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Abstract Binding free energy is the most crucial physical quantity for describing recognition-association of protein-ligand
hybrids. Accurate estimation of protein-ligand binding free energies is of paramount importance in the field of drug design
and biological engineering. However, the association process of protein-ligand hybrids is usually coupled with complex con-
formational changes of molecular objects, which is not amenable to the timescale of classical molecular simulations. This
limitation makes it difficult to accurately estimate the protein-ligand binding free energies using classical free-energy calcula-
tion strategies. An effective solution is to apply geometric restraints to reduce the configurational space needed to be sampled,
s0 as to boost up the convergence rate of simulations, and then calculate and deduct the contribution of these restraints to the
binding free energy by post-processing. In this review, we firstly introduce the recent developments of three geometric re-
straints, namely, funnel, spherical, and seven-degree-of-freedom restraints, used in accurate binding free-energy calculations,
with emphasis on the latest progress of the third one. Specifically, the theoretically rigorous seven-degree-of-freedom re-
straint describes translational, orientational, rotational, and conformational degrees of freedom by means of a center-of-mass
distance, spherical angles, Euler angles and the root-mean-square deviation. Moreover, we demonstrate the theoretical back-
grounds and methods of how to achieve accurate protein-ligand binding free-energy estimation by combination of geometric
restraints and importance-sampling or alchemical algorithms. In the geometric routes, the degrees of freedom of the relative
movement of the protein-ligand complex are addressed in a stepwise fashion by one-dimensional importance-sampling simu-
lations. In the alchemical routes, a special thermodynamics cycle is designed, in which additional simulations are performed
to address the contribution of the restraints. A general suggestion for how to choose a suitable strategy for a given molecular
assembly based on our experience is provided. Last but not least, we discuss the applications and challenges of using accurate
protein-ligand binding free-energy calculation methods in fields such as drug design, and present the possibility of extending
these methods for investigating complex protein-protein interaction.
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Figure 1 The classical strategy of protein-ligand binding free-energy
calculations using alchemical algorithms. “:” represents the binding state
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Figure 2 (A) Funnel and (B) spherical restraints used in binding
free-energy calculations. Region for free move of the ligand is shown in
red. The ligand will be pushed back by the restraint if it moves outside the
red region.
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Table 1 Detailed process of the accurate protein-ligand binding

free-energy calculation strategy using the combination of the seven-
degree-of-freedom restraints and an importance-sampling algorithm
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Table 2  Detailed process of the accurate protein-ligand binding
free-energy calculation strategy using the combination of the seven-
degree-of-freedom restraints and an alchemical algorithm
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HAEHe s2BL(H B Gromacs. Lammps 1 NAMD Al
Y. B TE RO R (10)X T Al e E R T
B TR A 7, DR R F 2R (9) A 2R (10) 134 1 2
W, R 1R 2 Fros i sens it FE e USE I H 31k,
T, AR K T Binding free energy estima-
tor(BFEE) 4 & H B RETH AL A1), &m0 TR - 4
HEAMR-ICARE G, BnT 834t 5
WIRTE NS, R P TR S, &dE T L E B)
AT G, BEEATE S A dae, A T
NG E B L R RS B R D IR,

4 RFARMLMGSEBHETERZE
HEAT 2R (RO IRHE R 25 6 ) P RS L,
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B AEVF RO N AR ER B MRS 5 H B
e, I Ve LR s /R A S R AR FH e 0 1
AERTSRSS. 7T X 071K e RIS T 7 pR EURH 42
AR R, AT DA PR TE ) 1 B 4 G R D R S
KRR, THi. AU, k&L, RER. FEDFR
AR ZTT IR LT T R E TAEWSY, fE R 2w B 1
W, KM 2T 4 g (end-point) 40 19 77 AT EA-+40 (i
FEHLZA KT 45 e 7. B RTBCNH 3L T4 st
T8 MM-G(P)BSA 777k, {5 3E ZE RN gk 48 b 1R i
H AT I B S5 3A v 6% T VR EAT T VR A . S
Ab, IS CL-FEP J7iE30g i IR e #E 5 H
eIt FVEASE &, 7 B Al & 20& T4 5
L, B —FrEEREAE I PEL S H R TR A

