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Abstract: Hepatitis B core antigen virus-like particles (HBc-
VLPs) are widely used as vaccine vectors due to their good
stability and easy modification, and the investigations of VLPs is
one of the hot spots in the field of bio-pharmaceutical engineering.
However, VLPs may disassemble or aggregate due to their '%,:%i;» %
sensitivity to temperature, pH and other factors, which becomes

the bottleneck hindering the widely application, and the

underlying mechanisms which governs the structure and thus
stability of VLPs is still ambiguous. In this work, molecular
dynamics simulation was utilized to investigate the stability of the
dimer, pentamer and hexamer formed by protein subunits in HBc-
VLP. Instead of using empirical values in previous studies, the parameters of protein dielectric constant in aqueous
solution were obtained by molecular dynamics simulations, and the results suggested that both the aqueous solvent and
the arrangement of protein subunits in the complex could significantly change the dielectric constant, which further
affected the binding free energy. Furthermore, with the dielectric constant of protein subunits, the binding free energy
between protein subunits were calculated by the molecular mechanics-Poisson Boltzmann solvent accessible surface
area (MM-PBSA) method. Finally, according to the calculation results, it was speculated that the stability of the
hexamer was better than the pentamer, and the dimers formed between two adjacent hexamers or between a pentamer
and a hexamer can further lead to a more stable structure. These understandings could provide theoretical guidance for
the modification of candidate vaccine with HBc-VLPs as the carrier.
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Fig.1 (a) Structure of a HBc-VLP, where a large complex is
formed with one pentamer (purple) and two hexamers (yellow);
(b) Structure of the dimer (top), pentamer (middle) and hexamer
(bottom), with the helices colored in red and loops in blue. The
protein subunits in the complex are distinguished by English
letters as marked in the figure (The picture is drawn with
VMDI27])
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Table 1 Number of molecules in the simulation system

Protein subunits Water molecules  Na*
17 400299 110

Total atoms  Box length/nm
1225927 23.1
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Fig.2 Root-mean-square-deviation of the backbone structure of
the simulated protein complex compared with its initial structure
as a function of simulation time
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Fig.3 Number of hydrogen bond of the simulated protein
complex as a function of simulation time
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Fig.4 Total dipole moment fluctuation per unit volume as a
function of time for protein subunit in four protein complexes
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Table 2 Dielectric constant for protein subunit in different
complexes with standard deviation shown in the brackets
Dimer(P-H) Dimer(H-H)
8.1(1.4) 7.4(1.3)

Hexamer

11.4(2.4)

Pentamer

10.2(2.5)

Protein complex

Dielectric constant

33 FRIEEYEHTERTLE BN S BHEE

N BRI ] () B AR A B TS G AL s, DA
FLRAR P AHAR 1 2 113V 3£ Chain A A1 Chain B A, 43
Ak ERE 0.04,0.2,0.4 ns tHE—IREEG HHIRE, TR AT
BEEA B HBES 0 B E SR ZE S TR 3. RH
SRR R RAE R R TH LA B 45 A R O & B
EEEAR 5, RUZERCIAPELS, G0 D
[FIE X ESE BN K. AR EIEHEIE, 5 04 ns
Guit—k4G EHRE, I FEEAREER.

#*3 Rk Chain A F1 Chain B £ EIRHEEE]ERE NS4S BHRENIERIREES
Table 3 Binding energy of Chain A and Chain B in pentamer using different sampling intervals
with standard deviation shown inside the brackets

Times/ns AGyqy/(kJ/mol) AG/(kJ/mol) AGpg/(kJ/mol) AG,/(kJ/mol) AGhing/(kJ/mol)
0.04 —458.2(2.2) 80.2(0.7) 249.6(4.0) —43.2(0.3) -171.8(4.1)
0.2 —456.4(6.1) 80.8(2.2) 250.9(13.0) —42.5(1.0) -167.3(13.3)
0.4 —456.5(6.2) 80.7(2.3) 250.3(13.3) —42.5(1.1) —-168.0(13.3)

x4 BEANNTEERNMELRE 6.0 MESYAEMEEENTHESRE

Table 4 Average binding energy between adjacent subunits in the complex when the protein dielectric constant is empirical 6.0

