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Global Simulations of Enzymatic Catalysis
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*Fujian Provincial Key Laboratory of Theoretical and Computational Chemistry, College of Chemistry and
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Abstract: Enzymatic catalytic processes generally involve substrate delivery, selective catalytic reaction, and
product release. Owing to the complex protein environment effect, any nonchemical or chemical step may
determine the enzyme activity. Herein, to comprehensively understand enzymatic activity, extensive combined
quantum mechanics/molecular mechanics (QW/MM) and molecular mechanics (MM) molecular dynamics (MD)
simulations were carried out on several kinds of enzymes. Possible reaction mechanisms, roles of the conserved
residues, and effects of the protein environment on the whole enzymatic process are discussed in detail, which
will enrich the knowledge of reactivity in proteins. With the improvement and development of multiscale models
and computational methods, it is expected that global simulations of extremely large and complicated enzymes
will enable and lend support to enzyme engineering.

Key Words: Enzymatic catalysis; Substrate delivery; Free energy calculations; QM/MM MD simulation;
Random acceleration molecular dynamics (DAMD) simulation
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Y. WM DUEEIR AR S5 N kAT, HOEMES
SR A pHAB B VARSI EE AN pH i e B i
I, 02> Sk 35 5 e g 0 M AL VS .t SRaE B
PR o B e T A A ) 5 R B ROR
Mo PR RN R, A, HEAETEIE 223
Z AL e R RS, 04 ) R A O T .
TRAM G R T A U A A A, AL
Bl P A V5 PR I S5 A R R A K

U AESRHIAT SR B, PR ST B 3 0 R 4 46 &
FEAGTE PR 2 B VE LA . B 5 A R pH A #
P PRI BT PR 25 55 0 I 1 AL B )
M) A 2 AN T 2 IR R 6- Tl TR R R i i 2
(glucosamine 6-phosphate deaminase, NagB) " ] {f
1k = BE K (catalytic triad) Asn128-His130-Glul35 LA
K2R L@ g (hydroxynitrile lyase, HNL)H ) = Bk
1A Ser80-His235-Asp207, FEMEM IS FE T2 HE + 5
HERER, HEEMEA RGBT B2 hiX
L ORAT TR BB [F) A F 51 A . HDHNL g b i
Thril. Ilel2. Ser80. Cys81. Leul57. His235 #ll
Lys236 &5k He il id 5 YA BAE R, # FLBR IR7E
Bt (i AL 67 05 ' HPHNL A1 MeHNL g Hh ) % 5
Trp128 £ Je B 3k N ik VEAL i S P ke,
I PR BERT PR IXE R BT
AR TT LS A B AL S ML Y NagB HiR
W2 1 R AR A S8 3 52 e A Ak N- S B
B 1 (N-acetylglucosamine, GIlcNAc) 34 i AL #E ,
s i M T N 5 5% His 145 1T TR S 2
FZMA L 1id motif X [ “JF-2k7 #5470y, #E
PR R &, SRR
1.2 JRYIF=z 5B EL

FEHE A AT, EHEA e REE B R
220 F AR o R, AR 2 8
045 JE A 45 6 BN PE AL R0 B s A0 ) SO [X
BRI 1) TR AR R A R B AL
B2, A AR ] — A 2 BRAR T e 0] B A0 R R

A%, 1987 4EE . 2015 4ETE ]
KPR A 2, BT
KRN S g% THREH fsiie
FEUm. WEZENFEEDERZR
FE v R S v B LA B 25 vt
FH IR AR AT 9T o

HEGCW . BEAR b, I e A R A AR A
b, AT DAK 3 i A AR AR B H RE AR A ) 4
B, AR O M A R 0t R, RN T iR
AL ALEE, AT VR R B 530 85 o e A Ay
P, 3R T B b R B A R R . IR
A H) T 077 i A AR 2R B BT R AR S K 2 BF O
T Bl TAE U AT 7T B R .

