to act as logic gates. Ostermeier’s group has designed
fusions of β-lactamase (BLA) and maltose-binding protein (MBP) that rely on a large confor-
mational change induced by the binding of maltodextrins to activate β-lactamase [57–59]. The
sequence for BLA was randomly divided and these two parts were inserted around a MBP
sequence to mimic genetic recombination and proteins with reversible maltose-dependent
BLA activity were identified [57]. This MBP-BLA fusion protein can be conceptualized
as a variety of logic gates depending on the input. It functions as a YES gate for maltose,
as BLA activity occurs in the presence of maltose but not in its absence. It is an OR gate
for maltose and maltotriose, as either maltodextrin activates BLA activity. It is an IMP
gate for maltose and β-cyclodextrin because β-cyclodextrin binding results in only a small
conformational change that does not confer BLA activity [60] (Figure 2). They subsequently
used directed evolution to select for sucrose-dependent BLA activity, creating an OR gate
with sucrose and maltose as inputs [58]. They then engineered disulfide bonds into the
MBP-BLA fusion to lock it in either the active/closed or inactive/open state in the absence
of a reducing agent. With disulfide bonds to lock MBP-BLA in the closed/active state, the
protein behaves as an IMP gate with maltose and the reducing agent as inputs; that is, in
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the absence of a reducing agent this variant is active, but in the presence of a reducing
agent maltose is required for activity. With disulfide bonds to lock the protein in the
open/inactive state, the protein acts as an AND gate for maltose and the reducing agent i.e.,
protein only has a chance to be in the active state in the presence of a reducing agent and
needs maltose to be activated. With disulfide bonds in the hinge region and mutations that
destabilize the open/inactive state, the BLA activity is regulated by a reducing agent but
not maltose, converting it from a YES gate for maltose to a YES gate for the reducing agent.
If an oxidizing agent is used as an input instead of a reducing agent, the IMP gate becomes
an OR gate and the AND gate becomes an INH gate [60]. In general, using a reducing
agent as an input for enzymatic logic gates may be useful for therapeutics by activating or
inactivating enzymes upon entry to the cytosol.
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R. 2019. Combinatorial control through allostery. J. Phys. Chem. B., 123, 2792–2800. Copyright 2019 
American Chemical Society [56]. (b) The functional landscape of Saccharomyces cerevisiae chorismate 
mutase (ScCM) is dependent on the concentration of the allosteric modulators tryptophan (W) and 
tyrosine (Y). ScCM is a homodimer in which the allosteric site binds W or Y (i.e., binding is mutually 
exclusive at each site). When ScCM binds Y at one site and W at the other site, ScCM displays the 
highest activity, which could be conceptualized as an AND gate. However, binding of Y alone leads 
to allosteric inhibition, providing complexity beyond the binary logic gates. This panel is reprinted 
with permission from Gorman, S.D. and Boehr, D.D. 2019. Energy and enzyme activity landscapes 
of yeast chorismate mutase at cellular concentrations of allosteric effectors. Biochemistry, 58, 4058–
4069. Copyright 2019 American Chemical Society [49]. 
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R. 2019. Combinatorial control through allostery. J. Phys. Chem. B., 123, 2792–2800. Copyright 2019
American Chemical Society [56]. (b) The functional landscape of Saccharomyces cerevisiae chorismate
mutase (ScCM) is dependent on the concentration of the allosteric modulators tryptophan (W) and
tyrosine (Y). ScCM is a homodimer in which the allosteric site binds W or Y (i.e., binding is mutually
exclusive at each site). When ScCM binds Y at one site and W at the other site, ScCM displays the
highest activity, which could be conceptualized as an AND gate. However, binding of Y alone leads
to allosteric inhibition, providing complexity beyond the binary logic gates. This panel is reprinted
with permission from Gorman, S.D. and Boehr, D.D. 2019. Energy and enzyme activity landscapes of
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Copyright 2019 American Chemical Society [49].
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Figure 2. Redesign of logic gates using engineered disulfide bridges. The activity of BLA (blue) is
dependent on the ability of MBP (red) to bind to maltose. In the AND gate design, a disulfide bond
(green) holds the MBP domain in an open conformation, preventing the conformational change in
MBP necessary to activate BLA. Addition of the DTT reducing agent breaks the disulfide bond to
allow the MBP conformational change and BLA activation to occur. In the IMP gate design, the
engineered disulfide bond now holds MBP in the closed conformation, such that BLA is always
activated unless DTT is present and maltose is absent. This figure is adapted and reprinted with
permission from Choi, J.H. and Ostermeier, M. 2015. Rational design of a fusion protein to exhibit
disulfide-mediated logic gate behavior. ACS Synthetic Biology, 4, 400–406. Copyright 2015 American
Chemical Society.

Another clever system that has been engineered to behave as a logic gate is pyrrolo-
quinoline quinone-dependent glucose dehydrogenase (PQQ-GDH) fusion proteins, in
which PQQ-GDH is fused to a reporter domain that binds a given ligand. GDH activity is
allosterically regulated by ligand binding to the reporter domain. An advantage of using
PQQ-GDH is that PQQ-GDH catalyzes a redox reaction, allowing the signal to be easily
incorporated into an electronic circuit. Guo and colleagues [61] converted PQQ-GDH into
an allosteric enzyme regulated by peptide binding by inserting calmodulin (CaM) at a loop
by the glucose binding site, reducing GDH activity in the absence of peptide (Figure 3).
To prevent activation at low peptide concentrations, they engineered calmodulin binding
peptide (CaM-BP) to have a lower affinity for CaM and fused it with the FRB protein.
They then fused the GDH-CaM to FK506 binding protein (FKBP), which binds FRB in the
presence of rapamycin. By increasing rapamycin concentration, FKBP binds FRB, which
then causes the local concentration of CaM-BP to increase, activating GDH. In this way,
they were able to regulate the activity of GDH by adjusting the rapamycin concentration.
They also showed that a variety of both ligands and reporters can be used. For example,
they fused CaM-BP with different antibody domains to detect the proteins α-amylase,
thrombin-activatable fibrinolysis inhibitor, clostridium TcdaA toxin, and interleukin-23.
To demonstrate that different reporters can be used, instead of GDH activity they also
used dihydrofolate reductase, green fluorescent protein (EGFP), and Nanoluciferase as
reporters. Using the synthetic peptide receptor Clamp instead of CaM resulted in ligand
binding turning off enzyme activity instead of turning it on. A further layer of regulation
can be added to the CaM fusion system by adding a calmodulin domain to the CaM-BP to
sequester CaM-BP that can be removed by protease cleavage to activate calmodulin [62].
The CaM fusion systems described here can be considered as four-input logic gates with
analyte, substrate, cofactor, and Ca2+ as inputs [63], although for biosensing applications
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the substrate, cofactor, and Ca2+ are always present so it effectively behaves as a YES gate
for the analyte.

Catalysts 2022, 12, x FOR PEER REVIEW 6 of 22 
 

 

and reporters can be used. For example, they fused CaM-BP with different antibody 
domains to detect the proteins α-amylase, thrombin-activatable fibrinolysis inhibitor, 
clostridium TcdaA toxin, and interleukin-23. To demonstrate that different reporters can 
be used, instead of GDH activity they also used dihydrofolate reductase, green fluorescent 
protein (EGFP), and Nanoluciferase as reporters. Using the synthetic peptide receptor 
Clamp instead of CaM resulted in ligand binding turning off enzyme activity instead of 
turning it on. A further layer of regulation can be added to the CaM fusion system by 
adding a calmodulin domain to the CaM-BP to sequester CaM-BP that can be removed by 
protease cleavage to activate calmodulin [62]. The CaM fusion systems described here can 
be considered as four-input logic gates with analyte, substrate, cofactor, and Ca2+ as inputs 
[63], although for biosensing applications the substrate, cofactor, and Ca2+ are always 
present so it effectively behaves as a YES gate for the analyte. 

 
Figure 3. Calmodulin-glucose dehydrogenase (CaM-GDH) fusion protein that acts as an AND gate 
with rapamycin and glucose as inputs. Upon rapamycin binding, calmodulin binds calmodulin-
binding peptide (CaM-BP). Binding of CaM-BP results in a conformational change in GDH, 
activating the enzyme and allowing it to catalyze the oxidation of glucose and produce an electrical 
signal as output. The electrical signal is produced only in the presence of both rapamycin and 
glucose. 

Subsequent work by the Katz group [64] used the electrochemical signal generated 
by the PQQ-GDH-Clamp enzyme’s reduction of glucose to release molecules into 
solution. They set up an IMP logic gate using Clamp’s peptide and a PQQ-GDH without 
Clamp as input. In this system, PQQ-GDH-Clamp, glucose substrate, and cofactor were 
always present in the solution. Because GDH-Clamp is inhibited by peptide, but the GDH 
without Clamp can still reduce glucose in the presence of substrate, the reaction occurred 
for all cases except when both peptide and PQQ-GDH were absent. A current was 
produced by either conjugating the two PQQ-GDH enzymes to carbon nanotube 
buckypaper electrodes via an ester linker that both reacts with protein lysine residues and 
binds to the nanotubes or mediating electron transfer from the solution via 2,6-

Figure 3. Calmodulin-glucose dehydrogenase (CaM-GDH) fusion protein that acts as an AND gate
with rapamycin and glucose as inputs. Upon rapamycin binding, calmodulin binds calmodulin-
binding peptide (CaM-BP). Binding of CaM-BP results in a conformational change in GDH, activating
the enzyme and allowing it to catalyze the oxidation of glucose and produce an electrical signal as
output. The electrical signal is produced only in the presence of both rapamycin and glucose.

Subsequent work by the Katz group [64] used the electrochemical signal generated by
the PQQ-GDH-Clamp enzyme’s reduction of glucose to release molecules into solution.
They set up an IMP logic gate using Clamp’s peptide and a PQQ-GDH without Clamp
as input. In this system, PQQ-GDH-Clamp, glucose substrate, and cofactor were always
present in the solution. Because GDH-Clamp is inhibited by peptide, but the GDH without
Clamp can still reduce glucose in the presence of substrate, the reaction occurred for all
cases except when both peptide and PQQ-GDH were absent. A current was produced by
either conjugating the two PQQ-GDH enzymes to carbon nanotube buckypaper electrodes
via an ester linker that both reacts with protein lysine residues and binds to the nanotubes
or mediating electron transfer from the solution via 2,6-dichlorophenolindophenol (DCPIP)
and phenazine methosulfate (PMS) [65]. This current was then used to drive the release
of a molecule into the solution. The current generated by the reduction of glucose was
coupled with the reduction of water catalyzed by bilirubin oxidase, which resulted in a
local pH increase leading to the hydrolysis of an ester. The cleavage of the ester released
the molecule into the solution. While they released a fluorescent dye, in principle any
molecule that can be conjugated to the carbon nanotube could be released. Combined
with the customizable GDH-CaM fusion proteins, the ability to release molecules via an
enzyme-catalyzed reduction reaction can be used to release molecules or detect electric
current in response to a wide variety of analytes.

Dokholyan’s group constructed an OR gate in live cells by engineering focal adhesion
kinase (FAK) to respond to chemical and optical inputs [66]. FAK is a kinase involved in
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cytoskeletal regulation and is allosterically regulated by the binding of regulatory proteins
in its FERM domain. They inserted a previously constructed regulatory domain that allows
for control of FAK activity via the binding of rapamycin [67], with the enzyme in an open
active conformation in the presence of rapamycin. To regulate the enzyme by optical
irradiation, they inserted a Light Oxygen Voltage 2 (LOV2) domain, which undergoes a
conformational change in response to blue light, into a loop in the regulatory FERM domain
determined to allosterically couple to the active site by computational analysis [68]. Upon
irradiation, the kinase switches to an inactive closed conformation. First, constructs with
the rapamycin-binding domain and LOV2 domain inserted separately were tested in HeLa
cells and found to undergo regulation as expected. Because FAK activity results in the
formation of large focal adhesions, the size of focal adhesions was used as the output for the
logic gate. Then, light- and dark-stabilized variants of FAK with both allosteric regulatory
domains inserted were used to test the logic gate behavior (due to phototoxicity, it was not
possible to apply different combinations of rapamycin and light inputs at the same time.).
In the dark, FAK was always active independent of rapamycin concentration. In the light,
FAK was activated by addition of rapamycin. Therefore, when the rapamycin and absence
of blue light are considered inputs and FAK activity is the output, the system behaves as an
OR gate.

Ostermeier’s group [69] used a pH-sensitive variant of the membrane protein listeri-
olysin O, which forms pores at low pH, to selectively release molecules from liposomes. By
conjugating a designed ankyrin repeat protein (DARPin)-based inhibitor to the membrane,
they controlled pore formation by releasing the inhibitor in response to either a reducing
agent or protease cleavage. With pH, protease, and reducing agent as inputs, the system can
be conceptualized as an AND-OR gate, where low pH in combination with either a protease
or reducing agent results in pore formation. Under these conditions, the fluorescent probe
calcein was released from the vesicles. It is noted that the enzyme serves as an input here,
rather than as a gate itself.

2.3. Biosensors Based on Enzymatic Logic Gates

The chemical reactions catalyzed by a series of different enzymes can also be con-
structed to act as logic gates (e.g., see Figure 4). For example, Katz and Privman [70]
used the controlled release of hydrogen peroxide (H2O2) in response to a logic gate made
of a four-level enzyme cascade to release molecules from an Fe3+ cross-linked alginate
hydrogel. Prior to this work, only two enzymatic reactions were able to be carried out in
sequence with the enzymes immobilized on the hydrogel [71]. Their system consisted of
four enzymes deposited on the interface of the alginate hydrogel film and the solution,
which could be conceptualized as a series of interconnected AND gates where the inputs
are the reactants in different steps of the cascade that are not products of a previous step.
The first enzyme in the cascade was amyloglucosidase (AMG), which catalyzes the hydrol-
ysis of maltose to two glucose molecules. The next enzyme was glucose dehydrogenase
(GDH), which oxidizes glucose and reduces NAD+ to NADH. The next enzyme was lactate
dehydrogenase (LDH), which catalyzes the reduction of pyruvate into lactate with NADH
as a cofactor. The final enzyme was lactate oxidase (LOx), which catalyzes the oxidation of
lactate by O2 to produce pyruvate and H2O2. The hydrogen peroxide then diffuses into
the hydrogel and destroys it via a free radical mechanism, releasing the reporter molecule.
The reporter molecule used was a fluorescent DNA, which in principle could be used as an
input to DNA logic gates (e.g., see below) or could be a small molecule drug or input for
downstream enzymatic reactions.

Katz’s group also created a reversible CNOT logic gate using two enzymatic reactions,
resulting in pH changes in opposite directions [72]. First, a XOR gate was created using two
enzymes, urease and esterase, conjugated to the surface of a sensitive pH detector. Urease
catalyzes the hydrolysis of urea, resulting in the production of ammonia and an increase in
pH, while esterase catalyzes the hydrolysis of ethyl butyrate, resulting in the production of
butyric acid and a decrease in pH. In the presence of either urea or ethyl butyrate, the pH
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at the surface of the detector changes drastically and a large absolute value of pH change is
considered an output of 1. However, when urea and ethyl butyrate are present together,
a weak acid and weak base are produced simultaneously, resulting in only a small pH
change and an output of 0. In this way, an XOR gate was created. A similar XOR gate
was also constructed using urease and penicillinase immobilized on a pH-sensing device,
with urea and penicillin as inputs [73]. This XOR gate was run in parallel with a separate
detector with only esterase conjugated to it. When the esterase-only detector senses a large
pH change, ethyl butyrate is present, resulting in a YES gate. When considered in parallel
with the XOR gate, the combined logic circuit has two inputs and two outputs, with each
combination of outputs corresponding to a unique combination of inputs; hence, the logic
gate is reversible. They also constructed a XNOR gate, where the output is 1 only when
both inputs have the same value, by using pH as an input [74]. They used glucose oxidation
by PQQ-GDH as the gate, with the enzymatic activity depending on the pH. After mapping
the enzyme activity as a function of pH and pH as a function of acetic acid and ammonia
concentration, they were able to define thresholds to convert the enzyme activity into a
binary output. By controlling the pH via concentration of the input molecules, the XNOR
gate was made. Together, logic gates that use pH as an output and input can be combined
to construct multi-layered enzyme logic circuits.
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Figure 4. An enzyme cascade to model an XOR gate. When both inputs are provided (EtOH/ATP
and Glc/NAD+), the required substrate and cofactor are available for the ADH and HK enzymes,
resulting in the removal of the required substrate for the second series of enzymes, AOx and GOx, and
no production of H2O2. However, if only one of the inputs is provided, the EtOH or Glc substrates
for AOx or GOx, respectively, will be available for H2O2 production. The figure was adapted with
permission from [75].

Katz’s group created two other enzyme-based XOR gates. The first system consisted of
two sets of enzymes, with the second set of enzymes added after the first set of reactions was
given enough time to reach completion [75] (Figure 4). The first set of enzymes consisted
of alcohol dehydrogenase (ADH) and hexokinase (HK). ADH consumes ethanol (EtOH)
only in the presence of NAD+ and HK consumes glucose only in the presence of ATP. The
second set of enzymes consisted of alcohol oxidase (AOx) and glucose oxidase (GOx). AOx
uses EtOH to produce H2O2 and GOx uses glucose to produce H2O2. The production
of H2O2 is considered the output, as it is used by horseradish peroxidase to produce a
spectrophotometric signal. The system used two inputs: (1) EtOH and ATP and (2) glucose
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and NAD+. The key concept is that in the presence of both inputs, EtOH and glucose are
both fully consumed by the first enzyme set so that no H2O2 is produced after addition of
the second enzyme set. When only one input is added, the enzyme that would consume
either EtOH or glucose in the first set does not have its cofactor and so the EtOH or glucose
will be present in solution for the second enzyme set to use to produce H2O2. In the absence
of both inputs, there is no glucose or EtOH so no H2O2 is produced.

In a later work, Katz’ group constructed a different XOR gate to release nanoparticles
from an alginate hydrogel by the production of H2O2 [76]. Two enzymes, GOx and L-
glutamate oxidase (GluOx), were immobilized on the hydrogel surface. The solution
contained two more enzymes: PQQ-GDH and glutamate dehydrogenase (GluDH). The
two inputs to the XOR gate were (1) PMS (cofactor for GDH) and glutamate (substrate for
GluDH and GOx) and (2) NAD+ (cofactor for GluDH) and glucose (substrate for GDH
and GluDH). If H2O2 is produced at the surface of the hydrogel i.e., by GOx or GluOx,
the H2O2 decomposes the hydrogel to release a nanoparticle. In the absence of any input,
the nanoparticle is not released from the hydrogel because no H2O2 is formed. When just
NAD+ and glucose were present, the glucose could not be reduced by GDH without PMS,
so it was oxidized by GOx, producing H2O2 and releasing the nanoparticle. When just
PMS and glutamate were present, glutamate was oxidized by GluOx, again resulting in
the production of H2O2 and nanoparticle release. When both inputs were present (all four
molecules), glucose was reduced by the GDH in solution before it could be oxidized by
GOx on the hydrogel surface, preventing the production of H2O2. Similarly, the glutamate
was reduced by GluDH before it could be oxidized by GluOx, preventing the production of
H2O2. This system is a notable advancement over previous work, as the time-dependent
addition of enzyme is not required. The nanoparticle released from this system can in
principle be used for colorimetric sensing, as an input for further logic circuits, or for
targeted drug delivery.

