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Abstract Vil

Abstract

Molecular dynamic (MD) simulation is an efficient tool in the theoretical study
on the dynamic mechanics of proteins at atomic level. Recently, based on the rapid
development of computational power, MD has been widely used in biological field,
such as protein structure and function simulations, drug design and so on. However,
the application of MD simulation is still limited by the accuracy of force field and the
effectiveness of sampling methods. Around these issues, this doctoral dissertation
consists of 4 parts: 1) the development of a replica exchange molecular dynamic
(REMD) method with hybrid explicit/implicit solvent; 2) using an approach
combining normal mode analysis and umbrella sampling molecular dynamics
simulation method, namely NUMD, to predict the conformational transition pathway
and to calculate its free energy landscape; 3) studying the important role of
polarizing effect in the protein-ligand interaction using QM/MM; 4) studying the
conduction mechanism of methylamine and ammonia molecules through AmtB.

REMD is one of the most important methods to investigate the protein folding.
The requirement of large computer resource has limited its application in large
protein systems. Chapter 2 presents a scheme for REMD of protein simulation in
explicit solvent that minimizes the number of required replicas with velocity
rescaling approach. This approach relies on a hybrid method where the protein
evolves at each temperature in an explicit solvent, but replica exchange moves utilize
an implicit solvent term. The explicit and implicit solvent terms are coupled through
the velocity rescaling. The application of the new approach on the folding of trp-cage
protein shows that the required number of replica has been dramatically decreased

from 40 to 10, leading to the significant improvement of simulation efficiency.
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As the timescales of protein conformational changes are usually much longer
than that the current simulation methods could cope with, it is of great importance to
develop a highly efficient method for accurately exploring the intrinsic or substrate
induced protein conformational change with acceptable computational resources. In
Chapter 3, the NUMD is applied on three typical protein systems composed of up to
more than 300 amino acids. The great agreement between our simulation results and
the experimentally determined conformations and thermodynamic parameters for all
three proteins indicates the general applicability of NUMD and its high reliability in
describing protein conformational change pathway, mechanism, and free energy
profile. It is observed that the substrate-free phosphotransferase enzyme adenylate
kinase (AdK) and calmodulin can sample a wide ensemble of conformations along
the minimum free energy transition pathway. The binding of respective substrates to
the two proteins biases the sampled ensemble toward the corresponding
substrate-bound conformations, suggesting that the conformational changes of AdK
and calmodulin follow the population-shift mechanism. On the contrary, the
simulation of p38a mitogen-activated protein kinase shows that the binding of
substrate changes the free energy barrier between the two functional states and
promote the transition from the substrate-free to substrate-bound state, which is more
like an induced-fit mechanism. Therefore, the present study strongly suggests that the
detailed mechanism of substrate binding and the associated conformational transition
is not uniform for all kinds of proteins but correlated to their respective biological
functions.

The protein-ligand interaction is one of the important questions in the study of
protein structure and function. Recently, the important roles of polarization in the

protein-ligand binding have been received increasing attention. Chapter 4 describes a
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scheme for MD simulation using QM/MM charges to reflect the polarization. This
approach has been tested in two systems: estrogen receptor and biotin-avidin
interaction. The binding free energy calculated by MM/GBSA shows that the
QM/MM charge could distinguish the difference of these systems, but AMBERO3
force field could not. The result also reveals the importance of polarization in
calculating the binding free energy using MM/GBSA.

AmtB is one of the ammonium transporter proteins facilitating the ammonium
transport across the cellular membranes. In experiments, the substrate used in in vitro
studies is the radio labeled ['*C]methylammonium, rather than ammonium itself. In
chapter 5 of the thesis, MD simulations are used to explore the conduction
mechanism of methylamine and ammonia molecules through AmtB. The results
demonstrate that methylamine could be automatically transported in a very similar
way as ammonia in wild type AmtB. The driving force for the conduction is mainly
the hydrogen bond network comprising H168, H318 and Y32, working in
coordination with NH-m interaction with residue W212. Then, S263 translocates the
substrates from the exit gate into the cytoplasm by hydrogen bond interaction.
Besides, the role of the two conserved histidines (H168, H318) in ammonia and
methylamine transport is evaluated by using a combination of in vivo studies, MD
simulation, and potential of mean force (PMF) calculation. The in vivo results show
that a single change of either of the conserved histidines to alanine leads to the
failure of transporting methylamine but not ammonia, whereas double histidine
variant completely loses its ability to transport both methylamine and ammonia. MD
simulations clearly shows that a single histidine variant (H168A or H318A) of AmtB
confines the rather hydrophobic methylamine more strongly than ammonia around

the mutated sites, resulting in the dysfunction in conducting the former but not the
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latter molecule. PMF calculations further reveal that the single histidine variants
form a potential energy well of up to 6 kcal/mol for methylamine, impairing
conduction of this substrate. Unlike the single histidine variants, the double histidine
variant, HI68A/H318A, of AmtB is found to lose its unidirectional property of
transporting both ammonia and methylamine. This could be attributed to a greatly
increased frequency of opening of the entrance gate formed by F215 and F107, with
a resultant lowering of the energy barrier for substrate to return to the periplasm.
These observations could explain the different conduction performance between
ammonia and methylamine which is observed in in vivo experiments and provide the

detailed mechanism of AmtB transporting substrates at atomic level.

Key words: Molecular dynamics simulation, Replica exchange molecular dynamic,
Protein folding, QM/MM, Potential of mean force, Ammonium Transporter, Normal

mode analysis
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S, IHAEBN SRR 1R B R
1.3.3 FFEMER
75 AR AR ALY v Ry BN 25 il o AR S AR AR T RIS, T R
BE T RE, WKaminski % A & B 1 OPLS/PFF™ , Ren%: & J& 1Y
AMOEBA #137°57 L % Cieplak% /% J& [l AMBER ff02, ffO2EP % 304 & FI| i ix —
B, N E LLAMOEBA i3 9, B4 — N X s Ay
AMOEBA 7137 T AL BE R BEAH TAE ], Vo EE A TLAE A dm i /)37 2 —
B, MO X AAE TR AR BB B, ESRA B R 2R R IE A,
Wk 1.16 Fizs.

Uele(?;j)zMer;ij (X 1.16)
Hrh M N2 kERR, Rl
M, :I:q”lLli,x’/ui,y’/ui,z’Qi,xxﬁQi’xyaQiszg"'QI-’ZZ] (X 1.17)

q LA, u N R,Q UMK, T ONERT i A j 2 e 2 A AR KR,
AR LIS HHES.
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0 0 0

1 L
ox; ; 0z,
0 0’ 0’ 0’ I
Ox; Ox0Ox, Ox0y, Ox,0z,
— 2 2 2
=0 0 0 o (R 1.18)
dy, Oyox, 0Oyoy, O0y0z,
2 2 2
0 0 0 0 I

0z, 0z,0x, 0z0y;, 0z,0z,
M M M M O

il P IR b e B AR T IS0 R, (b, DOARES), AMYAERE St
e o5 o Bl ) ) fE S AR O, i HLR 2 TR AR AR AR AT DU 5 3 2
Wefty s 7 5, RN

M, =M +M" (A 1.19

MY = ai(YTIM ] + 3 T M) (£ 1.20)