JEG A2 1) 3 1 X 3 ) o 3 2 il A T R T B —
&, WEFEAL A A AT BN, EEA
A BE N A BRI R EE R &R, Tk
B0 Sy b A I A GG R R
RALGy BT A5 J73, DN W] B8 1) fan iz G 8 S ok B ik
B, IFa GRS ) 2T R R A 38 ) ke
fHo W2 R AR (HNL) (AR 7, SRER AR 5%
ol i F RS R o b, T T e B A A% 3%
WIE, Jfl s R T B R AR TR,
BE— YRR 2 A i W E i Z B BT T, Yao
SR B A AT, HEN YRR B 2 Al
HEACE RR I S D B SR, Bk, fESEI
AT SRAR HE R HRCIEE 47 B8 A 2 P T R £
SER MR AL R A B . Bt b, BE S T3
JERAR AR R IE, AMET] LR S £ 9] #2 1)
SN IE , i H AT LR B A% R i A B
IR RPN & A U R AR, S
WFFARBEEIRSCRE™ Y, B, AT BE L 7
F ) J1 %% (random acceleration molecular dynamics,
RAMD) Fl £ 4t 43 ¥ 8 77 %% (classical molecular
dynamics, MD)BHUL, 3K1F | HNLs g i A0 75
JEE A/ 7 W) 3 1) P BE A TE B A% 3 AR vh iR E I
I RARASEAF B

Vil A J N2 ATL R S I 6 AR 3 10 3 I S T Y
. S b, T ER A XU AR AT A A
IR SLIG T B, SRBUEM A R SK, JFE
R R R ER . SREERAR . BB B ) 2
S TR RAEBEHEAL SR RELEE . HO, i TR X

WEE, 196244, BUNET K
WA TP 8%, A TIm. #
MR WRASERY. T
WS &R AP IR BEL, FA4k
RE AR 2 RSB, K
PGP BT R S
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Fig.1 Enzymatic process (substrate binding, chemical reaction, and product release)

Tl T2 A0 O P s VP S R I I R TR AR ) S A A
B, MZBEES R EEaEESrSmzER,
FEUEACHLEIAEN EA 2R AR, BE
HeS5iEAFHIRE, THEE -2 %
2H 4 J7 ¥ (combined quantum mechanics/molecular
mechanics, QM/MM) AW 5E 3%, {845 M5+ F
HL 7K1 b A R Il A 0 S S LB S AT R, BR AR
TSR AR R IR YE . Bk B RUKR 2
2 E SR B (HPHNL & MeHNL)TE By i i A= 130 &
Mo EAEEER, ZHEERVE, HELE
FE TR S5 AR A N R ATAR I A AR 2 48, HEDI PN
B E A A FE AL, HIE AL S 2 R
TR EATR R E A -2 mAaRE® F,
FETREAR IS S iR S5 4, SR AT MM MD Al QM/MM
MD 77k, AL T IXP RS VIR, &
SRR FT TSR T T A DR A P 2R A A
R E M, X S HE I ) g i A ML IR AT T — B
1E, {2 R E B RRE A S I I R

2 HHEA%
21 MM MD 5RAMD /5%

2 ¥ 2l 77 % (molecular mechanics molecular
dynamics, MM MD) 752 3 2 5E T - i 28 e /) 2 4
SMERT RGNS RN, BT R, B
0L 22 G B I TR 2 () OUL I 72, 3R1S R GOk 1 A
Bags,  BETTAIE FT 2 R Gt R A S i R S
B2 A . fE MM MD B, B S0 B )
GEAREAL, FFEXTH AT, THBRAIE I F p A
GHEM G ARG R R AT KIS (8] 43 7 3l 77 22 A
P, RGP, ISR SdE, @
WG I EX R G A R ST .
W, A BRI HR Gl TR T R A 5 R R AL

BOERL IS AT SR TR F A%
WL (3 BE A B S5 B T O 70 1 3l A At
WL 73 5 2 71 S AL AE A Amber™, Namd ™,

Gromacs® . Charmm®. Tinker" 1 Lammps® %% .