2.4. Protease-Based Logic Gates

A number of biomolecular logic circuits have made use of proteases to control protein–
protein interactions and transcription. As these systems have been extensively reviewed in
recent articles [77–79], we will focus here on two strategies for constructing protease-based
cellular logic gates that rely on protein–protein interactions. Elowitz’ group developed
an elegant system of logic gates with viral proteases as inputs, called circuits of hacked
orthogonal modular proteases (CHOMP) [80]. The output comes from a target protein that
is activated or inactivated upon cleavage by a protease. The target protein is regulated by
being linked with a protease cleavage site to a degron so that in the absence of protease the
target is degraded. They created an AND gate by linking the target protein and degron by
two sequential protease cleavage sites for two separate proteases. They created an OR gate
by using two degrons with separate cleavage sites at the N- and C-termini of the target
protein so that either protease will lead to the degradation of the target. Negation was
achieved by using protease cleavage to reveal the degrons instead of removing them. To
achieve more complex regulation, the protease itself was split in half, constituted by two
leucine zipper domains that can be cleaved by a different, secondary protease. Moving
beyond binary logic gates, they created a bandpass circuit where target protein activity
increased over a period of hours before returning to the baseline over a day. The bandpass
circuit was constructed by using both activator and repressor proteases (cleaving one
degron, revealing another) and setting a threshold for the repressor protease by inactivating
it with a third protease. They applied the CHOMP system to develop a proof of concept
for a programmable therapeutic device by activating caspase-3 in cells with high levels of
active Ras. By fusing half of the split protease to Ras and the other half to a domain that
binds to activated Ras, they were able to reconstitute active protease in the presence of
active Ras. The protease then cleaved an engineered variant of caspase-3 that is localized to
the plasma membrane so that it is near the now Ras-associated protease, resulting in cell
death.
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Similar to the CHOMP system, split-protease-cleavable orthogonal-coiled-coil (SPOC)-
based logic circuits were developed, in which split proteases are reconstituted in human
cells by the formation of coiled-coils regulated by orthogonal proteases. In the absence
of protease, an autoinhibitory coil is covalently linked to a target coil that is linked to the
protein of interest (either a reporter or half of a split protease). Adding protease to cleave
off the autoinhibitory coil allows for a different coiled-coil to displace the autoinhibitory
coil. When this displacing coil contains the other half of a split protease, the protease
is reconstituted and can be used to cleave the linker of another coil, allowing for logic
cascades. Previously, this framework was used to construct an AND gate in an in vitro
translation system by using a protease to cleave between the target and autoinhibitory
helices [81] (Figure 5). Fink et al. expanded on this work by using human cell lines,
inducing dimerization of the coiled-coils by the addition of small molecules, and allowing
for negation by introducing cleavage sites between the split protease and the target coil.
They constructed a three-layer logic cascade using three orthogonal proteases, which in
principle could be extended with the addition of more orthogonal proteases or different
small molecules for inducing coiled-coil dimerization. Compared to other methods such as
CHOMP (Gao 2018) and transcription-based systems [82], SPOC is much faster, producing
the output within 5 min rather than hours.
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Figure 5. Split protein activation following protease addition. Here the firefly luciferase is separated
into a C-terminal (CFluc) and N-terminal half (NFluc), both containing additional helices that can
form a coiled-coil to bring both halves together to reconstitute the luciferase. This interaction can
only occur when the autoinhibiting coil is released through addition of the tobacco etch virus (TEV)
protease. Other reporter proteins can be similarly broken into two halves, including other proteases
to generate extended logic cascades. Reprinted with permission from Shekhawat, S.S., Porter, J.R.,
Sriprasad A., and Ghosh, I. 2009. An autoinhibited coiled-coil design strategy for split-protein
protease sensors. J. Am. Chem. Soc., 131, 15284–15290 [81].

3. Nucleic Acid-Based Logic Gates
3.1. Catalytic (Entropy-Driven) Toehold-Mediated Strand Displacement

While most catalysts in biological systems are protein enzymes, nucleic acids can also
catalyze reactions and undergo allosteric regulation, allowing for the construction of logic
gates. A common foundation for constructing logic gates with molecules of DNA in bulk
solution is toehold-mediated strand displacement. In this method, signals are carried by
single-stranded DNA with two recognition domains that can hybridize with the two strands
of the gate that the signal is associated with. Each gate consists of double-stranded DNA,
with one strand having a short overhang called a toehold in addition to the displacement
domain. Both domains are complimentary to an input strand. The input strand is single-
stranded DNA that is complimentary to the toehold and the displacement domain. It will
preferentially displace one of the strands of the gate by first hybridizing with the toehold
before proceeding by branch migration. After hybridizing with the toehold, the input
strand hybridizes with the displacement domain, displacing the other strand that was
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initially part of the double-stranded gate. The displaced strand, which contains a sequence
complementary to a different toehold than the displacing input strand, then proceeds as an
input for the next strand displacement reaction at the next gate in the circuit. Two-input
AND gates can be created by using the displacement of a strand by the first input to reveal a
toehold that the second input can use to displace the output strand (Figure 6). OR gates can
be created by having multiple single-input gates with the same output [83]. The outputs
from strand displacement cascades can be reported by the displacement of a DNA strand
with a fluorophore from its complement containing a quencher [84].
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Figure 6. Schematic of a toehold-mediated strand displacement AND gate. Input strands A and B
displace the complementary strands from the AND gate on either side of the output strand. The
output strand is released only when both input strands hybridize with the gate.

An extension of the toehold-mediated strand displacement method is the use of
toehold exchange and “Seesaw” gates (Figure 7). “Seesaw” gates rely on a “fuel” strand
that allows the input strand to be regenerated at the end of each cycle so that only a
low concentration of input strand is required to release all of the output strands from a
gate. After the input strand hybridizes with the gate, the “fuel” strand displaces the input
strand, allowing it to react with another gate and amplifying the input. Because the overall
reaction for toehold exchange does not include the input strand, the input strand can be
thought of as a catalyst for the displacement of the output strand by the fuel strand [85,86].
Double-stranded DNA that is complimentary to the input, called a threshold, can prevent
hybridization of the input with the gate until a given concentration of input has been
reached. Using thresholds and fuel together ensures that no output strands will be released
(i.e., the output is 0) until a minimum number of input strands have been displaced. For
any number of input strands above the threshold, the maximum number of output strands
will be released (i.e., the output is 1), allowing for binary behavior. Without any thresholds
or fuel, an integrating gate can be created where the output is simply the sum of any
number of inputs, where each input has a sequence complementary to the integrating
gate. AND and OR gates can then be constructed by placing an amplifying gate after
an integrating gate and setting the threshold appropriately, with an AND gate having
the threshold set above the maximum possible amount of one input. These logic gates
can be chained together to form circuits of arbitrary complexity using dual-rail logic to
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construct complex logic functions from only AND and OR gates, with NOT gates realized
by swapping the two wires of an input and output signal [87–89]. DNA logic gates can
be constructed in the solution phase or with the gates immobilized on a surface [90–93],
and can even output signals on a timer [94,95]. Huang and colleagues [96] expanded the
catalytic strand displacement mechanism described above to create complex logic circuits,
including three-input AND-AND and AND-AND-NOT gates as well as the first DNA-only
two-output comparator and Feynman gates.
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Figure 7. Schematic of toehold-mediated strand displacement using a seesaw gate. Different DNA
sequences are shown in different colors, with black representing regions that do not form base pairs.
Shades of the same color represent complementary sequences. First, the input strand hybridizes with
the toehold (pink). The input strand further hybridizes to the gate via branch migration and displaces
the initial complementary strand (black-blue-red). The fuel strand displaces both the output strand
and input strand. The input strand can then continue the cycle with another molecule of gate DNA.
The output strand can act as an input strand for a different gate.

3.2. Using DNAzymes as Part of Logic Gates

Instead of the toehold-mediated strand displacement mechanism described above,
logic gates can also be constructed by using strand displacement to allosterically regulate
the catalytic activity of DNAzymes [97–99] (Figure 8). Early work with DNAzymes used
the E6 DNAzyme, which cleaves a fluorogenic RNA substrate. The E6 DNAzyme can
have its catalytic site either blocked or revealed upon the binding of complimentary DNA
to a regulatory stem loop, with logic gates created by using multiple stem loops around
each catalytic site [83,100,101]. Multiple inputs and different fluorophores can be used,
allowing for more complicated circuits [101–110]. By using allosterically regulated DNA-
based ligases, the output of a logic gate can be oligonucleotides that can act as an input
for another logic gate, allowing circuits to be constructed from layers of logic gates [111].
Similar systems using RNA-based inputs or catalysts and DNA substrates have also been
developed [112–114], including systems that use substrate release to activate a downstream
DNAzyme by strand displacement [115,116] and systems that release small molecules [117].

174



Catalysts 2022, 12, 712

Catalysts 2022, 12, x FOR PEER REVIEW 13 of 22 
 

 

its catalytic site either blocked or revealed upon the binding of complimentary DNA to a 
regulatory stem loop, with logic gates created by using multiple stem loops around each 
catalytic site [83,100,101]. Multiple inputs and different fluorophores can be used, 
allowing for more complicated circuits [101–110]. By using allosterically regulated DNA-
based ligases, the output of a logic gate can be oligonucleotides that can act as an input 
for another logic gate, allowing circuits to be constructed from layers of logic gates [111]. 
Similar systems using RNA-based inputs or catalysts and DNA substrates have also been 
developed [112–114], including systems that use substrate release to activate a 
downstream DNAzyme by strand displacement [115,116] and systems that release small 
molecules [117]. 

  
Figure 8. Schematic of a DNAzyme-based AND gate. Different DNA sequences are shown in 
different colors, with black representing regions that do not form base pairs. Shades of the same 
color represent complementary sequences. In the absence of input strands, the regulatory loops 
prevent the substrate strand from binding to the active site (represented by a star) and being cleaved. 
Binding of both input strands allows the substrate to bind at the active site, resulting in cleavage of 
the substrate strand. 

3.3. Catalytic G-Quadruplexes for Visualizing the Output of DNA Logic Gates 
G-quadruplexes, stacks of four planar guanine bases associated by Hoogsteen base 

pairing stabilized by a metal ion that are found in G-rich sequences of nucleic acids, have 
also been used as the basis for DNA-based logic gates. There is a large body of work on 
using G-quadruplexes that respond to input DNA oligonucleotides [110,118–121] or 
chemical conditions [122,123] by detecting the G-quadruplex via fluorescence, but our 
focus in this review is on the use of catalytically active G-quadruplexes that form in 
response to aptamer binding as part of logic gates. In these systems, a G-quadruplex 
intercalates hemin to catalyze the reduction of H2O2, oxidizing a substrate to produce a 
colored product or chemiluminescence analogous to horseradish peroxidase [124]. These 
catalytic G-quadruplexes have been used for the detection of metal ions [125–127], small 

Figure 8. Schematic of a DNAzyme-based AND gate. Different DNA sequences are shown in different
colors, with black representing regions that do not form base pairs. Shades of the same color represent
complementary sequences. In the absence of input strands, the regulatory loops prevent the substrate
strand from binding to the active site (represented by a star) and being cleaved. Binding of both input
strands allows the substrate to bind at the active site, resulting in cleavage of the substrate strand.

3.3. Catalytic G-Quadruplexes for Visualizing the Output of DNA Logic Gates

G-quadruplexes, stacks of four planar guanine bases associated by Hoogsteen base
pairing stabilized by a metal ion that are found in G-rich sequences of nucleic acids, have
also been used as the basis for DNA-based logic gates. There is a large body of work
on using G-quadruplexes that respond to input DNA oligonucleotides [110,118–121] or
chemical conditions [122,123] by detecting the G-quadruplex via fluorescence, but our
focus in this review is on the use of catalytically active G-quadruplexes that form in
response to aptamer binding as part of logic gates. In these systems, a G-quadruplex
intercalates hemin to catalyze the reduction of H2O2, oxidizing a substrate to produce a
colored product or chemiluminescence analogous to horseradish peroxidase [124]. These
catalytic G-quadruplexes have been used for the detection of metal ions [125–127], small
molecules [128], and specific single-stranded DNA sequences. Catalytic G-quadruplexes
are particularly well-suited to determine the output of a DNA logic circuit because the
output can be detected visually without the need for potentially expensive equipment
and G-quadruplexes can be formed in multiple ways. G-quadruplexes can be released
from a duplex or triplex by strand displacement [129] or formed from two separate strands
in response to strand displacement [110,118] or input oligonucleotides [130]. A notable
example of a DNA-based logic gate for detection can be found in [131] (Figure 9). Yu
et al. used DNA aptamers that recognize protein biomarkers at the surface of extracellular
vesicles. The aptamers had an exposed toehold for hybridization with another strand of
DNA upon binding the proteins. After hybridizing, DNA is cleaved by an endonuclease,
releasing the DNA and allowing for signal amplification. One of the released DNA strands
hybridized with DNA conjugated to a gold electrode and the other hybridized with the
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first strand and formed a G-quadruplex with peroxidase activity, resulting in an electrical
signal only when both protein analytes were present.

Catalysts 2022, 12, x FOR PEER REVIEW 14 of 22 
 

 

molecules [128], and specific single-stranded DNA sequences. Catalytic G-quadruplexes 
are particularly well-suited to determine the output of a DNA logic circuit because the 
output can be detected visually without the need for potentially expensive equipment and 
G-quadruplexes can be formed in multiple ways. G-quadruplexes can be released from a 
duplex or triplex by strand displacement [129] or formed from two separate strands in 
response to strand displacement [110,118] or input oligonucleotides [130]. A notable 
example of a DNA-based logic gate for detection can be found in [131] (Figure 9). Yu et al. 
used DNA aptamers that recognize protein biomarkers at the surface of extracellular 
vesicles. The aptamers had an exposed toehold for hybridization with another strand of 
DNA upon binding the proteins. After hybridizing, DNA is cleaved by an endonuclease, 
releasing the DNA and allowing for signal amplification. One of the released DNA strands 
hybridized with DNA conjugated to a gold electrode and the other hybridized with the 
first strand and formed a G-quadruplex with peroxidase activity, resulting in an electrical 
signal only when both protein analytes were present. 

 
Figure 9. Dual-aptamer-assisted enzyme signal amplification. DNA hairpin structures 1 and 2 (HP1, 
HP2) can bind protein biomarkers on the surface of a small extracellular vesicles (sEV) leading to 
the release of the hybridization region (red and green parts of strands) that are complementary to 
regions in linkers 1 and 2 (color-coded the same). The restriction endonuclease (NEase) then 
recognizes and cleaves the new duplex. The resulting DNA1 and DNA2 can then have further 
downstream effects. Reprinted with permission from Yu, Y., Guo, Q., Jiang, W., Zhang, H., and Cai. 
C. 2021. Dual-aptamer-assisted AND logic gate for cyclic enzymatic signal amplification 
electrochemical detection of tumor-derived small extracellular vesicles. Anal. Chem., 93, 11298–
11304. 

4. Discussion 
The logic gates presented here that depend on protein-level regulation can be 

compared against those that regulate at the level of transcription. In general, logic gates 
that depend on protein-level regulation are faster than transcription-based logic gates, 
occurring on the timescale of minutes rather than hours to days [46,132]. This is a major 
advantage because biological processes such as glucose metabolism occur too quickly for 
efficient regulation at the transcriptional level [132]. However, an advantage of 
transcription-based approaches is that when the final output of the logic operations is the 
regulation of transcription, a wider range of outputs are available. For example, in the 
cellular logic circuits reviewed in this article, the outputs of the circuits were limited to 
fluorescence, activation of a specific kinase that could be engineered to respond to light, 
and cleavage of an engineered caspase. In contrast, transcription-based approaches can 
use proteases to release transcription factors for virtually any gene [44,133]. 

Logic gates that rely on the detection of specific molecules, such as those presented 
in Section 2.3, will not be as useful for performing logic operations in cells because they 
are not based on generalizable principles and would experience interference from cellular 
metabolites. The GHD-CaM fusion system presented in Section 2.2, however, can 
potentially be very useful for biosensing applications because it can be used with 
antibodies for the detection of virtually any protein of interest. Similarly, the protease-

Figure 9. Dual-aptamer-assisted enzyme signal amplification. DNA hairpin structures 1 and 2 (HP1,
HP2) can bind protein biomarkers on the surface of a small extracellular vesicles (sEV) leading to the
release of the hybridization region (red and green parts of strands) that are complementary to regions
in linkers 1 and 2 (color-coded the same). The restriction endonuclease (NEase) then recognizes
and cleaves the new duplex. The resulting DNA1 and DNA2 can then have further downstream
effects. Reprinted with permission from Yu, Y., Guo, Q., Jiang, W., Zhang, H., and Cai. C. 2021.
Dual-aptamer-assisted AND logic gate for cyclic enzymatic signal amplification electrochemical
detection of tumor-derived small extracellular vesicles. Anal. Chem., 93, 11298–11304.

4. Discussion

The logic gates presented here that depend on protein-level regulation can be com-
pared against those that regulate at the level of transcription. In general, logic gates that
depend on protein-level regulation are faster than transcription-based logic gates, occurring
on the timescale of minutes rather than hours to days [46,132]. This is a major advantage
because biological processes such as glucose metabolism occur too quickly for efficient
regulation at the transcriptional level [132]. However, an advantage of transcription-based
approaches is that when the final output of the logic operations is the regulation of tran-
scription, a wider range of outputs are available. For example, in the cellular logic circuits
reviewed in this article, the outputs of the circuits were limited to fluorescence, activation
of a specific kinase that could be engineered to respond to light, and cleavage of an engi-
neered caspase. In contrast, transcription-based approaches can use proteases to release
transcription factors for virtually any gene [44,133].

Logic gates that rely on the detection of specific molecules, such as those presented
in Section 2.3, will not be as useful for performing logic operations in cells because they
are not based on generalizable principles and would experience interference from cellular
metabolites. The GHD-CaM fusion system presented in Section 2.2, however, can poten-
tially be very useful for biosensing applications because it can be used with antibodies for
the detection of virtually any protein of interest. Similarly, the protease-based methods
described in Section 2.4 are able to be modified to perform logic operators on a variety
of protein targets. The detection of protein can in principle be coupled with drug release,
although coupling the output of the logic gates with drug release in the manner described
in Section 2.3 would be challenging to achieve in a biological system.