U U

Horpray REFifRAE, @it 1.20 Q5] DS 2 E 710755 2 %
o, &R DU R 2 B A BAE ] . H ETRen®5 A ] (EAMOEBA /7
Yyt AT B 2 B8 7 WP RE AT B 1 B -FOAR S 5 H T RE, #S SEgn A RARH
A0, BORUERP 7 A B o NIk b 05 vk T XA R A B 1 R T AT
3 1.20 AIAATHE, AR — SR R p S e AF AR R AL, 1y HL ) AR 0K
R R E R,
1.3.4 ETEBABFTHARLSE

bt E TR AL A PRI R AR T 1A A EED . H L REAL R 1 14 2
KhC&f TIRKBERE, (B &7 7152 Rt FU AN RV Zad FE AR 1 TR M
IEFERAR Z AT FEHE ) TR T 5 i 5 R B2 I R AR B %
BTG < W EAR, ARV RS2 sk R S S5 e 1 FRHENR 201 0 BE
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(MFCC) KA AR 73 T RATHE I, FEEAR R 3R A Wik R K40 AR 2 7
k%, RGN AR RS AT 2 5, s 5 e R 1
BHIFAK, BrCER AT SR DL AR R . AT IR 7 7%
N 2 E R LA, DNASECARSE 2 /ME RIS G B il Re v S AE - ALt
7. AT SEA I RS A, SRR YL R R T 2 TMFCC-PBI
WA AL B (3 R (R 10, S LR 3 AR 3 R AN LA (231 3 g 2 R o
2, MR EMZR (biotin) & RNKUL, FERCIALE A H fHE bk 5 25Tk 1)
S ARALAE T, AN 2Z BTN A TE 48 A EAE FH o Rydeilf it 21 Ot 1) FH 248
(1) AR 2 821 R S R R ) HR A X AR RN B AR BRI R sE ), S5 RER T
B AR AL AEMMY/PBS At 5 FIriie 1) EE R A
1.3.5 HitWETELXSZNTRLSEZE

SIBFA® )52 7 4h— P 3t T BAL ik I a Ak 1135, #E10E F137 o 34 RE 2
j'\jﬂrﬂj’ AE'int = EMTP +Erep +Epol +Ect +Edisp

HHE,, NHEWIER, E, rEREEFRe, E,, ARALILRE, E, 9T
HHRE £, .

E, . B 7RI N R, @l E EAA R AR S
B R TEE RO L, SEHRENT. RIEEAR 116 AR R
I A AR . B, JoBE-T,  BE-AION B X AN IO HEL X 22 T8 A LA
JE I AT SY/R I BR BOF AT 54 3, e rp STAE A AN HE HL A FH A 8 B 3 ) =
&. E,ME,, BEMHEDFTERFHF A S M £, W@ 1/R%1/R® /R

BRI AR5 . Gresh® R X — AT RAL i3 15 T FAK. WG S5 O o A L
VERIRE, 45 RARBUEE G AL b K AE BC AR RN 1 AR B A e 7 SR

H R 22 B L i 25 0t T2 P e SR AR S
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1.4 RS EN AR

TE 53T B 15 B R R Rt e, JH L 60 25 2 K/ B DA F B 1 3 #4
HHEKRIES . W7E 1998 4E,, Duan Y2 REFIF 256 % 1¥Cray T3DHIZ
HHEHLN 36 ANREEIHP36 /N FTHET T KIA 1| OB 13T B ML 09730 715
B SR, BEZ YT B B TS Anton & JUIE R (K B ) 2
Desmod 1% JE®, 4378 /% L i U A3 3K K35 . W17E 2010 4FDe Shaw
TR A LT TR W W S R R/ B R FIP3S AT 1K 100 B AL
Pife S EATRBITE, 1250125 B rh R BUFIP35 (1 T3 SmT A4 1043 #06,
XS SEIARIE R 14 BRI B AR R 6, R RR R BT BBl ¥ 7
PP S

ERARAK I 8] (1) 1 S AR B 1 BR3P 8 KM 8 Ak (R 9 7 F EAS T AR
KIE, HRHTEARMRERER, WAL RFEEBRE KL, X
ST AR BN 1AL B8R B A L A BT A I ARA R K.
LRI BT, #RRIA T G U A K AR I, T8 S %
PR E I . T LS 8 R R 80H (8, BT R R R
K, FTBAE RIZE IR B BT B 0RO R B RORRAE 1| BT . 546, B
SR R IAH UBN 15 B AT AA B R0 go '®, TR T 88 11 37 2 i A
FIH AL IR &, B R AT . FRIE R B T S R 180 T %5
YRR HURE J7 995 1 2R RS, 30 88 S BURE 7 VR T DA S I AR A AL ) 9
PIFAE SR R EDAAT A, DR M i R AR AT 7 (e 18772 7 S 3 )
TP, BT ORGSR AT L™ . Forh BIA T4y 71000
J59% (replica exchange molecular dynamics (REMD)) 7t &2 T/~ X R 45K it
R B R RIS i, T 9 B — R RIS L i
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1.4.1 BT RENBIAERSE

A 3 0 A AR R F T B A 1S B S RER S M R, AR IEE R
ATHRALE], KB T RS ME MR RSB ik, AMARIES a2 B i, J
CAfERARTTE, MR KE A BT SRCAA BAE A 2 55 s b 15 3
TTZR ™ WiHansmann® AR F Bl AS B# 77 2 b BAT 67 AR
Top67 & 13T & F 5 M kg5 AR R IE U 25 (RMSD~34) *2.

R A B e AR L AL A e E1 A E2 I RIAAETE AN A
WREE T1 A T2, AREATRA & MMERIT KA. HriX A~ gl A i =X
1.22 {RE B

o(1 <> 2) = min(1,exp(ASAE)) (0 1.22)

Her p=1/k,T NiERF T .

REMDJ7 i f& RIS H /& 58 R 16 B B P 7 iR SE B, T7E B
B R, AR MK R, XA R I B L AT AR B AR
%, PrUAER UREMD T & MBI A H R HE KK, N T 4afim A% H, #%
RIS B AR, HAr L TR 2 IE M E, R -EREMD /5% (hybrd
REMD) MR I 7% (solute tempering) ¥ LA AR B ML T
FEZRAUREMDRSE DL, A4 2R AL, & AE L SE /KRRy, ABAE AT S 3N, A0 Y
AR CITERR M KBRS i 34 B, AT B T 4 35 HR /K 1 ER EE X RIAR 0 H I 52
W, XAEARITRENEIASH S R S EARE A, B> T
PR RIS, KIEIR E SR . OkurES 4 ix — 77 158 F B ALA 1o I BE 1
P, SRRMR TR 8 MEIA, #inT L5 s FIREMDA40 A El A
IR0, T HI 7 VETE A 78 K ) B Ak 2 B I 4

SRR N RIS, e 5T I s 2L, R R

KERIBEARI T E,, =P, +P, +P, . b b, NEAKBE, P, AE
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HAZKAH BAE R A RE, TP, AR HKIFARE . 18772 A A W 15 58 e (1)
¥|JTEIE11:PPP+%PPW, EFEAMN AT A RS2 34 RE, 10 BB 2R 1 RIZK 18] (R AH B
TEFREFZ Gt 25, AMUIRERCE, CRefgmaEmit:, SChRllalm 4 R w st Tr
AR TR TR R, B TR . i Huang S AKX — 5%
;B o TiE, B-HT B 45 AN A Trp-Cage 3T S0, KIS 5 MK E A
HAHTTEALE, R ZE0 TRIASH, ke 6 E B SORHE R ZH,
BRI — 7RI T SE A R

1. 4.2 &EF Hamilton PEIAE#]F5%

FEH I RIA B ITVET, AR T ASF R, R 772 R
i R AR B3 715 o T #EHamilton AR HLAR 7", AN [R] ) R AS 2 1E [F R 1
I E T AT, R AR A A HamiltonJE 2. i —MEECE WL
77 ROE /K N EIJ A B #7775 (Hydrophobic aided replica exchange) ™.