BE AL D038 3 7 30 ) 5 07 %O AE TR R rh
Ab T & VEAL S B ) 4y O BN B E
NG EAAN I — AN BT R T, HESh H A
3, HEETEANBAER, FHRETIMTET
DU SRR Bl A 6 il E . /£ RAMD A%
W, 45 58 WG 1IN T R PR B RIME, 7E— B
A, YR ™= Yk B B0 IS 15 € BIE, 771
GREEPRER BN, RN S —ANEENL T M T,
DL SR 3k B A B W O - 4% 33 1) AT RS E . (H
&, HBENE KT & AR SN Y B Y)
LRSIy, A AT RS O R R I O R, Ut
i, 5t 7 2L RAMD 45 & MD [ 7 V2 K fif 13X A~ 7]
e MRV YZ TR EYIIEAIE, £ MD B
W 2 TF 5 P RAMA R, £ RE R R
PIBENLIEF 77, AFRPEA I 7 153 . £ RAMD
PR, I R R B e AR B, TR
AEAAT RGN, W T ERE 2 A I
ZAEME, WRIEPUEG T, RIRBUBIETESL. HAEr
7] H{ Amber”. Namd”. Gromacs® * il Charmm® >k
SLHLRAMD [Jit#.

H i, K MM MD F1 RAMD # 4% & & B 78 Ji
Vikiia V] B I TE S HAH B Bl ) 1 ) BT
ez —, fEMEAT RSN A AR E
BRI,

2.2 QM/MM 5 QM/MM MD 753%

Ak, & -4 i /7% (quantum mechanics/
molecular mechanics, QM/MM) /7 vk B\ £ i A 7%
il i A I B AL S B AR s OR TR 2 Horr,
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QM J5 7% H ok # 18 22 88 X 38 (quantum mechanics
subsystem, QS), WIfk %= e MEPE X I, MM J7
22 SR d 38 35 14 X 38 28 5% (molecular mechanics
subsystem, MS), W1J& [F & H 5 LG QM/
MM J5 32 0] LAAE 2% FE 2 [ AN Sl PR S T 2
MR T Je B 7K T L A B O R AL AR R I 45
H o SONLEE R L BE B A MR BT (8] 2). T QM/MM
MD U & 7£ QM/MM 1) 7K ~F b #E47 53 F 8 /) S 4
fh, 45 A T K Ff (umbrella sampling, US)%% 4
A, o] PLSRAS & E A B B 77 A R
ik PR R e fe FL I R I FE I H O BRI BT, AR
T QM/MM i E RGN E S MR EE BN S,
E H B8 A A0 R DLBE A 3 b 0 I 1 A0 R 1 R
ke HfSEFEERE, SRR AQSXAMS X2
G, BRI RRIA S, QTR P A X ek A]
PR HLAR B A QM/MM J7 i — B TR I 1) .

QM/MM J5 i1t AR R RE R, 185 R A
ETTRMINETT &0 WIETT ZM R ERIALA:

Eoqunn = Ewu(MS + QS) + Equ(QS) — Evu(QS)
Hr, EwMS + QS) A MM /K- T 3k 15 1) MS Fl
QS X Ik I EAE R, Eou(QS) N QM /KF F QS [X I3k
IR, Ewi(QS) N MM /K F T QS IX 15 i fE & .
ERAL AR TE QS X FIMS X 2 [8] % A A& Tl, 4k
PR R . BRI AR QS XK A 1k Ak
P, fE RS SLRANEAT . T H S G RN K
A, QS X HLfar s Al o K AR A, AE AL T i A
HAER R, I 1 AR A O R AN AR Y
AR, TiETE EEMS XA QS X HEL 1 %5 BE A pl At
Morokuma 5 " #2 H ] ONIOM J5 ¥ iz F st 77
o IETT EMReERIEAA:

Eounni = Eew(QS) + Euu(MS) + Eoun(QS/MS)
Hr, Eq(QS)F Ewu(MS) A QS [X 35 A1 MS [X Ik fiE

2 QM/MM &%
Fig.2 General QM/MM system

EI,  Eowwi(QS/MS) 9 QS FI MS [X 45k AH . 1 H]
e, — G0 4 J B AR LA A 00 AN S B AH HOAE
O, T =B A B A FH 0T S A R AH EL AR RS
TEAEAE EAE . R A AR R A R G 1 O
JH 5 R H WL A\ (mechanical embedding). i HL ik
A (electrostatic embedding) F1 % {4 & A\ (polarized
embedding) K AL EE . 7E K Z HAHIKR A H, QS X
BWARAILE), HoBF%EAZHMS X #
mi,  HACEE QS Je MS 22 [H) A T A Fl 2 #£ MM /K-
TREAT R . HARF RN TR EE, HEBCOVH
& . ONIOM (MO:MM) J7 i - I3 3k 3% b i A\ 7
ZEOR AL QS FIMS DX [A] i AR & o i U RN
T3 N FNMIR A TT R eodE, TR,
QS 5 MS  [8] i HUAH BAE 24 f e B 1 SR 5
B QM M E WA . R, QSXH 4 SH
MS X B HLfT 7 A P il AL, g 7R . 7EAR
RN TTZ T, AN DX DU B AR AL, BEMS [X
W24 QS XAk . FH B A charge-on-a-
spring model®, induced dipole model® #1 fluctuating
charge model®. fEXFITTERT, ZIREUDRESR, £
QM K s — 0 HIG s A w7 24T — IR MM
AT SR XA AL B R FE I, 2y RIS S
e PR, T RAEAEIE A T MS XN R R
ERxpia S ab R, HATBONmAT A TT IR

% $2 i 7 75 (link- atom scheme)™ ™, 14 Jt Jid 17K
(boundary-atom scheme)*™”™ " F1 % 3 1.1 % (localized-
orbital scheme)” (& 3), ERJE FiLALE QM
5 MM LG i i BRI 7. EAE QM S5 MM DT
Ak Qi =My I AN —ANEAME R - o BN R
Bk 2 QT H 4. B RHEAE T, Hbn]b
AT R el A Horb, AT A R
BHIQ, KAQMALH: Q—MHMMER. L5
JRFERAH —ANRRR 2R, “ P TR [ 55
T Cps KKEMJE T, BEEAIEFHIMMIE 725
MM TS, R QM A hinds, HIEQM T
S, ] DUk SOE R IR A g N B R ]
B, RRE LA MM BRI TR, K%
ol FR-TIE TR A T AN A (B ), ]
HRIEAEM R T E, "R HSEACR R E
PR RIPERT, A C—C g R AR TSR AR 1 HH 2

BT, REEWEZ KR, W15 1 (adjusted
connection atom)”. [ % (pseudobond)® >, R[4
4 (effective group potentials)™* . & T 78 i &
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E3 (FERERETE OBREFE (OFBHEE
Fig.3 (a) Link-atom scheme; (b) boundary-atom scheme;
(c) localized-orbital scheme

(quantum capping potentials)™* . #z/IN 5 HE A R 2 i
(effective hamiltontians from a minimum principle)”’.
Z A BT R (multicentred valence-electron
effective potentials) 5. EHIE LR K — A4S
1) AL BILTE SR AT QM-MM i A2 2k . HAL[H
RUBAE— AT R+ LR E —HEE R e E,
I RFFIXECFNIE RS, A2 5 SCFiE. XHETE
F A R E ¥ (local self-consistent field)™ '
Uk 45 HLIE (frozen orbitals)™™*”. |~ X & 1L $LIE (gen-
eralized hybrid orbitals)***”~* FI4G R Fr # (ffective
fragment potentials)’™* "4,
23 HH&BERZE