Some of the logic circuits in this review ultimately release molecules from hydrogels
by the production of H2O2. These logic circuits could be combined with H2O2-releasing
hydrogels that have been developed for therapeutic applications such as wound heal-
ing [134,135]. Currently, the H2O2-releasing hydrogels release H2O2 from the oxidation
of glucose catalyzed by glucose oxidase. By using protein-based logic gates to regulate
glucose oxidase activity, such as in the work described in Section 2.3, the formation and
release of hydrogels can be regulated by logic gates. Similarly, catalytic G-quadruplexes
that catalyze the production of H2O2 could be used as alternatives to glucose oxidase in
these systems.
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DNA-based logic gates have several advantages over protein enzyme-based logic
gates for in vitro computations. One advantage is that they are easier to scale up due to the
relative simplicity of Watson–Crick base pairing, as complimentary DNA sequences with
well-understood displacement kinetics can be designed and synthesized much more easily
than allosterically regulated proteins or protein–protein interaction interfaces [136]. An
impressive example is reported in Cherry et al., where a DNA strand displacement-based
logic circuit was used to distinguish between two handwritten numbers on a 10 × 10 pixel
grid using 104 different DNA molecules [137]. A major disadvantage of using DNA for
molecular logic circuits over proteins is speed—the image recognition circuit took hours to
produce a result, on a similar timescale to transcription-based logic. Another disadvantage,
not unique to DNA, is that scaling up to more complex logic circuits is challenging due to
the large numbers of unique molecules needed and the extra time required to carry out the
calculations.

While there are many examples of protein-based enzymatic logic gates that have been
implemented in living cells [66,79,80,132], applications for DNA-based circuits integrated
into cells have been more limited. DNAzymes have been introduced into cells for gene
silencing and biosensing [138,139]. One of the major limitations is that DNA introduced
into cells is susceptible to cleavage by nucleases. One strategy for improving the stability
of DNAzymes, aptamers, and so on is to evolve the sequence with the desired activity in
biological fluids [138], but this is not feasible for complex DNA logic circuits where the
sequences must be carefully designed. There are many recent examples of DNA-based
biosensors where fluorescence outputs are used to detect multiple types of molecules
at the same time, including RNA and proteins at the cell surface [140–146]. Because
the output is fluorescence, these biosensors have not been used for downstream logic
processing. Chang et al. designed a DNA aptamer-based biosensor that forms a toehold
when both analytes are present at the cell surface, allowing for downstream biomolecular
logic processing [147]. Systems that use DNA logic circuits for delivery of therapeutics have
been proposed or supported by in vitro experiments, but have not yet been implemented
in cells. For example, a molecular device based on DNAzymes allosterically regulated by
glucose has been proposed for the management of diabetes [148], but such a device has not
been experimentally realized. In another example, an RNA-cleaving DNAzyme that can
cleave RNA to prevent the transcription of cancer-associated mRNA in response to high
concentrations of cancer marker RNA has been demonstrated to work in vitro [149] but
not yet in living cells.

Biomolecular logic gates are likely most useful for diagnostics, while therapeutic
applications are more challenging. For DNA-based biosensors, a logic circuit with inputs
based on aptamer binding and an electronic output that relies on G-quadruplex formation
as the output similar to that used by Yu et al. [131] is the most promising for diagnostics
based on cell surface markers. While logic gates are not strictly necessary for the detection
of multiple analytes, as different fluorescent signals can be used, DNA logic circuits can
be useful for simplifying the output when different combinations of analytes are detected.
We think the most promising protein-based logic gate biosensors are those that can be
conjugated to antibodies for the detection of different proteins, such as the GDH-CaM
system from Guo et al. described in Section 2.2 [61]. For protein enzyme therapeutics
where a rapid response to changing conditions is required, the protease-based logic circuits
that rely on the degradation or activation of protease are likely to be the most useful of the
systems discussed in this article, as they have already been demonstrated to work inside
cells.

5. Conclusions

The logic gate framework can be used to conceptualize, and in some cases simplify,
complex regulatory networks in biology. In metabolic engineering, this framework can
then be used to optimize the production of high value chemicals [1,2]. Advancements in
biomolecular engineering will provide additional protein- and nucleic acid-based logic
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gates [43,150]. Protein- and nucleic acid-based logic gates can then be programmed to
interact with each other [151], and catalyst-based logic gates can similarly interact with
non-catalyst-based logic gates (e.g., transcription factors [152,153]). These logic gates have
the potential to integrate multiple signals and thus make intelligent decisions in therapeutic
and diagnostic applications. Several applications have already been realized, including in
the detection and treatment of cancer (e.g., [140]) and the detection of various metabolic
diseases (e.g., [154]).
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Abstract: Polyhydroxyalkanoates, or PHAs, belong to a class of biopolyesters where the biodegrad-
able PHA polymer is accumulated by microorganisms as intracellular granules known as carbono-
somes. Microorganisms can accumulate PHA using a wide variety of substrates under specific
inorganic nutrient limiting conditions, with many of the carbon-containing substrates coming from
waste or low-value sources. PHAs are universally thermoplastic, with PHB and PHB copolymers
having similar characteristics to conventional fossil-based polymers such as polypropylene. PHA
properties are dependent on the composition of its monomers, meaning PHAs can have a diverse
range of properties and, thus, functionalities within this biopolyester family. This diversity in func-
tionality results in a wide array of applications in sectors such as food-packaging and biomedical
industries. In order for PHAs to compete with the conventional plastic industry in terms of ap-
plications and economics, the scale of PHA production needs to grow from its current low base.
Similar to all new polymers, PHAs need continuous technological developments in their production
and material science developments to grow their market opportunities. The setup of end-of-life
management (biodegradability, recyclability) system infrastructure is also critical to ensure that PHA
and other biobased biodegradable polymers can be marketed with maximum benefits to society. The
biobased nature and the biodegradability of PHAs mean they can be a key polymer in the materials
sector of the future. The worldwide scale of plastic waste pollution demands a reformation of the
current polymer industry, or humankind will face the consequences of having plastic in every step
of the food chain and beyond. This review will discuss the aforementioned points in more detail,
hoping to provide information that sheds light on how PHAs can be polymers of the future.

Keywords: biodegradable polymers; food-packaging; biodegradation; recycling; bioeconomy; circular
economy; sustainability

1. Introduction
1.1. What Are PHAs

Polyhydroxyalkanoates (PHAs) belong to a class of biopolyesters, first discovered
by Lemoigne in 1925 [1]. PHA is accumulated as intracellular granules (carbonosomes,
Figure 1), in various Gram-positive and Gram-negative bacteria [2]. These bacteria can
accumulate PHA using a wide range of carbon rich growth substrates [3–7]. Generally limi-
tation of an inorganic nutrient (e.g., nitrogen) in the growth medium is needed to stimulate
PHA accumulation from the carbon source which should be in excess [8]. However, Zinn
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et al., have reported PHA accumulation in continuous cultures grown under both carbon
and nitrogen limitation [9].
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Figure 1. Transmission electron micrograph showing granules of PHA accumulated in the bacterium
P. putida CA-3 from styrene [10].

Several enzyme driven pathways are used by microorganisms to metabolise carbon-
based substrates and channel the carbon in those substrates towards PHA accumulation.
These pathways will be described later in this review. Microorganisms can use a variety
of carbon sources for growth and PHA accumulation [4] many of these carbon sources
originate from waste or low value biomass [11]. The use of such carbon sources instead of
higher cost starting materials makes PHA production via this route cheaper. The use of
waste resources to make PHAs presents possibilities in a circular economy and an alterna-
tive to fossil-based resources to make conventional plastics. However, the heterogenous
nature of waste materials as well as the security of supply provide challenges for industrial
processes.

The most common PHAs are branched polymers with the carbon chains branching or
extending out away from the 2-carbon repeating unit backbone of the polymer, as seen in
Figure 2 [6].
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Bacteria are capable of synthesising different subgroups of PHAs namely short-chain-
length (scl), medium-chain-length (mcl) and long-chain-length (lcl) PHA [12]. scl and mcl-
PHA groups are the most studied polymer chain lengths, with 3–5 carbons for scl-PHAs
and 6–14 carbons for mcl-PHAs [13]. lcl-PHAs (>14 carbon atoms per monomer unit) are
the least common occurring chain length of PHAs, with limited studies on their production
and applications [14]. The molecular weight and type of PHA monomers determine the
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physical and thermal properties of the biopolymers; the branched nature of the polymer
carbon means that the side chain interferes with crystallinity. Furthermore, the interaction
of the side chains affects other properties such as tensile strength, elongation to break ratio,
glass transition temperature and melting points [15]. Currently, PHAs and their blends are
used in various applications. It is important to assess these composites’ mechanical, barrier,
and thermal properties for optimal application. PHAs and blends/composites with other
polymers have been spun into fibres but also processed into trays and films with high gas
and liquid barrier capabilities [13]. PHA properties are often comparable to conventional
fossil fuel plastics, with authors suggesting PHAs as a sustainable alternative to plastics
originating from fossil-based resources [16,17].

PHB (scl-PHA) is made via a three-step pathway once acetyl-CoA is made in the cell.
While mcl-PHAs are made in microorganisms through two major pathway β-oxidation,
starting from fatty acids, and de novo fatty acid synthesis using acetyl-CoA. Acetyl-CoA is a
central metabolite produced by microorganisms when they metabolise sugars and other car-
bon substrates [18,19]. Within bacterial species, a small number of strains have been studied
in depth and brought to an industrial scale for production. Various factors such as carbon
source cost, efficiency of bacterial growth, PHA accumulation levels, properties of the
PHA, and downstream processing costs, directly affects the scale-up potential of polymer
production [12]. Pseudomonas putida (P. putida), Pseudomonas oleovorans, Burkholderia sacchari
and Cupriavidus necator are some of these promising bacterial strains that have been studied
extensively for their efficacy in PHA production.

PHAs are considered to be bioplastics, meaning they are biobased (originating from
renewable sources) and biodegradable (can be broken down naturally through biological
processes) (European Bioplastics, 2016). PHA’s potentially offer more end of life options
when compared to non-biodegradable biobased materials such as bio-polyethylene (bio-PE)
and bio-terephthalate (bio-PET). Although PHA’s look like a genuine green alternative to
other plastics, much research still needs to be carried out to employ more control over the
quality, quantity, and general economics for the production of PHA’s [20]. The synthesis,
properties, applications, and biodegradability of PHAs will be discussed in more detail in
the following sections of this review.

1.2. The Synthesis of PHAs—Types of Microorganisms That Accumulate PHA and the Processes
Within

PHAs are macromolecules, allowing for the storage of carbon and energy in PHA
producing microorganisms [4]. In nature, PHA synthesis can occur through a number
of different metabolic pathways, with these pathways determined by the microorganism
producing it and the conditions in which this microorganism lives [20]. The synthesis
of PHAs is regulated through three genes and three enzymes and is one of the simplest
biosynthetic pathways [4]. One of the most common, and shorter pathways for PHA
production is that of polyhydroxybutyrate (PHB) (Figure 3). Out of the 150 plus monomers
that can be produced by PHA producing bacteria, only a small number of these, under
natural conditions, can be formed into the homopolymers and copolymers required for the
formation of PHAs [21]. Due to this natural bottleneck for inhibiting polymer formation, scl-
PHAs such as PHB and P(3HB:HV) are more commonly found in more typical physiological
conditions due to their shorter metabolic pathways [22]. With over 300 microorganisms
capable of producing PHA, there are relatively few that can synthesize PHA at a level that
is sufficient for scaling up to an industrial level. There are several bacterial species that
can produce PHA at sufficient levels, though (Table 1). Although PHA can be formed by
bacteria, fungi, and microalgae, there is significantly more research and promise for the
efficiency of bacteria to produce PHA [23].
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Table 1. Microorganisms extensively studied for their ability to accumulate PHA.

Microorganism PHA Type Reference

P. putida KT2440 mcl [24]
P. oleovorans ATCC 29347 mcl [25]

Burkholderia sacchari LFM 101 scl [26]
Cupriavidus necator H16/DSM 428 scl [27]

P. putida strain KT2440, is one of the most studied bacterial strains in the pseudomonas
genus. P. putida KT2440 is a Gram-negative bacterium that has been extensively studied due
to its ability to degrade aromatic compounds [28] and accumulate mcl-PHA. It is one of the
most studied bacteria strains as it can synthesize high quantities of polymer per cell mass,
amounts up to 75% w/w make it an attractive strain for production scaleup of PHA [8].
P. putida KT2440 also has advantageous features for biotechnology due to it metabolic
diversity and genetic tractability [18]. It is capable of utilizing a wide range of carbon
sources such as glucose, glycerol and fatty acids [29]. PHA accumulation in KT2440 from
sugars requires nitrogen limitation but high levels of PHA can be accumulated, without
nitrogen limitation while utilising fatty acids as the carbon source [29]. P. putida KT2440
has two main metabolic pathways that provide precursor molecules for the synthesis of
mcl-PHA’s (Figure 3) namely de novo fatty acid synthesis when using substrates such as
glucose and glycerol and β-oxidation when using fatty acids. Another mcl-PHA producing
bacterial strain that has been studied extensively is Pseudomonas oleovorans ATCC 29347.
This strain type can grow on substrates such as n-alkane, n-alkene and long-chain fatty
acids to accumulate copolymers of mcl-PHA [19]. Monomer units ranging from C6 to C14
are produced via β-oxidation of acyl-CoA [30], with monomers below C6 bypassing the
PHA producing phase with these monomers converted into acetyl-CoA. These monomers
below C6 are then harnessed via the TCA cycle for energy and as a carbon source for cell
growth [19].

Burkholderia sacchari (stain IPT101 in the case of UCD), is a Gram-negative bacterium
that was originally isolated from sugarcane crops in Brazil [31]. It is capable of utilizing
the components of lignocellulose (cellulose, hemicellulose, lignin) to produce high-value
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chemicals and products such as poly-3-hydroxybutyrate [P(3HB)] [32]. The capability of
B. sacchari to produce such high-value products from the most abundant renewable resource
worldwide (lignocellulose) was the driving force for its use as a strain for the industrial
scale-up of PHA production processes [32,33]. This is particularly apparent in studies that
have shown this bacterium can accumulate P(3HB) up to 80% of its cell dry weight from
sucrose [34]. It also grows efficiently on glucose, glycerol, organic acids and hydrolysed
straw [35]. Another well studied PHB producing bacterial strain is Cupriavidus necator H16,
previously known as Ralstonia eutropha. This bacterium is considered a model organism due
to the availability of its complete genome sequence as well as its genetic tractability [36,37].
On top of its metabolic diversity, C. necator can achieve high cell densities aerobically under
both heterotrophic and chemolithoautotrophic growth conditions. Under heterotrophic con-
ditions C. necator can utilize substrates such as fructose, fatty acids and N-acetylglucosamine
in tandem with oxygen. Under chemolithoautotrophic conditions C. necator can utilize
carbon dioxide as it’s substrate in tandem with hydrogen and oxygen [36]. When carbon
dioxide is the single available source of carbon C. necator can assimilate via the reductive
pentose phosphate cycle, otherwise known as the Calvin-Benson-Bassham cycle [37]. Due
to its capability to produce a variety of valuable chemicals and polymer from an array of
sources, C. necator is considered a good candidate for biotechnological processes [36,38].

1.3. Substrates Utilised by Microorganisms to Accumulate PHA

Microorganisms use a wide variety of carbon based substrates for growth and PHA
accumulation. Monosaccharides such as glucose and fructose, disaccharides such as sucrose,
and lactose have been used by microorganisms to accumulate PHA [31]. Sucrose can be
generated from sugar beet and sugar cane while lactose is a major product and by-product
of the dairy industry [33,39]. Complex carbohydrates such as cellulose and starch can be
hydrolysed to produce glucose, arabinose, xylose and other monosaccharides which can
subsequently be supplied to microorganisms for PHA accumulation [39,40]. Fatty acids can
also be utilized as the sole carbon source for the production of PHA allowing for the use
of waste, low-value or renewable oils for PHA production in place of other higher valued
food-chain crops [41]. Examples such as palm kernel oil (PKO), where lauric acid is the
pre-dominant 12-carbon saturated fatty acid of PKO, has shown promise a substrate for
the production of mcl-PHA with strains of P. putida [41,42]. In order for PHA production
to compete with that of petroleum based polymers in the world today, the substrates
must originate from a biomass source that is considered either of low value or from a
waste stream, to make the process as economically attractive as possible. The following
sub-sections will cover the wide array of substrates that are utilised by microorganisms in
the accumulation of PHA in more detail.

1.4. Sugar Containing Feedstocks for PHA Accumulation (Including Wastes)
1.4.1. Dextrose from Corn

Corn grain and corn stover (leaves, stalks) have been investigated as a carbon source
for PHA production, focussing on the 1st generation substrates such as dextrose, corn oil
and corn gluten [43]. The consistency and quantity in the production of the sugar dextrose
from agricultural corn grain farming provide a reliable feedstock for PHA production, but
with this comes the overlapping and competition with the demand for corn grain in the
food chain. A past example of commercial-scale production of PHA from corn can be seen
from the U.S. biotech company Metabolix, Inc. in Cambridge, MA, USA. Metabolix opened
their first commercial-scale plant in Iowa in 2010, where they produced a corn-syrup based
PHA up to 50,000 tons per year [44]. The commercial-scale production of PHA from
1st generation substrates of corn is possible, but it’s viability is still uncertain due to the
environmental burdens associated with corn cultivation [45]. For example, when compared
to polystyrene production, PHA production does not improve overall environmental
impacts regarding photochemical smog, acidification and eutrophication [43]. In order for
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corn to PHA production to be viable, PHA fermentation technologies must improve in
tandem with increased integrated systems involved with corn cultivation.

1.4.2. Sucrose from Sugar Beet/Cane

After reviewing the viability of corn to PHA, a clear path to making commercial-scale
production of PHA viable is to obtain the substrate from a plentiful low-value or waste
carbon source stream. An example of this is low-grade mollases, which is a residual
syrup by-product of sugar refining mills that is high in sucrose but unsuitable for food
products [46]. Using such as low-value or waste stream has potential, but most studies
show that cell production and polymer accumulation within are still not commercially
viable [47]. Although studies by Chaudhry et al. [48] using Pseudomonas species growing on
sugar wastes have shown little promise with maximum cell dry weights of of 12.53 g L−1

and PHA content of 35.63%, other studies by Kulpreecha et al. [49] with Bacillus megaterium
on sugar wastes have shown more promise with cell dry weights of up to 72.7 g L−1 and
PHA content of 42% achieved over a 24 h period. The more promising latter study indicates
that variables such as microorganism strain, carbon source, carbon source production
and pre-treatments as well as fermentation conditions all play a role in optimizing PHA
production from low-value and waste streams for industrial scaleup.

1.4.3. Whey to PHA

Dairy whey is another promising food waste stream that has the potential for use as a
commercial-scale carbon source for PHA production. Whey is a by-product of the cheese
making industry comprised of lactose, proteins, fats, water-soluble vitamins, mineral salts
and other key nutrients that microorganisms require to grow [47]. Up to 1.60 × 108 tons of
whey produced worldwide, surpassing the quantities needed for whey powder produc-
tion [50]. Whey is currently a problematic by-product for the dairy industry as only ~50% is
utilised for the production of lactose, casein and protein powder with the remainder either
disposed of or inefficiently treated and processed for animal feed [51]. For these reasons,
whey has potential to be a reliable and cheap carbon source stream for PHA production via
microbial fermentation. Whey has the additional benefit of not requiring any enzymatic
or chemical pre-treatments prior to being used as a carbon source. Life cycle assessments
also suggest that the whey to PHA production is comparable to the ecological footprint of
existing petroleum based plastics [47,50]. However, there are some disadvantages involved
with using whey for PHA production. The fermentation process energy requirements,
minimal PHA accumulation yields per whey input as well as the inability of typical PHA
accumulating microorganisms to directly metabolise whey have hindered the development
for the commercial scale-up of the whey to PHA process [47]. Some studies have altered
PHA producing bacterial strains to combat the metabolic issue, with the transformation of
Cupriavidus necator DSM 545 to include genes lacZ, lac and lacO from of E. coli to produce
C. necator mRePT that can directly metabolize whey to produce PHA [52]. Whey is a promis-
ing carbon source stream with many benefits for PHA production, but much development
of the fermentation process and microorganism strain manipulation are still required to
improve current energy inefficacies, output yields (per kg of input) and the quality of the
polymer produced before whey to PHA is commercially viable across the world.

