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Extending the Polarizable Bond-dipole Model to Enable the Rapid
Prediction of the Conformational Stability of Cyclic Peptides

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

Abstract Cyclic peptides possess unique conformational stability, diverse biological activities, and favorable target
specificity, making them important lead compounds in drug development. Rapid and accurate prediction of their
conformational stability not only aids in uncovering the molecular mechanisms of protein misfolding, but also
provides a theoretical basis for target identification and intervention. This is of great significance for the rational
design of structurally stable and highly active cyclic peptide-based drugs. In this paper, the polar chemical bonds
C=0, N—H, C*—H and C—0, O—H in cyclic peptides are regarded as bond dipoles. The permanent dipole-
permanent dipole interaction is used to describe the electrostatic interaction in the system, and the permanent dipole-
induce dipole interaction and induce dipole-induced dipole interaction are used to describe the polarization. The

bonded terms, including the bond-stretching, angle-bending, and dihedral torsion, are also introduced. The
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polarizable dipole-dipole interaction model is thus developed into a potential function that can be used to rapidly

calculate the relative energies of different conformations of cyclic peptides. The potential function is applied to
9 cyclic peptides, total 33 different conformations to rapidly predict the conformational energies of these
conformations. The conformational energies of these conformations are also calculated using the AMOEBA and
DLPNO-MP2/aug-cc-pVTZ methods. The calculation results show that, compared with the DLPNO-MP2/aug-
cc-pVTZ conformational energies, the linear correlation coefficient R* of our model is 0.9784, and the root mean
square deviation is 13.43 kJ/mol, slightly better than the linear correlation coefficient 0.9682 and root mean square
deviation 16.28 kJ/mol of the AMOEBA method. The results of structural optimization and frequency calculation
further suggest the rationality of our model. Furthermore, compared with the AMOEBA polarizable force field, our
polarizable model significantly reduces the number of electrostatic terms. The model proposed in this paper may
provide a new tool for the research and development of novel cyclic peptides as drug candidate molecules.

Keywords Cyclic peptide; Conformational energy; Chemical bond dipole; Induced bond dipole; Polarizable

potential energy function
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Fig. 1 Bond dipole-dipole interaction
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Fig.2 Atom types of nine amino acid residues
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Table 1 Parameters for electrostatics

Bond 107%u,/(C-m) c q,le
C=0 8.85 1.00 -0.3800
N—H 5.04 1.00 0.2690
NA—HNA 5.04 1.00 0.2360
CT—HI 2.34 1.00 0.1150
CT—OH 2.34 0 0
CA—OH 2.34 0 0
OH—HO 5.04 1.00 0.2164

ARSI A {E S B E TS - RS2 (AR SCSZ R - E BO R, Bt AN Z Ko FIE A
() S RN ME AR R, TP R E R RE Bl 4y 1 (R BE B AR AL i A RB Hh £k . Fr AT T AR
DLPNO-MP2/aug-cc-pVTZ J5 5 R 347, FF K F TightPNO % & , VISR 8 45 B ey st . A

Chem. J. Chinese Universities, 2025, 46(10), 20250173 20250173(68/75)



Jd B3 s Ky ¥R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

AMBER99sb 713 H i fEAE SR E N A SO T Ju AR AE S BN WI IR 8, i AR SORERITHAAG 31 — 2R 4
19 A4 A FH B Bl 437 (5] B AR fL I SR BB R 4% . TR O ALV B AR S 40, AR SO AL BB A 45 4y b 3 80
DLPNO-MP2/aug-cc-pVTZ J5 % 1 —AAVE FHRE A RERN L, IATITAfA 2 1 A SCRECHY i 75 2 A R A 2
2 S2URASCIZHFF BOFN T A SO o A AEAEVE IS4 . X TR SR, R S2H B IR B 7R X
TUTEAE SRS AMBER9sb It IS HUAR ], IEAECFRsiZIEEAE 240 AMBER99sb [T FH 2 £k [] .

A SRR TR BT SR | S . AR ISR (A b, L AR 6, AR Ay, . A
RSN 1R Bk, A IR 1R Bk, R I R BV, ) B H I AMBER99sb ™. S | 4
1. IR A S50 T3 S3~38 S5 (A RHF B).

