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Catalysis of enzymes under industrial environment and their
adaptive modifications: a review
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Abstract: Enzymes have a wide range of applications and great industrial potential. However, large-scale applications of
enzymes are restricted by the harsh industrial environment, such as high temperature, strong acid/alkali, high salt, organic
solvents, and high substrate concentration. Adaptive modification (such as rational or semi-rational design, directed evolution
and immobilization) is the most common strategy to improve the catalysis of enzymes under industrial conditions. Here, we
review the catalysis of enzymes in the industrial environment and various methods adopted for the adaptive modifications in

recent years, to provide reference for the adaptive modifications of enzymes.
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Table 1 Recent examples for the improvement of thermal stability

Improvement Industrial

Modification description Performance Reference
method enzyme
Semi-rational Xylanase  Enforced hydrophobic interactions 30-fold half-life improvement at 60 °C and [19]
design within N-terminal elements and a 17.4 °C increase in Ty,

between N-and C-terminal ends
Nattokinase More rigid structure or stabilized QSN had 40% active residue at 55 °C for [20]

Rational design
folded state of the protein

Immobilization Lipase PS Immobilized into COFs

50 min, while wild type is inactivated, and

the half-life values were nearly 3 times

longer than that of the wild type

The free enzyme lost activity, while the [21]
COF biocomposite achieved a 37% and

48% conversion after 30 min and 1 h at

120 °C for 1 h, respectively
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Phe-43 #0 1le-58 X £ F/KEEEAMEERZEREE. LE B 3K John Wiley and Sons #Z#X.

Fig. 1 Thermal stability and structural schematic diagrams of mutant 451", Evaluation of thermostability by (A) ty, 60 °C and
(B) Ty The letters A, B, C, and D correspond to saturation mutagenesis randomized at position 25, 29/31, 43, and 58, respectively.
(C) Tertiary structure of variant 4S1 Swiss-model and localization of beneficial residues Ala-29, Leu-31, Phe-43 and lle-58 at
N-terminal coil, helix a0, strand Bl and helix al, respectively. (D) Schematic diagrams of residues involved in putative
hydrophobic interactions with Leu-31, Phe-43 and lle-58. Reproduced with permission from John Wiley and Sons.
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Table 2 Recent examples for the improvement of pH stability

Improvement LIl Modification description Performance Reference
method enzyme

Semi-rational B-glucosidase  Reduced O-glycosylation Mutants are stable over a wide pH range (3.0 [24]
design t0 10.0)

Rational design  Xylanase Substituting base residues XynR8 (N41D) retained 71.8%+2.2% of enzyme [26]

with acidic amino acids activity (wild-type enzyme was 30.6%:3.0%)
Directed Versatile More hydrogen bonds and The mutant had an initial enzyme activity of [29]
evolution peroxidase salt bridges 61% after 24 hours at pH 3.5, while the native
enzyme is completely inactivated
Immobilization  Glucose Single-enzymenanogels Practically constant activity was observed over [30]
oxidase (SENs) the pH range 3-9 with SENs11
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Fig. 2 pH stability of the enzyme was improved by the entrapment in nanogels®™”. (A) Synthetic protocols to produce
SENs. (B) Effect of the polyacrylamide layer thickness and porosity on the activity and stability of SENs. (C)
Dependence of Keatsen/Keatenzyme ON the gel thickness, as determined for nine different proteins. (D) Relative activity
profiles over a range of pH values (from 3.0 to 9.0) for GOx_SENs made with different [AAmM]/[MBAAmM]: 6:1 for
GOx_SENS8 (shell thickness 3.2 nm), and 2:1 for GOx_SEN11 (0.8 nm). Reproduced with permission from The Royal
Society of Chemistry.
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Table 3 Recent examples for the improvement of salt tolerance

Improvement Industrial Modification description Performance Reference
method enzyme

Rational Carbonic Interactions with the highly Both the catalytic activity and the thermal

design anhydrase II ordered first Na" hydration expansion temperature are increased at high [38]
shell salt concentrations

Semi-rational ~ Choline-phosphate Increased acidic amino When the acetate concentration was

design cytidylyltransferase  acids on the surface of increased, the response rate of the mutant [39]
proteins was 2.2 times higher than that of the wild

type CCT
Choline kinase CKI mutants show high tolerance in over [40]

1 200 mol/L acetate solutions
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<. cjb@im.ac.cn