W7 iE R R 2 F RS B 3

U=U,,, + AU gl (X 1.23)

FEAF I EIA P OMER A —FER, IERVEE D021, k)7 ik 22Nt
BiKAE LU P ey AT IR . =1 0BG KR A e, B
FRATSER B R AL, T AL, W T — N HUS RIS, R R IR
B EEEIRAE S ES . WA FEREIARL T AR KT, Sk, f
G IR BERE 22 PS8 . W1 Zhou s ™ iX — 77 v 8 F BIGB LK BE 1) 4 S 72,
BRI EE6A B A K AT LLLE Sns BN [8] AKX — S B R &, e Jyxt i
() FUEIREMD 7 7%, I R5 264 RIAS, IR IR R 3T
1.4.3 BHIBBIAE T E

HI T AEREMDY 75 22 2 AN RIS [\ I B &N R G 0L, BB KI5
B, Ma% 3 FREMDIN R IR & T —Fh 12U 10535, 7T AE— 4 il B
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XTI TR EE AT, AR Siih 7 2 AR B IR R LE, AT R R
R —AEIAS, g ORI IR Gt S5, M v 550 5 R ORI
Ao BT TRR 5 15 IR B TR A A TR BB ol e 1 B
B2, W T 67 2 108 MRIER 4 NEH, KIVEATE ] LIE
T ) RV I 1) RUBE Y B D48, BT RAS I 54 5 @l A 5 1) IO RMIS DT AT LA
EF 2 ALLF .
1. 4.4 EFAHZZE (metadynamic) BIHEIS

Metadynamic®* & FHlSRH51 [ BT BEZRAL A0 518, JLMIBEA R ER . HIRATATF A
— AN BANNETF A RE 5, AR RIS A, reRY, TIXRMERT
HEEAU@D). FAFIN—HAESE R (collective variables, CV), sETERHLLL
brf3 2| IX e E SR IME, AseR, K DUX LA & AE N K helmholtz
H HHHE BR U T LLER IR A :

F(s)= —% In j dre ™ 5(s - s(r) +C (X 1.24)

Hrp C 2% Al FoOBME TR RMBIIZNITAER, FILr Ll
AR 1.24 A CV MR RIS . BL4h, 1& M BOX L2 Ko Ll 3k
A IS 2 B HRE AL ZL

FEARRR A 00 % B 77 AR T B R R — AR T IO iR e OV
ORISR RIRAT, W3k 1.25 PR

F(s)= —%m N(s) (% 1.25)

BRI T RE2RMUAEAE, — B P [DIRZS MR 5 5 A O B R 2 Xk DAAE T I 1]
1 LB 77 AR 3RS, PR 7 BRI ARG . 3 b —Fh A Ry
R NARTIMAN—ABREN 7, 2 RAER R IE AR — 28 R B,
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AR 1 0 5 g T Lo T i AR 2

F(s)= —%m N(s)=V(s) (X 1.26)

RIS S @& HICY, B AT RASRATIX He 4 1) b DLLE B BN 7 2 b W 8%
FIMI R . WiFabio Pietrucci®s”KJE T —FFiMEASH, KHAT pHEA
SH3 MGB1 4 B, KILEIL XA ICY, ol DA R 5 2] 84
BRI HIMI R AT BoIRAS . T Stefano Pianas AR BIA L H R, KET
— B ) A Be B 4 1) 1 3 & B 7 5 ( Bias-Exchange Metadynamics
(BE-META)) **, ¥4 H@IhH T Trp-Cage/NE H K B0 5. Giovanni Bussi
SN B3R 7RG A B 7R AT A, R T — R IR AT - B A
R4 (parallel tempering plus metadynamics) *> %, ‘EATELIh IH X — 72
N HEIGB1 I BT, BUE T B G RIRIA B 3 5 LA ERIReR .

1.5 NG

HIRHI THOR, ZUERHIIIR, JRT 0 S e S5 SE IR BOR (R e A .
EAGH 3 2 R Bl AT RO AT g . AR, H RIS T e AN RESE A 1E 70 T
AT 7K e W R 5 R G A A A NN J1 24T 0 o Bl TH SN LRE 1 AR 7R K
FETERIR I, 0312 1 AU N it S0 8 0T 3l 54T N i) B 22 - Bk BOR
JZMZ 52 EARRERBT SR, FER Oy SR TR SR AL R B

SR, Bl BT A R A A 73 K R AR N SR R e AN 5, R R I3
T8 A S ORI R K 7 T R e o PR H AT IR AL F137 o 1 3
FEAL B L ARAL P I RCR, HAE— SR R sl N, WRS] T RH R A R
Bo ERENBERD], HAmH I Ik 135538 80 B SN 13 R4l
RERBAIEUE, RN R TARKAERE, P PUE R S &K E
SEERAVSRIE . T H AT LAE B — m2, TR S A A T S R B

H R 22 B L i 25 0t T2 P e SR AR S
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Ny RILFIRIREE R RMSD R 0.71 A, 1] WLIRATIIHT 7532 0] LA 204
JER S ARLE .

2.5 SRS E S ES, EA1LF M8 RMSD 5 0.71 A.
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HNE] 10 A4S, AT RERCRE RO . M H B BT, 5 R &
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(Mg* ATP + AMP <> Mg** ADP + ADP); TiiCaM > *"J& 4l g v 22 Rl 20 o 155 4 1)

FWEA, ATLLAYENIE 100 2AE A WMATp38olilE L 40 i 3 Xt #h 51
JE Dy E s bR E B, DR AR AT DU E SR 9.
AdKFZH 3 M5, RIHbR AL 118 2 167 A4S G ILID (ATP4S
a0, 3t 30 2] 67 HKINMPAS I, (AMPAS & 38) AIERGR 2 NI
[FICOREZE Mk (FREE 1-29, 68-117 K 161-214). 7E A IAREHE B R ILAIK
BAFFRCHPIM S, B2S3E SRS & g, 5/ LID-5 COREMFE
BAGE, LSS DS FAT IR, HPDB 572 4AKE ™. JIHIFIAPsA
5AdKE: A, BIILIDS 5 CORESET, {#i45 4 A4S AT M R (1AKE *)
Canf 3.1 Frs). 38 =AMk & CaMF N A Ci 43 71 B AT — P helix-loop-helix
motifsI &5 4380, IRV AT DAY S i 1) — BOrR AR E « & 3.3 A, 4CaM
B 5485 B 1 IR, N FIC R [ helix-loop-helix motifsit - Lk 5 %5 (1) 5 1]
% (1ICFD "), 14454 T 455 1 5 1IX 1 helix-loop-helix motifs 5t % #& 7E ¥ 41
1, TifECaMALT4TIF IR R(CLL »), Wi R T S5 E A4 4. 5AIK
FICaM A IH RAN A, B3 8ot B4 M AL A Hh 72 & (5 M loopHh (B
£ 166-177). W& 3.5 s, Wilp38a il ATPAIRLAAR K 45 & A8 & AL FENZR &
F4) TR e C 535 M loop A1 & & H & BR-loop(glycine-rich loop) & k). TEiEHE
loop AL HE T (E S F = AR “F IIDFG45 44 (Asp168-Phel69-Gly170), EIR'E
AITA] LATE ks 25 Y &R Ak T B HDIR S HIDFG-inf R (1P38 °°) FIkb T 5 ATP4E
A MDFG-outiy % (1W83 D). HATSLE B NMREEEE?, fhih AL Xl
FALALIIS ) ROBEAE R LA b, DRI Y 8 R 7 2 A A0 SR A5 A AR A 2 1
FRMER . BATE R EIITTVEN F BIX ek R ef, 45 R ILERAT77 26 (1w ) 45
He) 5 AR ) S A AR 25 SR = W, DRI AR D7 vk D i AT A2 R FH 3R R
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WFFE P EENMAAE FH 3 iMOD Y . He b AdKEE A AR 16 45 49 9 1 A &5
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GER N A 55 B T S5 A I SR AR 45K 1CFD Y, TE 9 B ARG M 985 B8 145 & i
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T T8 3.5 St st B Pl 2 b TE IR sk o v 4k o F0p
R EEIR A ENBEo H i 2 OO s s iiesifin,
BEgep I 0.8. TR T IS M S B, AT T EA 222 B o T

