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TE—5E pH 2 T B E BT, Z P50 pH R A AR Wbl Be gy 2 2 5 KT, i TR A AR
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PACS: 87.15.ap, 87.14.E-, 87.10.Vg, 87.15.A—

il

A PRUETE B A A i Bl NS D ) 200
20 A% LA R 25> A B e 7 R TE RS RE 19 pH ZKF
i, LR R A R A pH 735002 8.0 A1 4.7,
BEAAETAY 7.200, Forb, T SR AR IR A PR B Y
pH & TR RXBIR G (pH = —log[H+]), H
e NV 22 H 2 Wi R R A TR 5, Bl ot
5 e ia B BgpEAL B B 1 SRR P
RIBUTT HA%E O s AR 7 Fndn iR AR
L BROUR G Ff B, DA 2B i R 5 ST g
FALIEA B BTk (protonation) B2 AL b
(deprotonation) A SCHR. n] &y 51k Ak H Ay X 51
b (IESORE) FBE AL SR (R ): AH = A~ +
HY o, AH U — il a] B 1Ak P B0 T 71 2,
AT LRSS
A B 73 M5 BACEL 2 31l [ 34 5 (1 st D e Al

i

DOI: 10.7498/aps.72.20231356

A AR A BT Ak / R B G & . BACEL
AR YD RE 2 2L B IEMETIAZE 1 APP. B 5
PR T PRI 7R DT BRAE 5 DA G, 2 Uy
MM RERCAS T pH AYEE 5. % F AL
DA KRR Asp32 F1 Asp228 (] 1(a)). 5K
B4k i, BACEL AU/E— /N1 pH 5 BN B A
TR L i 1(b) FroR, el pH &0 T (5%
T 4.5), Asp32 Ab T BT 463, 38 BT A (pro-
ton donor); Asp228 Ab T L BT FALA, #E HE %I
7 (nucleophile). #R11, AW pH M # 4.5, B4
KA RRF I o1l 2 B 11k, BACEL LikAT
il HAE ) D Rg 1O,

Al B AR 1 S5 T RN 25 T Ak
B, w] i LU ARG B R K, -
HH] [A-
el
[A™] F [AH] 73 BRI W h 08 T

K, =

Hofr, 1Y,

* R ARBHESES (S 11804114, 62006096) . fREEA H AARI#HL4: (k'S 2023701329, 2020J05146) ., JE [T H 4AF}24 5k
& (HEHES: 3502720227205) FIEESRKERIR 34 (S : 2Q2020027) HBIHTREL
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DL Sz B A L e A i A T vk . K AR
MR (40 AH) Bt FReds. Kot (1)
Y 320 X BB B, ] 453135 44 B9 Henderson-Hass-
elbalch J7F#:

A
pH = pK, + log (AH) (2)

o, pK, R i B R B0 K, I BORA, AR —Fh
MR (4 AH) L BTARRIMED BREE. i, b ok
KGRI pKa IR (E 2 3700 MR (2) 0, R&
ARRAEHE (pH = 7.0) KB P AL T R RS
(A7 ); 7 pH/NT 3.7 IIRMEA P, RARIR T
TAE (AH); 25 pH (0T pK, M, B
I i EFTIR, pK, IRAE T I LAl 1E
B pH Z&1F R BB R 2% 574 SO R
15 pKG {H, AT AR pH 25 0F T AR R 575
TR A, HEMTTRZS I RITIRER R, B,
pK, W pH R AP A R i — A% Lo ]
AL AN, pK, 528 TR S A R 1]
PEAGTLG LRI L e 8 1 B s DA G SR,
H T EE 1 B R B 52 A DA R S0 S A R BR R, N
AT 108 2o S 0 AR HCAR 1 5 ] 1 A A R R A
FLAY p K, , i B EE .

D32 D228
O—-H O~

(a) p (b)

&1 BACEL b0l FSMINEEM R (a) BACEL
= e R AR AR oo B P 40 R D32 i D228; (b) D32
H1 D228 5T F AR (BT PERE pH (W AE (LA (D J2& Asp
B E)

Fig. 1. Relationship ~ between  protonation  state  of
BACEI catalytic center and the function: (a) Crystal struc-
ture of BACEL and the acidic dyad in the catalytic center;
(b) protonation states of D32 and D228 and the activity as
a function of pH (D is the abbreviation of Asp).

M, B DL I Henderson-Hasselbalch J5 #2 5%
e ReEIE A, 15 280 2R X T pH Ml pK, 1Y
KT A H e AG™ iR A

AG™ = 1n10 x kT <pK;“°d - pH) . 3)

Horb, kg A T A3 BIEDE IR 2% 2 % BORIRIE; pR
R AR pK, , S E(E. ZFEAH
e T 43t 0 BB E FHRE 93 AGpona FNAEEEYE FHHR 4
AGnpond - FeH, BUERAE FHHR 43 Hfi i LA S T R4 1Y
REfR AL, AR TR, A TR T
AR, MR AT B T A R
S 5EARMA R, 8 E TS s E 51
ST Z2 M AT BT, AT R ek
VEFIFRAY. TR, T - fh 2 e DA 7 791 210 4 1 I
B2 T4 A BB B AG — AG™ I[ R

AG — AGmod - AGNBond - AGﬁfo}gnd' (4)

G (3) 20, AGmed g I, SRS A i
TSR R 2 11k A B AG Y R) T AL
SRR B R B AR AR R 4314 A BRI
AGnBond — AGEG -

T UL EHESR, AR TET A MaeTHEm
BT pK, TN RY ) 5l 4nfE 2 pH 433l )1
(constant pH molecular dynamics, CpHMD)!3l.
WEEM RS FEARIE— RS, JF Hi%
5 AR 5 Ak /25 A SO AH SIS i PR
MT1E (pH <pK,), EHA TS C; KB+
1k (pH > pK, ), % C, 5755 Cy; 4 pH BUpK,
Rihi, Br i3 fe, 4 C, 5 Cy tHE
AR NIk, RAHE TR SR SEE
WA R4S A 5L g0 A — 201 W p K, (mac-
roscopic pK, ). CpHMD i i 43 3l 71 2# U
SEIRAEARIF G T W e A2 R TR . 7E5R
FJ5T p K, TINAS FE 7 T, CpHMD AR X HAh B 162
AT B B A3 09, CpHMD Ayl 2 p K, 1153
ORI, iGN, 56— B pK, T3 5/
BT LA/ N2 LRI 313 150, Rt
MELATH I Tl St R 5 oK. BT, CpHMD
Z 8% W TS50 A D) e AR T pH % 25 40 ) 2R
F) o F- BT 1.