2 M A

] 3 A SCOESE I O IR IR AT 45 s B R, Horh, KRS P R30R LRVE IR RS | /NG FREROR
D RUGESEFRFR AL, 4G5 B — U RN IR R A4 58 AN ORI AN B AT
FORMGH . WIS T FIGLFG i KRB FEEF, LG/ B3R LRV E N &R . LA s S R A H 5
1R, /N FERINER DRI ARR . ik, FRKF FIGLFG 24 LUK N AR . 2 N HARR . 11~-D Y
SEEPRAN 1A LA 2R It 6 M SE R EEAM L, T 2 MR R 2 N[ 4 . [RIBE, PR+
PYPV i 2/~ LEUSHA RIS | | A LEVG A IRIEIEAN | 4 LAY A PR IR I 4 N E I RFR LM AL, &
A 65T F 10 FEIA S, HAZHE.

3 ‘g’
3 ? ® A 5 2
5 258020, 5 0@ ¢ o
WS TT ey L ES N B E
FFRIN O GIIe - ¥ 3 T e ,,*a;;tf‘v
s3 “‘: ’ % ;)““" “ 9 oo ? "0‘. g S ‘: 5 °
)
FIGLFG(6, 92, 2) aGPFaGPF(8, 102, 4) FPaFPa(6, 88, 3)
J v . @ 3 > ‘J‘ J““:
‘a’ % 2 9
? .‘ 3 : 9 :g‘!“s “4 ,‘ s O ‘3 QJ‘J
Ay % " 9 3 o °e 8 o
$ ., w 3 243 4, % & N R
‘ggzi‘: ‘,"' f"‘ A 4$3‘0"",,$,“§§*0:J
- ¥’ | L] g ®
pPAAAA(6, 68, 3) ILGILG(6, 90, 2) pFTFWE(6, 112, 2)
o
4 9 o . 9 99 2 2 @ 2P I ) e
o ‘Oat‘J?J)"a .:‘“‘.J‘J }'J’,J,’ "
f‘r§l‘? 3y ,,;;%’ %‘o
#5790y s %% 3°¢3es, 245
2 & 3 ' o
LFGFLG(6,92,2) GGGGGG(6,42,5) PYPV(4,65,10)

Fig. 3 Chemical structures of nine cyclic peptides
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SERY B R IR AR . 8T RS BE DLPNO-MP2/aug-ce-pVTZ 7 3 HEAR 3 T 33 AN G 454 i S e
XA — IR TN IR B 4544 , B DLPNO-MP2/aug-ce-pVTZ J5 ik HEAS 2 A (IR RE S ik W S5 hE
(A ZRE RS . A SO S8 BRI N I R PR S 4) , M4 E] DLPNO-MP2/aug-cc-
pVTZ KT FRRR T F AR G R G RE . (A SO 7R AMOEBAbio 1 8 #i AL 135 I 33X 33 A
[ ¥ R 45 4 19 B RE B . ORF DLPNO-MP2/aug-ce-pVTZ J5 ¥k (89 2 7% 14 G2 i 3 I3 1 AR SC7 15 g B K
AMOEBAbiol8 J5 e B EUAZE , 15 5| A3y % F1 AMOEBAbio18 J5 ¥ PR K43 T A [RIF 42 1 R S i
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TR BRI R 22 (A). 2 5 —F1 FIGLFG-1 FR IR K73 F FIGLFG (55— MAZ  FIGLFG-2 # /R
KT FIGLFG B35 — M5 5 aGPFaGPF-1 /R H k53 F aGPFaGPF f2— M4, aGPFaGPF-2 3%
INFRJK S F aGPFaGPF 55 — M4 % , aGPFaGPF-3 /R Ik 43 aGPFaGPF A28 — M4, aGPFaG-
PF-4 8RN IKA> T aGPFaGPF B3 /M4, HiA et

Table 2 Conformational energies(RE, kJ/mol) calculated using DLPNO-MP2/aug-cc-pVTZ, AMOEBADbio18

and the present method”