BEAT 1000 2 K7L, SRIE AT T — 20 NMA i+
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— R B G5 R VE N PR I A 454 . R — A IUFERE R, FRATITE
X RIAEFFAD s HIIN T — A AIEHBEE,

E, =k(AD _ADmin,i)2 (j:Q 3.6)

rmsd

Hrhkh HE L, AR 10 keal/mol/A?, M NARKR AD, , &4
AGER SRR H AR5 H IRMSDZ % (AD,,, = RMSD = RMSD )

Horp X R /R, X, X, R NSE SRR H R R,

in, i

P GAN TR GE A HARRIZE M, 1T H Ao Z M AEMIA R R3] T
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FEAD 1o R (8] HEERG 0.4 AVE N —PMEUE L, XFEEADKTA 45 &
M, MfECaMA 58 AN M, 1fip38alll 61 M H. HEAM/NTEHN 1
535N AMBERO3 137 MIGAFF 113" o R8I, K3 B 45 440 2 Se il AE
FWETIP3PHIZK &7 B, FRINADUAT B 7 2 s b . SR E X R REAT A
FOTFiR: BRI 10 keal/mol/A% [ 7744 88 (A FIBCAA () 5 5 [ @ e fk, AR5
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IR R B 20 S A IR G AR T 2 5 R AR, R A RO IR K HEE R AD 21 53, T
B HE M TEAATIF IR 2158 42 5C BRI 75 2450 B 2 A0 i [A], - PR b A
TR 45 R W7~ ADK T BER U AR sh A 2L

FATE H K e FINUMD J7 5 1H 543 2] 1 48 1 A Be A4 1) AJKCBE Sz 7 A4 A
ADimsa 1 H HHRERE St W3R : SR BCAART, 4T XM (ADmsa>6.0 A)
MR EARENREE, RARERN; M TAT SR (ADma<-6.0 A N
X PR AR E . XSRS RlCR 4 & I AdK I S AR S5 18 R AR AEFT TR RIP) S
W —8M. FIMEBR B AT LLE H ADK R SR DAFE — MR 58 1) 6

H R 22 B L i 25 0t T2 P e SR AR S
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BEATHAS, NADmsa M-6.5 A 3 ~1.0 ARIFEAS L2 Hh I AT 1E B B AE

X2 R R MADKE H R IEAEE R, T LMRTRAFT T 1R S A2 9 4y
KRS, IX 5 R Hanson 256 (K1 5056 45 2 B VI A 10 N T AT AN Gk
s E P, BATIEIL X 75 A 46 1-1.0 A<AD 1sa<0.0 AR5 IFEAT TP HT 13 51 it
TILER) . B3 2¢HT7R, AdKHIADmsa M-6.5A | ~1.0 AR 2 i K 178 1k
HrP G MIRLID A, T 5 — DS HRNMP U E A B AR Ak, X — 25 R B IR 4
FIRLIDI SR K FNMP, 31X S flKatherine s (1) S 45 5B 2 i FE W) 4 (1™

open

= 30T —Substate e

£ 251 — substrate-bound

©

ém-

515-

§10-

o 9

€0

- U5 4 2 0 2 4 6
AD_ (A

K 3.1 EE: JFRISCADKT A48 (PDBS 43 58 4AKEFM 1AKE), Hi[H]
JIAIHIFIAPsA. N BV E LA S ABFRAD imsa HIKI S ASAK I HREAS AL IR (BB 2%

NE, AENAEAEE ).
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MBI R M A BCARAFERS, ADKIR SR AR B8 B RIEALT &
PRGEF B IL(ADmsa=-6.5 A), i A& AT P Z54 (ADimea =1 A)o U1K 3.2¢
s, Hom FE M R Z LID I R 1 T R M 458 (-1.0 ASAD mng<0.0
A), MHETHMREELE#H & T¥IE 4.0 keal/mol, X —%5 % 5 Hansons i i
FRET 55 56 W 58 1] 1) S 96 5 D2 LU R & 10 o At 7738 I Tl 95 45 #4 5 LID Al
COREXZ A HIBEES, RIS MAIKEE A IRLID I #) G A0 ] TORPAIIR R o ax 2
25 R R ADKAE W P2 R ek, RUERA ORI A &, BN E5 MR LID Al
AR A DG P, T 45 R SONMIP JULAF X L A R

(b)

2

8 L6 4
ADrmsd(A)

Kl 3.2 AR MAKK =480 Bt R E (aNTHIAIK, bNE & APSAR
AdK) HH R BALFR T 5l HAD rmsa FIRMSD gpen (€)75 FIAK T HL R 52 (S £51)
SRR (S) RIS (L0t M. (d)fB5 o< Al S A 45 44

SRR TR R AR LT e e AT
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(W) 5450, HAbAdKPH SRRSO ER, [FE
HH 1S3GH A A0 IR~

1M 4 AJK 5 FIAPs AR S G, HH HAEBEE SR A BR AD g (11550 10
HEAR. i 3.1 i, MAKS SHHIFIAPANG, HATH PRSI R
AARAEE AR E, 1K R G IUASAAR A . o] WA FIAPSAIIINAN, {615
AdK I G B ] T M G 5NN B e i 2 il LB HADK S
44 Ja ORS00 T Q%A , RAEAD me=4.5 AN E AE1E— UM
FIfRE 22 . BB BARL A 10 H ARSI Z T B 5, RIEADma=2.5 ALbiX
“HARES, FERASAKNS ST RERATEX —A 8. XA AR
FiMarcus 1 BT RS B SRTH X AN R AT RE . DL RS SRKE, T
ADKA SRR K, ERHTEARZIEER, SR LT3 PR,
MECAARAINES, BT ARIAAK IS G M REAT 456, NI R2 I AK U SR 1 5
AP, R PEAIKL T E MG, K AKIRHE G A0 B I8 A8 1A
e (population-shift models)