R TR R Y p K, TR, AMITRE TRTIA
FA-3% /R %% % (Poisson-Boltzmann, PB) J5 2 it 5
R, FEAAHE MCCEN, H++%1, APBSI), DelPhi-
PKal? fl PypKal!l. 2 PB (AR RE A2 75 JL 53
B SER— AR AR p K, TR, MR = T3
R, BRI, S5 T PB AR E A S R FR M.
Flan, hFiESN R, PB AEAGEHFIEK
PR B . K, SR B A e s T
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BT E Y, I EME KSR,
TR (B anEG e AL RO L) B9 p KL TR
FEL B R URE 22,

B T U IETFRE R ML, AT LUH—A
2515 PRVBICHE R AT B A IR R S 1 2R 1 T PR
B (ngiK AR ) 5 H pK, WA i i L o¢
R R TR R SRR IR pK, TR A HEBIRAS
TZHH pK I FfFS R ApK, HYFI:

pK, = pKi* + ApK,. (5)

2005 4, TR A 5 — PR IR R A A 02
FIA ISR K Jensen PRI P 42 H T — /1N 1H5&
I pK, 256 pREL PropKa. BRI HH—2H
Al /N W 1 p =N AN R o KA VR =R 2
KR Z X pK, it 25 2% (H W 5T#k. PropKa AJ7E
JURP N e — R B p K, 5, TSGR
FIET PB BRI Ry, T 20 4F45 3] T Z RN,
HEH A PropKa 3.0 £EK T 2011 4 24,

HEF| 2021 4F 12 7, ARPREAH P LR T EHA
N T# i (artificial intelligence, AT) 3K 3l i¥) £ H
J5t p K, T DeepKa. Ffif5, 3% F < N 3k AR
K=2# Olexandr Lsayev. 3¢ [E 24 #8728 & 4 3 K
¢ Ana Damjanovic F17# [ 7 H./t & Pedro Reis
W5/ INHFREEE T R THLER 2T 1Y p K, T A
pKa-ANIPY XGB-WMal? fl PKAI/PKAT+.
Hrf, DeepKa 1 PKAT/PKAT+ 3 AR i T 54
£, MR THEDREATE LT @ AR5 pKa-ANI
Hl XGB-WMa i B — & T BE 14 7 11 5 35 56 50 0
T EAR— 2R, Pl S BRI R 7E JLRD N
SEM— M F B pK, A

ARy CpHMD DL LT PB 72 | 56 bR
BORALAR 7 ) BB AL IE H AT 4 Fh 3300 p K
I i, AR ) R CpHMD 974 1 pK,
B, HE— ¥ T DeepKa A THINKE B . (H
15 —$E 12, DeepKa T I H ALy PRAL Y (40
CpHMD) (& et , #F— el T AN T8 e
AR BT p K, PO R A G 25k T K 4
X 4 = R A RS S B SR

2 FEapK, TNk
2.1 CpHMD
R FAL S RAEETTIE AR, 1EXE pH 43T

3l J12% CpHMD 43 HBEHLRAE (discrete CpHMD,
D-CpHMD)B F1 X\ 8)j Jj 2% (continuous CpHMD,
C-CpHMD)PY. BEAL R F: A H 52 % R % (Monte
Carlo, MC) BAU7E 25 1501 o F Ak 25 45 0] (5 R Ak
PREC 0 B 1) #EAT2RAE B X\ 3l 724 R FH BUE Y
Bl OB FIEA) 2 (BT miEss & A\ 1
Ry S A X RS A 3 AT 114 e iy TR R e 2
S TEREE B AN 2 BoR, SeffHIRL 1 EET MC
B\ B 72 i R R T o A A B LA
S S LT N i o FINB: B U s e a2 K 1/9 0
PR IATRAEE. T ARG, HEA T —3 5T
LR BRI RS, SR ) X Henderson-
Hasselbalch J5 # il & CpHMD #2487 £k (1) A [f]
pH Z& {4 T R mT B FAb 3L 1A 1) 25 AR S, it
MRS H pK, {H, Bl S = 0.5 FrXf W i) pHBY.

M VIETE Sha gt S 5B IR
FLAif
Byt asia) Rt —_— 5y FHI GRS RA:
—
Gk
(DAL S

[ 2 CpHMD 4Ll HES
Fig. 2. Framework of a CpHMD simulation.

T E Bl )2 S5 3 1 2R GG, i s o
TSI G 23 [ B RAE SR 30 4 CpHMD #5iAY
KM F L. T 53 0 A 4 D-CpHMD #il C-
CpHMD.

2.1.1  D-CpHMD

D-CpHMD H—/™ B A bR A s 5T B8+
A B fe A N HABE 0 5k 1. Horf 0 AT 1
SHFOR S E RS, S — e KER
¥ 8 112 (molecular dynamics, MD) 5l , Bifi
U]y e T Wi o A O I W GV S W e A
Ban, BEH NEM 0 Bh 1. 2R, A X\ (EMAES]
A RE R A AR . Kz pE A B A Metropolis
{HEI]:

1, AE <0,
= (6)

exp(—AE/kgT), AE >0.

WARAEE2Z2/N T 5T 0, 352 M MU YR
h 1 AR AR 25K 0, W42 MU AR p /N
F 1 FEEE AL R R ALAE R — A A
FIA [0, 1] BI%C s. BA s/NFEET p, A2 NMAE
A MG E RAE. DL —2 0 MC, FJTFiG
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) MD # i — M. R, 78 MC Z )5, f#
S T HA R MD S48l v R R I ER
R RE AR LACR, B/ NI Z .
), N T S m S MR B TS B R AEROR,
MC (1) i £ 75 A B P %557 (implicit solvent)
R ) LB (generalized Born, GB)B2 34 I
T F 2 PB AL B1336, 24 MC A MD #5R H
Bt ], TR OR fems , (HR A 1R B 2991,
T BRI GTTTH SRAERT B, MD R R 4 A
W, B2 fbgss) BLasss) Hop ) e GB R PB Y
BRI 3 AR 5 TR E A Amber FI GROMACS
B . AR B, R R LA IR T
PEAE w5 B 5 D A DG B K o B R B X K
T 5 g 1571,

S K R MC 2 4%, 2007
4F SternPS gt TSI NMEZ G, e T
R A SR 1 701 80 ) e AR, FETT R RE 22
AR B MD i J8] AU i) AL A5 31 5 w]
R N E BB F S R BEHE 25, SR, DL b2l
MD P UM T 2 BB e, H Al gz 3
PR AR, 2R Ay it ke S A v R T B4k
a3 A RAE SR T — SR L% BEE =R
TR R, AT b 25 Rk A0 1 31 4 1
Jit D-CpHMD #J MC #43. dnJeken i, LIT $2
B (1 VRS R 34 02 43 1 B ) e B T S
A EAEHIFRER L PME (particle mesh Ewald,
PME)P. 2015 4F 2 J5F K 2% 1 Roux PR &4 10
S T BRI T AR MD/MC B ilan,
X R 7 S AE MC BB L1 (A H
074274 1) 223K, A RITE 0 F1 1 Z A A T m A
HEE. X TR NE (m A EEFRPI A4 S
01 1), $AT—& KRRV MD, 4 Al 211k
BE A A LR PR AR S N (EEA AL b A R
T XNEBUET S RE RIS, 45X =1
AR MD J5, RS X = 1A X = 0 iRERE
7%, [AFE, ARHE Metropolis HEN, N5 4% 5212 7] i
SEN R, 4k X = 1 /9 MD. 750, 18 [1]
FEFA MD Hirfg s 21, 422 X = 0 () MD. it
DL AR AL, IR RS H R R
PR, P T SR Z AR . Roux BRAA] 104
FIHZE 2 1Y Jarzynski J7 FEFF H B BE2E 16 5 AR
i MD Fr iy DA OCER , 45 DL FAEF# MD 1)
BT ] ] A e k. (AT — A2, 200 125 T A

HFAED KA+, HATHE S FEHEHR M NAMD H
O SCHL. SR, W] 8 2 LR 1Y 1A pK., (inher-
ent pK,) BB — AN FESE. O TiR&E
DR RE , 2R A R [ A pK, S AT g #5058
{E 4. R, D-CpHMD —NEAE RIBIFFE 5 T & 11
B L AR BT p K, AR

2.1.2 C-CpHMD

AP G T 4057 48 5 n i o a1 2k
PR A2, X SR TR F 2 BRS: BAT/ NS
= 2 A EE R & L B R A 5 PDBbind
RS AN4E v2016. B T KRR Cys, &AL
T IR A (B AR Glu, RAZR Asp.
iz MR Lys A2 MR Arg. 2522 Tyr. 2% His)
FEEAEOMET 1029, B3 |, — A N4
T SRR SR U TR B 2N NS, SR,
D-CpHMD #§ MC 47k H B —> 1T i 5 o7 s 5k )
W A5 AR T AR, SREERCREAR B34,