1864 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

WT Ml

[ =250 =500 =750
- =1 000 =1 500

M2 M3

_F 1805250 750
2500 =3 000

L ‘ H

WT Ml

2000

y
——
£ o
==

% of control activit

N O oo
oo

M4

B3 HMEBEHEBIMEEREIAEREASHEZAHTHEE. (A-D) H WT M4 RREBHTHIHE (&
BRRERR, ABHFRRALE). (E-F) FRBEDMNELREKE Na,SO, &K (E) # NaCl iz’ (F) FHIE
53 RERESS Sk, kB 23X Springer Nature %1%

Fig. 3 Surface charge distribution of carbonic anhydrase II and the activity at high-salt conditions'®®. (A-D) is the
distribution of surface charge in WT and M4 (blue for positive charges and red for negative charges ). (E-F) Graphs
indicate percentage of control activity+s. for enzymes in (E) Na,SO, and (F) NaCl. Reproduced with permission from

Springer Nature.
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Table 4 Recent examples for the improvement of organic solvent tolerance

Improvement Industrial Modification description Performance Reference
method enzyme
Immobilization  Laccse Immobilized on an enzymatic ~ The activity of immobilized laccase was up to [45]
membrane reactors (EMRS) 3.5 times greater than that of free one
Amidase Immobilized into a magnetic Immobilized amidase maintained at least [46]
hierarchically porous metal- 50% of the original activity, while free
organic framework amidase lost more than 80%
Semi-rational B-glucosidase I  Increased hydrogen bonds, Simultaneous enhanced organic solvent and [47]
design intra-ionic interactions thermal stability
Surface charge Lipase A Mutant with highly negatively  The t;/, of mutations in BSLA4M1 [48]
engineering charged increasing from 56 to 474 min
A 140
. N ] WT-BGLI
/o o |20/ ™= OT-BGLI
# < 100}
¥ / ‘?
! i Y =
= 80
Asﬂ{fsy- ) 2
U7 4 et = 60f
<A (o 3 40t
i - 201

0
Dws()wemaﬂo\ DN\;?YO?B“O\ T owe®

Organic solvent

4 B-EEHEEIMEHERREGIATIMZMHY. (A) OT-BGLI B, HERE I S%E (D227
1 E592) MNRILAYFLE (D414, Y722 1 D789) #ERMBFRIC, MUK EREMENSAE KHriE. (B) OT-BGLI
1 WT-GBLI EAR B HAFIFAIE 3h FRIKAEN, “HETH. BHE. NN-ZHERBRR NS IKERE
7330%, 2-FEERES 20%, BEREN 15% (AR L), B EIR Elsevier 4.

Fig. 4 Structural model and organic tolerance of B-glucosidase oxime I"®!. (A) Modeled structure of OT-BGLI.
Putative active site residues (D227 and E592) and mutated residues (D414, Y722 and D789) are labeled at their
respective positions. Active site flanked by catalytic residues is marked with an arrow. (B) Stability of OT-BGLI in
different organic solvents. The residual activity values were obtained after 3 h incubation in the solvents. WT-BGLI was

taken as control. The concertration of DMSO, methanol, DMF and THF were used at 30% (V/V), while 2-propanol was
at 20% and toluene was at 15%. Reproduced with permission from Elsevier.
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Table 5 Recent examples for the improvement of substrate tolerance
Improvement

method Industrial enzyme Modification description Performance Reference
Rational design 2-deoxyribose-5- Mutation of C47 gives rise to a fully Higher substrate tolerance of [49-50]
phosphate aldolase acetaldehyde-resistant DERA; Short DERAs among class | aldolases
(DERA) and flexible C-terminal region
Directed Aminotransferase Of the 17 noncatalytically essential 100 g/L substrate was converted [51-52]
evolution amino acid spredicted to interact with to sitagliptin at >99.95% ee in
the substrate, 10 were mutated 92% yield
C 40
_ 120} g, A
5100? = A 224 DERACATM
.E“ 80!..“. DERA wt
Foeof e acite
~ 40 ° - * 44 2300 mol/L
n:m " * 200 mol/L
20 . i i 44100 mol/L
053¢ % 10 12 14 16 1%

Incubation time of DERA in acetaldehyde (h)