1.4.4. Grass to PHA

Many researchers are investigating the short-circuiting of the anaerobic digestion
(AD) process to produce fatty acids such as acetic, propionic and butyric acid [53]. We
have previously reported on the conversion of grass via AD generated fatty acids to PHA
production by Pseudomonas strains which is comparable to the same strains on laboratory
fatty acids [54]. The availability of glucose rich hydrolysates from pre-treatment and
de-lignification of perennial grasses also allowed the production of PHA.
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1.4.5. Waste Cooking Oils (WCO) as Substrates for PHA Accumulation

Waste cooking oils could be used as cheap substrates for microbial production of PHA.
Waste cooking oil is comprised of animal and/or vegetable matter that’s been previously
used in the frying of foods both in the service industry and domestic households [55]. In
the EU, up to 60% of 1.748 millions tonnes of WCO is improperly disposed of annually [56].
Some WCOs can be utilized as biofuels, but it is advantageous to apply this carbon to
materials rather than for energy due to its carbon-rich composition. Deep fat frying food
has become more common in households and the food industry, leaving up to 29 million
tonnes of inedible oils needing disposal of per year [57]. This leaves a carbon rich waste
product with a poor end of life management system in place. However, one can keep the
cooking oil in the materials cycle by converting it into a material, burning it for energy or
converting it to biofuels (biodiesel). The conversion of WCO to the biodegradable polymer
PHA is a promising route given that WCO is rich in fatty acids (conjugated to glycerol)
and fatty acids are well known substrates for PHA accumulation. The conversion of
waste cooking oils into PHAs has been reported for a number of bacterial species (Table 2).
Plant oils (triacylglycerols) can support growth and PHA production in some mcl-PHA
producing strains and could lead to polymers with altered properties to those produced
using pure fatty acids as substrates [58]. Few of the well characterized, commonly used,
mcl-PHA accumulating bacterial strains have the ability to grow and produce PHA directly
on triacylglycerols [59].

Table 2. Bacterial strains growing on different plant oils and waste substrates to produce PHA.

Substrate Strain mcl-PHA
(g L−1)

Biomass
(g L−1)

Time
(h) References

Lard, Butter Oil, Olive
Oil, Coconut Oil &

Soybean Oil

P. saccharophila
NRLL B-628 2.1 1.6–2.8 48 [60]

Lard And Coconut Oil P. putida KT2442 0.9–1.6 4 72 [61]
Waste cooking oil (1%) Pseudomonas sp. D12 0.1 0.54 72 [62]

Waste cooking oil
(2% w/v) P. aeruginosa L2-1 3.43 6.8 24 [63]

Waste cooking oil
(20 g/L) P. aeruginosa 42A2 1–1.6 3.5–5.5 72 [64]

Waste Fat (20 g/L) P. aeruginosa 42A2 2.3–3.6 3.5–5.5 72 [65]
Soy Molasses

(2% w/v) P. corrugate 388 0.07–0.6 1.5–3.6 72 [65]

Lard, Butter Oil, Olive
Oil, Coconut Oil &

Soybean Oil

P. saccharophila
NRLL B-628 2.1 1.6–2.8 48 [59]

Lipase mediated hydrolysis of plant oils or WCO results in glycerol and fatty acid
production, both of which have been shown to be converted to PHA via de novo fatty
acid synthesis and β-oxidation respectively [66]. The general structure of triglycerides
and their hydrolysis products can be seen in Figure 4. Mcl-PHA has been produced
by Pseudomonas aeruginosa from palm oil [67], Brassica carinta oil [68] and waste frying
oil [65]. However, this species is an opportunistic pathogen and not suitable for PHA
production at an industrial level. Pseudomonas chlororaphis was previously used to produce
mcl-PHA from palm oil [69]. Comamonas testosteroni produced mcl-PHA from caster seed
oil, coconut oil, mustard oil, cottonseed oil, groundnut oil, olive oil and sesame oil [70].
Pseudomonas resinovorans used lard, butter oil, olive oil, sunflower oil, coconut oil and
soybean oil to produce mcl-PHA [58] and Pseudomonas saccharophilia used soybean oil and
sunflower oil to produce mcl-PHA [60]. Genetic engineering has also been used to express
lipase genes in well-known PHA producing strains such as P. putida, P. oleovorans and
P. corrugata to allow them to grow directly on oils [61,71]. Ruiz et al. (2019) demonstrated
high cell density (100 g CDW L−1) using WCO but with a modest PHA accumulation
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level (25–30% CDW) [56] compared to PHA accumulated from fatty acids where cells can
accumulate between 60 and 70% PHA. In addition to this, Ruiz et al. (2019) demonstrated
that hydrolysed waste cooking oil could be utilised by P. putida KT2440 to achieve biomass
of 159.4 g L−1 with 36.4% of this CDW composed of PHA [72].
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1.4.6. PHA from Gases

Utilising gases, such as CH4, as a carbon feedstock is one interesting option as it pro-
vides a cheap and accessible substrate, removes or prevents greenhouse gases from entering
our atmosphere and at the same time produces biobased biodegradable polymer [73]. In-
dustrial waste gases such as methane (CH4) from biogas, carbon dioxide (CO2) and syngas
(CO2 + H2) can be utilized as substrates for PHA production [17]. Biogas is a renewable
resource that is comprised mostly of CH4 and CO2 with trace amounts of nitrogen (N2),
oxygen (O2) and hydrogen sulfide (H2S) [74]. It’s a renewable resource produced through
the anaerobic digestion of organic substrates, this process is found at waste-water treatment
plants where sewage (the organic substrate) is broken down to produce biogas [75]. There
are also dedicated sites that use biomass such as agricultural crops and food waste to pro-
duce biogas. Due to the widespread production of biogas across the world, it is estimated
a total of 58.7 billion Normal cubic metres (Nm3) of biogas was produced in 2014 (World
Bioenergy Association, 2017). These significant quantities of biogas can be harnessed for
energy through combined heat and power production (CHP) gas engines that utilise the
majority component CH4 to produce electric and thermal energy [75]. Although CHP gas
engines can harness more than 80% of the potential energy from biogas, the economic
feasibility is challenged due to factors such as initial high capital investment, operation and
maintenance costs, and depreciation/outdating of the CHP gas engines themselves [76].
For these reasons, an alternative method for harnessing this abundant, renewable and
carbon rich biogas is highly sought after.

Through a bacterial fermentation process, it is possible for microorganisms to use gases
such as CO2, O2 and CH4 as feedstocks to produce PHA [77]. These are methanotrophic
bacteria that have been used by biotech start-up Mango Materials, who use biogas as
their sole carbon source in tandem with O2 for the production of PHB (National Science
Foundation, 2014). After a life cycle assessment, the production of PHB from methane
originating from wastewater treatment plants and landfills requires >10% less energy
when compared to other substrates such as corn-derived sugars [78]. Mango Materials
currently use the excess biogas from a CHP gas engine system in a waste-water treatment
plant for the production of PHB, that would otherwise be wasted through flare burning.
On top of this, the use of this biogas to PHA technology closes the carbon cycle through
sequestration of the carbon within the final polymer produced [77]. The abundance of
wastewater treatment plants and landfills, current inefficient use of biogas, benefits of
PHA production and carbon sequestering all make biogas to PHA a good candidate for
commercial scale-up across much of the world.
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2. PHA Fermentation Production Processes

There are three common fermentation strategies for the cultivation of bacteria to
produce PHA: batch; fed-batch and continuous, all having shared goals for the control
and optimization of factors such as carbon to nitrogen ratio, length of the fermentation
run, temperature, pH and others [79]. The scale-up of PHA production processes and the
downstream processing of fermentation harvests will be discussed in this section also.

2.1. Batch Cultivation

In a batch cultivation the media for the microbial culture (including the carbon source)
is provided at the beginning of the fermentation, with no addition or removal of these
throughout the process. Cells are harvested at the end of the batch run and the removal
of the PHA cell mass at the end of the process [80]. This batch fermentation strategy can
then be broken into two types based on the form of bacterial growth, a one stage process
and two stage process [81]. The one-stage process involves the simultaneous growth of
biomass and PHA in the closed fermentation system. The two-stage process is divided
into a biomass growth phase with a subsequent PHA accumulation phase [82]. Although
there is simplicity and cost effectiveness for the batch cultivation process, it does present
issues regarding the optimisation of yields. Final PHA yields can be low when conditions
such as the exhaustion of the carbon source occur, ultimately resulting in PHA within the
cell mass being depolymerised to provide carbon and energy for the growth of bacteria [9].
The growth of the bacterial strain Azohydromonas australica DSM 1124 with sucrose as the
carbon source in a batch fermentation resulted in a final biomass of 8.71 g L−1 CDW with
PHB accumulation of 6.24 g L−1 over a 36 h period [83]. This means a growth rate of only
0.17 g L−1 h−1 was achieved and points to the limitations of batch fermentation processes
which is not efficient and suited for industrial scale-up.

2.2. Fed-Batch Cultivation

Fed-batch cultivations are the most common biotechnological processes [84] including
PHA production due to the ability to control nutrient and carbon input which allows for the
avoidance of carbon limitations throughout the process. Controlling these conditions allows
for a more efficient process resulting in an increased cell density and PHA accumulation
within the process [81]. The real-time monitoring and regulation of substrate concentration
and the adjustment of conditions within the process presents challenges in maintaining a
standardised repeatable process but once the predicted growth rate and nutrient consump-
tion are controlled/maintained then reproducible processes can be achieved. Some high
cell density fed-batch operations involving P. putida and B. sacchari have shown growth of
up to 159.4 g L−1 and 221 g L−1 respectively, with % PHA of this CDW at 51% and 45%, re-
spectively [12,72,85,86]. P. putida KT2440 produced a biomass of 141 g L−1 CDW and PHA
(mcl) accumulation of 72.6 g L−1 after 38 hrs when growing on oleic acid achieving a PHA
accumulation rate of 1.91 g L−1 h−1 [12]. Ramsay and co-workers reported on a number of
fed batch fermentation strategies to produce high cell density cultures with a high content of
PHA achieving up to 71 g L−1 and 56% PHA and 1.44 g PHA L−1 h−1 [87]. Thus fed batch
fermentations are far more productive compared to the batch cultivation mentioned above
in Section 2.1—making fed-batch cultivations a far more suitable fermentation production
process for scaling up.

2.3. Continuous Cultivation

Continuous cultivations are very different when compared to batch and fed-batch
cultivations as once the desired PHA and biomass accumulation rates are reached, these
conditions are kept constant making for a chemostat culture [9,88,89]. The harvesting
of PHA accumulating cells is continuous. This fermentation strategy is considered to
be beneficial in that it allows for a consistent production of PHA with near identical
quantities and qualities from start to finish of the continuous process [90]. Even though
this process aims to establish long-term genetic stability of the PHA producing strain,
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the very nature of the long lasting continuous process can result in the contamination of
the culture and genetic changes over time [91]. Another challenge is the large volume of
spent fermentation media that is produced on a daily basis. This has to be cleaned up
and the water re-used. An example of continuous cultivation was demonstrated using
Pseudomonas oleovorans ATCC 29347 on single carbon substrates such as citrate, hexanoate
and octanoate. This involved a constant concentration of nitrogen with a step-wise increase
in carbon concentrations which allowed for the production of mcl-PHA during the growth
phase on fatty acids and the nitrogen limitation phase once carbon was present [92].

2.4. Scale up of PHA Fermentation Processes

Although PHAs are accepted as a promising biopolymer for a green economy com-
pared to petrochemical polymers, their production at an industrial scale does present
challenges. The production of PHA’s at a commercial scale is made possible through the
manipulation and optimization of the process with modern scientific and engineering
practices to achieve high cell densities with a higher percentage of PHA within the cell [21].
The cost of producing PHA is dependent upon the cost of the fermentation substrate, which
can account for up to 50% of the overall production costs, the volumetric productivity
of the process (g·L−1 h−1) and the level of PHA in the cell (% of cell dry weight) as the
efficiency of the downstream process is higher with higher PHA content in the bacterial
cells [4]. Choi and Lee estimated that at 100 kt scale, PHA production costs between
USD 2.6–6.7 $ kg−1, depending on the PHA producing microorganism [93]. Compared
to plastics such as polyethylene (USD 0.9–1.0 kg−1), production costs are up to 7 times
higher for PHA and some reports indicate as much as 10 times higher [4]. One method
for reducing this ten-fold cost difference is the scale-up of the fermentation process. In
Austria, PHB was produced at 1000 kg/week in a 15 m3 fermenter using bacterial species
Alcaligenes latus which grew rapidly on sucrose [94]. Up to 90% of the CDW from this
process contained PHB which allowed for the high productivity, although the carbon
source is still in direct competition with the food chain [95]. PHBHHx was produced in a
20 m3 using glucose and lauric acid achieving 50 g L−1 and 50% of CDW was PHBHHx,
using the strain Aeromonas hydrophila [96]. The major issue for this scale-up was the cost of
DSP, specifically extraction, where the use of ethyl acetate and hexane increased overall
production costs dramatically. Other research has looked at the production of PHAs by
halophilic, salt requiring microorganisms. The use of such microorganisms is advantageous
as they can grow optimally under conditions of high salt concentrations, with such high
salt concentrations capable of reducing the chance of microbial contamination to a large
extent, and the inherent low value of substrates that can be utilised from these high salinity
environments [97,98]. However, it has been reported by the company BluePHA in China
that the production of PHB and PHBV using Halomonas species can present problems when
scaling up. The high salinity causes difficulties with the downstream processing effluent,
corrosion among fermentation equipment, and the lack of well-defined genetic and system
engineering, making PHA production using halophiles challenging [98,99]. Despite this
BluePHA appear to be operating at an industrial scale and producing PHAs. The use of
methanotrophic (methane consuming) microorganisms to produce PHB is also of high
interest, as utilising a renewable and potent greenhouse gas and creating a strong carbon
capture technology within the polymer itself is highly advantageous [100]. Even with this
double-barrel benefit, the use of methane (often fed in the form of scrubbed biogas) as a
substrate for PHA producing microorganisms does present significant challenges. The low
solubility of methane in aqueous solutions under atmospheric pressure (22 mg L−1) results
in a low mass transfer, which in turn can result in low cell growth and density [100,101].
Methane can be sourced from anaerobic digesters or landfills, so scaling up fermentation
systems using this carbon substrate is feasible [102]. The cost of PHB production using
methane can range from $4.1–8.5/kg, depending on production capacity [103,104]. These
are not economically competitive prices and the market may require incentives for methane
to PHB production facilities in tandem with rising fossil fuel prices, in order to be a viable
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technology [100]. Even with these challenges, some biotech start-ups such as Mango Mate-
rials in the San Francisco Bay Area are scaling up their methane to PHB process. They have
most recently implemented their ‘Launch Facility’ which includes a 5000 L fermentation
tower system with complete DSP setup at the Silicon Valley Clean Water waste water
treatment plant in California.

Another important issue for biopolymer production is the sourcing of a sustainable
carbon feedstock, which should not compete with food-chain feedstocks [105,106] as this
creates competition with food supply and land use consequently increasing the cost of that
raw material affecting both food prices and PHA production costs [85]. Waste substrates
are a good alternative to food based resources but the availability, heterogeneity and quality
of the starting material are challenges that need to be addressed.

Although the upstream costs for the scale-up of PHA production is vitally important
(e.g., carbon feed cost) to make it competitive with other fossil fuel polymer production
processes, an important research and development focus for successful up-scaling is on the
downstream processing that ensures a reproducible polymer with desired physical and
chemical properties. The drying of bacterial cells, the method of extracting the polymer
from those cells affects the molecular weight of the PHA. The properties of polymers are
dependent on the monomeric composition and molecular weight of the polymer and this
affects the types of applications the polymer can be utilised for, hence the biotechnological
and downstream processes need to economically produce a polymer with a consistent and
desirable molecular weight.

2.5. Downstream Processing to Harvest PHA

The downstream processing of PHA and the extraction methods involved are critical
for the commercial scale-up of PHA production, with many of these technologies currently
in the development stage [50]. Many downstream processing recovering methods have
advantages or disadvantages in regard to economics, ecological impacts, safety, recovery
yields, production purity/quality and difficult scalability [83]. Some of the more well-
known recovery methods involve the use of solvents to obtain a good quality product,
but solvents such as chloroform should have no place in the PHA production chain on
a larger scale [107]. The extraction of PHA using the halogenated solvent chloroform is
the performance benchmark for the extraction process of PHB and PHB co-polymers from
its cell biomass, particularly at a laboratory scale [108]. It is the benchmark as studies
by Rebocho et al. showed that their PHBHV/3HB polymer grown from halophilic yeast
Pichia kudriavzevi VIT-NN02 from agricultural waste materials has a yield recovery of
99.99% using this method [109]. Solvent extraction using the likes of chloroform then
require an antisolvent (usually at low freezing temperatures) to precipitate the polymer
out of solution. This increases the resource input thus increasing waste potential that
requires even further significant energy input to separate the solvent and antisolvent for
reuse [108]. For these reasons the commercial scaling of such a process is not feasible. The
extraction of mcl-PHA using acetone is the most common solvent extraction method for
this type of polymer, with precipitation induced most prominently by the anti-solvents
methanol and ethanol (typically at freezing temperatures) [110]. It is possible to obtain
a pure polymer with a high molecular weight, while removing the bacterial endotoxin
using this method [9,111]. Although a portion of the utilised acetone can be recycled, the
environmental impacts and capital costs for using solvents in such extraction processes is
not recommended for industrial scale-up [9]. Larger scale studies (medium scale @ ~200L)
on cells produced by P. Putida involved heat pre-treatment at 121 ◦C, followed by digestion
using Alcalase, EDTA and SDS with an optional final chloroform extraction to increase PHA
purity from 95% to 99% [111,112]. This method is preferable as the quantity of chloroform
used it significantly reduced. The used of SDS and enzymes will be discussed in more
detail in the following paragraphs.

The use of sodium hypochlorite (halogenated) in tandem with anionic surfactant SDS
(irritant) for the removal of PHA from cell mass goes against the theory of a greener plastic
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production process [83,113]. The use of sodium hypochlorite has also been reported to
reduce the molecular weight of the polymer by half, even post optimization of the digestion
time and parameter conditions [83,114].