2004 4F, i TR R TR R (W8 AR,
DNA fl RNA) W75 71k, 2 VR K
Brooks A T & T B A~ X s 12 HESL T 91 11
65 pH 73 13h J12% C-CpHMDBY, £ R 3 1 ff
JERERE—A SR A AR A, BB R & 0—1.
D-CpHMD AJalfJ2, C-CpHMD HY B AL bR 1%
SLpy A . (HAR M2, C-CpHMD I[BB8
A BN R AR, B HCER R
MR RE L, WFESIRE AR, BR T H SR F, W
REFLAR 2R s SR 14 i, C-CpHMD B 1
FERE -, BEAN T R 3 A R — 4 Bk X B
JLHITE [0, 1) AYFELAR 5 X AE N R T2 AR, N
TR AR T A2 B )2, AR R R R 10
(BRI F ). AT R IR 5 A R i

H({ra}. {)\})

Natom

= > émm% + UM ({ra}) + U™ ({ra}, {A;})

Niiwr 1 )
+2_5mid; + U, (7)

Forfr, Naom 78 BRI T8, v 11 A0 AL 8 R 4
A S HERLT AT E AR AR, ma Flmy 2 T
BT, 55 1 A 4 SRR 2 I R T
B ShRE. 55 2 T U A B AR HTRE, (45
ZERE | S8 A 25 T RE A TE A LA AR X BRI
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MIEAEHS X ook, 55 3 1 Urbend ZARGHEAN B AE
AE, F 45 i L U R RO H 0 O A EAE A
5 XM, JF I U S R 2503
WM RE LR 1k, R X AHC.

DU A A anfar R AT X\ b B2 = SEAH B4R FH A A
Al B A Xk T T A P SRR B A R
HITAR BN, B 1 — N\ bR EESRE s % (Gx
K 6-12 B BT U ):

UiV =(1- MU (8)
AU, 4N = 1 BRI R BTAl, RO 0 Bl
SER jICHITARH.

X WA~ T 38 A 2 ) B e B H T A AR
FH, %Fﬁ 1-N ﬂ] 1-— )\j lﬁ‘.ﬁﬁt/ﬁg
UV = (1= X) (1= ) U (9)

TP FLH S PR A BRI D, 0
JKFE R A AR L. 28T, i Tl m 225,
PR 1 A) LS8 (K2 1 A) 1
R (CERYY 2 A) AR, A LA i B H A
JEF. R, B A A2 A A LA
VEIREIRAN K, AHXH AR AR B R] DL 22 i AN
T TR EAE I, X AR A2 T ey B

d
Goj = Ny + (L= b5, (10)

o, oo A g SRR RR R I AL T RS
B FACASE R o BFs L. FRFAH AR Do
IRE IS, 0T al 1 ek 280t
TAGER, R IR R FIAH AR . PRy e 4502
pKL THE MG N, AP AR ) 5%
T H) C-CpHMD.

R T HE =T EARCR , Brooks B4 BY >R
FH B R TSR BV R X ) S 34 3000 an it
—f, R BE Ul A 0T PN A ELVE FH AR
FHECH ((11) & 1 30), 109 55 1500 14 i A
HAEH U R GB # e ((12) X):

Natom*
e = Y A g, (11)
a<b ab
e LR® ( 1 e-mb)
2 o7 \ép Ew
% dalb ’ (12)

o Sl
ekgT’
Hp, B S REHBRAAESEA AR R TXF; o
ST g, Fl g BOBEES; &, Al ey SEEE LR AUKAY A
HLUEEG kR EFERERUR ((13) R); TR T
SREE; ¢ IR T HL; e RS kg SR IR 2K
B TRRE, o BARBER, RIEER
THAEEE AN R FRE, o GB BRURG B2 11 ¢
SR AR PB AR, GB B3 E Ze BRI, I
HOZMNTIY, 15 G 752X B A bR R — B (15
BF IG5 1) 853 F 3 15840, GB BRI
TR 2% S BARIAE A B AR SR
2004 F1 2005 4F Brooks M4 % F % T CH
ARMM BRI GBMVEY Fl GBSWHO
1 C-CpHMD, ik B T % F GB %y C-CpHMD 7£
p K, TIN5 T AT %Pk, AHXT GBSW/GBMV #57
B, GBNeck2 IR ILAIGRAE . T2, 5
H 22 K2 Shen 8ZH 81 7E 2018 4F & T Amber
B v 3T R 5 5] GBNeck2 9 C-CpHMD. {H
P4, XTSRRI OG0 R G (0
P 1SR S Asp32 T Asp228), 1% 7 EEth R AL
U, BT C A T A 40 TR0 R A ) (4951
BT pK, BB AE ST 252 DL KA T pH /Y
AR FHLE ST 253, B G, 3EF GBSW Al
GBNeck? [f) C-CpHMD #J & 528 GPU fin i, %
HE— A4 JR TSR B 1o FH Y (5499,
R T A G R FERG BE LA K i C-CpHMD
B FHVE L, Shen BRBIZ 56 45 H T 24 k%57 C-
CpHMD: #4425l Jy 24 fdi AT @ M50 i g 3 )
SRR BRI Sk, MR B 5 R Bl 01 2
KA R R B, §ii L R (7) MW
T, 5 3 WURNFRAL S ROV ARG A, AR (7) 1914
BB 1% ZOTEA YR T A
[ RAERSR, T H g TR R . BRI
SHDBRIERT GB BHEEE RIBRYE (500 55 5%
IKBLIL ) 235 WA p K, TRINKG B . SR, Shen T8
20 161 R B, PRV PME B S5 2500R 25 1 B 7K 52
N, — P L HCTH TRV R R BN O 55 7
IR . AHRT B ], 222 iR C-CpHMD 3k
BT Z N, Gl e+ B 32 e 8 1 BT Ji
T8 P R oy RS P IR RIS G
PR 32 A 1001 M 1 7K fife it (01, 2% G2 MR I 25 )
PRO2 DL b SCHE S B 43 1),

(13)
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T R REAH S K o B AR A B A
T (A4 Jm B TR/ NIR ) A 2 A A s
i A2 Bl 2R o e R AR ). 4], Brooks
PR A Shen PR 73| e 147 B 1) 1 T
Wrn) B %575 FSh (force shifting, FSh) Fl GRF
(generalized reaction field, GRF)®4. SR, B T-#K
Wr, SX AR LIS T R AR i F, 0 A R R 6
AR 5, SRt Shen PREZH 6 I 1 BE T W14
Y3 PME ) C-CpHMD. it , 58 BU7E 53 45
A Amber THEEEL T GPU M 97 AR JTJ& A,
PME S & J8 011 20 5 45 (periodic boundary
condition, PBC) )4 F B i i35 Fo AH B A
R bR e, R T PME 9 C-CpHMD 22 A
B JIFHELE N I REA B e oA . Be |, fn i
AN SRR ), 2 A8 AL (1) pIC, T00I 0 12 g 4 3T
S RN 2 PBC YA T3l I REHUA R,
PME 1) G L RESE 3 N REE I AN
R N R (14)
Horp, Udr s as [l s A AR, 76 3 SRl
BRGSO R LA PN Y R A
HAHEAEH ((15) 2X). U™ s W FERF, S 14 23 [A]
(reciprocal space) TR MK FEREHLBE, 1157 AT
LA RE A ELAE T ((16) 20). Uom R B IE
I ((20) =)L