5 DERA RY@IKZEH R HEEMmZ ™. (A) XBHTE DERA BRIk, (B) DERA RO (AHIEIRS
MERS), AERMEMERYHEMESLIK-BEART (ERAR, 484, REAR, AREMHERAK). (C)
Ef 4 DERA 5RE K CATM ZERFE Z R E T HyiE M. 1tk [E 23X The Royal Society of Chemistry 14X,

Fig. 5 The crystal structure and substrate tolerance of DERAM. (A) Crystal structures of monomerized E. coli DERA.
(B) The boxed area containing the catalytic center is depicted in more detail before acetaldehyde incubation. Amino acid
side chains as well as covalently bound substrates are displayed in ball-and-stick mode (nitrogen in blue, oxygen in red,
sulfur in green, carbon in light gray and yellow, respectively). (C) Activity of wildtype vs. C47M DERA at different
acetaldehyde concentrations. Reproduced with permission from The Royal Society of Chemistry.
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Rl 22738 , R AF A BETE 50%F) DMSO HoKf 100 g/L
LA A PU AT .

6 RELHRZ

AP EREA B AR AR, © &K
Zik 3 000 4%, (HETMEE HA 200 FhZcAy, 1M
Tolb bR B 50 ZFh, B F R Tk A~
(B RA 10 280, BT, AL IEL T LIARSR
HEA R A 05 U, S O R R KR
P nTLATIL, B A TR EER I L, B
B 54 ok oA P . BEVE L RS HE, BEIL D
R 2R3 1% W 2 A0 LK i — 2D AR e o Tk g
FHAE 300 S A TR, LR €0 5 TR ) A g i
— i,

GG EE T L R A AT A 5 M s Ty
TR BIF 5 2 8, 30 B 0 25 E A6 DA J TS 584
1) FI A A AR SRR W L 5 T A,
XoF 5% M ik A ME AL BRI TR AR Y, DA
Tl A P R R T AT T 5 2) s
PR B AR, T Tl PR BEPE RE A T R
i A 1Ml 1 P v R 5 3) PR 4 R Ak

@: 010-64807509

LS T DNE S L R SR Al SUSTHTRT
i —HE 5 T3k A

REFERENCES

[1] Schmid A, Dordick JS, Hauer B, et al. Industrial
biocatalysis today and tomorrow. Nature, 2001,
409(6817): 258-268.

[2] Luetz S, Giver L, Lalonde J. Engineered enzymes for
chemical production. Biotechnol Bioeng, 2010, 101(4):
647-653.

[3] Zzhang YF, Ge J, Zheng L. Enhanced activity of
immobilized or chemically modified enzymes. ACS
Catal, 2015, 5(8): 4503-4513.

[4] Lee JW, Na D, Park JM, et al. Systems metabolic
engineering of microorganisms for natural and
non-natural chemicals. Nat Chem Biol, 2012, 8(6):
536-546.

[5] Atalah J, Céaceres-Moreno P, Espina G, et al.
Thermophiles and the applications of their enzymes as
new biocatalysts. Bioresour Technol, 2019, 280:
478-488.

[6] Eijsink VGH, Gaseidnes S, Borchert TV, et al.
Directed evolution of enzyme stability. Biomol Eng,
2005, 22(1/3): 21-30.

[7] Bommarius AS, Broering JM. Established and novel
tools to investigate biocatalyst stability. Biocatal
Biotransformat, 2005, 23(3/4): 125-139.

[8] Wijma HJ, Floor RJ, Janssen DB. Structure- and
sequence-analysis inspired engineering of proteins for
enhanced thermostability. Curr Opin Struct Biol, 2013,
23(4): 588-594.

[9] Bommarius AS, Paye MF. Stabilizing biocatalysts.
Chem Soc Rev, 2013, 42(15): 6534-6565.

[10] Eijsink VGH, Bjgrk A, Gaseidnes S, et al. Rational
engineering of enzyme stability. J Biotechnol, 2004,
113(1/3): 105-120.

[11] Reetz MT, Carballeira JD, Vogel A. lterative
saturation mutagenesis on the basis of B factors as a
strategy for increasing protein thermostability.
Angewand Chem Int Ed, 2006, 45(46): 7745-7751.

[12] Sun ZT, Liu Q, Qu G, et al. Utility of B-factors in
protein science: Interpreting rigidity, flexibility, and
internal motion and engineering thermostability. Chem

<. cjb@im.ac.cn



1868 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244  Chin J Biotech

[13]

[14]

(18]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

Rev, 2019, 119(3): 1626-1665.

