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A Novel Efficient Method Based on the Bond Dipole Model for
Computing Many-body Polarization Strength in Peptide-Water Systems

ZHU Jiayi, JIANG Xiaonan, ZHENG Xiaohan, HAO Qiang’, WANG Changsheng’
(School of Chemistry and Chemical Engineering , Liaoning Normal University , Dalian 116029, China)

Abstract To address the limitations of traditional non-polarizable force fields in describing three-body and higher-
order many-body interactions, and to accurately simulate protein structure and function in liquid water environments,
we present a novel method for the efficient and accurate calculation of many-body polarization strengths in peptide-
water systems. The N—H and C=0 polar bonds in peptide molecules and the O—H bonds in water were treated as
bond dipoles. The polarization effect of the environment on the chemical bond causes an induced bond dipole, and
interactions of bond dipoles were employed to describe the many-body polarization interaction. The required
parameters were determined by fitting the three-body interaction energy curves of the model molecules with different
interaction distance. The method and parameters were applied to calculate the three-body polarization strength in

peptide-water systems and the results were compared with those of high-precision MP2 method and the
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AMOEBABIO18 polarizable force field method. It is showed that the results of our method have a high linear
correlation with those of MP2 method (correlation coefficient=0.9965, RMSE=7.29 kJ/mol) in the calculation of

three-body interaction strengths in six peptide-water clusters (with a total of 92290 three-body interactions) , which is
superior to AMOEBABIO18 polarizable force field method ( correlation coefficient=0.9950, RMSE=10.74 kJ/mol with
the MP2 method ). Moreover, the computational efficiency is significantly improved, with calculation time reduced by
approximately 50% compared to AMOEBABIO18 polarizable force field method in simulations involving clusters with
over 20000 three-body interactions. This efficient method offers a new approach for large-scale simulations of
many-body interactions in protein-water systems, demonstrating significant potential for applications in related fields.

Keywords Many-body polarization interaction; Chemical bond dipole; Induced bond dipole; Peptide-water systems

Three-body interaction energy
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Fig.2 Molecular dipole moments of water monomer calculated by using B3LYP/aug-cc-pVTZ method(A)

and our method(B) and the difference between the results of the two methods
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Fig.3 Model molecules in training set
(A) Formamide trimer; (B) N-methylformamide trimer; (C) acetamide trimer; (D) N-methylacetamide trimer; (E) water-gly-water-line;

(F) gly-water-water-cyc. White: hydrogen; red: oxygen; grey: carbon, blue: nitrogen. The hydrogen-bond distances are in nm.

Table 2 Reference charge and corrected factor for induced bond dipole

Atom q/e ¢
O[in the X—CONH—Y group, (X, Y#H, Me) | -0.3732 1.00
O[in the MeCONHX group, (X=H) ] -0.3699 1.00
Olin the HCONHX group, (X#H) | -0.3645 0.90
0(in the —CONH, group) -0.3643 1.20
H[in the X—CONH—Y group, (X, Y=H, Me) | +0.2627 1.00
H(in the N—H of —CONHMe group) +0.2247 1.00
H(in the —CONH, group) +0.2262 1.20
H(in water) +0.1926 1.08
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Fig.4 Total 12 equilibrium structures of amide, peptide-water trimers
The hydrogen bond distance are in nm.
Table 3 Three-body interaction energies(V,;) calculated by different methods for total 12 amide-water