Other reported methods for the extraction of PHA from biomass involves the use
of enzymes to breakdown the outer non-PHA component of the biomass [83]. This non-
PHA part of the biomass usually makes up <10% of the total cell dry weight, with the
use of enzymatic catalysts for this step highly beneficial compared to chemicals such as
sodium hypochlorite. Although enzymes have advantages in theory, the methods are still
in their infancy and not cost effective due to the slow reaction rates of enzymes and low
final product purities [34]. For these reasons, enzyme cocktails are often used in tandem
with oxidants such as hydrogen peroxide to achieve the yields and purities required for
commercial-scale up [115].

3. Properties of PHAs

Conventional fossil fuel derived plastics are used across every facet of life today, from
the home to nearly all industries due to their properties allowing for their manipulation into
convenient, durable and specialised products [4]. The formation of such products has paved
the way for applications that would not otherwise be possible. However, in recent decades
it has become apparent that this has come at a high cost with little or no sign of this cost
subsiding. Common fossil derived plastics such as polyethylene, polypropylene and nylon
are xenobiotic. Their release into the environment is resulting in environmental pollution
that is further complicated by their mechanical degradation into microplastics [4,116]. The
environmental damage and unsightly nature of non-biodegradable polymers must be
halted but the dependency that the modern world has on these plastics is strong with little
sign of subsiding. Plastics have many positive attributes that the world needs but a lack of
waste management safety nets to capture the waste plastic contributes to a world where
plastic pollution is taking place unabated. Society is calling for the reduction in plastic use
and the use of a suitable replacement. A number of polymers such as polylactic acid and
thermoplastic starch are in the market and their production is increasing. PHAs (Figure 5)
show great promise but have limited market share [4].
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The replacement of fossil plastics with biobased plastics addresses the issue of renew-
able carbon but not end of life management. The biodegradability of biobased plastics can
help to address end of life management by offering more options. Biodegradable plastics
should not be produced so that they can be released into the environment but rather that
they increase the end of life management options for plastic and increase the chances of the
plastic being collected and managed. Plastic products could be designed with emergency
biodegradation in the event that they are accidentally released into the environment but
this should not be the driver for plastic resource management as it could promote bad
behaviour and continue to perpetuate plastic pollution.
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3.1. General Properties of PHA

The properties of PHAs, such as processability, mechanical properties, UV resis-
tance, are similar to commercially available thermoplastic fossil-based polymers such as
polypropylene (PP) and polystyrene (PS). Depending on the composition of its monomers,
with over 150 types of PHA structures reported in the scientific literature, an array of
different properties and functionalities exist within this biopolyester family [44]. One
universal property of PHAs is that they are thermoplastic, with other properties varying
depending upon their chemical structure [117]. The number of carbon atoms present in the
monomer dictates their molecular structure, along with the chain length of these associated
monomers, which results in the diverse and multifaceted characteristics of PHAs [118]. The
thermal, mechanical, and barrier properties are the most important and studied features of
PHAs. Thermal properties such as glass transition temperature (Tg) and melting tempera-
ture (Tm), along with mechanical properties such as tensile strength (MPa) and extension
to break (%) are key for determining the appropriate use of PHA polymers for various
practical applications [119]. The thermal properties of PHAs depend on the polymer’s
chain length, and these attributes directly affect the polymer’s mechanical properties. As
mentioned earlier, based on the length of side hydrocarbon chain, PHAs can be broadly
classified into three categories; scl-PHA, mcl-PHA and lcl-PHA. The subsequent section of
this review will cover mechanical, thermal, and other functional properties like PHA’s gas
barrier properties and its structure-property relationships. The discussion will primarily
focus on scl-PHA and mcl-PHA; however, lcl-PHA is less common for applications due to
its inferior properties, so it will not be discussed.

3.2. Properties of Scl-PHAs

The scl-PHAs are a class of PHAs with a number of side chain carbon atoms ranging
from 3 to 5. For example, poly(3-hydroxybutyrate) (PHB), poly(3-hydroxyvalerate) (PHV)
and their copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are typical
examples of short-chain-length PHAs [120]. The properties of these polymers vary depend-
ing on their substrate type, length of side chain, co-monomer and co-polymer composition.
In general, PHA polymers produced by bacteria are semicrystalline, and crystallinity can
influence the polymer properties. PHB homopolymer is known to develop high crystallinity
(>60%), making it stiff and brittle [121]. Despite PHB having mechanical properties close to
commercial polypropylene (PP), the challenge in melt processing PHB into products is one
of the major factors restricting its broad adoption in commodity applications. The thermal
properties, mechanical properties and other physical properties of PHB are discussed here
in this sub-section.

3.2.1. Thermal Properties

The scl-PHA polymers are thermoplastics and differ in their thermal properties de-
pending on their chemical composition. PHB homopolymer has a melting temperature (Tm)
around 180 ◦C, close to its decomposition temperature [122]. Incorporating co-monomers
such as 3-hydroxyvalerate (3HV) into the polymer chain decreases Tm and crystallinity of
the polymer [123]. The glass transition temperature (Tg) is linked to the segmental mobility
of polymer chains, which play a critical role in dictating the thermal and mechanical prop-
erties of the polymer. Previous studies have indicated that the number of carbons has a
direct effect on the glass transition (Tg) and melting temperature (Tm), and crystallization
temperature (Tc), of PHAs [119]. The Tg and Tm are essential thermal properties for various
applications of PHAs. PHB is one scl-PHA that is highly explored for its properties. The
linear chain structure of PHB leads to a predominantly crystalline phase, which is inter-
connected through the amorphous sections creating a semicrystalline polymer. A large
number of reports suggest the range of Tg is −15 ◦C to 9 ◦C, depending upon the structure
of PHB and its copolymers [124–127]. Similarly, the melting point (Tm) of PHB is reported
to be between 160 ◦C to 180 ◦C, which depends upon the type of its crystalline phase [128].
Isostatic PHB displays a high melting temperature close to 175 ◦C and the Tg is close to
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room temperature (21 ◦C), resulting in a very narrow processing temperature window for
PHB [129].

The thermal stability and degradation mechanism are important as they affect pro-
cessability and mechanical properties. Thermal decomposition of PHB takes place just
above melting temperature, making it vulnerable to degradation during processing at
180 ◦C. A degradation temperature of 210–220 ◦C of PHB limits the melt processability of
PHB due to a narrow temperature window between melt and degradation temperatures.
Temperature-induced chain scission in PHB can result in a rapid decrease in molecular
weight [130]. Thermal analysis of melt-processed PHB indicates a double melting peak due
to bimodal distribution of crystallite size resulting from changes in molecular weight due
to random scission of PHB during the melt processing [131]. Various approaches have been
implemented to improve the melt processibility of the PHB polymers. The addition of nucle-
ating agents, plasticizers, blending with other polymers, co-polymerisation, nano additives
etc. have been evaluated to improve the processability of PHB [132–135]. The addition of
plasticizers reduces the interchain entanglement within the polymer and promotes PHB
processing without thermal degradation [136]. Also, the inclusion of nucleating agents
increases the spherulite counts due to the formation of numerous small and imperfect
crystallites, leading to the lowering of Tg and the overall decrease in crystallinity of the
polymer [137–139]. However, it is important to mention that some of the approaches to
improve thermal stability and processability of PHAs can affect biodegradation [140].

3.2.2. Mechanical Properties

PHB polymers are traditionally stiff and brittle due to their high crystallinity. The
mechanical properties of PHBs are similar to polypropylene; however, the lower elongation
and high stiffness prevent PHB polymers from replacing fossil-based polymers such as
polypropylene. Tensile strength measures the amount of force required to pull a material
until it breaks and is typically within a range of 8.8 to 50 MPa for PHB synthesized from
different raw materials. Similarly, Young’s modulus presents the stiffness characteristics,
and scl-PHAs show a modulus of 3.5 × 103 MPa [141]. Elongation at break is the measure
of the material’s ability to be stretched until it breaks, and it is expressed in the percentage
of the original length of the material. The scl-PHAs show percentage elongation at break
ranging very low to 15% to >200% based on its chemical and physical structure [142].
Pure isotactic PHB is brittle that show a tensile strength of 30–35 MPa, elongation at break
around 15% and modulus of 1.2 GPa [117,143]. The primary reason for the high brittleness
of PHB is due to slow secondary crystallization that occurs within the amorphous phase of
PHB [117].

Though PHB has poor ductile properties, the addition of co-monomers, plasticizers,
various polymers and fillers significantly enhance its elongation and tensile strength by
reducing the crystallinity of the polymer [144,145]. The mechanical properties of the
PHB polymers are altered by incorporating co-monomer units, side chains, and bulky
functional groups by controlling the overall crystallinity of the polymers. Mangeon et al.,
reported a 6.5 fold improvement in percentage elongation at break values of natural terpene
based plasticized PHB [145]. Table 3 below presents the effect of copolymerization on the
mechanical properties of PHB.
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Table 3. Mechanical properties of various types of PHB.

PHB Type Tensile
Strength (MPa)

Modulus
(MPa)

Elongation to
Break (%) Reference

P(3HB) 40 3500 6 [146]
P(4HB) 104 149 1000 [147]

P(3HB-co-17%3HHx) 20 173 850 [148]
P(3HB-co-20 mol% 3HV) a 20 800 5 [149]
P(3HB-co-6 mol% 3HA) b 17 200 680 [149]

Polypropylene 38 1325 400 [150]
a 3-hydroxyvalerate [3HV]. b 3-hydroxydecanoate (3 mol%), 3-hydroxydodecanoate (3 mol%), 3-hydroxyoctanoate
(<1 mol%), 3-hydroxy- cis-5-dodecenoate (<1 mol%) [3HA].

Thus, the rigidity of PHB can be well-tuned by introducing some co-monomers
into the backbone, which increases the flexibility to a significant extent. For example,
the introduction of 3-hydroxyhexanoate (3HHx) comonomer to PHB by 17 mol% increased
the ductility in poly-3-hydroxybutyrate-co-3-hydroxyhexanoate, P(3HB-co-3HHx) [148].
The physical blending of PHB with P(3HB-co-3HHx) through melt or solvent mixing lead
to a similar improvement in flexibility of the blend system [151].

The ageing process largely impacts the mechanical properties of PHA overtime during
the shelf-life of the polymer. The secondary crystallization phenomenon in the amorphous
phase of PHB reduces flexibility and makes the material brittle. As a consequence of ageing
in PHB, the tensile moduli increase while stress at break remains stable [152]. Further
discussion on the ageing process for PHB is discussed in the next section.

3.2.3. Ageing of PHB

One major drawback with PHB materials is their slow ageing phenomenon over time,
decreasing mechanical properties. Ageing of PHB occurs by slow changes in its amorphous
and crystalline phases, resulting in either hardening or softening of the material. The ageing
phenomenon in PHB primarily occurs through secondary crystallization as well as physical
ageing [153]. At the first stage, after melt processing, PHB cools down without undergoing
any crystallization; this is followed by the second stage of autocatalytic crystallization that
occurs at a high rate. In the final stage, secondary crystallization occurs at a very slow rate
within the amorphous regions of PHB [154]. The secondary crystallization that usually
occurs within the amorphous phase leads to the formation of imperfect crystals along
with the interlamellar spherulitic spaces. As a result, the polymer chain mobility in the
amorphous phase becomes restricted, making the polymer more brittle [129]. The physical
factors of ageing in polymers are related to the relaxation of polymer chains below its Tg
due to the residual mobility of polymer chains in its glass phase [155]. Overall, the ageing
of PHB leads to deterioration of mechanical and physical performances. Biddlestone et al.,
reported that the embrittlement effect of ageing in PHB can be reduced satisfactorily by
annealing the PHB samples at 77 ◦C prior to storage. Another method to control the
secondary crystallization of PHB is the addition of nucleating agents and then anneal is at
146 ◦C. Such annealed PHB samples are reported to retain their ductility during complete
storage period [156].

3.2.4. Gas Barrier Properties

PHAs have an excellent barrier to air and moisture, making them suitable for packag-
ing applications. The gas barrier property of polymers has been considered an essential
property in packaging applications due to its associated advantages of lightweight, easy
processing, and forming characteristics. Most biodegradable polymers have similar oxygen
barrier properties to conventional petroleum based polymers, however, the barrier proper-
ties of biodegradable polymers decreases with the increase in humidity. PHB show better
moisture and oxygen gas barrier properties than polypropylene (PP) and polyethylene
terephthalate (PET), respectively [157]. The lamellar structure in the PHB crystalline phase
contributes to its superior aroma barrier properties and other gas and moisture barrier
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properties [158]. Unlike amorphous polymers, the crystalline phase of PHB restricts the pas-
sage of gas molecules, making it more relevant to food packaging applications. Given the
advantage of the high barrier properties of PHB, it can be blended with other biodegradable
polymers and obtain a polymer blend with improved gas barrier properties suitable for
food packaging applications. Thellen et al., reported extruded PHB and PHBV films with
OTR (0% relative humidity (RH) and 23 ◦C) and WVTR (100% RH, 23 ◦C) values ranging
from 193–410 cc-mil × m−2 × day−1 and 114–217 g-mil × m−2 × day−1, respectively [159].
However, further developments are needed to improve PHB barrier properties to replace
fossil-based polymers with PHB for packaging applications.

3.3. Properties of Mcl-PHA

The mcl-PHA polymers typically have more than 5 side-chain carbon atoms and the
physical nature varies from semicrystalline to an amorphous nature. The long side-chains
of PHA affect the crystallisation phenomenon and lead to a reduction in thermal and
mechanical properties. Also, the variation in monomer composition and bulky functional
groups influence the elastomeric properties of mcl-PHA [160]. The typical examples of mcl-
PHA are poly(3-hydroxyoctanoate) (PHO) and poly(3-hydroxynonanoate) (PHN), which
are primarily formed as copolymers with 3-hydroxyhexanoate (HHx), 3-hydroxyheptanoate
(HH) and/or 3-hydroxydecanoate (HD). Wide variation in properties of mcl-PHAs has
been reported in the literature due to the lack of commercial polymer availability, variation
in the production methods, type of carbon source that is used for production of mcl-PHA
polymers [161]. A discussion on the thermal and mechanical properties of mcl-PHA are
detailed below.

3.3.1. Thermal Properties of Mcl-PHA

The glass transition temperature (Tg) is closely associated with the polymer chains’
segmental mobility, which dictates the toughness and other physical properties of the
PHA polymers. The mcl-PHAs have a Tg value ranging between −65 ◦C and −25 ◦C
with a melting temperature between 40–70 ◦C [140]. An increase of 4 to 7 carbons in the
side chain of PHAs, increases the melting temperature (Tm) from 45 ◦C to 69 ◦C due to
increased crystallisation upon the participation of both the main chain and side chain
carbons in the smectic structure [162]. The Tg of mcl-PHAs decreases with an increase
in the carbon chain length and presence of pendant groups. The mcl-PHA and its co-
polymers have lower thermal properties due to large and irregular side chains that inhibit
polymer chains’ close packaging to crystalline structures [163]. Several other literatures
support the tendency of side chains of mcl-PHA to crystallize and thus alter the thermal
properties [164]. In the case of mcl-PHA with a large fraction of 3-hydroxydodecanoate
(3HDD) and 3-hydroxytetradecanoate (3HTD), these show two melting peaks separated
by a cold crystallization peak [165]. This dual-mode crystallization has been attributed to
the presence of two distinct crystalline phases, which have different crystallization kinetics
due to the variation in side chains lengths. PHA co-polymers containing 12–15 mol%
aromatic side chains have shown increased Tg due to the rigidness of the side groups in
the copolymers [166]. However, some co-polymers of mcl-PHA polymers do not crystalise
due to the disorder introduced by the side chains present in the polymers [56,167]. The
crystallization phenomenon of PHO is prolonged and requires several days to weeks to
complete at room temperature; however, lower temperatures are more favourable to achieve
maximum degree of crystallisation [168]. PHO polymers can attain 30% crystallinity (max)
and having a Tg close to −35 ◦C and Tm nearly at 61 ◦C [30]. The crystalline regions
act as physical crosslinks between amorphous phases of PHO and hence the polymer
behaves like thermoplastic elastomer [167]. In isothermal crystallization studies using
DSC, it is understood that the melting peak of PHO becomes more defined and increases
at higher crystallization temperatures. It refers to the ability of the polymer chains to
reorganize in more ordered crystalline domains at higher crystallization temperatures [169].
Copolymerization of mcl-PHA alters thermal properties like Tg, Tm, Tc and heat of fusion
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(∆Hm). In particular, the side chain carbon length of co-monomers has a greater influence
on the crystallization mechanism and thermal properties of mcl-PHA [170]. For example,
as the number of side-chain carbon atoms increases from 3 to 4 or higher, the layered
crystal structure of packing with both main and side chains is developed, increasing Tg and
Tm [164]. As the number of -side chain carbon becomes 7 or more, smectic liquid crystalline
phases form at low temperatures and leads to cold crystallization [162]. Hence, considering
its thermal characteristics are more relevant to elastomers, PHO has gained significant
importance as an additive in blending with low ductile biodegradable polymers.

3.3.2. Mechanical Properties of mcl-PHA

Mechanical properties are critical when selecting PHA polymers for a specific ap-
plication. In general, mcl-PHAs are more flexible and suitable for food packaging and
tissue engineering, where biodegradability and biocompatibility are required [141]. The
mcl-PHA co-polymers containing 3-hydroxyalkonate are much more flexible due to their
lower crystallinity and close to properties that of LLDPE polymer [171]. The crystalline
parts of mcl-PHA act as the physical crosslinks, contributing to its mechanical strength.
Marchessault et al., reported the modulus and elongation at break of PHO is 17 MPa and
250–320%, respectively [170]. In another report (Gagnon et al.) mcl-PHA with 86% of
3HO presents modulus and elongation to break of 9.3 ± 1.4 MPa and 380 ± 40%, respec-
tively [168]. The elongation at break for mcl-PHA is also reported to be as high as 1000%,
which varies with the side chain’s length and chemical nature [88]. Table 4 presents the
mechanical properties of various mcl-PHA polymers.

Table 4. Mechanical properties of various types of mcl-PHA.

mcl-PHA Type Tensile Strength
(MPa)

Modulus
(MPa)

Elongation to
Break (%) Reference

P(HO) NA 17 250–350 [170,172]
P(3HO-co-12%3HHx-co-2%3HD *) 9.3 147.69 380 [168]

P(3HO-co-4.6%3HHx) 2022.9 173599.9 6.5 [173]
P(3HO-co-5.4%3HHx) 23.9 493.7 17.6 [141]

P(3HO-co-7%HHx) 17.3 288.9 23.6 [141]
P(3HO-co-8.5%HHx) 15.6 232.3 34.3 [141]

* 3-hydroxydecanoate (3HD).

From Table 4, it is evident that there is a change in the mechanical properties of the
PHA with the addition of one or more co-monomers into the PHA main chain backbone.
For example, the copolymer containing 4.6 mol% of 3HHx improves tensile strength and
modulus to a greater extent, while the elongation to break is reduced by 97–99% relative
to PHO. In general, it can be understood that the high elasticity of mcl-PHA is relevant to
flexible packaging applications. At the same time, the poor mechanical strength and low
melt temperature limit its widespread acceptance. Further, an emphasis has been made to
modify mcl-PHA adopting different techniques discussed later sections in the review.

