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Abstract VRCO1 is one of the most broadly and potently
neutralizing HIV-1 antibodies known—it has been shown to
neutralize 91 % of the tested primary isolate Env pseudovi-
ruses by recognizing the viral envelope glycoprotein gp120.
To explore the mechanism of HIV-1 neutralization by
VRCO1 and thus obtain valuable information for vaccine
design, we performed molecular dynamics simulations and
binding free energy calculations for apo-VRCO1, apo-
gp120, and the gp120—-VRCO1 complex. For gp120, residue
energy decomposition analysis showed that the hotspot res-
idues Asn280, Lys282, Asp368, Ile371, and Asp457 are
located in three primary loops, including the CD4-binding
loop, loop D, and loop V5. For VRCO1, the hotspot residues
Trp47, Trp50, AsnS8, Arg6l, Gln64, Trpl100, and Tyr91
mainly come from CDR2 of the heavy chain. By decom-
posing the binding free energy into different components,
intermolecular van der Waals interactions and nonpolar
solvation were found to dominate the binding process. Prin-
cipal component analysis of loops D and V5, which are
related to neutralization resistance, indicated that these two
areas have a larger conformational space in apo-gp120 com-
pared to bound gp120. A comparison of three representative
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structures from the cluster analysis of loops D and V5
indicated that changes primarily occur at the tip of loop
V5, and are caused by fluctuations in the terminal Glul
residue of the antibody. This information can be used to
guide the design of vaccines and small molecule inhibitors.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) causes ac-
quired immunodeficiency syndrome (AIDS), which is one
of the three diseases that cause the most deaths worldwide
[1]. According to estimates, more than 33 million people are
currently living with HIV-1 after nearly 30 years of this
highly complex epidemic [2]. Env of the human immuno-
deficiency virus (HIV) consists of a transmembrane glyco-
protein (gp41) and a surface glycoprotein (gp120), which is
a heterodimer [3]. The surface glycoprotein (gp120) consists
of inner and outer domains, and each domain contributes
two 3 strands to form a “bridging sheet.” These two
domains and bridging sheet comprise the binding site of
co-receptor (CD4), the binding of which prompts the virus
to infect host cells and then selectively bind a co-receptor:
either CCR5 or CXCR4 [4-9]. Thus, gp120 is very important
in mediating HIV-1 attachment, and is a promising target for
research efforts aimed at developing HIV-neutralizing drugs.

The best long-term solution to the HIV-1 epidemic is to
develop a safe, effective vaccine [10]. One strategy for
identifying potential vaccine candidates is to isolate broadly
neutralizing antibodies from the infected individuals and
then attempt to elicit the same antibody response through
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vaccination. Wu et al. isolated and identified three antibod-
ies that were specific for the CD4-binding site of gp120 and
exhibited great breadth and potency of neutralization [11].
Among the isolated and identified antibodies, VRCO1 was
the most effective, as it neutralized 91 % of the tested
primary isolate env pseudoviruses. Zhou et al. solved the
crystal structure of VRCO1 in complex with its target gp120.
The interaction of gp120 with VRCO1 takes place primarily
in the outer domain of gp120, unlike previously isolated and
identified antibodies. Moreover, their experiments found
that changes in the loop V5 and loop D areas of gp120 are
the most common source of natural resistance to VRCO1
[12]. The availability of the gp120-VRCO1 structure offers
a starting point in the development of broadly neutralizing
antibodies and the design of an effective vaccine targeting
HIV [13]. However, even though the high-resolution crystal
structure can provide a great deal of atomic-level structural
information, our understanding of the associated interaction,
binding energy profile, and dynamic process based only on
the static complex is still very limited. Increasing our compre-
hension of these elements will be necessary in order to devel-
op new and effective vaccines or compounds that neutralize
HIV-1 by interfering with protein—protein interactions.