H A5 Se i s A HaEn ik, RGN
AT B A s A AT D R EdE 2 —, R ] 4
NZINEE 2L H HBE(A) B A i E HRE(G) . KIE
%% H H 68 1&E A& 1 W & %% (canonical ensemble, HJI
NVT #%5), Al HHAEEES NPT /245, Hr,
AG = A + APV, "EWRI> T — DB R,
Ft, R APYVIERINO, 4 AG=A4. X TH&
H A A7 SOV, H HEEARE R A TS
ML 25 F v RO X RE B E, T 7 B i A &
(ke , o BRAR SO )BT A o

B, BHEEIETEMERZ, IR
FE2 EH BRI #1285 (thermodynamic
integration, TDI)'"”, metadynamics'” '” #1 Jarzynski
equality* "4, US =2 2 ji I jiti in s 24k o022 45 o
B, fE1R RAEAE S REDCRRE, T 5 AR 4 ME R
R H HEREE, BME N TR ENA
HHRE VTSR T iR AR A 50 > 1, FEP B A% AR
FAEVIRS ARG T, RS2
H AR, KIRBYIRE B HAe 2, XFhT7
EJE IR, TR ERUE RS ERAE, TN
SKULBCNNER 7 TDLS FEP 264, RAEXHA
RATE H HBEZE R E XAFE, FIHSSRE R
FHMERS EHAE, EFER, BIERNWE

(adaptive biasing force, ABF)Jj ik " " i j& 7& TDI
MGl B EERI, BEIIAN T WME IS, &
FORFERCR, HoRFEYSZ); metadynamics 775 %
T 0 A AR ERE DA W it A A s 2 2
R RER L, LR R B HRe X,
it 0 B B B R BOR X B R REREAT TR AR, T EEA
i HE R N B AR TS I, R, 7RSSR
e AL L AR 7 A LR A s Jarzynski
equality 75 22 i 2t N A0 A1 ) 18 180 E 2 1 Ik 548
R R Bk EH i Re X BT R R, BRERAT
WD) R GEF BRR i S Sl R ) H R RE, FE R
VRAESE SOt SRR EABORMLS M. B UM%
FEHHBHEREHMEE TS, HEH T ZN
F e
24 XEBREERIHRE

S A L A R A/ 7 W i 3 % g R A A 2 B
AAEEE o EENER, R AR A
Jiik, FR DR T B AE B A AL 1 2 o P 47 JE P £
o Bdn, o EERIERANNEAR, Bl QM/
MM i+ 5 80MM MD B, DR AN A il ik 2 45 R
HIELEL, T DAPR B G g ik i 8 i i A0 3 A Hh AN [A]
B B T A A 45 R B D e/ E

Hig b, PSRRI RS & T RIER],
i >K F molecular mechanics generalized born surface/
poisson-boltzmann surface area (MM-GB/PBSA) /7
o ZITEREET 70T 15 5 R AL —
Fhgh& B HRETHE T, SRR T E AR -
R, AR -EAER Y, EE R - EAE
S . BUAR (L) FIZ AR R)TELE A
RL 456 H HHRE(AGun) T AT

AGywa=AH — TAS = AEuw + AG — TAS
Hrb, AEw AGGHI—TAS 73 HIARESA MM i &
A I E AR G . ABw L HE B
Ko BMA AR E . F A BAE A Re e A
HAHEAEHRE. AGa2WEAALEE S, AHERH
GB 1 PB A5 B T 545 21 F B A0 1 774k BE (B AL 8 0)
2R FH ¥ 77 AT J2 3% T #R (solvent accessible surface
area, SASA)TTE|HAFER AR BECRMALEL 7).