*  Naom*
i — %Z Z qagverf (Blmy —ra + n|)’ (15)

=R O

Horp) vy B ey S UL TT LA B R i no T
AL E R, HRIBK N n=nic) + naes + nses,
Hrer, e Ml es AURITHAY 3 A IEALT5 ) 2K 4 5
B ARRBHER I FXF, AR A S (a=b),
AL R 7 XF, AR BT 2B (n BR/NA 1)
PIAMWELR; erf R tMER2E G S8 6 T E U
U™ BRI CSGR BE. filan, 8Ok, U9 5l
ST, T U TR S 2R

ee 1 exp (fnzmz/ﬂz)
U =~ > S (m)S(-m),

m?2
m#0

(16)
X m 2B, HEKIR ) m = mict + macs+
macs, Holf, my, mo, ma BAEFHEL e UL
ci(i=1,2, 3) ILEEMEIK I, —FWHLE LR
cfoej =0, XH M GHCL, 2813, HAN, V =cr-

ca x ez, SEICHIAYATR. S (m) SEE5H I T

Natom
S(m) = Z qqexp (2mim - 7,) . (17)

a=1
LRI T AT R
S(m) ~ Z Q(kl,k27k3)

k1,k2,ks

X exp [Qni < m};’? + m]i'lf + mfz.]:?’)}

= F(Q) (m1,m2,m3), (18)
A b b o AT o A (B FESR) If(E R A
FHIFE 3 NEE by, ko, ks BYRIAS A 1 = 4
SN Q ki) K 208U, Hoh, ki (i =1, 2, 3)
BUAERER (1, 2, 3, -, K;), IFREFECK, R
TCMI RS F(Q) A Q 1 — 4 bR A B 7%
. et DL EARH, U IR AN

exp (|~ (am/8)°])

1
l rrec
2y mZ;éO m?

X F(Q) (m) F(Q) (—m). (19)
(A — 4R, U LR PR T4 T,
IR X SR — i S 2R A ) — A R .

1 qaqverf (B |ry — 7))
e — _ =
2 Z [Py — 74|

(a,b)eM

g & n ’
—ﬁ;qi—%QV(g:qa)- (20)

Uree % JEREAR B HLfr o3 A, IFAHEBRAFTE SRR B
HBYBEFXF, PR 2R AT U9 4 [R] A4 R 250 i
FHEIE ((20) 356 1 30). Budh, U 55 2 T 1EH
SEHERR SR AAR TR, 5 3 UM rh A R i
L oy 1) 3 5 HLfaf (background plasma). HH, J5
THT P& TE AR T i H fir

R Y S ML [ B R A AR, W
LMD @t Fs nAME SR s AT A R 2 bR R
1M, CpHMD # U e 2 S AR Y. o 1 ok
A, Shen VAL O $2 11 TR 3R & FAE R T+
Gifran. R, BB FURASTHSSHERE, T
SR R AT E K 3 8 Bt SRR (1N Asp
il Glu) 57KBIE T (hydroxide, TIPU) #& (AH+
OH™ = A~ + Hy0); Bl IERR (40 Lys, Arg il
His) 5/KFHEF (hydronium, TIPP) ##4& (BH*+
HaO = Ha0* + B ). FHA A st P G <
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fe . H PR 5 — AN AL SR T BR U R S R EBUR
W p K, IS HYTY S LA
DAL T AR T i ae ) Aok g, T
TAT A1 27 W %5 i i v SR T S D AR b A 19 i 2
Fhu[31].
Niw
U ({A3) = D _[=U™ () + UM () + U™ (A)],
J (21)
Horp 55 1300 ((22) =) A 2 1 ((23) ) 51
Vi 8 T S R IR 2% IO Ak ) I B A A FH B RN
S R BE. XA T A ) SR (AL
i), U JE—AF AN —IC IR REL UM
A BRI ((23) ). UPH — Umed b AF Rl R A
AU A T8> X AT AR ESER RIS (WX =
0.5) BIHEE, S5 ARSI T — A~ R R AU 22 Uba
((24) ). U KT N B93hh2f, Mgt
WA (23) A (24) RSB E 0, I,
C-CpHMD Ay Z TAERHE U™ FISEL (40 (22)
KA A; Tl B; ):
U™ (X)) = A;(\; — B;)?, (22)

UM ()\;) = In(10) ksT (pK™ —pH) \;,  (23)

U™ (A;) = 4n(\; — 0.5)°, (24)
Horr, pRmed J2 Ui 25 A 2 R 1Y p K, M B E,
nRE R AR X T —4> C-CpHMD R, 752
il 13 J1 8 (potential of mean force, PMF) £i
PSR Ormed R K ) ZR B X L AT R BRSO R E o
U B 2R (Lys) A . BE X H, i —&
B IE) (40 1 ns) B9 MD, XFEHTE R+ 19 55K
BIE]SF2, B (AU /dN) , Horp X 7E 0—1 Z [BIBUE H
MR 6 T2t i B, Mk ki%k 24 (A — B)
PUE 37, e RIS E AR B . [[l&, v FH
VIR F50 5k PMF, 118 5011k B B BB

o
Umed () = /0 " <6U8§,X) >Xd)\’. (25)

SCHL
THELE RS, h TR X AL (0, 1], T E
XG0 XFN ORI KERAH A =sin’0. T
e, BRI TR ARAR 0, TTAR LR AR A .
T AT ARG (0 R, B X
B AR @ e ik T 22 B 1L (His) 505 1Ak
(Glu Al Asp) A1 it 740 A AT 37,05 1. o [

FETE 0 3] 1 YERIN RS, 8 3 JB/R T Asp
A1 His MEE 3 4 T2 % N 119 5 7 A bR (B LA K
REM AL, 2085 X, ol A AR ER 2 A
WA S ) A RE R L. 4N, DL 4302 Asp A
His HLR7 & T A Al 2 A IAR:

5 = NS+ (1= 2) [0S+ (1= ) 2]
(26)

/\j) qupv

(27)
Forfr gfSP2 R ghSPt 43le Asp MllEE j EJET o 7E Ose
1 Oay BT T AL FFFAT (Y LA, 5P R M BE 26 T
PEIRET o FPHAT; g S5 A gfISP 235312 His IlEE 5
BT o fE N Bl N EBTTALR FR i s, ¢S
SEZMEE T IER R T o Iy B A HLA T iR
f7 5.8 Glu/Asp Fil His i U™ ZF A Fl 2 (£
T, TEEH N 2 [HARRIA AT, K5
i1 Brooks P $1E H A9 7 A 22 i R A 10,

g =N [z + (1 —2) ¢S]+ (1 -

(a) (b)
A=0,2=0 @

W
A=1,z=1 ¢
Os1 U—X /“744
— _ (%
r=1 @ A=0 7 o "s
'b ’ v

BUTIN @ s
C myY

A=0,z=1 v

3 H S E AR 3 A4 A DL ROIR 2 TR] Y
1t (a) RE&ZAM Asp; (b) &M His

Fig. 3. Three protonation states and their interconversion in
the tautomeric titration model: (a) Aspartic acid; (b) histid-

ine.

