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Abstract: Industrial enzymes are the “chip” of modern bio-industries, supporting tens- and hundreds-fold of downstream
industries development. Elucidating the relationships between enzyme structures and functions is fundamental for industrial
applications. Recently, with the advanced developments of protein crystallization and computational simulation technologies,
the structure-function relationships have been extensively studied, making the rational design and de novo design become
possible. This paper reviews the progress of structure-function relationships of industrial enzymes and applications, and
address future developments.
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Fig. 1 Protein structure assembly, from left to right, they are primary sequence, secondary structure and three-dimensional

structure.
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ARPR K629A il K528A 4322 T MR ML E
SO BeAb, SRR Nt S K R A
A R AR S, s e
X % (Haloalkanoic acid dehalogenase, HAD) %
EARIE I REAN[F] 3 A BERRTRNE . ATP i, b = A
WERERRRE , HORR Y5 22 18] Cap 25#438, (Cap domain)
f22 51 B T IHRERURR AR Sk (7 2B)1,
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% A domain
: xA%tf“-é'

(partially) Nat

B8-B7

2 BEEZRAEEMX EELIIGERREM. (A) SICAR MERE LM R THMEIRER LM ER. BE&E LR TRESMAE
(A domain) 5#REEZMIE (T domain) BIZHFE, IREBHK[E]. (B) £# HAD FME~EE: B, SHEL
TRE Asp BI%E: I, TEFTE HAD BRIEM A PRTEZOHE: e, EHABENPAIRIGRENEHTE:
Bk, ClCap HRIIEANS; HBAaLk, C2CaplENE. B, RTATLEAET HAD BRIEFMBERRHFH R
M. IFEBXHE[10]. (C) TmCell2A E134C REKRFRYIAH B RIAKEH, HABSHME M GH12-
KikEEEN, ABER, FH TmCell2A BB ¥4 loop (A3-B3)iR B X Ek[11].

Fig. 2 The plasticity of enzyme skeleton affects the catalytic functions. (A) Rotation of STCAR from adenylation to
thiolation state. The dashed arrows indicate the motions of adenylation domain (A domain) and thiolation domain (T
domain), adapted from Ref.[8]. (B) Schematic diagram of classic HAD domain: yellow, a chain containing the catalytic
residue Asp; blue, a core chain conserved among all HAD superfamily members; gray, a structural element that may not
occur in the ancestral enzyme structure; green line, C1 The insertion point of the Cap domain; the orange line, the C2 Cap
domain insertion point. The dashed line indicates the secondary structural elements that are not completely present in all
members of the HAD superfamily, adapted from Ref.[10]. (C) The crystal structure of the TmCel12A E134C mutant and
the substrate cellobiose, the A chain of which is superimposed with other known GH12-family enzymes. The unique loops
(A3-B3) in TmCel12A are shown in red color, adapted from Ref.[11].
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PIREIRIR A Thermoanaerobacter brockii i i)
Ml U TOSADH S, JLFHdRiRgi by, 7351
f£ 30 CHI 60 C N Xfix Mg HEAT 4> F Bh Iy A
(Molecular dynamics, MD) i, &55%&BIfL 0
L8N ABS, 186, L294 Jx C295 {5 iz 5 [ H
B AR AR T, Bl 85 K 86 fi s,
N R HGE XS, Tl TR R S TG I 5
g, SRR (A85G/I86L) M) loop XIZEIE
i, AR W, S AL D AR A5 K (K 3B),
HETSE B AR RARET VR (dn d 2 1= 2 v Al 44
(8-GHIE) MhE-2-HER) AR R J5 e,

A

3 EEMEOERHATEM. (A) EZ LEH BT{REL
A%, I8 B XRR[15]. (B) TbSADH WT (fkt2) FIZRIT{K
T15 (B &) /I OReyRE, REXEK[17].

Fig. 3 The plasticity of enzyme catalytic pocket. (A)
Reshaping the catalytic pocket of LEH, adapted from
Ref.[15]. (B) The snapshots of the small pocket of
TbSADH WT (gray) and T15 (cyan), adapted from
Ref.[17].
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B A EAE PR A F R e et A 2R .
A ZEHUFT S Bacillus subtilis esterase 2875 {4
BSE V4 7t 30 CHYFEEEHIEL WT #2751 5.6 i, [d]
PR AR, RASRAHE T WT B
THR A (kL. K 4B), AFIT
T AR A AR E PR TR A v R I
AR AR E S R o AT R AR N
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B 1 72 4%, 45T E H153 A R106 B 1 4f
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naganoensis 4354 4 i, E AR EMEMGE LR,
Z7F 1K D787C BEMELE pH 4.0 F{R4F 90%i6 1 . iF
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E4 B HEHIEEMMSNE. (A) BTF Neocallimastix patriciarum GH11 KRB A BHEES K K8 8 SRR IR
#, BANZFB 53 A DSL, DS2 R7R, BBEXHA[21]. (B) BSE V4 REKBRI R REMAHAMSBINE TR, B
B 3CHEk[22]. (C) T4k R153H MBS NS &, Hisl53/0 (M41f) 5 Argl06/NE F1 Argl06/NH 2 (F), &
B X #K[23]. (D) MEFMETEREE A REEHRT. EULFEMEAS S7T7T BRaRT, HtRERTLERARK
(FBe) Bxk (Ee) &8, RAXH[24].