DLPNO-MP2/aug-cc-pVTZ AMOEBAbiol8 This Work
Cyclic eptide
RE/(kJ-mol™) RE/(kJ-mol™) A/(kJ-mol™) RE/(kJ-mol™) A/(kJ+mol™)

FIGLFG-1 0 0 0 0 0
FIGLFG-2 13.18 9.16 -4.02 0.42 -12.76
aGPFaGPF-1 0 0 0 0 0
aGPFaGPF-2 10.96 47.15 36.19 29.66 18.70
aGPFaGPF-3 53.81 105.60 51.80 64.94 11.13
aGPFaGPF-4 391.04 436.56 45.52 361.04 -30.00
FPaFPa-1 0 0 0 0 0
FPaFPa-2 39.46 39.25 -0.21 33.18 -6.28
FPaFPa-3 69.16 59.79 -9.37 42.51 -26.65
pPAAAA-1 0 0 0 0 0
pPAAAA-2 0.17 0.21 0.04 -0.04 -0.21
pPAAAA-3 0.46 -0.63 -1.09 -1.13 -1.59
ILGILG-1 0 0 0 0 0
ILGILG-2 33.18 39.46 6.28 34.81 1.63
pFTFWF-1 0 0 0 0 0
pFTFWF-2 26.48 24.60 -1.88 46.94 20.46
LFGFLG-1 0 0 0 0 0
LFGFLG-2 8.45 15.31 6.86 11.51 3.05
GGGGGG-1 0 0 0 0 0
GGGGGG-2 6.23 -12.01 -18.24 -1.55 -7.78
GGGGGG-3 126.73 149.83 23.10 126.06 -0.67
GGGGGG-4 134.14 142.67 8.54 142.05 791
GGGGGG-5 211.96 173.47 -38.49 178.11 -33.85
PYPV-1 0 0 0 0 0
PYPV-2 0.96 -2.93 -3.89 -1.84 -2.80
PYPV-3 2.30 4.18 1.88 2.38 0.08
PYPV-4 2.51 6.61 4.10 -0.96 -3.47
PYPV-5 2.72 2.18 -0.54 1.51 -1.21
PYPV-6 2.85 5.82 2.97 2.64 -0.21
PYPV-7 3.51 7.07 3.56 1.05 -2.47
PYPV-8 397 8.74 4.77 0.29 -3.68
PYPV-9 8.70 11.34 2.64 6.49 -2.22
PYPV-10 11.00 14.69 3.68 9.29 -1.72
RMSE 19.12 12.97
MAE 51.80 33.85

*The lowest-energy conformation at the DLPNO-MP2/aug-cc-pVTZ level was chosen as the reference.

W2 FR, IS F IS — MR PE S H S, TR Reat e %, AR R RE S
X FASH WG HATHEL . UL aGPFaGPF 23 R, %5 F th 8 MRS IR IR ILAL AL, L 4 A A
%, Hrh 2% % (aGPFaGPF-1) M R BB N E, HAR 3 AR AR XA G2 68 20 BT T3 A b g
DPLNO-MP2/aug-cc-pVTZ J5 3 (A 25 F 2 81, A% T 3R AK 43 F aGPFaGPF %% #4942 (aGPFaGPF-1) ,
HE 3 M4 H £ RE 43 51 K 10. 96, 53. 81 F1391. 04 kJ/mol. AMOEBAbiol8 Tl i) ¥4 4 RE 23 51 Ky
47.15, 105. 60 F11436. 56 kJ/mol, #I%F T DLPNO-MP2 J5 A6 42 flE B2 22 23 51 4 36. 19, 51. 80 F145. 52
kJ/mol. A5 PRI A G2 23 1) 29. 66, 64. 94 F1361. 04 kJ/mol, AHXT T DLPNO-MP2 J5 %444 fig
IR 2253 324 18. 70, 11. 13 F1-30. 00 kJ/mol. AR {5 1 X5 B LA T 00 A4) G2 i 1 A ARG, H
ARSI AR R B A B B S, R SRS . X5 — A F PYPV (1 4
FEFRFRILA ) , AFAE 10 RIS . #HXFF DLPNO-MP2/aug-ce-pVTZ J ik S5 5, A SOk iy il

Chem. J. Chinese Universities, 2025, 46(10), 20250173 20250173(70/75)