Li WF, Zhou XX, Lu P. Structural features of
thermozymes. Biotechnol Adv, 2005, 23(4): 271-281.
Rakotoarivonina H, Hermant B, Aubry N, et al.
Engineering the hydrophobic residues of a GH11
xylanase impacts its adsorption onto lignin and its
thermostability. Enzyme Microb Technol, 2015, 81:
47-55.

Wang YW, Fu Z, Huang HQ, et al. Improved thermal
performance of Thermomyces lanuginosus GH11
xylanase by engineering of an n-terminal disulfide
bridge. Bioresour Technol, 2012, 112(5): 275-279.
Alponti JS, Maldonado RF, Ward RJ.
Thermostabilization of Bacillus subtilis GH11
xylanase by surface charge engineering. Int J Biol
Macromol, 2016, 87: 522-528.

Careri G. Cooperative charge fluctuations by migrating
protons in globular proteins. Progr Biophys Mol Biol,
1998, 70(3): 223-249.

Schitte M, Fetzner S. EstA from Arthrobacter
nitroguajacolicus Ru61a, a
solvent-tolerant carboxylesterase related to class C
B-lactamases. Curr Microbiol, 2007, 54(3): 230-236.
Song LT, Tsang A, Sylvestre M. Engineering a
thermostable fungal GH10 xylanase, importance of
N-terminal amino acids. Biotechnol Bioeng, 2015,
112(6): 1081-1091.

Liu ZM, Zhao H, Han LC, et al. Improvement of the
acid resistance, catalytic  efficiency, and
thermostability of nattokinase by multisite-directed
mutagenesis. Biotechnol Bioeng, 2019, 116(8):
1833-1843.

Sun Q, Fu CW, Aguila B, et al. Pore environment
control and enhanced performance of enzymes
infiltrated in covalent organic frameworks. J Am
Chem Soc, 2018, 140(3): 984-992.

Jung SK, Parisutham V, Jeong SH, et al. Heterologous
expression of plant cell wall degrading enzymes for
effective production of cellulosic biofuels. J Biomed
Biotechnol, 2012, 2012: 405842.

Wood EJ. Fundamentals of biochemistry: Life at the
molecular level (Third Edition) by D. Voet, J. Voet,
and C. W. Pratt. Biochem Mol Biol Educ, 2008, 36(4):
319-320.

Wei X, Xu XX, Qian LC, et al. Engineering a highly

thermo- and

http://journals.im.ac.cn/cjbcn

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

active thermophilic B-glucosidase to enhance its pH
stability and saccharification performance. Biotechnol
Biofuels, 2016, 9: 147.

Fushinobu S, Ito K, Konno M, et al. Crystallographic
and mutational analyses of an extremely acidophilic
and acid-stable xylanase: biased distribution of acidic
residues and importance of Asp37 for catalysis at low
pH. Protein Eng, 1998, 11(12): 1121-1128.

Chen Y C, Chiang YC, Hsu LC, et al. Structural
modeling and further improvement in pH stability and
activity of a highly-active xylanase from an uncultured
rumen fungus. Bioresour Technol, 2012, 123:
125-134.

Joshi MD, Sidhu G, Pot I, et al. Hydrogen bonding and
catalysis: a novel explanation for how a single amino
acid substitution can change the pH optimum of a
glycosidase. J Mol Biol, 2000, 299(1): 255-279.

Yang HQ, Liu L, Shin HD, et al. Structure-based
engineering of histidine residues in the catalytic
domain of a-amylase from Bacillus subtilis for
improved protein stability and catalytic efficiency
under acidic conditions. J Biotechnol, 2013, 164(1):
59-66.

Séez-Jiménez V, Fernandez-Fueyo E, Medrano FJ, et
al. Improving the pH-stability of versatile peroxidase
by comparative structural analysis with a
naturally-stable manganese peroxidase. PLoS ONE,
2015, 10(10): e0140984.

Beloqui A, Kobitski AY, Nienhaus GU, et al. A simple
route to highly active single-enzyme nanogels. Chem
Sci, 2018, 9(4): 1006-1013.

Sinha R, Khare S K. Effect of organic solvents on the
structure and activity of moderately halophilic Bacillus
sp. EMB9 protease. Extremophiles, 2014, 18(6):
1057-1066.
Munawar N, Engel PC. Prospects for robust
biocatalysis: engineering of novel specificity in a
halophilic amino acid dehydrogenase. Extremophiles,
2013, 17(1): 43-51.