Fig. 4 The enzyme structure affects its stability. (A) The complex structure of Neocallimastix patriciarum GH11 family
xylanase and its substrate, disulfide bonds are depicted by DS1 and DS2, respectively, adapted from Ref.[21]. (B) The BSE
V4 mutant model, hydrogen bonds and ionic bonds are shown by dashed lines, adapted from Ref.[22]. (C) The structure of
R153H variant. Stick representation of additional hydrogen bond formation between H153 (pink) and R106 (cyan) is
displayed by yellow dashed line, adapted from Ref.[23]. (D) Representation of the crystallographic structure of B. subtilis
lipase A. The active site S77 is shown in green, and the other surface residues are colored from hydrophobic (orange) to
hydrophilic (blue), adapted from Ref.[24].
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5 EEMXENIEFEMEEIZN. (A) MR NFETERSEEL -FRANKERT R LAEEYE, 5B XX
[30]. (B) CgTD WT #A F114A/R229T (AR 4 NIBIE, 7 B3CHK[31]. (C) AEIEHEMKMESO%, RE
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Fig. 5 The enzyme structure affects its catalytic selectivity. (A) Origins of stereoselectivity in evolved ketoreductases catalyzed
3-thiocyclopentanone reduction, the substrate-binding loop is highlighted by the open (green), intermediate (purple), and closed
(blue) conformations, adapted from Ref.[30]. (B) Substrate access channel of CgTD WT and the mutant F114A/R229T, adapted
from Ref.[31]. (C) Substrate binding pocket of human pancreatic lipase, adapted from Ref.[3]. (D) Non-covalent interactions
(green surface) for the substrate in the binding pocket of the mutant TbSADH I86A, adapted from Ref.[37].
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PR LR B 95 22 4T 1 Neocallimastix frontalis GH11
FIEAR R B A mid e, A B Tl
J1o FEF RIRGERIRNT, STIZEEEAL 148 S B
PEATRAE, TR AR AL 1A W125F/F163W, H
T WT 425 7 20%; A, IXBEAE S AR bk
RGP R IB S R T Rk R I sy Y T
PMERNTEME:, SR N S SR AL 2 X —
25 51 R A B,

Tl 25 4 (A AR D E IR & — 1 o ok A T A

F 1 BRLAMRUEMAL L IERERR S SE P

B Thermotoga maritima {178 W& $ P U] 5 S A Al
Cel5A, FEM Ak AT Z B A H 885 £ 855 AN RIS
Wi Z WK A% , BN TR AT 4 3R AR IR
o BTG 2 BRI, XTHGHEAT Ak g
FIfERT, KILT CelsA 4k p-Hi Mt p-H &
BT B0 R BEORNT 10 4 SRR Bk Ak E253 il E136, [ i
WRILT — ARk GRS PE X, 32 X AT 4540
HA SCHE R Z R8I, AR TR ROE M X, iR
Yy el H BB 2 R EIE R SEE AR
T K] T 1 R ™ A 25 (RS L, 1 g X A
5] (R LA Bl 1, % 1 B TR AR

Table 1 Optimization of enzyme catalytic performance by structural modification

Enzymes Targets Properties Reference
Maltooligosyltrehalose Loops near the active sites Thermostability [40]
synthase
Endoglucanase Disulfide bond Thermostability [41]
Cellulases Structure-guided recombination Thermostability [42]
Ketoreductase LbCR Rigidification of flexible loops around active site Thermostability and activity [43]
a-L-Arabinofuranosidase TIM barrel domain Thermal and alkaline stability [44]
Glycoside hydrolases Altering the loop conformation Activity [45]
Xylanase SpyTag/SpyCatcher system Thermal and inhibitor tolerance [46]

Cyclodextrin
glucanotransferases

A loop structure involved in substrate binding

Product specificity and thermal stability [47]