3.4. PHA Modification

PHAs are a type of polymer that is derived from bacteria and are degraded by bacteria.
Hence, this polymer holds great potential for the circular bioeconomy. Though PHAs
possess a wide variety of properties, they are difficult to use on their own in certain
applications [117]. In this regard, modification of PHAs is an essential prerequisite to
make them suitable for various applications. In this section, a detailed discussion on PHA
modification will be covered.

In the broad sense, PHA modification is classified into three primary sections as
presented in Figure 6:

1. Chemical modification
2. Physical modification
3. Biological modification
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Each section contains multiple subsections that will be discussed individually, along
with the underlying mechanism associated with the modification process.

3.4.1. Chemical Modification of PHA

The primary reason for chemical modification is introducing functional groups to
PHA that add valuable attributes that biotechnological conversion processes cannot easily
achieve. These chemically modified PHAs, possessing improved properties, can be utilized
as multifunctional materials [174]. The actual processing temperatures of PHAs are essen-
tially determined by their crystalline melting points (Tm) because of their poor thermal
stability during melt conditions. Larsson et al., performed a stability study on both the
PHAs after Soxhlet extraction with CHCl3 followed by washing with aq. HCl solution,
respectively. An increase in thermal decomposition temperature of 50 ◦C was reported for
PHA washed with an aqueous solution of HCl acid [175]. In another attempt of mcl-PHA
modification, Nerkar et al. used Lauroyl peroxide (L-231) as a crosslink agent of PHO,
before melt blending with PHB [176]. Due to the variation in the melt viscosity between
PHB and PHO there is poor compatibility between the two polymers during the melt
mixing. However, the chain extension of PHO using peroxide prior to melt mixing with
PHB enhances the viscosity of PHO, which improves both modulus and elongation to break.
In similar context, Xiang et al., modified PHBV using DCP as crosslinking agent and the
resultant long-chain branched copolymeric poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(LCB-PHBV) showed an accelerated crystallization rate [177]. Gopi et al., reported improve-
ment in crystallization characteristics of PHO upon chemical modification with DCP and
triallyl trimesate coagent [178]. Bhatia et al., modified PHBV co-polymer with ascorbic
acid using Candida antarctica lipase B mediated esterification [179]. The ascorbic-modified
PHBV showed a lower degree of crystallinity (99.6%), making it more ductile and easy to
process. Also, the thermal degradation temperature increases to 294.9 ◦C and biodegrad-
ability enhanced by 1.6 fold compared to unmodified PHBV. PHA can be modified by
chemical treatment with para-toluene sulfonic acid monohydrate (APTS) catalysed by acid,
which leads to PHA linear chains forming with one end hydroxyl group and the other
end carboxyl group [180]. These monohydroxyl terminated PHA act as an initiator for
ring-opening polymerization of lactones. Polyurethanes based on different PHAs like
P(3HB), P(4HB) etc. were synthesized by melt polymerization of PHA with Hexamethylene
diisocyanate (HDI) under relatively mild processing condition [181]. Similarly, dihydroxyl
terminated PHA is synthesized by the reaction of PHA with 1,4-butanediol in the presence
of p-toluenesulfonic acid catalyst [182]. Diblock and triblock blends were prepared by
reacting dehydroxylated PHA with polyethylene glycol (PEG), which show improvement
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in properties [183]. A range of literature is available on PHA chemical modification, and
some of the methods can be adopted for large scale industrial applications.

3.4.2. Physical Modification of PHA

The blending approach and incorporation of additives are widely adopted methods to
modify the individual polymers’ deficiencies. Moreover, the blending approach is more
economical than co-polymerisation and other chemical modification methods. The goal
for developing biodegradable polymer blends and composites is to improve the adhesion
between the individual polymers components, reduce the interfacial tension between these
components, and generate desired phase morphology and improved performance [3].
However, three factors that limit the blending with various polymers is; morphology of the
biphasic system, degree of miscibility, and extent of compatibility between the phases. At
thermodynamic equilibrium, the mixture of two polymers in an amorphous state exists
as a single-phase; hence, the blend is treated as compatible, improving the physical and
mechanical properties of the resulting blend polymer. The blend systems reviewed below
focus on PHA based blend composites suitable for packaging film applications.

The selection of plastic packaging materials for food packaging largely depends on
the type of food and shelf life of the product. The plastic film materials targeted for food
packaging need to be versatile enough to withstand the handling process and should be
able to maintain the physical and chemical integrity while retaining the aroma and keeping
the food products fresh [184]. For example, stereoregular poly(L-lactic acid) [PLLA] cannot
withstand high-temperature beverages; however, stereo complex PLA can be high heat
resistant and suitable for high-temperature beverage applications [185]. While PLA alone
does not provide good gas and moisture barrier properties [186], specific grades of PHA
with a high degree of crystallinity can provide better barrier properties than PLA [152].
Therefore, biodegradable polymer blends are desirable to produce products similar to
fossil-based polymer products.

PHA–PLA Blends: PLA is one of the most extensively used biobased and biodegrad-
able plastics to date and has already gained attention for use in food packaging applications.
The difference in theoretically calculated solubility parameters of PLA and PHB is very
low and this represents possibility for good miscibility between the two polymers [187].
However, it is not always the case since the miscibility between PLA and PHB is also depen-
dent on the molecular weight of both polymers, processing temperature and composition
of blends. One component with low molecular weight in these blend systems leads to
better miscibility, whereas PLA and PHB are higher in molecular weight and distinctively
phase-separated [188]. Melt mixing of PHB with PLA in different compositions while keep-
ing PLA as the matrix phase leads to a blend system with a higher degree of crystallinity
and improved thermal properties [189]. The better mechanical property of PLA/PHB at
75/25 ratio is attributed to the fact that the added PHB acted as a nucleating agent in the
PLA matrix. It is speculated that the synergistic effect of PLA/PHB blend system within
the range of 75/25 ratio refers to good compatibility between the two phases [190]. The
major difficulty experienced during film extrusion of PLA/PHB blends is due to its high
brittleness and poor processing characteristics [191]. To improve these blends’ processabil-
ity, blending the third component like a plasticizer or compatibilizer enhances the material
flexibility and makes it suitable for film extrusion [188]. Numerous biocompatible and
biobased plasticizers, used both for PHB and PLA, improve the flexibility of PLA and
PHB [192]. Using acetyl tri-n-butyl citrate (ATBC) and polyethylene glycol as plasticizers
in PLA/PHB blend led to improved thermal stability, which was studied under isothermal
TGA analysis at 180 ◦C for less than 6 min [187]. Also, adding additives like cellulose
nanocrystals (CNC) in the PLA/PHB system retain thermal stability while enhancing the
mechanical properties significantly [193]. Apart from cellulosic fillers, the mechanical
properties PLA/PHB blends can be improved by the addition of fillers like catechin, and
nanofillers like, organically modified nanoclay etc. [194].
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PHA holds great promise to be used in blends due to its high elongation proper-
ties [195,196]. The blending of PLA with PHA can be beneficial as it improves both
polymers’ mechanical performance, in terms of reducing their brittle nature [196]. Most
PHA/PLA blends are formed through conventional melt processing. Noda et al. (2004)
reported melt-processed blends of poly(L-lactic acid) PLLA with Nodax™, a family of mcl-
PHA, poly(3-hydroxybutyrate)-co-(3-hydroxyalkanote) bacterial copolyesters. It was found
that a wide range of thermal and mechanical properties could be obtained by varying the
type and quantity of mcl-PHA [197]. They reported that the elongation to break ratio was
increased as well as improved energy at break was observed in solvent cast PLA-PHB and
PLA-PHBV blends. Melt mixing of mcl-PHA with PLA leads to a reduction in brittleness of
PLA while improving the ductility in the blend system. The addition of 5–15% of mcl-PHA
into PLA reduces modulus of the blend compared to neat PLA, which is attributed to the
plasticization effect of low molecular weight PHA and lubrication effect imparted by the
high molecular weight mcl-PHA chains. Hence, the material’s ductility, which is usually
inverse of modulus, increases in the blend system upon increasing the mcl-PHA content.
Subsequently, the formability of these blends into the desired shape also enhances [187].
There is evidence of improved miscibility between PLA and mcl-PHA phases in blends
where PHA fraction is higher than 50% [198].

PHA-PCL Blends: To improve their properties, PHA polymers can be blended with
fossil-based biodegradable polymers such as polycaprolactone (PCL). PHB blended with
PCL to overcome the limitation of brittleness, though several studies reflect the that
PHB is immiscible with PCL [199–201]. Another member of the PHA family is poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HH)], which shows better ductility
compared to PHB; however, the brittleness induced by the slow ageing of P(3HB-co-3HH)
limits its application [202].The inclusion of 2.5–20 wt% of PCL into P(3HB-co-3HH) and
PHB leads to an appreciable improvement in the ductility of the resultant blend, which
is attributed to the fine dispersion of PCL phase within the PHA matrix [203,204]. In the
same study, it is observed that there is a severe issue with the embrittlement of PCL/PHA
blends with time due to the development of cracks or voids in PHA phase due to secondary
crystallisation over a period of time [203]. Garcia et al., studied PHB-PCL blends along
the entire composition with 25 wt% increment and found the blends are immiscible at
all compositions [205]. Further, in the study, PCL was found to act as an impact modi-
fier for PHB as the elongation to break changed from 11.2% for neat PHB to 1000% for
blend with 75% PCL [205]. Nonetheless, the selective solvent etching of one phase of
the these blends readily shows immiscibility in scanning electron micrographs, which
is supported by two Tgs Przybysz et al., reported improved compatibilization between
PCL and PHB through reactive extrusion using di-(2-tert-butyl-peroxyisopropyl)-benzene
(BIB) as peroxide crosslinking agent. Compatibilized PCL-PHB (75/25) blend system with
0.5 wt% BIB show elongation to break 305 ± 14%; whereas the un-crosslinked PCL-PHB
(75/25) blend show 125 ± 5%. Such improvement in properties is attributed to partial
cross-linking/branching of studied blends confirmed by the melt flow rate and gel fraction
measurements [206].

PHA-PBAT Blends: PBAT has good melt processability and shows ductile behaviour
suitable for film extrusion and high thermal stability. It is chosen as one of the desired
biodegradable polymers to blend with PHA. However, PBAT is not miscible or compati-
ble with any of the PHAs, and requires compatibilizers to produce miscible blends with
improved properties [207]. The addition of compatibilizers, such as organically modified
natural Fibres, clay etc. are some of the preffered approaches to improve compatibility.
Though scl-PHA like PHB or PHBV shows high barrier properties due to its high crys-
tallinity, blending of PBAT diminishes its mechanical strength and gas barrier property
due to the amorphous nature of PBAT [208]. However, co-polymers such as, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/poly(butylene adipate-co-terephthalate)
(PBAT) blend (weight ratio of PHBV:PBAT is 30:70) modified with silane treated 10 wt% of
recycled wood Fibre (RWF) improved mechanical morphological and thermal properties of
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PHBV-PBAT blends [209]. Nagarajan et al., observed improved interphase compatibility
in PHBV-PBAT blends upon adding 0.75 phr poly diphenylmethane diisocyanate (pMDI)
as compatibilizer in association with switchgrass Fibre loading of up to 30 wt% [210,211].
Larsson et al., carrier out reactive extrusion study of PHB (ENMAT Y3000P)/PBAT (Ecoflex)
blend across the complete range of composition using dicumyl peroxide (DCP) as crosslink-
ing agent. The peroxide free radical initiator DCP provided compatibility between the
two constituent polymers and this is evident from the improved dynamic shear modulus,
an apparent increase in interfacial adhesion, an increase in tensile storage modulus [175].

PHA-PBS Blends: Polybutylene succinate (PBS) is a thermoplastic biodegradable poly-
mer synthesized by polycondensation reaction of 1,4-butanediol with succinic acid [212].
The advantages of PBS over PHB are its high flexibility and impact strength, thermal
degradation stability, and chemical resistance makes it a good candidate for blending with
scl-PHA [213]. At the first instance, it is reported that PHBV/PBS blends are immiscible,
as evidenced by the decreasing crystallization rate of PHBV upon the addition of PBS [214].
In-situ compatibilization of PHBV-PBS blends using DCP as crosslinking agent improved
the interfacial adhesion between PBHV and PBS phases due to formation of PHBV-g-PBS
copolymers which subsequently acted as compatibilizer and partially cross-linked networks
in the blends. An addition of 0.5 wt% DCP in PHBV/PBS (80:20) blend, the elongations at
break increased from <10% (for neat blend) to 400% and the un-notched Izod impact tough-
ness values increased from 10 kJ·m−2 (for neat blend) to 50 kJ·m−2 [215]. The increased rate
of crystallization of PHBV in the presence of PBS indicated the developed miscibility in-
duced by the crosslinking. Recently, Righetti et al., studied thermodynamically immiscible
blends of poly(3-hydroxybutyrate) (PHB)/poly(butylene succinate) (PBS) and PBSA. The
resultant blends showed improved ductility with minimal reduction in elastic modulus
due to successive solidification of crystalline phases of the individual polymers [216].

PHA-Natural Polymer Blends: Natural polymers are attractive in designing biodegrad-
able polymer blends based on PHA due to their degradability and abundant availability.
Poly(3-hydroxybutyrate-co-3-hydroxy valerate) PHBV and cellulose acetate were blended
with plasticiser and chain extending agent [217] to improve the ductility of the composites.
However, the resultant blends had significantly reduced mechanical and thermal proper-
ties due to poor miscibility between the polymers. PHA blended with cellulose acetate
butyrate (CAB) is reported to be miscible blends as evidenced by single Tg of PHB [218].
The improved compatibility was due to reduced spherulite growth of PHB in the presence
of CAB, leading the amorphous phase of PHB. The morphology investigation of the blend
through small-angle X-ray scattering (SAXS) indicates the presence of a homogeneous
amorphous phase situated mainly in the interlamellar regions of crystalline PHB [219].
Chiulan et al., carried out a systematic cytocompatibility studies using L929 cell line of a
triblend system comprising poly(3-hydroxybutyrate) (PHB), polyhydroxyalkanoate (PHA),
predominantmy poly(3-hydroxyoctanoate) with high amorphous content and bacterial
cellulose (BC) [220]. The blends show high surface roughness, medium hydrophobicity
and enhanced cytocompatibility, making it suitable for biomedical applications. Blending
natural rubber (NR) with mcl-PHA was reported to widen the application range of medium
chain length polyhydroxyalkanoates by altering its thermal properties while reducing the
overall cost of polymer. Also, it was observed that the degradation behaviour of the blend
could be further tailored based on the blend composition [221]. The potential applications
of these blends include flexible conventional and barrier packaging films, medical materials
such as absorbable surgical sutures, matrices for drug delivery systems, and biodegradable
moulded goods, paper coatings, non-woven fabrics, adhesives, films and performance
additives [219,222,223].

Starch and thermoplastic starch are home compostable and mostly soluble in water,
whereas PHAs are industrially compostable and hydrophobic. Hence, blending both the
polymers not only eliminates the limitations related to starch films for packaging appli-
cations and aids flexible film processing of the blend system [224]. Lai et al., reported
a compatible blend of modified corn starch-PHB with a single Tg at 37 ◦C [225]. How-
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ever, the large difference in polarity between starch and PHA makes the two systems
incompatible. Therefore, crosslinking or a compatibilizer are required to improve the
compatibility between the two phases [226]. Sun et al. developed acid crosslinked blend of
hydroxypropyl di-starchphosphate (HPDSP)/PHA. Different acids like citric acid, adipic
acid, and boric acid were used as a crosslink agent. The superior thermal degradation
stability of the crosslinked blends represented effectively is claimed to be due to intermolec-
ular interactions of grafting or cross-linking between starch and PHA. Further, the citric
acid crosslinked blend showed 45–72% improvement in Oxygen permeability (OP) and
45.6–270% improvement in water vapour permeability (WVP) in comparison to the control
starch/PHA blend. Improved crystallinity and the compact and uniform crystal microstruc-
ture in crosslinked crystalline blend systems is the primary reason of increased gas barrier
property and light transmission property of the blends.

PHA Bionanocomposites: Many researchers have studied composites of PHA, and
a large variety of natural biofibres used as reinforcing fillers in PHA and the resultant
composites are termed ‘Bionanocomposites’. For example, plant-based natural fibres like
flax fibre [227,228], jute fibre [229], wheat [230], rice straw fibre [220], cellulose fibre [221],
wood fibre [222], pineapple fibre [223], and bamboo fibre [231], kenaf fibre [232] etc. are
reported to have improved mechanical properties of PHAs. PHA biocomposites with
40% kenaf fibre lost their flexural modulus and strength under the condition of aqueous
exposure for 60 days. However, incorporating a suitable compatibilizer to the composite
system suggested improvement in the homogeneity between the two phases of polymer
and kenaf fibre [233]. Short abaca fibres were melt mixed with PHA and subsequently,
injection moulded to demonstrate products. These biofibres were surface modified with
butyric anhydride, and the effect of surface treatment of these fibres, fibre length, fibre
content were thoroughly investigated by Shibata et al. [234]. The surface treatment of
abaca fibres improved the flexural properties of the PHA/abaca fibre biocomposites and
5 mm length is the appropriate length to obtain best mechanical properties. Sisal fibres
were added to PHA under inert and oxidative condition resulting in improved thermal
stability [235]. Hemp fibres were embedded in PHA polymer matrix and the crystallization
studies were conducted to understand the behaviour of the fibres in the PHA matrix [236].
Transcrystallization took place at the surface of the hemp fibres indicating nucleation and
improvement in the crystallization process. Wheat starch granules were melt mixed with
PHBV at 160 ◦C and the tensile strength of the composite was found to reduce from 18 MPa
to 8 MPa, whereas the Young’s modulus has increased by ~63%, making the material
useful within the range of flexible film packaging applications. As part of an interesting
observation of this biocomposite, the degree of biodegradation significantly improved upon
addition of starch into the PHA matrix. While 20 days were required to degrade 100% pure,
100 micron thick PHBV film, the biocomposite of PHBV with 50 wt% starch granules took
only 8 days to completely disappear under aerobic conditions [237]. Wood celluloses are
one of the cost-effective biofillers in polymer matrices and incorporation of these fillers
into PHBV enhance the stiffness, brittleness and other mechanical properties. The reduced
percentage elongation at break, due to the addition of the cellulose, was mitigated by the
increased HV content of PHBV [238]. Posidonia oceanica (PO), an abundant Mediterranean
seagrass, was used as biofiller for PHBV. The resultant biocomposites were analysed for
their physical properties and biodegradability in the marine environment separate to its
routine performance analysis [239]. The addition of 10 wt% of acetyl tributyl citrate (ATBC)
as a plasticizer along with 30 wt% of PO fibres enhance the processibility of the composite.
An increase in PO fibre content from 0 wt% to 30 wt% results increase in tensile strength and
Charpy’s impact energy from 2 GPa to 2.4 GPa and 3.6 kJ m−2 to 4.4 kJ m−2, respectively
at the cost of a moderate reduction in the elongation to break from 3.2% to 1.9%. Also,
biocomposites with 20 wt% PO fibre caused 10% rise in the biodegradation rate of the
polymeric matrix after 216 days. Under real-time marine environment, higher degradation
of composites was observed compared to neat PHBV film. It was understood that the PO
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fibres were capable of developing biofilm consisting of bacteria and fungi on the surface
after only 3 months of incubation in marine sediments [239].