3 ITEMRHRE
31 REHEHRECIETEHETHERERN
¥I3E
¥£ J 4 @ B (hydroxynitrile lyases, HNLs)HE 4%
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A U A S N2 9 () S L JUR(HCN),  HCN 1
FE TS RT DA 7 B A ) 1K A0 12 S 3 ) B S A= 4 1
f&F Y, i H R R R AT IR I A A R A
P deAh, Hal s SR BAR SR A R E
I BBk 2, T JL4E, HNLs &)
RN T2 A A e Bk, X
HNLs {46 i 2 FIR AN 708 B T ol =4k
KA B . i, FRATR A MM R QMY
MM MD #)J5%, SaP KRR, MRAARE
1] 2 B 24 fi# B (hydroxynitrile lyases from Manihot
esculent, MeHNL)#EALIFEHEAT T 2200, IR15
(1 H eI 4 S UL 4(a)7 AN B 10 0 2
045 S ) R B B TS 1L 05 I A . R R R
A AR B A= R AP IR

X R ) ) e is AR P, it
RAMD MD #41L, 8RB 1 5 Sk N3 1AL Rl
PR TR ) T R J L BRI,
SE SCHCV B SR TR R U TR R HCN FR 3 Ak
B, KA 209, 18.8. 16.7. 14.65. 12.56.
10.47 F18.37 kJ-nm ' g ' [ i3 &£ A1 0.0005 nm 7]
0L R B B JER A0/ 7= A W A i R ] RSB A e . X
TRV s T =R, 4 3Rk 28 2k ik, Jf
R = 5% T BRIEIE (43 5l € X ORIBIE A By C). 1H
T8 AT HRHE 180—190 A1 Trp128 2 8], i iE B fir
FH%3E 115— 130 F1 Trp128 2 6], J8iE C A FF% I
115—130 f1210—225 2 [8], =A@ PE & 5 1 ik
BR8N 1.2, 1.2 8 1.5 nm. i H., #iEA
WS LLBARIC S, HULHENEE A &K 2AHRH
A 3 S T (L P 4(b)) . IR B R L33k
1T9cih, #E— P5AE T Wil A BG4 s .
TR = fia i fE s, @18 A M TTek e |
2 )\ALL L, TV B TE B FEE C MR
Ao FEIEERE B, 38 MM MD 79345 & T KRR
B, X /=1y i 5 32 B3 1 S R R
AT TIHE SN, oAl T —4ER Z4E R H
FH B8 (LI 4(c)) S R4l s pLil

THEBAUE R, RN A AT A SR
Trp128 IEHHE P 73 U2 (W 4(b)). B Z6, RN
YiZE SR R b, JF 5 GInl81 1 Trp128 73 il JE
RS A AR AR AR A, HESh IR N B A
B, BEI, Trpl28 FlMetl47 &b F 32 MRS 4R
JG, Trpl28 BBl , WIEF I, YA Trpl128
FIFLHEIAIE i lone pair---x Ml z---x AHEAEH, It 5

Met147 L s A HAE R $28ok, A —CH;,
FE A Trp128 JE i —CHs- - AH HAE ], Trpl28i%
WG WE, RWE GBS AL 5 Thrll,
Ser80 Al Lys237 & i & % AH H /E 1, Tlel2,
Leul49. Leul58 fil Tle120 JE i i /K 148 5K 25 94 )
NI —CH,3E ], R, Trpl28 58455 M.

HCN AP B (R T 40 AN AN B 3 — B
Bt, HCN &P 05, 5 BEF KB,
Trpl28 7E “FF-K7 A M4; 5 B, HCN
LB E O X HK, Trpl28 B Hi LM B =W
B, HCN BB, 14 R & 2k R ME
M BB B, BB B IR IE A R, RS
Trp128 il —CHi---z+ lone pair- -z Fl -+ -7 A H.AE
H, 3)AE Trp128 M F TS EHM B,
PIBAY B IE &, Trpl28 Bk B KR &
5, VIR SEA RN, BEETOKMEES, 8 e e
K

Tt R A0 4K 2 I N ot A2 1T 49 8 =25 (L 4(d)) »
HRRAUR T, BIR T HIR2AE 3 45 Ser80,
Ser80 ¥t H & )i 1% 188 45 His236, TR T 25
FHEMAALS ML, 2 RS, Wl TR
RN KR HIZ C—CNRKR, Bk
A IM2, SR, FARBA B (CNO) TR, I8
Lys237 [ —NH: 2 1 Fa e, B R i B A BAEH 5
BIGRHCN AR, BPeds, HAF 7R 7
¥, BIJ5T¥ H1 His236 % 3% % Ser80, B 5 Ser80 K¢
H & 715845 CN .