trimers and peptide-water trimers

Trimer MP2/aug-cc-pVTZ(BSSE) method  M06-2X/aug-cc-pVTZ(BSSE) method This work
Vy/(kJ-mol™) V/(kJ-mol™) AV, /(kJ-mol™)  V,/(kJ-mol™) AV, /(kJ-mol™")
NMA-water-water -4.02 -4.31 -0.29 -3.43 0.59
Water-NMA-water -1.72 -1.72 0.00 -2.22 -0.50
Acetamide-water-water -3.97 -4.27 -0.29 -3.81 0.17
Water-acetamide-water -1.76 -1.80 -0.04 -2.64 -0.88
Asn-water-waterveycl -13.77 -13.85 -0.08 -12.34 1.42
Asn-water-water-cyc2 —-13.43 -14.18 -0.75 -12.18 1.26
Asn-water-water-cyc3 -9.37 -10.38 -1.00 -9.37 0.00
Asn-water-water-cyc4 =791 -8.28 -0.38 -9.25 -1.34
Asn-water-water-line 1 -6.78 -8.12 -1.34 -7.61 -0.84
Asn-water-water-line2 -5.52 -6.32 -0.79 -4.27 1.26
Asn-water-water-line3 -4.52 -5.44 -0.92 =5.31 -0.79
Asn-water-water-line4 -3.97 -3.93 0.04 -4.60 -0.63
Maximum absolute error 1.34 1.42
Root-mean square error 0.66 0.92
Mean absolute error 0.50 0.81

5 L1 S s O AV S s W L7 e 1 | R BB 2 22 31 o NS = A £

SRR E K 2 22 R 0. 002 nm, —AAFEFREZ 22 AU 0. 04 kJ/mol. [FJEE, NMA-
water-water Fll Acetamide-water-water H 7K 23[R VE B &SR LA 2 R, S K dEAs—3, =K
YEHREZ 20 0. 05 kJ/mol.  FRA5IRUEH], 20 C—H Ak 2= SR 2 G

RITAME 2 IR S PN K > FIE RS 2 — ARG — A FH A8 H N-H 5L 2k ke 7 0 £ e e 43
FIHE R, X JE TR TAB 2 I B M b 2= s 22 e R GE AR e Ak 2= B RE IS IR B S5 7k
S FIEREBAE, 43 F2Z A . 2 2R ERIE N 2 K 8 B, s 5K
T2 AN S ARVE R T S . R AS SO 2 F MP2/aug-ce-pVTZ(BSSE) J7 5 TN FR = R K11
AR SR AT R B AR TR . DL MP2/aug-ce-pVTZ (BSSE ) J5 5 (45 5 b Bl , SR A SO
P 12 M G5 = IR E R I B IR 25 4 1. 42 kJ/mol, Y7 ARIRZE 4 0. 92 kJ/mol, F-354a %R 2%
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Fig.5 Three-body interaction energies vs. the intermolecular distances
(A, B) NMA-water trimers, (C, D) acetamide-water trimers, (E—L) asparagine-water trimers. The planar structure schematic
in (A—L) illustrates the spatial configuration of molecules through a two-dimensional representation, which provides a more
straightforward visualisation of the intermolecular hydrogen bond of equilibrium trimers. The arrow indicates the direction in

which the molecules have shifted.
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Fig. 6 Geometries of six random peptide-water clusters
(A) [NME-Gly-ACE - (H,0) ,,]-1; (B) [NME-Gly-ACE * (H,0) ,,1-2; (C) [NME-Asn-ACE * (H,0),]-1;
(D) [NME-Asn-ACE- (H,0),]-2; (E) NME-Gly-Asn-ACE- (H,0),,; (F) NME-Gly-Asn-Gly-ACE- (H,0),.

White: hydrogen; red: oxygen; grey: carbon; blue: nitrogen.
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Table 4 Three-body interaction energies(IE,;) calculated by different methods for 6 peptide-water clusters

Number of  MP2/aug-cc-pVDZ(BSSE ) method This work AMOEBABIO18 method
Cluster V,, units IE,/(kJ - mol™) Ey/(Jomol™) A IE/(K-mol™) A