AN 3.2 Fis, FATHH 5 T PLAD msa FIRMSD open R T 3T FF 44 52 11
RMSD) A B ARBRI = 4k F B AE RIS, N T e MEER eIt %, AT 78
N1 FE R A 4 (3.0 A <ADpsa< 4.0 AH. 7.0 A <RMSD gpen< 8.0 A)
I RIAT R BT R WE 3.2dfTR. GREREX MRG58 XK HIMER
P = B DX A 2 45 R AR LID L AR 2540 B AT 1) 4T T RS o 1T ELAE A A il 122
I FRATT R IR PR IELAS B 1R R AR TE T AK I RIS v, i1 [ 1 2
FFHEMFIEEA (PDBSN 183G *0), il X ss4if) (9256 F 54k
1AKE, [FIJEE A 1S3GHUEIG 3 SR S5 (3.0 A <ADpmua<4.0 A)) HATE
By RIUX ZANEER 7 AP s AR Bl 32 BL0R BL [ AH AR R & —FE . 1
TR AR A E A, S BRI RN SR S5 R R — R IR FRE 1

H R 22 B L i 25 0t T2 P e SR AR S
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0 3.1 %, MAD =45 AJE AR EAFAER — MUNNRES, TERER R
FEEMIBLIDST I 5 51

Wolf-Watz %518 it ) 5 NMR$Z AR 58 T AdKEE [ 1 45 I LID ¥ 2 1 5
HEAL RN IR R, S5 R BoRFE R IR M KT 8 T S5 FIRLIDIT o G I3 2245l

Kk, =286+8557 k,,, =1374+110s", TIHEALEE L, =263+30s"; [FIFE

> Welose

(%) £ 4 18 Aquifex aeolicus "1 AK [] &5 #) I LID JF . 5% 1 %% H it 2 43 1] /&

K, =44+20s7 ik, =1571+100s" fEAEFN ANk, =30 +£10s™" . FIRLERE

open close cat

RAAK AL H 2 5 G5 /I LID I TS sl R B IR G, S5 LID 4TI
1232 X KRG ML A B D PR . FATEA R 45 R R ADK ) S5 MR LIDF T T 5 2
KPR (ADmsaM\ 2.0 AF 6.0 A) HIREL2 294 0.62 keal/mol. RIFIXANFES,
AOBL R BOH LID kM OR G BB 4T JF M o JE R 285 f&
C Ko ! K pen € €XP((AG,,,, = AG, ) kgT) )y THIX A FISEHG F W 2 3] (1 H0E

CKpose / Keopey = 4.80) RARFHILN, W] WEATERI ML R 5 LR BIRAF Y &

47
o

3.3.2 CaM #RBUHHIFR

B R A S AR G T AR T TR A S A AR A 2, T H I AN R A
SEEREAECE 2 ARG G, R alBie it — DA, B R— R 55 A
JE B R (S50, IR CaMAE R K M AR K. ARS8 T
XN AR SR B BRI, W] 3.3 Bn . S8 R BN ANE B LA G
BT, CaMMM R IBFAT AR IR KR E BB, RPLEWE R CaM
FHEIR K. 45 R BRTE T M CaM AT LR ZE 5 8 H A R M AD 1nsa=-10.0 A 4L F]
6.0 A; [FIFEFERS B TAFAERS, M RWIRE 5 MADms =-5.0 A 123)%] 10.0 A
XANEE R B RIS ANE R B BT, CaME R Al DUFEAE K& Z R K
IR % . SN 3.3 HATLAE H, 2450 B 145 & s i i T3 PRI 2,

H R 22 B L i 25 0t T2 P e SR AR S
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TS 85 5 1 A AE RIS A MBI ) SR P RO R, 3K s M S 6 U 5 38 1 e R 5
Hey o — 2T

N-domain

+4Ca?*

N
\ 4

—4Ca*t

C-domain

closed

’g‘ 21— Substrate-free

= 200\ — substrate-bound

g 15

5 10-

§ 5

g 0 e —— 0
. 10 -8 6 4 -2 0 2 4 6 8 10

3.3 FECaMTF IS d iR 458 (1ICLLAI 1CFD). K BVSE LU M AL PR
ADme PRI G ARG B L (ELOATEH, ALNEHBES).

FRATIE 1 X PDBEUE AR E (MICaM I S M AT R R, 45 RRIAFAEE K
EEMS TS NHEAGERRRITEAIEASEREANEER (A
AR SE FAINMREE 4D R ERAEAE T RA VAU B A ik 4e . (L& 3.4 afl
4b). Hrf, CaMHINMRZEH 1ICFD %A &) #l IDMO (5H5E1454)
S ERRE RGN . ERRARRET, B8 ERES T ORI S 5 &
AL B SS9 , XA S XA FA SR B A G5 A 4 R —

SRIEE R w4 [ WS U mi S A S
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B o IXEeLUR 0 BoR BATE XS5 T BLA R 2 5 LR 75 &
IR )2t . a4 E H g B S B W] DU CaMANVE AT T4 B 1 A7 AL AR s HY
PR MIZRNE, TS BT AR R e sl T, B MEANNR
ARG A BE RS BRI

(Y)aswy

1DMO

Kl 3.4 CaMf =4t H HAE R E (a7, bAGEE 1) H A SOV AR 51N
ADrmsd %ADRMSDopen

3.3.3 HB§ p3satd R L LM FITZR

NT G A T B p38a i AL RO HLE, FRATT A T A Y
DFG-inf] ik Z5#) (1P38 °*) FATHIHIFILI1 454 14T DFG-outhl 5 /E Ay
AR G R H ARG o TEIX AN R P BT B R AR IR RA R R, TR
AT loop AT HUR AR, Fir LAJY T SE T L 73 B 3X M oop HI 4 R A2 AL Y
e ltE oL, IATES T o HriEEloop X I M AD s> HITHIRTSFHI S AR B
ReEl5t. WKl 3.5 Fros, RIAE A LIRS &, #AFAE 2 A8 B 1 R 38tk /ME,
Xf R EDFG-in MIDFG-outfy R, EAIP LS —MERMEEL . X—4R5
BUTEI 2 MAa R, BRAUEAEKEE, f#Hrp38atk B R AL KIHLH AT

SRIEE R w4 [ WS U mi S A S
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At 5EAIKFICaM AN [A] .

7R

DFG-in

:g —Substrate-free

‘—é —Substrate-bound

5

5

E "6 4 2 _ 0 > 4 6
DFG-iﬂ ADrmg;,d (A) DFG'O“t

K 3.5 b Rp38alidli i it A L5 ) ADEGH s R B, He P DFG-infl 45 74 2 K
H(1P38), TMDFG-outk [ 1W83. KBl LU M AEARAD msa T RAZ I H
HAE I (FBLENTERK, AR ANBFRAELSES)

Wi 3.5 fos, FEBRAAIHIF R, DFG-intRZS L DFG-outR 25 () H Hfg
29N % 7.0 keal/mol, 17 HAX AR F AR I AE 22 ik 16.4 keal/mol.  HIEA] I
A MHIFIAFLER, p38alDFG-infd RAE RIES) 1%, &R 1% LR
SE, IX A FINMRIR 75 5 WL BIDFG-inf %, 11 J LT W 2 A 2IDFG-out {1
RITIE R0, HAMEPDBHUIRE S, p38afiff K& IDFG-inflIi %,
) AFENHOAS 2 ((IDFG-out IR H) 5 (1 S 960 45 A2 — 3™ S8 SCRRamE &

SRR TR R AR LT e e AT
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W, IX T2 R A A 3 7 AL B 1 25 AR AR AR AL, WiLlovera
SR FHMD B 3K 15 [ c-Sre Mlc-Abl 45 & imatinib ) A8 & % 43 BN 4.0£0.5 F
6.0£0.5 kcal/mol. BLAMNX HiHH G AL At 5 T R R HIEE HCDKS P
Flic-Sre HITHHLAE (~16-20 keal/molF1~20 keal/mol) 5 5 3 —FL .,