MANIE T H R e F B R R, RNYIMN
B AN N TR LT 5, TERRIEE AT B, B
51.9 kJ-mol 'fefE, 2B EENEFRERIKS) T2
s AR N R R EOREH T C—C M)
Wr 2L A1 HCN A i, HHBEE E LN T71.6 K-
mol ™', RE T AR YRR %
H AL (LB 4(c) 7R, HON IR T A,
HCN Bl it 224 9 8.4 kI -mol ', HJiH#19.7 kJ -
mol™'s NEAREEE2ZI N 41.9 kI mol™', {E—EFE
fE Eggm TR, SR T
KA BEE, 9B AR B R R B B 3 )
Res, A B TR REHEAT .
3.2 ZEKEMECIIEERETHESEN

&

% H 7K fift B (nucleoside hydrolases, NHs) & —
RECRBET CaMEIREG, 15955 AV IRIER %N
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El4 (ECIEEHEZLERE"; O)RIPHEIEPEEREMTHXERERMREL";
(O MEMBERAEZLE"; (BELPILERNTRE"
Fig.4 (a) Free energy profile of the whole enzymatic catalysis'’; (b) key residues and their conformational changes at
the representative states in the main channel’; (c) free energy profile of product release’’;
(d) chemical reaction steps involved in enzymatic process'’
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RO B AR, A LA AU B A% N-
WE K AR 2 A B RIS, DRIk, O AR A
AW G| JTPT A A bR S, HOK R R RO ERS
A FH RV NHs #0550 . WL - - S -1
K il (IAG-NH) & NHs H (1) — 3§, i) Tk
JJI#F (inosine) iR (adenosine) il & ¥ (guanosine)t]
IKAR . SZIG T TAG-NH O fE A o 72 7] 2 A YA~
IR, NG G BB AL A SR RO
SR TEORAZ R RE IS >, e A MRS T P e e 2
AR B Yo P R I, Wu s YR TAG-
NH i fEf it R AT T VAN 9T, s 1 H E HRe

HE(LE 5)-

QM/MM i AR BT ", JLE 7£ TAG-NH
EACAE F R KMl A b SR AT B, Forpr, BEER AN
Bl ik 2 [A) C — N B (%) (T 22 DL S BB 3R K 43 - 22 TR 1Y)
C—OBEAE 2[RI & A2 I (LI Sb), TR NT A1)
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5 () EXTIEEHEZTHERE"; (b) IAG-NHEXAE KBNS
(o) FFIE B EAARRETSHXRERERBREN"

11,15,159,

Fig.5 (a) Free energy profile of the whole enzymatic catalysis 5 (b) hydrolytic mechanism of inosine catalyzed by
IAG-NH"; (c) key residues and their conformational changes at the representative states for the product release'
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Fig.6 Relative free energy profiles of the ring-opening reaction along the reaction coordinate for SmuNagB
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7 E&ME)FIIED)ART, SmuNagB ) apo SERDMEATEDNEARE. ORKREE X RMSFE "
Fig.7 Overlap for the apo state (blue) and the enzyme-substrate complex (red) in acidic (a) and
basic solutions (b) along with RMSF values of the backbone and surface of the active site pocket™
RMSF: root mean square fluctuation. color online
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&8 Model B (a), Model A (b)F1Model D (c)RI5EMENL 5 K lid motif X S HERLZIEIF"
Fig.8 Hydrogen bond networks around the active site and the lid region of Model B (a), Model A (b), and Model D (¢)"
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