12

Ed C%EM%);UZ)%URV\:L OF CHINﬁ U!\T%ERS%T&\ES
MR 2 AE-3. 68~0. 08 kJ/mol Z[7] , Tfif AMOEBAbiol8 J5 s (iR 22 Y5 [l K —3. 89~4. 77 kJ/mol, FHH W%
B2 RAFA WO GE 77 . XFAR SCHFSE 9 9 N PR IR 7 F- 3531 24 A4, AMOEBAbiol8 115545
AHXT T DLPNO-MP2/aug-cc-pVTZ %5 5 1) 35 7 4 22 (RMSE) 4 19. 12 kJ/mol, e K 48 X fif 22 (MAE)
4 51.80 kJ/mol , Ay (K45 AT DLPNO-MP2/aug-ce-pVTZ 45 F4RMSE 24 12.97 kJ/mol , MAE
>4 33. 85 kJ/mol, Wi BH A SCTr X PR 20 F-Ha 52 B A TRG 3 48 AR T AMOEBAbio 18 J1 3% 757 .

RS EAER Z R A G RE T rh SR 5 S G, (BAE A R AT —
B2, AT REJR T-3RIKA> 7 R4S S i BEIPE . Pl T Bk S P EREE M, M5 A i 52 3 i 3 PR
TN G | S Bl T TH AR P AR A BRI RT 5| R AR R s I 20, DN TT (44 52 R T 5800 45 A4 It 20 o
. LLpFTEWE 731 ], 7EHAY S pFTEWE-2 Hr | SR AL A AE AL AU RE =t DTmk )N, A RE 24
A S REE T E 5. (AT AR, A ORI BRI A8 it DT MR AE— 2 i, HEE A
40. 38 kJ/mol (£ S6) , X Al BE A& P BOLIE G RE T it 22 XKW F 2R . X —Z5 RN, X TR
ZBR | ARFEAE A STER /NI AU R - S AR R, AR SCR R B P s A AL A Ak s ) . AR AR
AL — 20 R I ) A A, DASR MR IS 5 W 23 v 9 3 T 502 A RE

AT JEN , XN (AR S A T BT R F I AE I R TR R, SRR T
TR G RE T IRIME . A=W Ko T AN [RGB ik JE e Ak A i B S RE AN T L
A, LN 2R FEE B b2 O AR B D RE R R R S B GRS A TR AT .
TN BTG A SRR TR B, R — TR — R N RE RO S RE R . DIFRAK
431 aGPFaGPF N, %50 T4 4 M (aGPFaGPF-1~aGPFaGPF-4). il i i B F M 4 % M fig
wEN, WSEME, it EER3 ML EEE. W, Ll aGPFaGPF-1 8 2% 4 it
aGPFaGPF-2, aGPFaGPF-3 Fll aGPFaGPF-4 I AN G RES T3 2; 45 LA aGPFaGPF-2 2% 4, N
aGPFaGPF-1, aGPFaGPF-3 1 aGPFaGPF-4 #5425 53- 511 b -10. 96, 42. 84 F1380. 07 kJ/mol. i i X Ff
I, Al EmE RIS ITA R Z R AR BE R E R . X T aGPFaGPF 401, Mi1153) 12 44 RE 5 (=
g rem ATEA). [FEEXTRRR S PYPV, AIARE] 10x9=90 ML RE. i) 2, X TAEE—150
T, AT B R BRI AECN Mx(M-1) , 2, MOAIZSF RIS SEARSCIFSE A 9 A 3RBK A>T 33
MG, KA R A0 E MR EICY S E i, T 52 144 ML aE. K 4(A)F
(B) 4353 Jpfift 11 AMOEBAbio18 J5 i AR STy 115845 B B PR K 43 (1) 144 > F49 52 g 5 1 DLPNO-
MP2/aug-cc-pVTZ J7 ETHEAF R 144 MG RERIANEAH DG .