Inorganic fillers are also used as additives in PHA primarily to enhance its functional
properties while maintaining biodegradation characteristics. It is essential to use non-toxic
and biocompatible minerals as additives and hence unlike biofibres, selection of mineral
additives is challenging. Limited studies were made on layered silicate based PHA compos-
ites and Maiti et al., which reported melt extrusion technique to develop PHB/organically
modified montmorillonite (MMT) clay composites [240]. These composites have shown
improvement in mechanical properties like storage modulus by 40% at 2 wt% filler con-
centration compared to pristine PHB. Furthermore, the modified clay particles were found
to act as strong nucleating agents of PHB and improved thermal stability. The time for
30% biodegradation at 60 ◦C is 9 and 6 weeks for pristine PHB and PHB with 2 wt%
clay particles, respectively [240]. In a similar line, Choi et al., reported improvement in
tensile properties like Young’s modulus from 480 MPa for neat PHBV to >790 MPa of
PHBV upon addition of intercalated MMT clays. Similarly, from thermogravimetric anal-
ysis of the composites, an increase of 11 ◦C in degradation temperature corresponding
to 3% weight loss (T3%) of the composites were observed [241]. Bordes et al. reported to
have improved the elongation at the break by 21% and 85% for PHB and PHBV while
retaining modulus (>1884 MPa) and tensile strength (>24 MPa) upon adding an optimum
of 1 wt% of organically modified montmorillonite (OMMT) due to high degree of nanolayer
dispersion within PHB and PHBV matrices [242]. Xu et al., presented the work to develop
high-performance PHA-based nanocomposites with long alkyl chain quaternary salt (LAQ)
functionalized graphene oxide (GO-g-LAQ). The obtained nanocomposites show improve-
ment in tensile strength and storage modulus from neat PHA by 60% and 140%, respectively.
Incorporation of 5 wt% of GO-g-LAQ reduced oxygen permeability of the nanocompos-
ite (0.21 cm3 × m−2 × d × atm) by 86% from neat PHA film (0.21 cm3 × m−2 × d × atm).
These nanocomposites also provide inherent antibacterial performance against Gram-
negative (E. coli) and Gram-positive (S. aureus) bacteria [243]. The tensile strength, storage
modulus at room temperature improved by 60% and 140%, respectively, and it is suggested
to have the potential for food packaging applications [243]. Other biobased inorganic
fillers like silicon dioxide (SiO2) [244], titanium dioxide (TiO2) [245], calcium carbonate
(CaCO3) [246], polyhedral oligomeric silsesquioxane (POSS) [247] etc. have great potential
for improvement in multiple properties of PHA based composites.

3.4.3. Biological Modification of PHA

PHAs can be biologically modified in a number ways; simultaneous addition of
two substrates in the culture medium and; feeding of substrates containing functional
groups [248].

Simultaneous addition of two substrates in culture medium: Many PHA formations
can be modified through the co-feeding of substrates in the bacterial fermentation [248].
Halomonas bluephagenesis can produce a PHBV copolymer depending on the concentrations
of glucose and propionic acid (or other propiongenic substrates) supplied within the
fermentation media [98]. A study by Xu et al. showed that the co-metabolism of glycerol
and lignin derivates simultaneously improved cell dry weight and biosynthesis of PHA for
P. putida KT2440 [249].

Feeding of substrates containing functional groups: The feeding of different but
specific substrates with functional groups is a method for biologically modifying PHA [248].
For example, P. putida can be grown with the presence ofω-phenoxyalkanoates in its culture
medium, producing PHA with phenoxy groups in the side chains [250]. Another study
found that the introduction of functional groups to PHA through fatty acids allowed for
the formation of functional PHA for further grafting [251]. This opens the door to widening
PHA diversity further through functional PHA site chains that can be modified through
controllable homopolymerization, random copolymerization, block copolymerization and
grafting [252].
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4. Applications of PHAs
4.1. Food Packaging Applications

The use of plastics in food packaging is ubiquitous as plastics provide physical, me-
chanical, chemical and microbial protection from the external environment. Plastics are
lightweight and have good transparency, making them highly convenient to use as dis-
play products. Conventional petroleum-based plastics have advantages like good gas and
moisture barrier properties, thermal seal-ability, easy processing, non-toxic, low price, and
readily available. Most plastics used in food packaging are non-polar in characteristics and
are non-biodegradable e.g., polyethylene’s (PE), polypropylenes (PP), polystyrenes (PS),
polyvinyl chloride (PVC), polyethylene terephthalate (PET) etc. These non-biodegradable
plastics are becoming the primary source of plastic waste that can and are causing se-
vere environmental pollution. The single-use culture of these non-biodegradable plastics
represents a severe global ecological problem, also commonly known as “White pollu-
tion” [253,254]. In recent years, biodegradable polymers produced from renewable re-
sources are emerging as alternative packaging materials to mitigate the environmental
consequences caused by packaging waste. Examples of such biodegradable polymers
include starch-based plastics, polylactic acid, polyhydroxyalkanoates, Polybutylene Succi-
nate, cellulose esters etc. However, the major drawback of biodegradable plastics used in
food packaging is their poor mechanical, thermal, and barrier properties.

Among commercially available biodegradable polymers, PHA polymers are promising
candidates for packaging applications due to their similar barrier and mechanical properties
compared to fossil-based plastics such as LDPE and polypropylene [255]. Table 5 presents
the barrier properties of some of the biodegradable polymers.

Table 5. Water vapor transmission rate [WVTR] and oxygen transmission rate [OTR] of certain
biodegradable plastics [256–260].

Biodegradable Polymers WVTR
(g/m−2/24 h−1) *

OTR
(cm3 m−2/24 h−1) **

PCL cast film 800 500
PLA cast films 350 410

PHB films 300 425
PHBV 138 218

PBS 84 737
Pea-based TPS 200 276

PBAT 540 1530
Cellulose acetate 1090 650

* 38 ◦C, 90% RH, ** 23 ◦C, 0% Relative Humidity (RH).

Comparing the moisture barrier property among the mentioned polymers in the
Table 5, it is realized that PHBV and PBS exhibit better moisture barrier properties com-
pared to PLA and other commercial bioplastics. Similarly, the PHBV shows the lowest
(best) oxygen gas barrier properties, contributing to its valued addition for packaging appli-
cations. In a similar context, it is worth mentioning that Thellen et al., observed ten-times
higher oxygen gas barrier property in PHA with high degree of crystallinity compared
to PLA [159]. PHAs show good gas barrier properties, and it is the appealing point of
this bioplastic in numerous packaging applications. Keskin et al., reported having better
moisture and gas barrier properties for PHA than its commercial counterparts PLA and
PCL [261]. Water vapour permeability (WVP) of commercial PHA like Enmat Y1000P from
Tianan and Mirel F1006, Mirel F3002 from Telles show intermediate water vapour barrier
properties compared to commercial PP and is much better than PLA [152]. However, PHA
polymer containing processing aids such as plasticizers has inferior barrier properties due
to decreased crystallinity. Crystallinity is the factor that dictates the gas barrier property
of PHAs. scl-PHAs show better barrier performance compared to mcl-PHAs due to their
high crystallinity. The side chain length naturally affects the barrier properties of PHA
by affecting the crystallinity of the polymer. In the list of biodegradable plastics that are

207



Catalysts 2022, 12, 319

100% biobased, PHA is rated at the top in terms of gas barrier properties, which makes it a
suitable candidate to blend with other bioplastics to improve their mechanical properties.

PHAs are thermosensitive at temperatures generally considered not high in the poly-
mer processing industry and have inferior mechanical properties to conventional fossil-
based polymers. Also, widening the applications of PHAs as commodity plastics requires
a reduction in the cost of production. Comparatively high production costs of PHA to
conventional plastics present problems in its competitiveness for production in the global
market [3,262]. Therefore, blending PHA with commercial biodegradable polymers could
be an viable approach to PHA polymers for various applications.

4.2. Biomedical Applications

The biomedical applications of PHA and their blends have been widely reported [255].
The properties of these biodegradable, biocompatible and non-toxic blends makes their use
in medical applications such as wound management, drug delivery carriers, biodegrad-
able implants (vascular system, orthopaedy), tissue engineering and anticancer agents
an attractive option. Some of these applications found in Table 6 will be reviewed in
this section.

Table 6. Applications of PHA in medicine [9].

Type of Application Products

Wound management Sutures, skin substitutes, nerve cuffs, surgical meshes, staples, swabs
Vascular system Heart valves, cardiovascular fabrics, pericardial patches, vascular grafts

Orthopaedy Scaffolds for cartilage engineering, spinal cages, bone graft substitutes,
meniscus regeneration, internal fixation devices (e.g., screws)

Drug delivery Micro- and nanospheres for anticancer therapy
Urology Urological stents
Dental Barrier material for guided tissue regeneration in periodontitis

A high biocompatibility is necessary when exposing the human or animal body to
an object that isn’t naturally occurring to that organism [9]. This biocompatibility of a
foreign object used in a human or animal is determined by factors such as shape, surface
porosity, material chemistry and the environment in which the object is in-situ (tissue) [9].
This is why PHAs have high potential in biomedical applications, as tests have shown that
components of PHA, such as (R)-3-hydroxybutyric acid from PHB, are already present
in human blood [263]. This ultimately reduces the potential for the immune system to
reject an implant that is comprised of natural occurring elements. The natural occurring
properties of PHAs are a good starting point for their use in medical applications, but
the potential and optimization of such applications requires improvement of properties
through the blending of polymers. Raza et al. (2017) reported that mice fibroblast cell
growth was increased when they were grown on a PHB/PHBHHx polymer blend when
compared to the individual PHB and PHBHHx components. The monomeric units of PHAs
can reduce bacterial infection like that from Staphylocuccus aureus with P3HB/P4HB known
for aiding in the enhancement of angiogenic properties of the skin and wound healing [255].
Along with increased biocompatibility and regenerative benefits, there is also a significant
increase in the tensile strength of blended films when the PHBHHx content of the blend is
increased [264,265]. As PHA is so biocompatible and biodegradable it’s also a promising
candidate for use as a drug carrier. It was shown by Kassab et al. (1997) that microspheres
of PHB can be formed in a range of sizes, these spheres being loaded with rifampicin,
allowing for the release of the drug over a 24 h period. This allowed for the rate of the drug
released to be increased or decreased depending on the width of the PHB sphere [266]. As
well as a wound management and as a drug carrier tool, PHA can also be utilized as a
scaffold material in tissue engineering [9]. This is a complex application as it requires the
biopolymer scaffold to serve a wide array of functions: biocompatibility; support of cell
growth and cell adhesion; guide and organize cells; allow ingrowth of cells and flow of
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nutrients/wastes and biodegrade in a non-toxic manner [267]. PHA production costs are
currently high and so cannot compete with petroleum-based polymers in most applications
today, so using PHAs in these complex biomedical applications can warrant the initial
production cost.

5. Biodegradability of PHAs and Composites

The detrimental impact of the continuous accumulation and physical degradation
of petroleum-based plastics to form microplastics is putting unprecedented pressure on
our natural Environment [268]. The total cumulative global plastic production reached
7.82 billion metric tons by 2015 [269]. Increased efforts are required to prevent the release
of plastics into the environment, to increase the rate of plastics recycling and to find
alternatives to these fossil based recalcitrant plastics. The two major movements circular
economy and bioeconomy seek to address resource efficiency (circular economy) and the
switch to the use of biobased resources (bioeconomy). The latter makes up one half of the
circular economy. Thus, society is shifting towards efficiency of resource use, increased
recycling and the use of biobased and biodegradable polymers. Not all biobased polymers
are biodegradable and not all biodegradable polymers are biobased. For example there
are technologies emerging to produce bio-based equivalents to fossil based plastics such
as poly(ethylene) and poly(ethylene terephthalate) [270]. There are also polymers such as
Polybutylene adipate terephthalate (PBAT) and polycaprolactone (PCL) that are fossil based
and biodegradable. Biobased polyethylene can be manufactured from sugar cane through
a multi-step process involving fermentation, to produce ethanol, and chemical catalysis
to produce ethylene and subsequently polyethylene [271], refer to ‘Figure 7’ below for
more details on this multi-step process. PET has two monomers terephthalate and ethylene
glycol. Terephthalate is made from oxidation of para-xylene (1,4 dimethylbenzene) which
can be synthesised from 2,5-dimethylfuran (DMF) and ethylene or 4-methyl-3-cyclohexene-
1-carboxaldehyde (4-MCHCA). Ethylene glycol, having a similar to structure to glycerol is
normally produced from ethylene (fossil fuel based) but can also be produced from biomass
such as sugars via microorganisms such as Pseudomonas syringae [272]. Ethylene glycol
can then be synthesized from p-xylene (originating from biomass sugars), polymerized
with terephthalic acid from biomass to form PET [273]. DMF can be synthesised from
fructose [274] while 4-MCHCA can be produced from acrolein and isoprene. Acrolein can
be produced through the dehydration of glycerol, a major component of plant oils and a
by-product of biodiesel production [275]. Biobased Isoprene can be derived from plants and
more recently genetically engineered microbes using glucose as the carbon substrate [276].
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Biodegradable polymers such as PHAs are compostable in industrial composting fa-
cilities. PHB is also home compostable and a particularly good example of a highly de-
gradable polymer in multiple environments i.e Marine pelagic, fresh water aerobic, an-
aerobic aquatic, and soil. However PHO, a medium chain length PHA is not home com-
postable and degraded slowly in aerobic marine and fresh water environments. Further-
more, it exhibited very poor biodegradation in anaerobic aquatic and soil environments 
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Figure 7. Production routes for fully biobased polyethylene terephthalate (PET) and polytri-
methylene terephthalate (PTT). Biomass-derived substrates are marked by white boxes, biobased
synthesis of monomers is highlighted in light gray, key monomers in dark gra y, key monomers
in dark gray. Abbreviations: MEG, monoethylene glycol; PDO, 1,3-propanediol; TPA, terephthalic
acid [277].

Biodegradable polymers such as PHAs are compostable in industrial composting facili-
ties. PHB is also home compostable and a particularly good example of a highly degradable
polymer in multiple environments i.e Marine pelagic, fresh water aerobic, anaerobic aquatic,
and soil. However PHO, a medium chain length PHA is not home compostable and de-
graded slowly in aerobic marine and fresh water environments. Furthermore, it exhibited
very poor biodegradation in anaerobic aquatic and soil environments [278]. The biodegra-
dation profile of PHO in managed environments is similar in many ways to polylactic
acid which is industrially compostable but not home compostable. However, PLA shows
no biodegradation in marine fresh water, or soil. Thermoplastic starch (TPS) is the sin-
gle biggest selling biobased polymer while poly(lactic acid) is the fastest growing. PHA
production remains low but its growth potential remains high [279].

The use of PHAs in polymer composites can improve the mechanical and thermal
properties of the final biobased products, while also improving the biodegradability proper-
ties of the overall biocomposite product [280]. This section will review PHA biodegrading
microorganisms and their extracellular biodegradation of PHA, the properties of PHAs
affecting biodegradation and the biodegradation of PHA blends and their additives.

Short and medium chain-length PHAs can be degraded by an array of bacteria and
fungi under both aerobic and anaerobic conditions. Some of the most effective PHA biode-
grading bacteria belong to genera’s such as Pseudomonas, Bacillus and Burkholderia with
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fungi in the Ascomycota and Zygomycotina genera’s proven to be effective and sometimes
even more effective PHA degraders than bacteria [281,282]. Enzymes called PHA depoly-
merases are mediators of the extracellular biodegradation of PHA, where they breakdown
the polymer into shorter chains through hydrolytic depolymerisation to form oligomers
with further biodegradation into trimer and dimer units either through the action of PHA
polymerase [280] or through lipases and hydrolases [283]. PHB is a common PHA that is
broken down in this manner, as shown in Figure 8 below. This figure depicts the protein
structure of the extracellular PHB depolymerases where there are three domains: binding,
which is responsible for absorption and spreading across the polymer; linker, which is
responsible for linking the binding domain to the catalytic domain and; catalytic, which
cleaves the PHA and any available dimers and trimers [280].
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Although there are three domains involved with the enzyme attachment to the PHB
surface, the enzymatic hydrolysis of PHA’s is a two-step process. The first being the absorp-
tion of enzymes onto the polymer surface and the second being the hydrolytic cleavage of
PHA bonds induced by the absorbed enzyme [284]. This process favours less crystalline
polymers that have amorphous surface crystals as the hydrolytic enzymes can access the
less ordered structure more easily [285]. The by-products and efficiency of this enzymatic
degradation are dependent on the type of PHA. PHA biodegradation rate or efficiency
depends on the physical and chemical properties of the polymer such as crystallinity, types
of copolymers, and the copolymeric structure [280,286]. For example, PHBV has a greater
amorphous region than PHB due to the presence of 3-hydroxyvalerate meaning it has
a reduced water barrier, increasing absorption which allows for an easier access for the
enzyme catalytic domain to cleave the PHA [287]. Other factors such as unknown enzymes,
PHA side chain length and frequency, environmental conditions (e.g., water temperature)
and molecular weight can affect the rate of a polymers biodegradation [280,288].
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6. Recycling of PHAs

Recycling is the most desired option to manage plastic waste and associated environ-
mental pollution and greenhouse gas emissions. There is increasing use of biobased and
biodegradable plastics to replace fossil-based plastics in various applications to curb the
ever-growing plastic pollution and terrestrial water littering. As a result, there is consider-
able growth in biodegradable plastics in packaging and other commodity products due to
more comprehensive end-of-life options available with biodegradable plastics like PLA,
PHA, PBS, TPS, and other biodegradable plastics. Figure 9 shows the end-of-life options
available for biodegradable polymers. Different recycling processes recycle only 9% of total
plastics produced [289].
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Mechanical recycling is the most used recycling process, which involves collecting,
sorting, washing, and grinding the plastics to obtain homogeneous material for reuse and
further processing [149]. However, not all the biodegradable polymers can be recycled
in this way as they could degrade due to the reprocessing (thermal-mechanical degra-
dation) and factors during lifetime (exposure to environmental factors like heat, oxygen,
light, moisture) [290]. Chemical recycling involves the degradation of polymer into their
chemical constituents that can be polymerized to the original product or converted into
other valuable products [291]. Even though mechanical recycling is the most preferred
methodology, chemical recycling can produce value-added materials and fully represent
the circular polymer production economy [292]. Indeed the use of chemical and biologi-
cal technologies to both depolymerise plastics and convert the individual monomers to
value added products including biodegradable plastics is being investigated in two joint
EU-China projects i.e Mix-up (https://www.mix-up.eu accessed on 20 January 2022)and
BIOICEP (https://www.bioicep.eu accessed on 20 January 2022) Overall, the lack of an am-
ple quantity of biodegradable polymer waste makes recycling less economically attractive
than conventional plastics. Chemical recycling is possible with biodegradable polymers;
however, the current processes are expensive and not practised on a commercial scale.
Apart from traditional recycling techniques, biodegradable polymers can be recycled by
organic recycling under industrial composting conditions, which is a unique advantage
with biodegradable polymers compared to fossil based plastics [293]. In polymers that
cannot be recycled, energy recovery is the preferred option through an incineration process.
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PHA polymers have the fastest market growth rate since 2014, and its production
reached about 100,000 tonnes in 2020 [294]. A variety of PHA polymers produced on an
industrial scale have shown similar fossil-based plastics performances for various appli-
cations. Mechanical recycling of PHA polymers is not recommended for PHA polymers
due to their poor thermal properties. Generally, PHA polymers are recycled by the indus-
trial composting process, with very few studies in terms of PHA recycling available [295].
Poly(hydroxybutyrate) (PHB) recycling via extrusion studied by [296], showed a significant
reduction in the physical properties after two extrusion cycles and 50% decrease in the ten-
sile strength at complete degradation after the third recycling cycle. However, the degraded
products of PHB can be used as plasticizer for making PLA based composites [297].