VogtherrZ: | FIYENMRH IS MIF 169 FIZIE 15 5 1735, #0125 Kp38a
72 4t T DFG-in$|DFG-outfy R (1) Zh &P 42, (H R IX AN A2 1 & A 72 EEA I 1Y
AR, B RS THE M B ZRE . N 7 5SeiRss Rt r i, AR A
KramersHL i 115 T 25 (Ip38a MDFG-in £ DFG-out?% 4% & A= st [a], £ F 12 5K
' FR

£ £

27k, T AG, 27k, T AG
t = B e ( in—out ) ~ - B eXp( in—out ) ( ﬁ 37)
a)min a)maxDmax kBT a)mianin kBT

Kb o, Mo, o5EREE, HIFEE b 6e B DFG-in 21 RS 1

o=

Ky Dy M D, 73 HINAET 2 MRS Y BAR L AG, L, NRER R, ka2

IREBEH, TREE. T o, TUEMH o, D, BITELAD,, , il

3.5 i, AG,

" N 164 keal/mol, o, N 132s". 1D, iEidH 2 ip38a
FE RN K P AT 1005 TR F R, 5 3.62x10° m’/s. R 3.7 iH5
1FBR GIL I A 5.9 ms, AL SR I R) R LU &R . 53 4b
D.E. Shaw® | F K IR 18] B 7 2 HE $0U R 5% o6 3 K 52 56 % B[R] 95 25 (A c-Abl )
DFG-inZ|DFG-outl¥#) G4 K AR [ R BEETE 10 2R, 5RATTHH LS
R RYIEM.

1M 43 FIL 1L 854 Blp38affIiS %, DFG-intRZS 1 58 & L DFG-out 1) fE & it
1 4.8 keal/mol, 1 FLEE22 F#KF] 9.0 keal/mol, 5V BeiARSAHEL T F& T3L 7.2
kcal/mol (LK 3.5). 52 M&, MDFG-outf%45 K DFG-inffJE22MITAS] T 13.0
kecal/mol, L HRLARRS =T 4.3 keal/mol. XS4 R EIR, FARLIL 45 G5

H R 22 B L i 25 0t T2 P e SR AR S
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¥ DFG-inf% 42 lDFG-out I g 22 N %, 1M HibA2E | DFG-outlJM R, i H4b
F DFG-out 1 #4951 AN G B8 648 R DF G-in A 5 o T 25 B3I 750t ) 45 4

U, FATHHE T AAD s MTRMSDpeg.in (AHX T DFG-inZ5 4 fFJRMSD) Ay
S AEFR I = 4E E e E S (LB 3.6aH1 3.6b) . MHIAT LA HE HrIARIRAS 25 24
T 0.0 A <ADysa< 2.0 AH 5.0 A <RMSDprq.in< 8.0 AJTEHI, Bk, FRATXB) 77
PR R ERX AR BT IRIE, B8] T MR 3.6cH 3.6d) B

V)aswy

" ADrmsd(A)

(©) Glygine-rich loop
e aY:’
v

) LR @ 90°
Cehigliy “§¥ :
glycine-rich Icop"'.C.—heIIx C-helix

K 3.6 RS & Ip38alf) =4k H HIRE AL El(a N, bALS A LI H A b
BRI B A AD msa FTRMSD gpen . ¢ 3R DFG-iny DFG-outFl H AR 4544 & 5 1
. dAles) Hl Dy AN SS & BRI p3 8o IR ZS 254 o

ME G E] DLE BIE A 45 A ek fp38at R 45 i, F169 Reis 5K53 K
FHE F-nAl HAER, TEDI168 fHIEn] LLFINTS4 FIEET B,  [FIFER)
YERTESS B AALLT B AAE . AANIEARLLL I8 7] LL5F169 JE in-nAH HAEF,

SRIEE R w4 [ WS U mi S A S
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bR ARSI R o FilomiaE I8 iNiE MD J7 2t [FIRE & B0 DR S
HIZE R T AFAEF169 5K53 RIS T-nfE ), BoxXAMEHEDFG-in F
DFG-out(# At FE i it HEAEH . AWML R ER, LI MU0 L4 &
DFG-outtd %, 7] LA 5 DFG-int $AHZE &, B A7 TE A IX BRGS0 E e
BER A, R PEAE T 562 1 RE 22, MR (£ DFG-inffI44 R4 DFG-out ¥ 4
A, R Rp38at A SR A B AT RE R AU 2 5 B A MR .

3.4 ING

ALk, 5AEMRDIRE R DI S B B BT R R AR Bk oR 8 32 3\ AT]
(O EEAR, AR 2 SEIQRIERR (K 77 VA B A H P SR AR RS B8 1 RS SR AL 1 43 L
SR TR IRPIRAS B A, SO HALHI T A EW . Hrh i E 21
R AR R BN SRR E TR RBRR4 2 bR RN
AH PGB . 2R EHRNZAE 1958 FH i, KRB
W BERAEA —ERMEHNEAR DT, ERNETEA RS SR SR
h il SR FAREAE R, AR A — AR DS AR R 45 A TR A
R A 00 OV AT A SRR H () — RO X 5 I (¥ 5 A8, LB Ik
&, BETERBh FRAEAR M S, —MH R RA)NES RS SR,
1M 53 — A EB)WASE &, X PR R RIS B AP . B IRYIAFAE
BIEOLT, MREBEEFMAL HIANERAE, WEERDAR SHRAL S, &
W RAS B T, WM RZ IR FER TR, 3804 ZBAWHEE (L i
RA.

TFEA B o AT R Je 1 faTHR A 220 5 e BOURE 31 7 2 ARADUAR 45 5 1 75 %
X HE T S S RCAR S & A RAREHEATRIE AT, IR X i RARAL ) AR A H
B PS5 (0 TR 55 B 1 R S At PR AR L DR 3R R 1) o B o A G B Ak 14
AdK f CaM 14 R B 58 R ILIX 2 AR SRRV I P A0 e FE R PR 1, BRI

H R 22 B L i 25 0t T2 P e SR AR S
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R T R S0, R RS B e T, RRAREE, Xt
LB MM GIER] T RGENAER], AL B A R R A B, e
FOEMEA AR, WoRfEIX 2 MR E AR MR A IR AR sh 57
NER . BRI p38a MW7 A INE AT NS AT 2 MERSE A :
TR RS, XNEAMAAEE 2 DAME, 1 H A RS 2N
%2, BCAREIME AU R A Es SR nFasE, P EERERAE
TR LAASRE [ 254, AT (6454 G A IR R 22 K T B, AR LA AN 5
M DFG-in 1% | DFG-out # R ()AL AT 0] fE, X MARERF G S RE
BRAL MIXEERR R L RORE , BRI R S RS 3 SR R A R T 2R
H R RARA R R 28, T AN R 0 3R 3 2 AR L D RE B AN [R] T e #36A [R) i) 7 3K
TIANBATE T 5 S e A AR 2 SR ) A A AR 8 P AR A 75 92 m] AR &L
SRAFHERA 00 B R B, AR B A R A G AR b LA B I L A 55t

H R 22 B L i 25 0t T2 P e SR AR S
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BEF7S. cerevisae KA 5 RIFHIAEKNEN . WT-S. cerevisae Bk 23344c, A-S.
cerevisae WPk 31019b8k = BT A 1 3 M mepZEFl, AmtB-Etk 31019b% 1A T B4
TIE. coli AmtBAE [R5 H AR (B) HA—HE, RIEMZEMep2 FE[AE#H %
A Imep2 FE[A .