CpHMD #54LIa] I X A4 G BT AL AR A AR
o () L AR LR AT B I T B A AT 7 o Al
FRA (X [0, 1) (K 4(a). GEithb FRFIE (0<
A<0.1) YIREL NPt DL R B FAEAS (0.9<A<1T)
FUREL NP | TR pH 2544 T A 25 B FIe A%
S (& 4(a))BU:

dep
S =

e, R T Hill %L ()7 X Henderson-
Hasselbalch pREL) #15 S . pK, /2 S= 0.5 i
XIR; g pH (& 4(b)):

(28)
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pH=14

I m”\mww~w:iw

0 2.5

Time/ns

& 4 HTF C-CpHMD i pK, 1154

5.0

(b) L pK,=pH (S=0.5)
O CpHMD
— Fit to Hill
(/} ,,,,,,,,,,,,,,,
‘
i
|
‘
|
1
0 r
2 3 4 5 6
pH

(a) 5 A8 bR X A1 B FARMER S LI ; (b) SR Hill L& S

Fig. 4. The pK, calculation based on C-CpHMD: (a) Trajectories of titration coordinate A and deprotonation fraction S; (b) fit-

ting S to Hill function.
1

S ke
For n 2 Hill 5L, RAE—0] B b3k 5 A
R E SE A i A B 2 R SRR, b = 1 3R
TNTCHRA, W T3 2 T 1) 3% ik i 2 S L TR
h < 1Rn R A, WY BER A S 1 25 5 1k 1
Asp T TALI) Lys. h > 1 R ERE, Qs e
A7 5t I B R O PR S R M LR (AR BY Asp
% Glu). hAfWES 1 ERZ, A R 00,
A IR IO E B I F ARG, TR
HENE— R, R 2205 220 pKy Al

pK> (macroscopic sequential pk, )0+

(29)

10(PE2—pH) | 9 v 1(PK1+pK2—2pH)

1 4+ 10®K2—pH) 4 1o(PK1+pK2—2pH)’ (30)

Horp N 2—5€ pH S PP 740 ki pK,
HpKy , WAl ERHILL T ARG ARL (31) 2 172
1 1
1 + 10®E1—pH) + 1 + 10PE2—pH)’
Horr Sy F Sy 3 ) W R 1 P o o s 1 25 BT

TAHER.

23 5E B 27 R ATl R SR R I AR
PRV, 5 22 A BR800 (731, TR A
GKE BT e, A R R R AR T
TR FAREHAE S B HOA R AN (discrete solvent
effect) 00, AT E AR £ B 11k, RIBTHK
TSN 5 | 1Y) e AR E 2

2
AGoffset _ gli’yqp,

Hr, w BAHBEEG p BB, SFTKGF
BN BRIV X BN 8 592 A B A M AR
FHRIK AT T4, VA2 7K A 2650 N I AR
q FE R E AR I FLT, Asp/Glu J&-1e, His/Lys

S1+ S5 =

(31)

(32)

L o A2 b P U R RS T 9 A RO EE T A B A
L 1 L DU B . X T AR A TIP3P, v A
H0.764 € A% R T AN %A BN BRSO S B
pK, i, T ZE ARSI 237 ) il £ A8k (69
mod

AAGOTe = %/«yq (J‘\/[ - %) . (33)
Horfr, N FD Nmed Sy 5|2 R TR S s S R
& R v 59 A A BAE 7K 4375 v R vmed
2P I 1 B P e R AR K DL R U e
pK, it &, ] 15500
AAGoffset
In (10) RT"

HRAE N AV R 5E X, v DAAERTA B R S0
X} PME 52045k, PME % & 7 J& #9040 i 7 B
BARDT, BEATREUT S BN, K%
p B, S5—J7 1, GRF Fl FSh 0% &AW LA 1)
K, B BRI o L BBOR, FK Bt 25 B T 2
At X TREAKRR, 7T2% Roux M4 M 4
H B A L B IE.

DL EA Y C-CpHMD J@ T % B faf 4 {8, 52
BN O A VRS Y NS L VA S T i R e o
ST L far e PEARS, JE FAI FRLAT PR ZR P47
SRR, B RS SL T, SR AR (R
AFR X) T — B A (TR TR R &40 07)
SEAHAERY. SR, JEASE BT A RN i S G g i
TR HL AT PR A 56, 40 PME 2303 v 25 f i 1 A
A A AT A E TE T ((20) )66 R, AT
- A ey AR AR R A2 Bl ) 2 RS e, T
Wi GRF F1 FSh #38 A % # f 8 E A T B C-
CpHMD, B R B AT 0 5 i S5 08 B8 1 % A A 1 2k
PEAR . A8 I v S B e IS T 9 Grubmdiller
IR ) FE 7 TR GROMACS HiIF & 1

ApKE™ = + (34)
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C-CpHMD i &% e pRE A T4 (. Bl 25 =211
Groenhof PR 1677 B F iz 5 1 A7 AC R L Ak,
JFSZ AT CHARMM 1319 CpHMD #i4i. 4%
17, AR ] T ARV R PME, WA 2 T
Wiy GRF 8 FSh. HIK, A RIEAT & Shen PR
2 64—+ A TR RATRON. J3— 7T, [RIREE R
REVEATHHH, Brooks P84 0371 L A I 1Y
C-CpHMD #AR& R A 12 THUBT Y FSh. FR 17
DI IE 5% R BUE 2, Grubmiiller i /81 4H A1 Brooks
DRATZHR  T HAWKs X 99AE X [0, 1] Bk
U1, Grubmiiller 4 (7 $2 1 T 475520, Brooks
PR 78 52 1 — AR e e B0 . X
%) C-CpHMD, 4 i rh e — i s B 2 o 5%
{4, Shen P2 66 F1 Grubmiiller P& M) #]°%
FH T AT 8 7K o3 SE AR R L faf 1H 55 T 0. 8RT,
Brooks ML (M [ B 47 5] C-CpHMD 8 k& %
JEIZZ . R, T R TS B AR Y A
HAEH, 75X FSh i $s E R/ N

MERIS A, Shen P4 06 FF & 13T PME
) C-CpHMD 1] i F T4+ F J1 S e i ik i AT far &
R, A Sz ). SLhs b, —AN Rtk g
R B e 11 25 o 1 Ak B — W Pk 2 B R e KR 17 o
T T R TR AR (R A% T = Bl
i 85 J T A% ) ol AT (4 R K s A b ) R T
5 T B T BOL A S AT AR B S, —
FREE FnsiR iz s SRR E RS AR E M. 4R
WM, AZSE 15 L far o A1 2 [ 1, N2 RR I
| 32 ] BBl L 37 () AR AR T A 3, 3 AT R S 3T
E 2 SEPR R A O 2 L v v ARSI 67 T A B N
S LR FR L 00, JEF DL 2 pE SR AL )
% (W CHARMM fY Drudel®!), C-CpHMD ¥
FERAR B — R T HAR, KER5 CpHMD (H
FEIZBAY) WA 7% T T A A 25 B A X SEAE A
FHIR) 52 (441,

Bt 5 PRV CpHMD Ry bR & e, 2
DT AL A A 52 B SR AR [R) 8E. 2006 4F: Brooks ¥
A 182) ZR A L TR A B AR 284 (replica exch-
ange) H.3EN 3] C-CpHMD, BRFEIALL—E 1Y
R 2 A2 4 3 s v L A B AR V% $2 '/ CpHMD
B RAL . 32 8 2500 it Bl A SSHBE I R &
2011 4F Shen PRI PO 4 i T 5 T pH By EIA AL
L B RIA DL — 2 AR p ACH B4 S Y pH,
P 1 22 BT AL R A BSOS BRI pH, 2