Cytochrome P450 2D6  Combinatorial libraries of ancestors for directed Substrate specificity and thermal stability [48]
evolution

Pullulanase Hydrogen-bond based approach Acidic adaptation [49]

Trypsin Higher proportion of random coils and reduced Cold-adaption [50]
steric hindrance

Leucine dehydrogenase ~ Hydrophobic and rigidity of substrate entrance Higher enzymatic activity and stability [51]
tunnel

GH2 beta-glucuronidase Deletion of C-terminal region Stability, activity, and expression level [52]

TESADH Catalytic pocket Enantioselectivity [53]

CALB Alcohol binding pocket Reversed enantioselectivity [54]

P450(LaMO) Binding active pocket Stereospecificity and product selectivity [55]

P450-BM3 Binding active pocket Chemoselectivity [56]

P450-BM3 Binding active pocket Chemoselectivity [57]

CALA 217-245 Helix-loop-helix motif Substrate chain-length selectivity [58]

Hemoprotein Closest residues facing the iron of the heme Activity and selectivity [59]

cofactor
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30 3 5 P I A A AP B 3 4040
WAL, TS #E P0IE I RE 6 fif LB AY KSR Tl

ANHEA AL IIRE (3 2). B, & ki i

FE K ZFHFTH Bacillus megaterium (1) P450-BM3

i B A 2R W A O BRI R sy, HoE W)
X 3 e P >03% %% s y- N LR Sspg AT AE ]
A R Xk 2R B G K H T RR ) HAT v S AR R E Y
Tl (E fi>300)C1,

F 2 BREMMUETR T HTNREER S LA
Table 2 Structural modification gain new function

Enzymes Targets/Mutations Properties Reference
P450-BM3 AB2F, A82F/A328F, V78F/A82F/A328F Dihydroxylation of benzene to hydroquinone [60]
Lactamase Sspg Q192S-L.223Y Esterase activity [61]
Lactonase Y99L Phosphotriesterase hydrolysis activity improvement [62]
4-Oxalocrotonate  M45Y/F50V Aldolase activity in the self-condensation [63]
tautomerase
a-Amino acid Lysine and asparagine in the active sitt  Amine dehydrogenases activity [64]
dehydrogenases
CALB S105A, H224A and 1189A Aza-Michael addition activity [65]

3 MEMGHRARFAL %

31 LRI E

W HIBEEE A G5 T A X A AT i
(X-ray crystallography) . #Z##4£4% (Nuclear magnetic
resonance, NMR) DL K& 455 (Cyro-electron
microscope, Cyro-EM) 3 Fhl®1 X5k & 1A fit 5
AR E 1 A5 B T SRR AT ST L, SRS AR
MIZEFAE ., A B AT R A A 2 1 2 A Y
ARFEL. Bk 2019 4F 5 H, & RS EE1E
PDB (Protein data bank) ILilfs% 7 152 151 4~ 9
KoTanikssty, Hof 13.5 A4St g X-
SRATARTG, 1.2 TGl R IR KA
T340 0.3 TGN f v VR LR FOR 3RAT , X Lify
it ARG R B S B S i AR RAOC R AR T AR
HIBIFFEEEA
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%o AR 1 R (R EE 1 1Y) L R A BT RE 68 R Bl 45
5 D REOC RS AR HEA B (5 B . Mustguseal
W 2% 1z 55 25 PR s 2 T B 122 v 2548 5 7 41 g AT
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PRSP IR SR I W S R M SR R o Ik R 3
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3 A 2 ek 20,

4y F 8h J1 2F R R — R 2 Ll ) SRR A T
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RACHTE T B4 7R B RO P P A 1 S a5 2
SMAE L I8 AT i SR I S A AR A B AR
T HE . M8 B T OE B (Near attach
conformation, NAC) HEig, MD i ] X 58 A5 (A S g
PEAT AL , AL PR NAC # 4Ry B
XTI AR R A THES | e . RBIRIERE,

AN, #&FF1% (Quantum mechanics, QM)
KT I172 10 T 1% (QMIMM) 414 J5 ik i iof
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4 REERZ

1E AR A 2 B AR, B IR T &
FR LB LT B RE . 1965 4E, David Phillips &
WA T R R AL, Rl R AT RE
NG5 K 1 R DS B AR G O T BE . 1977 4R
McCammon 1 YK 738l 1 2 RPN T A ok
Sy R R N S B0 % D BE B B A T 5
b5 B B, 183 Frances H. Arnold . Manfred T.
Reetz 85 & [n] AL SRS E BRI & 1 — R 4 Mg T4
HEH AR P T R AL I RE R O Tk i %
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