A
= a0t = a00t®
5 =]
. 8~
5% 200 £ EI, 200¢ 4
S E 58
g2 of ¢ e
8§/ - & s 0 .
=5 -
28 200 28 200} >
Qe RMSE=16.28 kJ/mol g o RMSE=13.43 kJ/mol
é MAE=61.59 kJ/mol 5 MAE=48.70 kJ/mol
4001 A R*=0.9682 = 400} R*=0.9784
=400 =200 0 200 400 —400 -200 0 200 400
DLPNO-MP2/aug-cc-pVTZ DLPNO-MP2/aug-cc-pVTZ
conformational energy/(kJ-mol) conformational energy/(kJ-mol")

Fig. 4 Correlation between the DLPNO-MP2/aug-cc-pVTZ conformational energies and the
AMOEBADio18(A) and this work(B)

The energy of each conformation is taken as the reference energy.

H 4 0] 0L, A SCT7 A 5 BE 5 DLPNO-MP2/aug-ce-pVTZ J5 i M R GE AT £k M AH ¢ REC(R) Ny
0.9784, RMSE 4 13. 43 kJ/mol, MAE >4 48. 70 kJ/mol. i AMOEBAbiol8 i] # k.43 75 e ik 42 ik 5
DLPNO-MP2/aug-cc-pVTZ J5 3 (IFI G BE I RN 0. 9682, RMSE 4 16. 28 kJ/mol, MAE 4 61. 59 kJ/mol.
Ul A SCRBE ARG PR R 73— A4 52 RE A U 45 SR AL T AMOEBAbio 18 57 .
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T 2o 6 B U 3 T 1 235 A AT 2R B R — A X A S B AT REA . A A R R v pR RIS
B3LYP/6-31G(d,p) )5 ¥k . A 7 A1 AMOEBAbio18 J5 8% BRI 43 T I S5 M HEA T AL, I8t Ak 454
5SRO E . S A T IR IR IRy AR AR AR S R, b, AR SIS, LR
fifi Jl B3LYP/6-31G (d, p) Jy LA ALTF B A 4548 , St (0 FA SO AR A5 B i 25 4, B 22
AMOEBAbiol18 J5 ¥E AL 1T B B 4548 . FE9H 3 S BCF Ry i 1] AMOEBAbio18 J5 vk | A S5 ik il
B3LYP/6-31G(d,p) J5 A AL A2 B 25 A AT T SE 564544 1Y RMSE.

FPaFPa-1(0.12 nm, 0.10 nm, 0.12 nm) ILGILG-1(0.04 nm, 0.03 nm, 0.05 nm)

Fig. 5 Structural superposition of the experimental conformation(black) with those predicted by our
potential(green), the AMOEBADbio18 force field(yellow) and B3LYP/6-31G(d, p)(red)
Values in parentheses indicate the heavy-atom RMSE relative to the experimental structures: AMOEBAbiol8(first),
our potential(second) and B3LYP/6-31G(d,p)(third).

& 5 AT AL, XTI IR T FPaFPa [ RE fE e IRF 42 FPaFPa-1, B3LYP/6-31G(d,p) Jiik . ASCTT ik
F AMOEBADbio18 J5 B AL A5 21 A 45 A A X FS2 38 25 F4 f RMSE 43054 0. 12, 0. 10 110 12 nm. ¥}F R
2T ILGILG By ik i AR 42 ILGILG-1, B3LYP/6-31G(d,p) )5 ¥ . A5 W Hl AMOEBAbiol8 )5 V:4):
b5 2] (1) 245 F4) FH X T 52 56 25 44 i RMSE 43514 0. 05, 0. 03 F10. 04 nm. L | 2% F 158 B A SC v
AMOEBAbio18 J5 165 % 17 PR ERIE B3LYP/6-31G (d,p) 5 IEAALTS B PR IR 70T 25 48 35 5 SL B0 45 F 1°F
BIHRYE