TR P i (R A7 28 S B 285 SR AN ] 5. 14 i, % Fh2H 208 S A AR AN Rad i
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cerevisiae [RIAEKSEYE, &5 FA pH=6. 0 FIRHEE 4 —8 (Al 5. 15 FiR) .
ix gt B IR A G A SAE A AR TR o A IR KRIX A, 2l R
RAZR (H168A A H318A) #EAI LML S A GEAL T H L, T XUR AR BEA e 18
i AN R E T A
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cerevisae RAMR 5 KJGMAEKEN . WI-S. cerevisaeWtk 23344c, A-S.
cerevisae Bk 31019bHZ A 3 MmepIE K, AmtB-FFk 31019bK ik T ¥4
RIIE. coli AmtBIE R Je HARAF A
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5.3.7 BNFEMARERREFEDEIFHLH

Al:13950ps  A2:1792ps B1:100000ps  B2: 4415ps C1:100000ps

Kl5.16 AN 5> §1E & MEAU I h S TT I8 IE 1) R . A1-13950psok H ALk
D1 (Hfig, B4R (F4.2) ;A2-1792ps K HEAD2 (&, 4% ;B1-100ns
K EPULEL(FFIE, 53 KH168A); B2-4415ps3k HHUBE2(E, RAZKHI68A);
C1-100ns3K F PUEF1L(FF %, 835 RH318A); C2-8860psK H HLILF2(&, A8k
H318A); D1-5190ps3k HHEGI(HIZ, FEAZARH168A/H318A); D2-37460ps>k H
Bk G2( &, AT KHI68A/H318A); D3-3700ps 3K [H B 78 G3(FH i, AT 1k
H168A/H318A); D4-78420ps>k H FLIEGA(R, FEAZIRH168A/H318A);TE LA P
t, W7 DLE A BERARR 45 1) 2o, BRFEF31. F107. H168. F215.
S263 , V314FIH318 LUERLE M BIR.
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PP B TR AR R 8)) ) S 0407 s RNk 5. 207, WA 71
S RAEAL SR Am2 . G5B ANEIS 167~ , 7E100ns AL, FH i A R i
H168AMTH318ARAAK (FUZEELHNIFL) , M2 73 T # A LAZE10 ns LA A @ 3l .
H A H168ATE9 ns 2 JT# & (BUZFE2), FEH318AH NIAES nsHt & Tl E (HLIZEF2) .
TER TR RATRIL FIEG1-G4) , AR L & 2 # T DU TE 17 1
AV VRSB IE, TR IR 45 FAE FRATTHE U X AN XURAR A 2 25 Vi P I S5 BTt 2k 26
TEE R M, TTEAE YR Y AmtB A B — 7 AR IS AR, AT AT DOKER 9
THHLSME BN I o T FATT BN S5 R R IX A TR R 25 T J7 A,
PRI B R X AN B TE 2 A AT P AR R TE,  BRATT I8 L3N 7 2 A a5 SR AR
Mike 5256 45 RAEH W &
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[ AOMESE, $d ok HUZE1(100ns). (D) JEHIBE] 5 H g4 T S B 1 5%
SEBE I E] AR . (B) 20750, 231408123160 psHIFI SN o 2R Rz =
0 BT RIA3 1 SBHLFRFE K /E I Az = -0.64b Fh T FIH3 1 8 B AH T4 FH 1T 4%
PR 1) 7 X e v 5

TR h A KSR P BRATR N H168A T LURHE IEH & R ThRe, A REfE
SR (R@EscR, K5.14) o FIbERNE T 7R REIME22RE %EH168A
e 3 WA B R AL 5. 167, 2 AT LAES ns AN IEITHI68A, 1 Hl i
FE100 nsHIRAUN Al N A REIEE . @ T HUEELRIE2, FRATKINH3181X A
FREETE F P M B B B K T2 B0 (EIS.18ARIB) o HE— DRz i K I
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T FH3 185k J55 13k 2 11 J5 DR A 3 A Bk 6 T AR R i T i B 0 i ) B A LA
(K5.18E) , T A2 8 ] LUK H i 7y 7 BR 1) 7E Z=0nm M z=-0.6ns [T, X
FNFRATIE G b A FP R SR P 5 S IR — B0 (BI5.18C) |, TEIX
BRI #R T LA 21 i AR 26 85 K o T E AR S350 B, i 15,19,
T W2121% 55 & SR AN E 2 7 SR R NH-TUE BAE A, 1 — 1 A T DA
o AL S AL B AmARIE, T2 T A R AmASS, &5 Tk T Bl id i A
HE R S FEIE T .

K15.19 AmtBRAFAH168AIHL fH & T-nfE AR 7 7 MNAM2¥ 2 FAmd. Sk H
HIE2 TLAMRIE 45 44(323, 329, 331 A1 333ps) AIAFAL ] o BN BH 5 - VE P A
JiEEAR N 1)5732 AT A7

RS 177 FIH 168 AFEF A= B FIPMFREAT HLER, R BLIX 24K R IPMF
HAMRKIX: EHI68AfEE 7 T I f%, Mz=~-0.8 nm #| z~0.7 nm
AR P ARAE — N EH KRIABE, 7051439.12 keal/mol #16.29 keal/mol i) &
MHAEz = -0.70 nm 1 -0.10 nm&b )= EA/IME FIPMFE 7373 8-4.79 #1-5.37
keal/mol, T A 1E 4 of 823 5 R Zl) /7 2750 rh B Jrg B 3O 1 SRR %6 8 K 11
A (EI5.18 C©) o ATHIEAN BRI HIBRAG T I RE @I . X T2 7k
Y, SR AR A 2 KX T o BATEE B BRI T AT T

R B B2 wE T pT A A e S



120 1Ry T RN R AR Je I A A R 2 I S R F 7T

S S FAE/KIFRATEHL68AH (145 A 7 s Am2 P (1 [ B BB AR AL, RINTE KT
W 4-0.51+0.42keal/mol, B RTEKIE Y, X2t r TS & H HBe R AT
DA o AHSELEGE AT 55 P U 2.40.50kcal/mol, AT L FF AR 9 7K R 35 v 1) 45
HRESILE S TERI 2, DRI B AR 1 SR N K A B e T LR

PR Rt AN 2 i i 32 R A

=
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% 55 40 Tk Ak 318 BT i SRR i KA T EL R (C) HR i Hh BAE Sl iR e %2
P 75, W7 T 1000ps A 2470ps HI45K . (D) H AL 8 &4k Bt AL B 1a] (AR
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N T RFSTH318AIIEN J1 24T H, FAT 143 AlidkAT T FIAIE21A3) 3 4.
KIS 167, FHEAE 100 ns RBCADLRT [R] P4 AN B il 1, 177 20 7E 10 ns Py 7] LLIE
EIE . T EE2, AR IS ST ) DUl S5 EEP3 11 R A
b, T XA, AT PO R i DB (REIS.21 o e
o1 B, AT 1A R R 73 5 B BR T PN RUFRE (2 = -0.48 nmA10.30
nm, B 520C FID) o #E— DA R IAE TR I3 1 8FIT ik I #R2 HiK M 1,
W14, 1266, V314FIF315% (WLES.20A) o FATHE T 318 S HRIEE T 15
IKBRFEFN R AR R, it S5 AR AL (LE5.20B) , FRATR AT 14,
1266, V314HF31IXLEAI7E3 18I AkAE, 5 HIZHITE FIAERAEH3 18AH Eg
THAR, P, X LLmK AR S F R PR AR X AL