AL S B RAE ((35) 2N). R S BR ik 47 A 46
B pH HAEFE T UPH ((23) X)), 2 ¥ehir )5 BRE = 1Y
Ak A/ Al R A A UPH g R IE L ((36) 20).
S pH I, PIASRIASKTERTY pH 54T (BT
UPH) HEATRAE . IR AR e, W] IR A 7
EL 4 07 FH 2 oAl CpHMD A5 (8386 5 7 3 58 fify
TALE A A R A 22 8 [ 57 T AR 0F 58 B NIH 1)
Brooks B 2H 57 42 H 45 A 40 45 53 A SR AE (enve-
loping distribution sampling, EDS) IR 2 il & fl
A AL # (Hamiltonian replica exchange, HREX).
EDS i#id & XL —DS8 s b BRI T RE 2. K
INER s TR RE &2, I RS A A AL
SR, REZA A TH BRIZE 1 M40 P () 25 A SR AE, 30
SN W BRSO RAE . O T A v (R S SR AT, AR
EDS JEfifi A HREX $& i 8 Hi B 7254510
HRFERCR. 258, R B9 A LA 2T pH
MY RIA S e, P HER RIAS SS 4. SRR FA
OTEEMR SR R T ORFERCR, (AU 2 A R Y
RIAS DL RS FDL A v A s ZEm R, X AR R
SOREE. LW, S TTEARR GPU B -REE R 4%
PF TS T pH MY RIAS S48, Shen PRAIZ B £2
T RIAS ) 2D 5S4

1, A <0,
p= (35)
exp(—4), A>0,

A= BUM ({A;}spH) + U ({X}; pH)
= UM ({A;}spH) = UM ({\}}5pH)),  (36)
Hor, p & @A 22 0 BE 25, UP({\; ) pH) F
UPH({N;}; pH') 5 PAAN B AS S i 9 UPH . 4 L)
PIIILY) pH A pH' 64T B4, 193] UPH({A;}; pH') Fl
UPH({N}}; pH) .

B T RIASS e, ) — s R A A 7 e X A
YIRSy F i TRk AL (coarse graining, CG), Jif/>
READMA Z ok 80, NIRRT R 42 23 1Al 1Y)
HHBE. 3% 38 R T B K s ) R
) RUBE AR it 2, i T & . Z IR EFY)
JoT 5 e A i 4 89, Sl AR, PR EAT TR CG 5
CpHMD %54, & & CpHMD [ LKL AL A5 # 90951,
{EAS—HEn0 0, #2H Martini HURAL 11351 Marri-
nk PHEA 2 E AR THAUAR M GROMACS Hi5k
BT CpHMD [ HURL AR
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2.2 ETF PBKpk, FRiEE

Sebr b, ISR R AN GG, nT U PB U7
PR 2L AR AAG = AG — AG™.
Horr, AGMed RIS AL R IR A TRl RS
NEBTCA e R

AGmOd _ Gmod (A—) _ Gmod (AH) , (37)

A Gmed (A7) A G™4 (AH) Zp il BTk (A7)
BT (AH) RER A AE. [F3H, x5
ZHEARME K, EfEEARTrER LA h
RERAE B AG RN
AG =G (A7) — G (AH). (38)
BT 8 P A AN 0 LS E TR 53 AGond
(L (4) 3X) AfBIRE, LB I FH RE O & 22 1]
FIRN
AG — AG™ = (Gpg (A7) — Gpg (AH))
— (GBs* (A7) — GRs? (AH)), (39)
Hob, Fhr PB £ PB B E SR A
W ARET EHLRE. 2 AG(AH) = Gy (AH) —
GRs* (AH) Ml AG(A™) = Gpp (A7) — GgY (A7), AT
153
AG + AGpg (AH) = AG™ + AGpg (A7), (40)
Hd, AGpg (AH) Fll AGpy (A7) 43 IR e K 5
el i1k (AH) FIEBT 71k (A™) MR
AR AR s B %A, T IR E
il 5 R BRI 12EPE RS (thermodynamic cycle).
FEXT L BT F1E H HRE AAG AT RIR Ny
AAG = AGpy (A7) — AGps (AH),  (41)

&, B AAGRAK R ApK,=AAG/ (ksTn10)
R pK, & ApK, . J/5, FIH (5) X5 pK, .
AL, T2 ER 4 RSB R RE T B T
pK, MRS B, H AT, 2T PB it A #R L ReIf
W26 1 BT pK 19 J7 5 AL 45 MCCEN,) H4+08)
APBS[, DelPhiPKal2095:%] ) & PypKal?!l, Hrf1,
MCCE F1 PypKa F|H MC X}l £ — 1 ff 47 %
R, — R AR T IR R, H SRS EE IR
T CpHMD, #iH 123 [ 4 5 5653 RAE R 22 (9],
PB IR SE E LI i, TR0y s AR
7, LA e B AR R AR R . Bilan, bR T
FH 1, DelPhiPKa tif T DNA Fl RNA. & T
FAHPAR, HH4+W 8 T S ARERME G

5 AR 25 BTG AR RE TS AR 2R ER

Fig. 5. Thermodynamic cycle of relative deprotonation free

energy calculation.

2.3 ETZWRHH pK, TIMEE

DL B R (CpHMD FlEE T PB A A1)
T BRI RAR R IR RE, MR E AR . N T
— PR p KL HHEIAICR (10K SR Y p K,
TR 48 5 B A2, 2005 4 BRAS A AR K241
Jensen PRAEA] 23 $E T — 4 250 iK% PropKa 43
S H A 5 HL A A EAE ] (Coulomb force) . 295
B0 (desolvation) FI & S AH BAE M (hydrogen
bonding) X pK, fhi#% i 1) GTHk:

ApK, = ApK{M™ 4+ ApK PN + ApK, . (42)
DL 1 3 T eRERCHA R 4 B i) — IR bR R, TR O
FEAR, TR 308 B A 29, 2 1 BRI Ngr
FCAR A SEA 4 07, 8RN, 1Z A 1Y) PropKa 1% X 43
A 2 A SR B 2 Ak T B 1 B ) R THI A S D

A, 2011 4F Jensen PR EA] P H Tk
i PropKa 3.0. HihiiA 2% 1& T MFIHY ApK, e
T, ¥ (42) Xy S A AR 2 ApKBed
FVEFERON S ApKPsoN 94 H BE ApKSelf .
A JE, PropKa 3.0 SREL T — My rZE, /)
R R A Filn, 5 H A AR DR 4
A RS REFHCBONR TR GB BRI sk
A SO B AR BB (1)) FERUAY i+ 1A R
(V) BRPAFEFRIBE B A DU Ty (r). ehh, JE B
VRN AR T AN TR A A B 55 X TS
ERL, WIGRER T — R eREUE . B () S50k
THRARRRAZIRN pK, SLHAA, XTRMERELR
AT RE J1 43T CpHMDS, SR, 1245 B mai i
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LR (I Lys 1 His) A H0NRCR 822 29,

24 ETFHEEIN pk, FEE

iR PropKa 2255 bR EL 10 $12 H 550 KRR B AR
FRZAF AR, B b R A R 20
PR, SEIIN LA, 1T DLZS A5 FbLas = > Skl
G — AR R, AT EAREE T A AR
2018 4F Y 2B Vb K 2# Siedlecki IFAHZH 9 $ H 1
AN TR BE 2 2 1) 8 1 AR 45 & SE A (bin-
ding affinity) FMABIREY. 3 B A9 {4 5 15 24 L
AT ZE R BRIV T FRATTNE , p K, FEHE I ] 3% o i
255 BMEZ R . H—Rh ik, pK, IRREH
JERN BT A 45 A SR A, T UL, R A R AR S AR
FPETROIN 7 X6F p K, T ELAT S50 (E 20,