5 BERR-EMERESBRETERZENK
H

EAM-AL G HHETTECREAY R o
157 R NN << e ke o 16 R S | I e 1) A B -8
1, Biggin UREALIE IR FH2E T 2001 B e tH 572,
TEJI I 21T, v 45 B 0] DLk B4 8 B2
(<<4.184 kJ/mol)l>4; B g IR ZH I8 i 4 /N ) HH FE 293K
HI alchemistry J77¥EBEH, MEE/INFFrhifigd 17 15
FhaT B 58 B 3 B A FH I 254155, Jorgensen PR
Him v E R A - bR ESS & B B RE, LT A
[F) 717 37 1 W ey S W L 08 B 1 o - i ARk A ) R B 3R
BLI6); Chipot WEHZH 1 VR T 58 - A HERf 45 &
HalmEARmEIEAR-EE RS, i1H T
barnase-barstar & & W) I 45 & H B B8P, Rizz,
Mobley Al Chodera PRARZH TE/S I8 T AN S BE FHEK
S IRAEfR R “SAMPL6 & ARSE G lHkig " EEE
IEL

AURRRLE K FH 5L T 8 o FE 2 ORD MR A 3R
W&, 9T T Uik = A DNA 4s& 88 J1(E 5), R
i HHBETHEINIER RS TR B AR-E AR R,
RIC T BUGAIEAE LS G E AR ) B2, TR
A AR G5 K ) B A LE AN R B VE L R AR EA 0L T
WE MR T & A - IR AR 45 S B R T R R
BRI EEE, ACURRZH K 25 0 - T A br 45 & B B RR A
N—NEESHGI NI E LT, Hdd i EE
H-BefR 45 & 5 ae, RuEila 1 /13 2800 ml &
P61,

BT S EOR-RALGE B HetEh s
HE ORI R, ARG T AR R B A -
gt A MBS SLIE XS T AR, R dt—PE T
R R E A -IAAL S B et STk GR
3).
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R3 ETAWNEOR-IALS BT S SRR b
Table 3 Comparison between calculated and experimental binding free
energies

£ 4 EAF-RAL S E RRETHEINAGE R
Table 4 Suggestion of strategies for protein-ligand binding free-energy
estimation

TR HRRE —
L N e
Aldeghi alchemistry 11 MAE=2.5 [54]
&
Boyce %5 alchemistry 13 RMSE=7.5 [29]
Li %% alchemistry 100 RMSE=2.59~6.44  [30]
Laury % alchemistry 14 MAE=5.02 [62]
Xie & alchemistry 141 RMSE=6.65 [63]
Deng % alchemistry/ 3 AE=6.7~18 (al- [27]
BV chemistry), 6.3~
14 (EZEPERFF)
Fu % EEERE 3K AE<1.7 [23]

B 5 RAHETRILIEK-CAMEZLRS & WIM-eABF J7ikit 5
DNA-Z7HE T K K45 & H R fE
Figure 5 DNA-netropsin binding free-energy calculation by the com-
bination of the optimal-rotation-based seven-degree-of-freedom restraints
and the WTM-eABF algorithm

6 BEERE

6.1 BL5

[ =]

BT -FC AR ) e T, YRR AERT 2K
VE. RCEER T I RAE K A TR AE R R R
JR-Bo AR & B B Re SR 3k J, e BAR 1) 7 iR R
BE AT T T E AR, AESERr, — N OCEE Y I R
FEREXS YT SR R A BIEM S & H AT
7, HT AR P EAR-IAESWMEH T
1k, Bt DAK 22 55015 O T #0722 B AR o) 3 B AR 40, AR
ORI A PR AE 2 -l 45 A Bl eeTH 5 s
5%, PR — M EARTEIGEE 4).
6.2 RE