HBc-VLP AG,4y/(kJ/mol) AG.eo/(kJ/mol) AGpp/(kJ/mol) AG,y/(kJ/mol) AGping/(kJ/mol)
Dimer(P-H) —1146.0 185.4 794.4 -104.3 -270.5
Dimer(H-H) -1097.8 160.6 767.5 -103.9 -273.6

Pentamer —511.5 126.6 353.9 —48.8 -79.8

Hexamer -577.3 196.4 384.0 —54.2 -51.1

RAWEMABEHICNEKME 6.0, FEIPIFE
G4 A H B AE LR 4. Dimer(P-H), Dimer(H-H),
Pentamer, Hexamer HAH 4R 8 1 IV 35 (W] ~F- 35 45 & BE AR I
-270.5, =273.6, —79.8, —51.1 kJ/mol, EIPUFhE &4y

B A SR AN PR PR AR . IEE & H R RER 250 B
M EEMREERTTEORE , UM E G0 AGw M
AGny, BINGUE, AATEAWIEEFEAER, AI4E
R GWEE R ENE, TTAGae MAGes WX % FEA
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N—-418.9 F1-302.6 kJ/mol, BB R 2N — Ak
wkaE, HEiE e et E . 450 BAGwuaw
FAG, BN UE, A FIT 3 8] SR FIAE P AGyaw
43 N-1146.0 F1-1097.8 kl/mol, FWIAGyay Xt T 4EFF
TREMREEE R FIEH . AGeae 70N 137.5 A
130.5 kJ/mol, B L7 N & E: A (A A £ /D VFg i
TER, ANHIT LB R APE R s AGes 43119 693.9 Al
768.6 kJ/mol, 2 BVA 7RI IR B a4 1 i i IR A
Dimer(P-H)fl Dimer(H-H) ] AGeec FAGrs Z F153 51 15
AGyaw FAGy, Z FIH] 66.5%F1 74.8%, X ~RIAKIFRE
PEAREORPHASE o« 48 A/ B HOA 50 MH 6.0(R 4)
i, Dimer(P-H)F1 Dimer(H-H) 1454 684371 A-270.5 Fl
—273.6 KJ/mol, FZEH/N, HME IS5 E He 5 m) b HAH
MiFEAE (R 5 H1-418.9 FA1-302.6 KI/mol)f] 64.6%F!
90.4%, B[R H 200608 2 B B AR AL X P Ay SRk 451
(1) # J 2 F e P LR 0 79 b — SR R 6 A o T 5 (1] £ 55

FEH 775855, S5 RAFR 2 THEFTE I BH EoH .,
£ 4 % Dimer(P-H)f Dimer(H-H)HJAGeiec 733138 KT
47.9 1 30.1 kl/mol, AGps 7 AT 100.5 Fi-1.1
KJ/mol, I U Hos B35 008 B BB R A v R
BEIAGeicer IS I TTHRINAGes A M, H
AT R AN B FLART A FH AN 52 5

FIR AR N AR AT L R 1 454 B B RREUE S T
£ 6. TLERARNAHLEELE 1) F545 6 H HBE N-188.6
kJ/mol, & EE BAGww=—511.5KJ/mol, KHAGaw &
FFFHRAEBREMEERNEK. AGa=74.5 kJ/mol, AF|
T PEFER, 1AGr=297.2 kJ/mol, FHIFR
I — D1 7B WA F R, H N
Fr, “HZHEAGw FAGy, Z F1H] 66.3%, AF|TF 1
RARRIFRE . WEAN BEHIERAE 6.0G8 4), AGe.
MAGes tE3 6 HAHR S5 R0 nlidm 7 52.1 F 56.7
kJ/mol, & FEARALE (L8 (1345 & B Hfg, BT
B4 A 5 HAH 1 42.3%. HET IS HBe-VLPs 45 &
H HAEM LI s 5 HR0E, Zhang ZOME ] MM-
PBSA 7515155 0.2 mol/L NaCl f7K ¥ o i B 22 988
T BEA SRR ) TR AR S 45 G e A-1113.5k/mol, 54
TAEH LR R IS5 A 7E-942.9 kI/mol ikt .