[NME-Gly-ACE- (H,0),,]-1 4495 -36.28 -37.66 -1.38 -39.08 -2.80
[NME-Gly-ACE* (H,0),,]-2 4495 -80.46 -82.05 -1.59 -84.14 -3.68
[NME-Asn-ACE* (H,0),,]-1 20825 -159.91 -159.24 0.67 -166.27 -6.36
[NME-Asn-ACE- (H,0),,]-2 20825 -105.23 -115.19 -9.96 -123.34 -18.12
NME-Gly-Asn-ACE - (H,0), 20825 -121.92 -130.25 -8.33 -136.15 -14.23
NME-Gly-Asn-Gly-ACE* (H,0)y, 20825 -187.90 -199.95 -12.05 -197.86 -9.96
Maximum absolute error 12.05 18.12
Root-mean square error 7.29 10.74
Mean absolute error 5.66 9.19
Pearson correlation coefficient 0.9965 0.9950

¥ F MP2/aug-cc-pVDZ (BSSE ) 77 1251144 [ NME-Gly-ACE « (H,0) ., -2 %% i) = {41 FH & A - 80. 46
kJ/mol, A3 J5 7% AMOEBABIO18 J7 37 J5 14 5 4% (3% A 7 1) — A4 F 68 43 1 24 - 82. 05 Fl-84. 14
kJ/mol, #2243 5 H—1. 59 F1-3. 68 kJ/mol. & MP2/aug-cc-pVDZ (BSSE) J5 #3445 (1) [NME-Asn-ACE -
(H,0) 5, -1 AR —ARVE BB -159. 91 kl/mol, ALy L H AMOEBABIO18 J13 i A% i A1 75 1)
—ARVERRE 53 R -159. 24 Fil-166. 27 kJ/mol, 15225535124 0. 67 Fil—6. 36 kJ/mol. iE—L ARSI kit
SR B H AR AR T 1A 2 2 K5 J8 FEK 27 BRR ) — AR FE I RE . TTHASEIRRH , A SO ik47)
A A R TR AT 04 —AARVE R RE , AR SO TR S B I AR nT L A 1k

KA TR _FiR 6 A~ B B9 8. =& VE I RE 5 2K H MP2/aug-cc-pVDZ(BSSE) J7 115345
f) Pearson FH 3¢ 25K 0. 9965, K ] AMOEBABIO18 J137 75 i34 19 b ik 6 AN i i = IR E e
MP2/aug-cc-pVDZ (BSSE) J5 % 11 55 45 S 1) Pearson AH5¢ R 50K 0. 9950. iR &5 KRB, ASCHr kM
AMOEBABIO18 J147 J5 V515 22 ik-/KAK 2 09 58 —ARAE T RE 45 R 1 5 MP2/aug-cc-pVDZ (BSSE) Jr 4%
T, ARSCH T ARS B 2R 4T AMOEBABIO18 135 /57 .

23 HEHE

Gt T AT 2R E I, 4 B A SC O B A1 AMOEBABIO18 7137 J5 5 7 Intel (R) Xeon (R)
CPU E5-2650 V4@2. 20GHz HL#% I, SR AL T 4 A~ ZRR-/K 5 1 5 =R R g T 7 1 CPU B[]
ZERMFES PR

Table 5 CPU time needed for calculation of the total three-body interaction energies

Time/s
Cluster Number of V;; units
: This work AMOEBABIO18 method
[NME-Gly-ACE+ (H,0),,]-1 4495 2040 4477
[NME-Gly-ACE- (H,0),,]-2 4495 2042 4455
[NME-Asn-ACE- (HZO)SOJ—I 20825 12321 24031
[NME-Asn-ACE* (H,0 )SOJ-Z 20825 8992 20568

PLINME-Asn-ACE - (H,0), -1 &R R i, 535Gt R A SC)7 M AMOEBABIO18 AT #) 4k 71 3% 7
VAT = BT CPU INHA] . 318 20825 4> =444 FH B 19 CPU INFTRL AN, f5 3813 3% 4k &
“ARVERIRE CPURTE] . ZEit 25 R0, RAA S 41 AMOEBABIO18 J14 i it Lk 4 MA R
—RAEHIRER) CPU BHE 2 A 22N, ARSI 7414 CPU B[R] 4% i AMOEBABIO18 113755 1111 50%.

3 & it
P T — M T 2 IR T AR M RGR Y C=0 FI N—H A A B AR 5340 TR A R0 1 5 s
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