fifi 1 AMOEBAbio18 J5 V& FIUAS SC i X PR IR A3 AR S 2004 T T8, IR RSS R 5% EZ
RS B3LYP/6-31G(d,p) ik M b 7 LA [ WF9E 3R B, (8 FH B3LYP/6-31G (d,p) J7 3 A B W i
SRS SR EARAF ] B 6 (A) FI(B) 433145 T AR S3F FPaFPa-1 M ILGILG-1 iR S 4l K 1 4545
H. K> F FPaFPa-1 543 88 NE T, Hi147 258 MR85 ILGILG-1 545 90N EF, 347 264
MR . B 6 W LAE H, XTI 7 FPaFPa-1, A T2 B2 S B3LYP/6-31G(d,p) J7 ¥
() 3% B4 %, AMOEBADbiol8 Jy 325 Al A 3C J5 325 ) RMSE 43 5] & 85. 39 F11 82. 88 em™. X F 3R Jik 4 1
ILGILG-1, #H# T B3LYP/6-31G(d,p) Ji AR ENAI% , AMOEBAbiol8 J5 VA FIA Sy i () RMSE 433114
73. 718175, 51 em™. X EELERUER | AN SO L AMOEBAbio 18 J7 74 Y REMS 5 iy 1 F5 B 2% i 77 o 2L
W B3LYP )y ik AR sh A% .

ZARACAE T T IEB R R 120K IR R | F S B s R e IR SR R P i 2 DG EE
M AL T 15 B AR T PR AE , HR T A [ r A ABE ARY ,  DLJC A iR AR 3R AR A ) 2R AR A
FH . ATRAY T S RE 8 A WAt R 2 AR AR T, (R 5 s TR s AR X TR A 3% S s
XK. XAKBRE T AT A T r . SRS TR R A N AT AL 135 TR S

A SR g3 A AT A A 53— A R Sl A P A S T ) A A - (R A P PR R i AR, T T i Ak 53+
713 AMOEBA J5 i F - s rL ey o B (AR | Dt DOAR KB H R F e A . DRI AH T AMOEBA 7]
WALS T 15 5, AR SCRRV T E A R A E PRI /> . DUBR RS>+ LFGFLG R, A SCRCRUASURE
ZAR T C=0, N—H fil C*—H b 50 B, Ir LA LFGFLG 43383 20 i, A77E
20x19+2=190 MM B\ -(HAR A . FBR AR A B A LR Tl S i (B A (R AR A, AR SCRE R T 11
B 144 XHE - B AR EAE A . 11 AMOEBAbiol8 J7 36 84 JEF- s i 1AL Ar | 3 AN R A1 64~ DY
Wi 4E . LFGFLG L3145 92 451, BT LA 7E AMOEBAbiol8 HEZR N i% 4y 7Lt 4 92 4 J5i - L Ha fif
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4000 &)
" B3LYP/6-31G(d, p)
A AMOEBAbio18 =

3000 F X This work

2000 |

RMSE
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Molecular vibrational frequency/cm™!
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(B)
4000 g 31 vP/6-31G(d, P)
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Fig. 6 Comparison of vibrational frequencies of FPaFPa-1(A) and ILGILG-1(B) calculated by DFT and
force field methods

The inserted structural sketches were generated from coordinates obtained from the CSD database.