A T80 25 R BRI, 384 1k B 1 BT Rl i
IR BRI p Ky 250 I {ELAS ) g A (100,101,
T, AT R AT PR ] GBNeck2 1 C-
CpHMDU!S g 57 T — A8 [ BT pKL Edle 4 (3
12809 1~ pK, )29 2021 4F 12 A, AR L T
B B b1 A 3 T HLAR 2 2 10 88 5 p I, TN A A6
DeepKa, UEBA T 5] AN T -5 B8 J7 % fiff e 25 (1 ot
P, TR ) B30 %) ] A4 (250, A PR 6 B 1) p K,
ot P2 PKADIO(6155 1350 4N A5 p K, SE56
HAH) TR vE, 15 3] T4 EXP6TS. B
S, M IR 7 A AR AL L XS HERR T U B .
TR 67 NEEAF 470 4~ Asp, Glu, Lys 8 His
i p K, M AR AE EXP6T. H:45, X) EXP67 47
RRHE, R ApK, KI5 H45) . f)a T
[ 167 4> pK, Az A (4R EXP6TS. 1l
LR RSB AE T SO AR X AR ok (18] 6).
R RS AGRAE L) S = 4B B 22 2% (con-
volutional neural network, CNN) HEZEH{H 2 Sie-
dlecki P ZH 99 $2 H fY Pafnucy #8 . (H15—42
S, AT DT S B0 3 B R8T, DeepKa 2R
FHAS 5 L ff (Siedlecki A3 2H 199 R F JEL 7 H i )
T IR p K, TUMRG B A e PR A FH A e el PR 290,
R DeepKa 55— WA 1 FLNRS FE 55 F PropKa
3.0, HZ 1 CpHMD A7 —E 25 HE 2L b, i
TAEHMEA T DeepKa A EAMERE, I AN HEEE R
[ FEI Q] e e RN o WY B e = B v A 7

2022 4F 1 H, LE-R MM RS Lsayev BR
B PO JF R T T 28 A ANT-2X A T34
ik i AVE BYUREE 2% SRR pKa-ANL SR1fif, 1%

FEALYE BT A 1 S B TR A Y1 2k, AT
HMEREIA T AP, T35, AT G5 A SRR
T A T FR T B XTI IR 25 A A T e i/ ME,
NP B EHAG BN 25 2R 20, 2022 4% 3 1, £E
2y 4 WK 2% Damjanovic BRaiZH 27 I
T 4P T LES 2 S k. Hd, XGB-WMa
R scht. 2%/ N RIRER A R A4 S 95 B K I 25
IR, Ry TN AR, A TR RRE S
B EMA TEZMEEIN: 15, Feitlibe i
Z 5 S R, T AT LA R
A SRR (solvent accessible surface area, SASA);
B, AR AR AT H B KON T i SR AT T
B FIAT IS, WAR, UL ERHERA RS T
PropKa BRI 5210 p K, i 4 5t 1Y 3 S SCHEN %
VB EAE R R AR, A A AE ELAE
2022 4F 7 H, Reis @4 192 F 3T PB ¥ Pyp
Ka #37 TALE 1200 54 pK, (HEEEE, JFHET
BRI R T IR EE 22 2] BT PKATRS. S T 5
FE L, 78 PKAT SE Al b XF 48 2% pR £50E A4 7 10 ) £k Ak
B, AT E) PKAT+. SR, PKATH7E H A i) i€
£ (40 EXP67S) iR I 5 PKAT AL, Ui Lk
Y IE A b B R = 5l P 29 PR L, SR A R
U, T CHBE PKAL

jun
CpHMD
=
Z
N
i
b
Jﬂlj &K PypKa
o~
DeepKa IProple PKAI
2 3.0
0.73 0.87 0.91
PSR RIS

B 6 pKa B b AEXT H
Fig. 6. Comparison of existing pK, predictors.

2023 4 5 H , AR BH &4 T DeepKa A9
B PO S RAS ()i AR RIS ARUAE S 5 TH AR
AHTE, A BE I T ISR AR 4 1Y p K, FEAS
RCEAEACHS H 549 MR B 26552 1~ Asp, Glu,
Lys F1 His. FHXJTHRAS, 3% WA 10 0 44 g B 422 3
CpHMD. AN, 73X A4 TAE P48 I 8 LR &R
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Y T HE— PP DeepKa B AT SEPE. )0, A
e A B 24 R RS, J& p K, TN A — A~
BIHREL. BRI I p K, T ER TN T 5 S EEHE
ferpol B FHEA. B T HARROE = 4e g5 iR
F, AR A n] B 0 T P . BT pK,
RS S /N S VS AR 2 2 I T RS 1, {2
ME DL 3 U AR 5, i B A p R, IS RN T 1.0
PTG O, BRI AN S B AT 8K 2 I HH 58 vai 1 A G
UEBH T 2B () e e 291, an e e, R 3C
) DeepKa f{FZH MU

LRI AT LRI R B PKAD Hr i 5255
B S Il 2k s AR . AR T, pKa-ANIT, XGB-
WMa Fl PKAI 2 T 74 T PKAD 1705
(il an—~ 26 A PR AH R Y pKG ), X T RE S
FI A . Hik, PKAD W RZ8 pK A T 2% 1H
pE YO BT, PRI, SR I AN R sy AR LS
TGE Iy 2L (EAS— PR AR, AL B i I
£E EXP6TS ANAEAELL LA ], AT 458 A 7 00 i
XPBERIHEA TR 20, W 2 B, R T 76 SC i A B e
AHIEE T A IHAR T CpHMD, DeepKa, 14 70 K
JEE B Sk T A FE R p K, TSR, f13E PypKa,
PropKa, PKAI fll pKa-ANI?). Hr1 PypKa {3
5T PBUBAL PropKa {83 3 T 4 5 o& 5011
L PKAI Fl pKa-ANI 0 HAth AT BRI, JEF
B XGB-WMa A FCEACAS, B LI
EXP67S X Hib Ak, Hit, XGB-WMa A& 5
SRS . R AR AR & 6 R
T 5 AR ENPERE. Hoh, SR xT iR 2E A
FAFBRLPREEE . B 5 WL, AR LL PropKa 4
JEF1 CpHMD A EEA/E A2 I, HETHA DeepKa
A 4 At v A B T R p K TR ) /R, g R
] R 5T 25 B2 45 Sulea IRAL 103 Fo i T BLA BY
7 B v A p K, TN AR A A 45 3 T2 50 R AU
PropKa 3.024, JEFIRE 2> ) DeepKa®!, PKAI

M PKAT+2 D) 36T PB 5 2 ) DelPhiPKal% |

MCCE2PY 1 H++081 iz 0F 57 48 e DL b il
A DeepKa RS iy, 5 6 4516—3X.