Furthermore, PHA based polymers are often blended with other materials to reinforce
their properties, and consequently, mechanical recycling system becomes more complex
and expensive. However, it was reported that by blending a small amount of PLA with
PHB, PLA could act as a stabiliser by improving the stability of the PHB up to 5 cycles of
recycling with a slight decrease in mechanical properties [298,299]. Furthermore, chemical
recycling of PHA is reported through the pyrolysis process, leading to the production of
crotonic acid monomers [300]. These resultant monomers can be used to produce other
polymers, plasticizers, herbicides and cosmetic products. Table 7 shows the recycling
pathways of PHA polymer by different recycling and associated products. Currently, PHA
polymers not separated from mixed plastic waste streams due to their low volume and
non-existence of an eco-system for the recovery of PHA polymers.

Table 7. Recycling Methods for various PHAs and its blends.

Recycling Type Methods/Technology
Adopted Type of PHAs Final Product as an Outcome Reference

Mechanical

Melt extrusion technique PHBV
The process can be repeated up

to five times; an 8% loss of
tensile strength.

[301]

Melt extrusion technique PHBV/PLA blend The process can be repeated up
to six times. [298]

Melt extrusion technique PHB A grafted PLA/PHB blend
with better physical properties. [296]

Melt extrusion technique PHB
Significant reduction of
physical properties after

two cycles.
[149]

Chemical

Pyrolysis at 170–290 ◦C PHB, PHBV Crotonic acid, its diamer
and trimer. [302]

Pyrolysis with magnesium
oxide and magnesium

hydroxide as catalyst at
160–280 ◦C

PHB, PHBV
Highly selective crotonic acid,

PHB oligomers, and
2-pentenoic acid.

[303]

Pyrolysis conducted at
temperature range of

220–670 ◦C
P(3HD)

2-decnoic acid the primary
product which is a carbon

source for new P(3HD).
[304]

Pyrolysis at 310 ◦C PE/PHBV (70/30) blend

Higher composition of crotonic
acid compared to neat PHBV,
separation of two materials

without contamination.

[258]

Microwave-assisted
degradation in green

solvents (water, methanol,
ethanol) under alkaline

condition, mild condition of
20 min microwave heating at

110 ◦C

PHB
3-hydroxybutanoic acid,

3-methoxybutanoic acid, and
crotonic acid.

[305]
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Table 7. Cont.

Recycling Type Methods/Technology
Adopted Type of PHAs Final Product as an Outcome Reference

Biological

Enzymatic degradation PHB and PHBV Range of microorganisms. [306]

Anaerobic sludge and
aerobic seawater conditions

Poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate)

(poly(3HB-co-3HHx))

Under anaerobic condition
dominant bacteria
Cloacamonales and

Thermotogales, 77.1 ± 6.1% of
the carbon converted to gas,

methane yield (p ≤ 0.05),
483.8 ± 35.2 mL·g−1 volatile

solid (VS).
Under aerobic seawater

condition dominant bacteria
Clostridiales, Gemmatales,

Phycisphaerales, and
Chlamydiales, 83% polymer

weight loss in about
6 months’ time.

[307]

Marine environment PHAs

Mean rate of biodegradation
was 0.04–0.09 mg·day−1·cm−2

(p = 0.05), the measurement
was calculated in terms of
respirometric methods and

mass loss experiments.

[308]

Laboratory compost
condition, pH 7.5, at 37 ◦C

for 8 weeks, with cultures of
Pseudomonas chlororaphis

B-561 and Streptomyces sp.
BV315

mcl-PHA films

Moderate weight loss of
maximum 13.1% observed in

case of mcl-PHA compost with
Streptomyces sp. BV315.

[309]

Biodegradation in static
composting pile at industrial

condition
PHB/PLA blend films Reduction in molecular weight

by 47.6% in 70 days. [310]

Under controlled
composting conditions

according to ISO 14855-1
PHBV and PHB

As per ISO 14855-1 standard,
a range of 79.7–90.5%

biodegradation.
[311]

The introduction of biodegradable plastics into the market has given rise to the need
for more efficient recycling techniques. Currently, the traditional recycling methods are not
compatible with most of the biodegradable polymers. A further problem in the recycling of
biodegradable plastics comes from the separation of different types of plastics. Therefore,
further efforts and investments are required to improve the segregation of biodegradable
plastics to re-use the biodegradable material most efficiently.

7. Conclusions

The current economic viability for PHA production is still challenging when competing
with fossil-based plastics sold into high-volume, low-value applications. Given that starting
materials to make PHAs is a significant cost factor in their production, waste or low-value
substrates are of interest in this review and continue to be across much of the research
and development on PHAs. The fermentation production processes, scale-up of these
processes, and the downstream processing involved are key addressable pillars of the PHA
production chain. An in-depth knowledge of the polymers’ properties and how these relate
to applications is critical in steering the production of PHAs in the right direction. While
the biodegradability of PHAs and composites is a critical characteristic, the performance of
these polymers in products will also be a major factor affecting their market uptake. Thus,
research into substrates, production processes, properties, applications, modifications,
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biodegradability, and even recyclability of PHAs are areas that require further research and
development.

In general, biodegradable plastic can reduce plastic littering and return clean organic
matter to the soil in the form of high-quality compost by avoiding contamination with
persistent plastics. Products based on biodegradable polymers are designed to safeguard
our ecosystem and minimise plastic pollution while improving the circularity of resources
used to produce the polymers. At the same time, creating circular products, such as
biodegradable polymers, provides solutions to environmental issues and supports the
creation of new jobs and infrastructures that unlock the potential for local agricultural and
forestry value chains. Currently, the share of biodegradable plastic products is tiny (1–2%)
and is expected to grow 5–8% in the next 5 years. However, the entry of biodegradable-
based plastic products into the plastic market is slow due to high cost, nonavailability
of polymers, and widespread confusion among the consumers regarding biodegradable
plastic products. Promoting biodegradable-based plastics requires further investments and
improving the scale of manufacturin and availability of these polymers to use in various
applications. Also, appropriate regulatory policies are necessary to minimise barriers and
create end-of-life infrastructure to promote products based on biodegradable polymers.

Further, an appropriate labelling system is needed to distinguish the products based
on biodegradable plastic products to create proper recycling and disposal infrastructure
to capture the valuable biodegradable plastics entering into mixed-plastic waste streams.
In addition, to realise the true environmental benefits of biodegradable plastics, correctly
verified biodegradation standards are essential to boost the use of biodegradable polymers.
Therefore, biodegradable plastics such as PHA and their composites can contribute to a
sustainable circular plastic economy and reduce unavoidable plastic littering.

Author Contributions: Conceptualization, K.O. and R.B.P.; investigation, B.D., P.B. and J.D.M.;
writing—original draft preparation, B.D., P.B. and J.D.M.; writing—review and editing, K.O. and
R.B.P.; funding acquisition, R.B.P. and K.O. All authors have read and agreed to the published version
of the manuscript.

Funding: The researchers were funded by Environmental Protection Agency, grant number 2019-RE-
LS-4 and Science Foundation Ireland (BiOrbic Bioeconomy SFI research centre 16/RC/3889). R.B.
would like to acknowledge funding from the European Union’s Horizon 2020 research innovation
program under grant agreement No. 870292 (BIOICEP). KOC would like to acknowledge funding
from the European Union’s Horizon 2020 research innovation program under grant agreement No.
870292 (870294).

Data Availability Statement: Data can be shared with permission from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alamgeer, M. Polyhydroxyalkanoates (PHA) genes database. Bioinformation 2019, 15, 36–39. [CrossRef] [PubMed]
2. Valappil, S.P.; Boccaccini, A.R.; Bucke, C.; Roy, I. Polyhydroxyalkanoates in gram-positive bacteria: Insights from the genera

Bacillus and Streptomyces. Antonie Leeuwenhoek 2006, 91, 1–17. [CrossRef] [PubMed]
3. Muthuraj, R.; Misra, M.; Mohanty, A.K. Biodegradable compatibilized polymer blends for packaging applications: A literature

review. J. Appl. Polym. Sci. 2018, 135, 45726. [CrossRef]
4. Raza, Z.A.; Abid, S.; Banat, I.M. Polyhydroxyalkanoates: Characteristics, production, recent developments and applications. Int.

Biodeterior. Biodegrad. 2018, 126, 45–56. [CrossRef]
5. Steinbüchel, A.; Valentin, H.E. Diversity of bacterial polyhydroxyalkanoic acids. FEMS Microbiol. Lett. 1995, 128, 219–228.

[CrossRef]
6. Madison, L.L.; Huisman, G.W. Metabolic engineering of poly(3-hydroxyalkanoates): From DNA to plastic. Microbiol. Mol. Biol.

Rev. 1999, 63, 21–53. [CrossRef]
7. Nikodinovic-Runic, J.; Guzik, M.; Kenny, S.T.; Babu, R.; Werker, A.; Connor, K.E. Carbon-rich wastes as feedstocks for biodegrad-

able polymer (polyhydroxyalkanoate) production using bacteria. Adv. Appl. Microbiol. 2013, 84, 139–200.
8. Le Meur, S.; Zinn, M.; Egli, T.; Thöny-Meyer, L.; Ren, Q. Production of medium-chain-length polyhydroxyalkanoates by sequential

feeding of xylose and octanoic acid in engineered Pseudomonas putida KT2440. BMC Biotechnol. 2012, 12, 53. [CrossRef]

215



Catalysts 2022, 12, 319

9. Zinn, M.; Witholt, B.; Egli, T. Occurrence, synthesis and medical application of bacterial polyhydroxyalkanoate. Adv. Drug Deliv.
Rev. 2001, 53, 5–21. [CrossRef]

10. Ward, P.G.; de Roo, G.; O’Connor, K.E. Accumulation of polyhydroxyalkanoate from styrene and phenylacetic acid by Pseu-
domonas putida CA-3. Appl. Environ. Microbiol. 2005, 71, 2046–2052. [CrossRef]

11. Bhuwal, A.K.; Singh, G.; Aggarwal, N.K.; Goyal, V.; Yadav, A. Isolation and screening of polyhydroxyalkanoates producing
bacteria from pulp, paper, and cardboard industry wastes. Int. J. Biomater. 2013, 2013, 752821. [CrossRef] [PubMed]

12. Lee, S.Y.; Wong, H.H.; Choi, J.; Han, C.S. Production of medium-chain-length polyhydroxyalkanoates by high-cell-density
cultivation of Pseudomonas putida under phosphorus limitation. Biotechnol. Bioeng. 2000, 68, 466–470. [CrossRef]

13. Ryu, H.W.; Hahn, S.K.; Chang, Y.K.; Chang, H.N. Production of poly(3-hydroxybutyrate) by high cell density fed-batch culture of
Alcaligenes eutrophus with phospate limitation. Biotechnol. Bioeng. 1997, 55, 28–32. [CrossRef]

14. Licciardello, G.; Catara, A.F.; Catara, V. Production of polyhydroxyalkanoates and extracellular products using Pseudomonas
corrugata and P. mediterranea: A review. Bioengineering 2019, 6, 105. [CrossRef] [PubMed]

15. Sharma, P.; Munir, R.I.; Blunt, W.; Dartiailh, C.; Cheng, J.; Charles, T.C.; Levin, D.B. Synthesis and physical properties of
polyhydroxyalkanoate polymers with different monomer compositions by recombinant Pseudomonas putida LS46 expressing a
novel PHA SYNTHASE (PhaC116) enzyme. Appl. Sci. 2017, 7, 242. [CrossRef]

16. Gironi, F.; Piemonte, V. Bioplastics and petroleum-based plastics: Strengths and weaknesses. Energy Sources Part A Recovery Util.
Environ. Eff. 2011, 33, 1949–1959. [CrossRef]

17. Ragaert, P.; Buntinx, M.; Maes, C.; Vanheusden, C.; Peeters, R.; Wang, S.; D’Hooge, D.R.; Cardon, L. Polyhydroxyalkanoates for
food packaging applications. In Reference Module in Food Science; Elsevier: Amsterdam, The Netherlands, 2019.

18. Salvachúa, D.; Rydzak, T.; Auwae, R.; de Capite, A.; Black, B.A.; Bouvier, J.T.; Cleveland, N.S.; Elmore, J.; Furches, A.; Huenemann,
J.; et al. Metabolic engineering of Pseudomonas putida for increased polyhydroxyalkanoate production from lignin. Microb.
Biotechnol. 2020, 13, 290–298. [CrossRef]

19. Yu, J. Microbial production of bioplastics from renewable resources. In Bioprocessing for Value-Added Products from Renewable
Resources; Elsevier: Amsterdam, The Netherlands, 2007; pp. 585–610.

20. Reddy, C.; Ghai, R.; Kalia, V. Polyhydroxyalkanoates: An overview. Bioresour. Technol. 2003, 87, 137–146. [CrossRef]
21. Singh, A.K.; Sharma, L.; Mallick, N.; Mala, J. Progress and challenges in producing polyhydroxyalkanoate biopolymers from

cyanobacteria. J. Appl. Phycol. 2016, 29, 1213–1232. [CrossRef]
22. Kumar, P.; Singh, M.; Mehariya, S.; Patel, S.K.S.; Lee, J.-K.; Kalia, V.C. Ecobiotechnological approach for exploiting the abilities of

bacillus to produce co-polymer of polyhydroxyalkanoate. Indian J. Microbiol. 2014, 54, 151–157. [CrossRef]
23. Bernard, M. Industrial potential of polyhydroxyalkanoate bioplastic: A brief review. USURJ Univ. Sask. Undergrad. Res. J. 2014, 1,

1–14. [CrossRef]
24. Ankenbauer, A.; Schäfer, R.A.; Viegas, S.C.; Pobre, V.; Voß, B.; Arraiano, C.M.; Takors, R. Pseudomonas putida KT2440 is naturally

endowed to withstand industrial-scale stress conditions. Microb. Biotechnol. 2020, 13, 1145–1161. [CrossRef] [PubMed]
25. Durner, R.; Witholt, B.; Egli, T. Accumulation of poly[(R)-3-hydroxyalkanoates] in Pseudomonas oleovorans during growth with

octanoate in continuous culture at different dilution rates. Appl. Environ. Microbiol. 2000, 66, 3408–3414. [CrossRef] [PubMed]
26. Mendonça, T.; Gomez, J.; Buffoni, E.; Rodriguez, R.J.S.; Schripsema, J.; Lopes, M.; Silva, L. Exploring the potential of Burkholderia

sacchari to produce polyhydroxyalkanoates. J. Appl. Microbiol. 2014, 116, 815–829. [CrossRef] [PubMed]
27. Pohlmann, A.; Fricke, W.F.; Reinecke, F.; Kusian, B.; Liesegang, H.; Cramm, R.; Eitinger, T.; Ewering, C.; Pötter, M.; Schwartz,

E.; et al. Genome sequence of the bioplastic-producing ‘Knallgas’ bacterium Ralstonia eutropha H16. Nat. Biotechnol. 2006, 24,
1257–1262. [CrossRef] [PubMed]

28. Clark, D.P.; Pazdernik, N.J. Basics of Biotechnology, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 1–31.
29. Wang, Q.; Nomura, C.T. Monitoring differences in gene expression levels and polyhydroxyalkanoate (PHA) production in

Pseudomonas putida KT2440 grown on different carbon sources. J. Biosci. Bioeng. 2010, 110, 653–659. [CrossRef] [PubMed]
30. Brandl, H.; Gross, R.A.; Lenz, R.W.; Fuller, R.C. Pseudomonas oleovorans as a source of poly(β-hydroxyalkanoates) for potential

applications as biodegradable polyesters. Appl. Environ. Microbiol. 1988, 54, 1977–1982. [CrossRef]
31. Guamán, L.P.; Barba-Ostria, C.; Zhang, F.; Oliveira-Filho, E.R.; Gomez, J.G.C.; Silva, L.F. Engineering xylose metabolism for

production of polyhydroxybutyrate in the non-model bacterium Burkholderia sacchari. Microb. Cell Factories 2018, 17, 74. [CrossRef]
32. Raposo, R.S.; de Almeida, M.C.M.; de Oliveira, M.D.C.M.; da Fonseca, M.M.; Cesário, M.T. A Burkholderia sacchari cell factory:

Production of poly-3-hydroxybutyrate, xylitol and xylonic acid from xylose-rich sugar mixtures. New Biotechnol. 2017, 34, 12–22.
[CrossRef]

33. Chen, H. Brief introduction to the biotechnology of lignocellulose. In Biotechnology of Lignocellulose; Springer Science and Business
Media: Berlin/Heidelberg, Germany, 2014; pp. 1–24.

34. Nonato, R.; Mantelatto, P.; Rossell, C. Integrated production of biodegradable plastic, sugar and ethanol. Appl. Microbiol.
Biotechnol. 2001, 57, 1–5.

35. De Sousa Dias, M.; Koller, M.; Puppi, D.; Morelli, A.; Chiellini, F.; Braunegg, G. Fed-batch synthesis of poly(3-hydroxybutyrate)
and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) from sucrose and 4-hydroxybutyrate precursors by Burkholderia sacchari
strain DSM 17165. Bioengineering 2017, 4, 36. [CrossRef] [PubMed]

36. Windhorst, C.; Gescher, J. Efficient biochemical production of acetoin from carbon dioxide using Cupriavidus necator H16.
Biotechnol. Biofuels 2019, 12, 163. [CrossRef] [PubMed]

216



Catalysts 2022, 12, 319

37. Schwartz, E.; Henne, A.; Cramm, R.; Eitinger, T.; Friedrich, B.; Gottschalk, G. Complete nucleotide sequence of pHG1: A Ralstonia
eutropha H16 megaplasmid encoding key enzymes of H2-based lithoautotrophy and anaerobiosis. J. Mol. Biol. 2003, 332, 369–383.
[CrossRef]

38. Krieg, T.; Sydow, A.; Faust, S.; Huth, I.; Holtmann, D. CO2 to terpenes: Autotrophic and electroautotrophic α-humulene
production with Cupriavidus necator. Angew. Chem. Int. Ed. 2018, 57, 1879–1882. [CrossRef] [PubMed]

39. Modelska, M.; Berłowska, J.; Kregiel, D.; Cieciura-Włoch, W.; Antolak, H.; Tomaszewska, J.; Binczarski, M.; Szubiakiewicz,
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