92x3=276 P I TR AR . DL S 92x6=552 A JE - PUB R . 92 4™ J5i - 5 L iy ] 7 7E 92X91+2=4186 /1 HL
o - ELFar A FH 110835 [0 B — A ke B A0 ) I 79 1 P B 1 DA 1 1 L £ - H ff A AR, AMOEBADio18
e BT IR 3924 A~ HL faf - FLfaf A ELAE R . 92 A4 JE - 50 HAL A T 276 A I 8 A AR (3] 45 92%276=25392 4
FL, 7o - (58 B AH B AR, 00 I D) B — Ak 2% R ) B 9 A b 2 B 1% D V) %) ey - (5 A AH ELAE
AMOEBADbio18 75 % 44 25392 — 92%3 — 262x6=23544 > B, fuf - {8 M A0 F.AF FH . 276 4> J5 118 4% 46 7]
i 276x275+2=37950 B AR - (8 B AH B AR FH L F10B3 18] B — > £k 2% 5 R [a] B 79 A Ak 27 S 1 J 7 [ 1)
18 % - B AR B AE . AMOEBAbiol8 75 5315 37950 — 92x3 — 262x9=35316 /™ % - {8 H AH 5. /5 1 .
AMOEBADbio18 iR 5 S 15845170 DU - DU AH BAE R | far- UK AR B AR AE AR - DU AR BAEH
PR pFTFWF , AR 437 ) C=0, N—H, C*—H, C—0, O—H fk2A4 00 Ay
B, BT AR T 23 AL , £7E 253 MBI R . FTIR A1 PG A B 94~ DA fh 27 B )
TR - VR, A SCRBE TN TS 158 168 X A - B AH EAE R . pFTFWE A 112 45, T DL FE
AMOEBAbio I8 HEHE T, 23 F 145 1124 s iy | 112x3=336 M\ . DA 112x6=672 1> DU AR .
L1245 g B A AL AFE 6216 A HLfig- FL AT 7 FH, 11153 [ B — > k2% SR 1] B PR A T B %) D [ 1
far-HEL AT A HAEF , AMOEBAbiol8 75 B354 5890 /™ faf - L faf A ELAMEFH . 112 /4™ 5 HL A 1 336 M H AR AE
[ 112%336=37632 1~ H faf - AR AH FLAF R . H11B5 1) B — Ak 25 B AR ] 588 1 2 Bt %) D10 1) F i -
WA EAEH , AMOEBAbiol8 75353144 37632 — 112x3 — 326x6=35340 M HL - AH B AEH . 3364
W (B 336x335+2=56280 AR - B AR RH ELAE A . 183 (] B — 4~ fho 7 S R0 () ol 4 1 1 27 B g T 7 [
(AR - (A 5 AE ], AMOEBAbiol8 73118 56280 — 112%3 — 326Xx9=53010 ME R -{EH A 5 A ] .
H 92 MR AR 73 F LEGFLG 2| 112N B PR AR50 pFTEWF, AMOEBAbiol8 J5 1A/ 41455
) Ry - FEL far A ELAE P FH 3924 S50 2] 5890 3, HH - {4 FH 23544 J5 4 i 21 35340 31, {EA -k
YA FR 35316 048 151 53010 701 . 177 A% SRR 7 5 B3 430 A i i A i CBIVERAR -(E A ) oy 144 T84 Ty 59
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168 301 . kB, B R )5 750 H 19 %, AMOEBAbiol8 J7 vk 7 B8 1t i i 1 P 200 5 22 184
(AMOEBAbio18 () HLAE TS i1 50% ) , T 4R SCRETRY 5 253 HA80 04w v A S B0 RS A 28 (4
I 16%).

M LA Ve T LAE H, AT 25 A ATk 43T 713 AMOEBA Jrik, ASCREAY i 25 FRAIK T /5 2801
BRI I, ST A ST R EF R IR R, AR S R AT
S, R AT I T RECR, H R TR AR T35 04 R PG

J T PR A SO R BT RCR, 0 9 N IR IR S A4 (R4 TP BE R AR A 52 ) iE
PR S RETTHEE, AR T A S 5 AMOEBAbio18 71376 A [R) B8 44 4514 F i CPU B[] . 3R 455 o0
Intel (R) Xeon(R)CPU E5-2650 v4@2. 20GHz, R &Rz T (£ ST, WASCERGER). Gitds R
N, TERGRFIALIIRTHE R , ASCH 75 508 7 Tinker 8. 10. 1 #2715 AMOEBAbio18 /13716 K £ %L
R P AT A Y, ER R R B AR, UL B4R s A R PR R RS FE R R, th L R
TIOR3 R ARSI T 1) KA A YA 2R 1 S H U T T kA

3 &

ST E B 13l TR T R AT AR AL 27 1 3 ek B, TR M RE T | A5 Ik
LR A A MNARAE 7 HAER M S5 1S A . A H T AMOEBA S5 S Il Ak 137, A3 1%
FRECRRERE AR, B350 1 VR AT RO, BB i RReR . HAD, %05k 2l
AN S, SCRPLGRE | AR AR A i A58, ﬁiﬂi'ﬁ}_mﬁ?ﬁjﬁ%ﬁﬁﬁﬁﬁﬁﬁ, ﬂi
B TR DI RS, DSEBUHAER IR R P RORI RS . ASCH 75 e H A Yy Bk
il e AT WAL 1 B it TR R, AT SR TR BRI R B B U

XA & Lhttp: //www.cjeu.jlu.edu.cn/CN/10.7503/cjcu20250173.
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