K5.21 H318ARAL & 4TI id 5Pro3 1 1JE A MAmAiZ B B4t . SR 1A
BIIEF2 (1 R £549(22910, 22912, 22913, 22914F122915ps) IR . S
(EEEARGEN: H)5oto R T AT

FATFRE S 7 F I EAEH318AT T KIPMF. WE5.17H7R, Mz =-0.32
nmB Az = -1.50 nmJFEL2 HF52.51 keal/mol, KR @& . A0
XTI, FIH168ATASAR—FE, H B AEAE — MRIRIFHBE, 421
8.60 kcal/mol I 6.22 kcal/molffIfg%:, KU E/REEIRASHR Tz = 1.0 nm
F-1.0 nm Y X3, EX— X, [FFEHIA A RERME (72 = -0.38 nmff
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-3.67 kcal/mol FIfEz = 0.25 nmf¥]-4.60 kcal/mol) , Xt HILEH Hzh 124 KL
RPN tH IR 5 K ) A AT o IRAB A AE X2 BRI R 42, FRATT AT DAHED7E
IXAH3IBAT AR, [AIFEAL 5 FR R BE J0 02 KON BEIY, T A i R 4 2 H
T RAR I R 3 8 5 7K M PR AR A R
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L%, A B C Al D 4513k E 302 G1-G4.

FEF AL, AR FRAEA (H318A/H168A) BEAAEALH: F % th A
REAEIDE T o T AT G IR, FATT AIEAT T 4252 ) 2 A
(PLILG1-G4) o FATKIAE 2 Wik 2 2 AT LAAIEIE ) b BB T & 2 T
Wi, BonHXMEERA A (E5.16 D1-D4 FIE522) , KUELIRA 1T
XA TRAR R 2 TR 20 T B A AR s O A 1 e

SRIEE R w4 [ WS U mi S A S



O TLEE B 1 IETE AmitB BEIE ZON P I 21 HLA LU 7E 123

FEAMBHIIT LA AN EAFAT RN AR (F107 M1 F215) , XPIAMK
SEAEFF AR T TR PR - Bt SR BRI DAL HIF107 fE3) 112 R A e
(K], X s A AT AE AR A LB 5.23) , i HAEYISREe R 0K X
—IRIETRAR RN AR, HAEER DR, X R BRI R A R
TEPE T3 M5k o T AR SE 50 B RIXANF2 1 SAT AR A AU A Re % 5 H Al
AL S (B 5.13 M1 5.14), B/RF215 IXANFERERA & B IR 145 1E 1
kL. T H B Akgun®Z5E R BLF215 () T f1Cy-Cp-C,-Csy FERCIREEIE 1T 2
it s HEMEH, XA LRSI HF107 FIF215 4LRTF DR RI G ATl
RIGXAHFEAE 20° (£17°) Bl —166° (£14°) IR EIT DA TIFHRAS, e
80°(£16°) A1 —100° (x15°) 7 [l P IS fige ) &b S P RS
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FASALE BL AP ] DUE BIE R AR A ax A P 5 B AR UM L AR AR e
M T HREIANBURAREAARGWIZS), MR TG R, A1
— SR T A EAAR S L (BUEEGS F1G6) o 45 Bt BoR 1 2 [ 548 R fhix A
MEMREAREN, X—4RERX—ZBal2EANAIEEZS), MALRAR
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THIE R . XL SRR YIE XU RAL Tl T RASE K T F215 RS s G AR E
1M HF215 P IIT R H AL TATIFHPRES . (e R
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(L

S TR RAS ) PMF KB X T2, M Z=0.nm &b, A HAb
BB A DA B BT fE E R RE 22 5 R — 8, 7708 3.64 keal/mol I 3.22
kecal/mol, 7R T HAL SE s FIIA T AN, XANFATLEH W3 7125 R B
BERT DA BT FF 1, At m] DM TH] Y AL B T 3d A () 45 R e — B . i HAETT
1 (z=-1.0nm) A4 (z= 1.0 nm)¥) PMF {553 %14 3.10 1 3.62kcal/mol,
AT ZE 70 R A 0.52keal/mol s 725 FIEIE N Hf 2 2k  F )i £

B I — B, TEXTAR AR b B R AR (Y e 22 2 72 2 e /by
(R, SR T R Rt — R R U M. AR BCR LR M z=1nm F 0.5
nm, HAELN 3.78 keal/mol, W Ik z=0.0 nm F| z=0.5 nm & 1.66kcal/mol.
FAMEH H A (z ~ -1.0 nm) AT 1 4b(z = -1.0 nm) ) PMF {8 1 2 % 1.66kcal/mol.
M 7E B A2 A A X — Z2 N 2.55 keal/mol. PIT A IX SE 5 38 #0  /R IX — RABR R 5 5
RETTIAEFENE . XA FIFRATLES) 7 A0, A 22 B R AR ] LU BB AR 3
IR IE A — U .

5.4 INGG

IR AT L 264ME RIS AL, PMFTFE R S Seim &8, &
IRGEFE T AmtB A 138 ZUR K (K13 7 5 WLt A0 B 2k B 2H S R AE 58
AR P PR o FRAT A0 45 SR 2 s B A R Amt B A% 5 20 R0 FR G 431 RO LAL & A
LRI : RIETH168, H318, Y32 A1 S2634H At i S8 W0 25 K5 i Ak I Am2 7 B 1%
SREMIN . HPW2127E K B A AAmM2A% [ AmATE FE e EEAEH], e A
akuh—FkE, WIINH-nfEH, KA AAmMRL [ [ CRFT, AT Amd, SR
JERCARTT DL S H318FIY 322 FIRCARTE il Sl B, 4 L 4k s 7] Amt B3d 38 ) i i1
171 5 i 3L 57 T3 11 fRIS263 A0 HE 11 &b /K 437 5 B, B AT 1 AR 38 A
EF M.
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MR SRR AN Gy 18 )15 SEI R T ALEIR (H168MIH318) 1E4% & 1l
EHEEER . SRER T RRA (HI6SAMH318A) #IRAEAL I H %, 2
T A AT AE AR Y R e B VE YRR, A DUSCRRIRE BRI AR, T X R AR AR
(H168A/H318A) NIREARE L i, WARESCHFIF R, BRI =
RAR S5 5B AR 25 /AR L, R4, F2 BT RARE il 1 8 1 P
IKMERIEE, ZAFET HEEA SRR BLE R Re L2, X TR e S
MM AK LES.17) , AT XRAE, W2 H T AR AR 14538 /)
AT AN, FECEEZRE L TIFRRES, AR T Bk D TE P 2
SREIREZE, IERL IR E TR IERENE, WS TR IR H S 4
AR R I T A AR N R IR ET T S AmtB I RE I BAT — i B, 25 R EUR
E IR AT AmtBAR i3 F AN Z RO LRI R, (ERAE— LA MR (LLANH168AM
H318A) 1 H i iyl i L 5 &2 0 F AR, B T AR N & KRBT 5t
AmtBINREMIA L, IR 5 R HalIS5 " Fi] i 7328 5256 i 45 SAH L .
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