*5 “REABSERTENLGSEE

Table 5 Binding energy of adjacent protein subunits in the dimer

Dimer AGygy/(kJ/mol) AGe/(kJ/mol) AGpp/(kJ/mol) AG,,/(kJ/mol) AGying/(kJ/mol)
Chain A~Chain B (P-H) ~1146.0(8.6) 137.5(4.5) 693.9(22.0) ~104.3(1.0) ~418.9(24.0)
Chain A~Chain B (H-H) ~1097.8(11.0) 130.5(4.4) 768.6(12.0) ~103.9(1.2) -302.6(14.4)
*o6 AREABMEALEMESRE
Table 6 Binding energy of adjacent protein subunits in the pentamer
Pentamer AG,4y/(kJ/mol) AG e/(kJ/mol) AGpp/(kJ/mol) AG,/(kJ/mol) AGying/(kJ/mol)
Chain A—Chain B —456.5(6.2) 80.7(2.3) 250.3(13.3) —42.5(1.1) —168.0(13.3)
Chain B~Chain C ~496.9(5.3) 88.2(3.4) 310.2(17.8) —47.5(0.8) —146.0(14.7)
Chain C—Chain D —619.2(6.2) 69.5(1.9) 245.4(9.8) —54.9(1.0) -359.2(13.3)
Chain D—Chain E —441.5(7.0) 61.5(2.2) 355.3(13.1) —46.9(0.7) —71.6(13.4)
Chain E-Chain A —543.4(5.4) 72.42.4) 324.9(13.2) -52.0(1.0) ~198.1(14.7)
Average =511.5 74.5 297.2 —48.8 —-188.6
Total —2557.5 372.3 1486.1 —243.8 —942.9

ISR AR AR R S (A 45 6 E HBE AR 7. N
SRR P ARAT M JE (] (1) T2 254 H B g N—221.2 kJ/mol,
EE T RIA S RGE . S5 AR BAGww=—577.3 kJ/mol, #
B AG aw /& 4ERF /S TEARFRE 1 RBE R 2R ) AGetee FIAGRS 73
54 103.4 1 306.8 kJ/mol, HMAESHEE, —FHZ ML
AGyaw FAGy Z F] 65.0%, Xt 373 1] ()55 AE F A F
NEAIEE GRS — IR ANEARN A HEEET
—8, WETEEMPN A A NRARG, HE

(i) (P2 454 H HRE N-213.6 kI/mol, ANEARELEE

HH A& —1281.8 kJ/mol, H-~75 SEAAA] ¥ 4 ) HH A 22 AN
N 3.4%. ZEHEFRY, HBc-VLPs H AT AN [H) {7 B AL
FERAREIN A, HAEG A HAREEAME . SEANH
W R A I 6.0(% 4), WAGee MAGrs 73 3R 5 1 93.0
F177.2 kI/mol, H AW P55 E H B LR 7
AR 23.1%, %45 R HBe-VLP Hf) ik
A RN 25 E B2 . R AT, ZgAFE TR
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Table 7 Binding energy of adjacent protein subunits in the hexamer

Hexamer AG,aw/(kJ/mol)

AGee/(kJ/mol)

AGpg/(kJ/mol) AG,/(kJ/mol) AGhing/(kJ/mol)

Chain A—Chain B —620.2(7.8) 84.8(2.6)

Chain B—Chain C —608.0(4.9) 94.7(1.5)

Chain C—Chain D —535.7(7.2) 154.9(2.3)

Chain D—Chain E —547.2(7.2) 67.0(2.5)