KB SEBIER, TN Rk, IAHEED
e n] OAERRAL v 8 A i -IC AR bR ESS & B B RE. SR HE
W2 & B HBETHEAN R RA I (8] A4 gek 2k s, T3
WHREMITH S TR EOR, P EBHAS T iZ 7 VA S P i B
FH. R UAZ I P2 0] B I8 428 A2 T A HT 2R 1) vy R R
KAERCR, BRTHE R, IR 1 2 Bl gl A 52 e
WU - B B BE A (Hamiltonian-replica exchange molecu-
lar dynamics-FEP, H-REMD-FEP), gl AAZ ¥ i% FiiE
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W5 N B
BETEIMENZGDIE o FxtE e
SEMMIRALE 466 MM-G(P)BSA R, 3R faj
7 M B
RIE AN Ty Sahra IR A R B ER Rk iEm, R
12 AR T RARGEEEE B, ETHEND
PERAE T 10 TEEARE
NIt N7y EEMs ET/NAMEL ok i E 2
EERAFR N W Alchemistry  SRAEJTIE, N
ik ER R ERAR I
A7 5 M At AT i
2R TRk
TR, SiAMNE ET EAmEN RSEAGTEE
EAFERM MR 1 SRR B ISR
R, FERAA
ER:RES TS
if&ﬁaw,ﬂi}/}%
FHEEA, AN EE RTLAMEYS  HM R RS
AN W Alchemistry &I &4
RARES B S
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‘K - H H BE T I (replica exchange with solute scaling,
REST2-FEP)), & # 5 9% i3 H H 68 4 #t (Gaussian
algorithm-enhanced FEP, GAFEP)®, & J& #17 K £ -
metadynamics (integrated tempering sampling-
metadynamics, ITS-metadynamics)®”l,  well-tempered
metadynamics-9" J& H & M. f B /7 (WTM-eABF)¢5-6%1 4%
SRR A% DT ) B S, Hord AR AL B 1)
WTM-eABF J5 7% C WS A BT ) BFEE $fi {4, 7T
VAL E sh AT H.

Rl AETR 25 A B R e TE B9 R B T S 2R 1 O,
WIEE -2 45 G B RE VTSR 2 R TR AR
—AHERE. BT E A TROR, R IR B AR
K7 AL TR %A, FrUAREREA alchemistry J7
EHATIEE. 5156, T EA E SR LN T
W%, MRZRES & EEME RN EN FEEEH 2
H 1% . Chipot iR @41 7E 1157 barnase-barstar 5 1145
G EHHBEN, ZET 14 EHE, PR RS
A R EEIIOT. —Mha] BE A AR ek A 2 B2 HB 3L L AR
A 907 3, BN RN B A - A A IS B
AL Gy — M RT e ) AR B AR T X R L B R
TRER, EASRN A hRRit e Fidt— it Eg s
H EHfE, ZA0E I — AN 3 L2 AT DS BRI N 6 42
MR fE 22, AT AT LA A I 23 4 2 0T - O AR 10 &5 & R0
SEIAZ AW R A% O e e B — T IR R AT KA SV, Roux
PR L ) FH 41025 5% 7 ¥ (strings with swarm of trajec-
tory)"!F-4% | barnase-barstar 5 &) 45 G -fif B 1 B AIK H
HAEEAE, R B RE ARG R RBIHE T L&
H A RV A 7R 2R St R, @il 45
G B VR 1 I AR A R BRVE A B E SR A SR, S
% Y B BV R A UE SO AR ) S (on-the-fly) %48 T
IR T A B H AR AR () — N AT RETT V.
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R, AR EYELTEFRERFR. AAH
TFRFW LG BHEBLR. AR & A3 5% KA R TF A
B G -BAREA LA B WAL KA e LR R B
AB LR BT R.

B, B RFEHIE, A IR, 1992 F 3% b @A
BAKRFEF BB E LR 2002 £FBFTHREZAD
REFHIFE, 2003 FHBARARMFELEAEFF L
T B INFE TP R LI R E DM @ F R T, &
I T AR o h FE R T AR T AT e R AL R G R
FTiEAR— RN T g S AR g
5 7 k.

B A, I RFHIR, WA SIR. 1994 555 B A
BARXEFW EF4E. 2 2NF S5 FHEME RS T 4R
HEF R TIAE, GFEmA k. Atk > THEMRE
S EAZROR-TAR. AR S TFIE PR

g
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