3 & %

pH S | ok —HREARM NG SR 1L
GLiN o>l J AR AR K (pH=T.0), A
% B HAD pH 2% MF; BUAh, (R80T 3 s

T A2 [ 5 1, A2 R i s . DL B
BRI A& G 00+ 8 i i — DR A i 2
5 pH AHCRYAEY it /8, WAl EE R p K, RO AT B
THROGZMERS . REER FEANA T 4 K FRH pK,
T k. AR, XTSRS Y p K, TN AR AL,
HIE TG RARAEAE 22 5. B0, RSy i a)
R, NSRS R EE A, )R N R
{EHERCREARAY CpHMD. 2435 K AF KT A
(TR ) 1 pKL THEA, B TS BRI AT AR
RHET Ak ) B0 B P R 10057 1) CpHMID.
T3 —J5 T, T ST R el Y p I, TR AL M
T 2 Tl B Y p K TR R. B TR AR Y
FRVS Jry B RS 50 S5 A A BR ], b 3R A v 3 A
S FH /KA B . 67K M B A o AR 7
pK, T, FET A d AR A DeepKa, JC5E 2 i
PR 201081, 35 HOGO IR PE BRI AR AL (10 Asp
1 Glu) BT FAEA, AT & PropKa 3.024. iy
TN 4 FPAT &AL FERTE S (Asp, Glu, Lys
A1 His) LASMA TR EHEA (40 Cys A1 Tyr), 1% &
BT PB AYAAY (40 H4-4-18 Fl PypKal2l),

Bl AL R G bR e Jre, [ PR 44
1 3E E 251 T RIBEE 75 (Schrodinger) FFUR %%
A A HAERAL (free energy perturbation, FEP)
T pK. , U BT p K, BRI I iR 5 |
Tl ARG B (EAF— AR, F T LA =T 1
pK, TR A TSP BB B (2021 4E 24, H)
TR A B [ A B TR B2, (5 anAs 2R
IR DeepKa. FATHIfE: AT AERIA ] HEZEME G
B RIR, TEAS A PR SR B A B Ay e e il s 4
Py PRI CpHMD #5719 p K, K4 52 PHMD549
T pI, BRI PKAD 857 f9 Ik 4E EXP67S
B R FE T AR 22 2T 1) p I, T T 2L A I A B8 52 F
filh 29, £ 3, BT DeepKa ARURBH T A T HEHNE
MR AT pK, fELITHAF & (http://www.comput
biophys.com /DeepKa/main), X X} &k Z 5 #| A
TR RRIK SRR 25 7 Ml HAG i R S 1105106,

S 0k
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SPECIAL TOPIC—Machine learning in biomolecular simulations
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Abstract

The pH value represents the acidity of the solution and plays a key role in many life events linked to
human diseases. For instance, the B-site amyloid precursor protein cleavage enzyme, BACE1, which is a major
therapeutic target of treating Alzheimer’s disease, functions within a narrow pH region around 4.5. In addition,
the sodium-proton antiporter NhaA from FEscherichia coli is activated only when the cytoplasmic pH is higher
than 6.5 and the activity reaches a maximum value around pH 8.8. To explore the molecular mechanism of a
protein regulated by pH, it is important to measure, typically by nuclear magnetic resonance, the binding
affinities of protons to ionizable key residues, namely pK, values, which determine the deprotonation equilibria
under a pH condition. However, wet-lab experiments are often expensive and time consuming. In some cases,
owing to the structural complexity of a protein, pK, measurements become difficult, making theoretical pK,
predictions in a dry laboratory more advantageous. In the past thirty years, many efforts have been made to
accurately and fast predict protein pK, with physics-based methods. Theoretically, constant pH molecular
dynamics (CpHMD) method that takes conformational fluctuations into account gives the most accurate
predictions, especially the explicit-solvent CpHMD model proposed by Huang and coworkers (2016 J. Chem.
Theory Comput. 12 5411) which in principle is applicable to any system that can be described by a force field.
However, lengthy molecular simulations are usually necessary for the extensive sampling of conformation. In
particular, the computational complexity increases significantly if water molecules are included explicitly in the
simulation system. Thus, CpHMD is not suitable for high-throughout computing requested in industry circle.
To accelerate pK, prediction, Poisson-Boltzmann (PB) or empirical equation-based schemes, such as H++ and
PropKa, have been developed and widely used where pK, values are obtained via one-structure calculations.
Recently, artificial intelligence (AI) is applied to the area of protein pK, prediction, which leads to the
development of DeepKa by Huang laboratory (2021 ACS Omega 6 34823), the first Al-driven pK, predictor. In
this paper, we review the advances in protein pK, prediction contributed mainly by CpHMD methods, PB or
empirical equation-based schemes, and AI models. Notably, the modeling hypotheses explained in the review

would shed light on future development of more powerful protein pK, predictors.
Keywords: molecular dynamics, Poisson-Boltzmann equation, machine learning, pK, prediction

PACS: 87.15.ap, 87.14.E—, 87.10.Vg, 87.15.A~ DOI: 10.7498 /aps.72.20231356

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11804114, 62006096), the Natural
Science Foundation of Fujian Province, China (Grant Nos. 2023J01329, 2020J05146), the Natural Science Foundation of
Xiamen, China (Grant No. 3502Z20227205), and the Scientific Starting Research Foundation of Jimei University, China
(Grant No. ZQ2020027).

1 Corresponding author. E-mail: yandonghuang@jmu.edu.cn

248704-15


https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://doi.org/10.1021/acs.jctc.6b00552
https://www.doi.org/10.1021/acsomega.1c05440
https://www.doi.org/10.1021/acsomega.1c05440
https://www.doi.org/10.1021/acsomega.1c05440
https://www.doi.org/10.1021/acsomega.1c05440
https://www.doi.org/10.1021/acsomega.1c05440
https://www.doi.org/10.1021/acsomega.1c05440
https://www.doi.org/10.1021/acsomega.1c05440
http://doi.org/10.7498/aps.72.20231356
mailto:yandonghuang@jmu.edu.cn
mailto:yandonghuang@jmu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

% 13 ok, BB S
Progress in protein pK prediction
Luo Fang-Fang Cai Zhi-Tao  Huang Yan-Dong

5| {5 B, Citation: Acta Physica Sinica, 72, 248704 (2023) DOI: 10.7498/aps.72.20231356
TEZL I View online: https://doi.org/10.7498/aps.72.20231356
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

LR BRI HoA S EE

Articles you may be interested in

BT Bl T B TCHLRE PRI 1 JE 25 0 28 55 R )
Classification of magnetic ground states and prediction of magnetic moments of inorganic magnetic materials based on machine

learning

PIBZAAR. 2022, 71(6): 060202  htips:/doi.org/10.7498/aps.71.20211625

ANFEEE N bee-Fe IR A4 1% S S AR FAH EAE AT

Screw dislocation slip and its interaction with [] dislocation loop in bee—Fe at different temperatures

YrHE2E 4. 2021, 70(6): 068701  https:/doi.org/10.7498/aps.70.20201659

PLas > i e i Tkt
Machine learning assisted quantum adiabatic algorithm design

YrHE2A4R. 2021, 70(14): 140306  https://doi.org/10.7498/aps.70.20210831

T AL 2] SR TR ANOR R FEMILEY 1 GK S RE AL I S LN

Self-powered sensing based on triboelectric nanogenerator through machine learning and its application

YIHEHz. 2022, 71(7): 078702  https://doi.org/10.7498/aps.71.20211632

BT WS S RS
Machine learning based on wave and diffusion physical systems

WIFAEA. 2021, 70(14): 144204 https://doi.org/10.7498/aps.70.20210879

FET I A T A i TR TR O T
Short-time prediction of chaotic laser using time—delayed photonic reservoir computing

WIFREH. 2021, 70(15): 154209  hitps://doi.org/10.7498/aps.70.20210355


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20231356
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20211625
https://doi.org/10.7498/aps.70.20201659
https://doi.org/10.7498/aps.70.20210831
https://doi.org/10.7498/aps.71.20211632
https://doi.org/10.7498/aps.70.20210879
https://doi.org/10.7498/aps.70.20210355

	1 引　言
	2 蛋白质pKa预测方法
	2.1 CpHMD
	2.1.1 D-CpHMD
	2.1.2 C-CpHMD

	2.2 基于PB的$ \mathbf{p}{\bm{K}}_{\mathbf{a}} $预测模型
	2.3 基于经验函数的$ \mathbf{p}{{\bm K}}_{\mathbf{a}} $预测模型
	2.4 基于机器学习的$ \mathbf{p}{\bm{K}}_{\mathbf{a}} $预测模型

	3 结　论
	参考文献