Chain E-Chain F —621.009.7) 84.8(2.7)

Chain F-Chain A —531.4(11.0) 134.0(2.2)
Average -577.3 103.4
Total —3463.5 620.2

364.9(20.0) —58.6(1.1) ~229.1(20.4)
277.4(10.1) -56.6(0.7) —292.5(11.7)
205.2(11.5) -49.1(0.9) ~224.7(10.4)
375.8(15.9) -55.6(0.9) ~160.0(16.7)
288.9(14.9) —55.8(0.6) ~303.1(15.7)
328.8(18.3) —49.4(1.5) —118.0(16.9)
306.8 -542 2212
1841.0 -325.1 ~1327.4

AR R AR AR 3 ] Y S AE B ES R
Pentamer, [fj Hexamer, Dimer(H-H), Dimer(P-H) =&
BN B )Y 45 A e 43 BN Pentamer 3 [R] 71
SEAREN 1.2,1.6,22 1%, [FIN EANE EVIAGaw 585
WS BT EA RGP R R R TS, KW
AGyaw M THFFE BT R FEH . WMEE
W) IV () 45 5 BE I 70 B AGeiee(74.5, 103.4, 130.5, 137.5
kI/mol) ¥4 IEAH HAUA R /D, RFETHET T & AT HE
S FIAFAE D VERR R, 205 A0 41 B F1 P 2R R ) o
AUEF, (E X Bk Fa e PR R 8278 . Pentamer Al
Hexamer " AGes 77 #8 297.2 1 306.8 k/mol, T
Dimer(P-H)A1 Dimer(H-H)HAGes 70 7IEF] T 693.9 Al
768.6 kJ/mol, F WA FIFA TSR 1 WA 47 i JE 1 Il
PEAEF, AT 22 44 1 2R 28 7 A BELAS . RET FLR 4K
RRTRM, ZREEEDHMEAWESGE L HEET
T HRAMNZ, HIAGrs BUE SR AR T B 7K
VERTTRRAG, 5 B2 5T S5 TTHRAGaw S BAH A
fIE4, BI Dimer(P-H)H! Dimer(H-H)& £ 1 HIAG aw £
E(-104.3 #1-103.9 kJ/mol)#HiZ, Pentamer A1 Hexamer
(IAG aw BUAH (-48.8 F1-54.2 kI/mol) ki, HATHZI NG
I o

K 5 A Dimer(P-H), Dimer(H-H), Pentamer /I
Hexamer WU N E &V R T, AFEE AR T RIS
& H AR & ILDYANRER > T DR . Pentamer I
Hexamer H', A A & AW F LS H B2 5
5 N—942.9 F1-1327.4 kJ/mol, F /SRR HR K fig
5 PEARA R H A Dimer(P-H) A Dimer(H-H) [
AGying R, FHADH— D FRARF — AN R AR % H
TR — MR R R AR AN E RS S
Y, BATEIIAN S BIRE SRS MR &Y, =&
EARI T BE BRARAR R B RS, (HATE TR Rk E
AREHL S E K 116.3 kI/mol, BRI & S5 R . MGs&

HHAERIUAN B BB, AGuaw FIAGy, ¥IATUE, BITE
AL AR FIEH R S BE G ME i
FERNEK, HAETIRITILEE; AGae. MAGH B4 1E
B, By R D5 7 1] B [ 9 7)) PR FH 2 S 8k R 2R
fa, HAGes TTHRECK . Bk b, AR, HREMANE
AR 3 (R AR AR A AR R AR R TR, S 55 REAK
YR, 3 W AR 0556 PR 5 K P A FH G 4 R 1 TS
e ta R IFRIER . Kk, X HBc-VLPs [l 5
SER ST A NPT S5 G SO, RO R RR I B
Bk, EL7 % REAMEDURE F B & BT A AGes 1)
SO, DA/ INESXT VLPs g 1 s eI,
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Fig.5 Binding free energies and the respective components for
the four protein complexes
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o
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