Paul S, Bag SK, Das S, et al. Molecular signature of
hypersaline adaptation: insights from genome and
proteome composition of halophilic prokaryotes.
Genome Biol, 2008, 9: R70.

Mokashe N, Chaudhari B, Patil U. Operative utility of
salt-stable proteases of halophilic and halotolerant



EXER FITURETBEANECTHSENESERRIRE 1869

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

s

bacteria in the biotechnology sector. Int J Biol
Macromol, 2018, 117: 493-522.

Yin J, Chen JC, Wu Q, et al. Halophiles, coming stars
for industrial biotechnology. Biotechnol Adv, 2015,
33(7): 1433-1442.

Zhang WJ, Xu H, Wu YQ, et al. A new cold-adapted,

alkali-stable and highly salt-tolerant esterase from

Bacillus licheniformis. Int J Biol Macromol, 2018, 111:

1183-1193.

Gao RC, Shi T, Liu XD, et al. Purification and
Characterisation of a salt-stable protease from the
halophilic archaeon Halogranum rubrum. J Sci Food
Agric, 2017, 97(5): 1412-1419.

Warden AC, Williams M, Peat TS, et al. Rational
engineering of a mesohalophilic carbonic anhydrase to
an extreme halotolerant biocatalyst. Nat Commun,
2015, 6: 10278.

Wang JZ, Zheng C, Cao Y, et al. Rational design of an
efficient halotolerant enzymatic system for in vitro
one-pot synthesis of cytidine diphosphate choline.
Biotechnol J, 2018, 13(7): 1700577.

Zheng C, Li ZJ, Yang HF, et al. Computation-aided
rational design of a halophilic choline kinase for
cytidine diphosphate choline production in high-salt
condition. J Biotechnol, 2019, 290: 59-66.

Stepankova V, Bidmanova S, Koudelakova T, et al.
Strategies for stabilization of enzymes in organic
solvents. ACS Catal, 2013, 3(12): 2823-2836.
Mohtashami M, Fooladi J, Haddad-Mashadrizeh A, et
al. Molecular mechanism of enzyme tolerance against
organic solvents: insights from molecular dynamics
simulation. Int J Biol Macromol, 2019, 122: 914-923.
Serdakowski AL, Dordick JS. Enzyme activation for
organic solvents made easy. Trends Biotechnol, 2008,
26(1): 48-54.

Ruiz Al, Malavé AJ, Felby C, et al. Improved activity

010-64807509

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

and stability of an immobilized recombinant laccase in
organic solvents. Biotechnol Lett, 2000, 22(3):
229-233.

Liu CJ, Saeki D, Cheng L, et al. Polyketone-based
membrane support improves the organic solvent
resistance of laccase catalysis. J Colloid Interface Sci,
2019, 544: 230-240.

Lin CP, Xu KL, Zheng RC, et al. Immobilization of
amidase into a magnetic hierarchically porous
metal-organic framework for efficient biocatalysis.
Chem Commun, 2019, 55(40): 5697-5700.

Batra J, Mishra S. Organic solvent tolerance and
thermostability of a B-glucosidase co-engineered by
random mutagenesis. J Mol Catal B: Enzym, 2013, 96:
61-66.

Zhou Y, Pérez B, Hao WW, et al. The additive
mutational effects from surface charge engineering: A
compromise between enzyme activity, thermostability
and ionic liquid tolerance. Biochem Eng J, 2018, 148:
195-204.

Dick M, Hartmann R, Weiergraeber OH, et al.
Mechanism-based inhibition of an aldolase at high
concentrations of its natural substrate acetaldehyde:
structural insights and protective strategies. Chem Sci,
2016, 7(7): 4492-4502.

Cao TP, Kim JS, Woo MH, et al. Structural insight for
substrate tolerance to 2-deoxyribose-5-phosphate
aldolase from the pathogen Streptococcus suis. J
Microbiol, 2016, 54(4): 311-321.

Sheldon RA, Woodley JM. Role of biocatalysis in
sustainable chemistry. Chem Rev, 2017, 118(2):
801-838.

Savile CK, Janey JM, Mundorff EC, et al. Biocatalytic
asymmetric synthesis of chiral amines from ketones
applied to sitagliptin manufacture. Science, 2010,
329(5989): 305-309.

GRS AT

. cjb@im.ac.cn