As already done for an increasing number of crystal
structures of protein—protein complexes, we can proceed
with structural analysis based on computational methods to
explore the thermodynamics and kinetics of the gp120-
VRCOI interaction [14]. All-atom molecular dynamics
(MD) simulations can be used as a complementary method
to gain dynamic structural and energy information on pro-
tein complexes, including the binding free energy between
protein partners, which is difficult to obtain experimentally
[15-17]. The most rigorous MD-based approaches used to
estimate binding free energies are the free energy perturba-
tion and thermodynamic integration methods. However,
because of their long convergence time, they are computa-
tionally intensive and thus difficult to apply to macromole-
cules and their complexes [18, 19]. A more commonly used
and more tractable approach is the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) method [20,
21]. Using such a method [22], it has been possible to
predict the binding affinities for a variety of macromolecular
complexes and protein—ligand complexes [23-25]. The
MM-PBSA method uses conventional molecular mechanics
force fields such as AMBER [26, 27] to calculate the gas-
phase energy, and use the Poisson—Boltzmann (PB) model
to calculate the solvation free energy. Solute entropy can be
calculated from statistical thermodynamics using normal-
mode analysis. Recently, molecular mechanics generalized
Born surface area (MM-GBSA), a variant of MM-PBSA,
has also been widely applied [28—31]. The main differences
between them are that GB electrostatics are calculated using
the generalized Born (GB) approximation for electrostatics
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in water [20, 32, 33] instead of PB electrostatics. Another
advantage of MM-GBSA is that it utilizes a fully pairwise
potential that is useful for decomposing the total binding
free energy into atomic/group contributions in a structurally
nonperturbing formalism [29].

In this study, all-atom MD simulations of apo-gp120,
apo-VRCO1, and the gp120—VRCOl complex were per-
formed to elucidate the detailed mechanism of the interac-
tion of gpl120 with VRCOI. We analyzed the binding
interface and calculated the binding free energy (including
the energy contributions of individual residues), based on
MM-PBSA and MM-GBSA, in order to characterize the
binding hotspots. H-bond occupancy analysis was also ap-
plied to identify several important hydrogen bonds. More-
over, the origins of conformational changes in the important
loop D and loop V5 areas were elucidated using principal
component analysis and cluster analysis. The results
obtained here provide useful information for designing vac-
cines and effective inhibitors against HIV-1.

Materials and methods
Structure preparation

The structural complex of the core of antigen-binding frag-
ment (Fab) of VRCO1 and HIV-1 gp120 from clade A/E
recombinant 93THO057 was taken from the Protein Data
Bank (PDB code 3NGB) [12]. This structure consists of
four copies of the VRCO1-gp120 complex. We retained
chain A (gp120), chain B (VRCOI1 heavy chain), and chain
C (VRCOL1 light chain), but deleted the other chains. The
studied complex (shown in Fig. 1) consisted of 783 residues.
Hydrogen atoms were added using the AMBER10 package
[34]. Molecular dynamics simulation was performed on the
treated crystal structure, retaining the crystal water molecules.

Molecular dynamics simulation

The molecular dynamics simulations, including energy
minimization, system equilibration and production proto-
cols, were performed with the AMBERI10 package [34]
using the AMBER99SB force field [35]. Counterions were
added to keep the whole system neutral. The systems
were then solvated using atomistic TIP3P water [36] in
a cubic box with at least 10 A around the structures,
including a total of 106,567 atoms. Each simulated system
was constructed using periodic boundary conditions with a
rectangular box.

We first carried out an energy minimization using the
steepest descent method in AMBERI10 for 10,000 iterations,
with a force constant of 0.1 kcal mol' A~ applied to the
proteins, and we then performed a further energy minimization
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Fig. 1 Structure of HIV-1
gp120 in complex with anti-
body VRCO1 (PDB 3NGB).
Several important domains are
shown in different colors
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with the steepest descent method that was switched to
conjugate gradient every 500 steps for a total of 25,000
steps, without any constraint. Particle mesh Ewald
(PME) summation [37] was used to treat long-range
coulombic interactions. The equilibration and subsequent
production runs were carried out using the SHAKE
algorithm [38] on all atoms covalently bonded to hy-
drogen atoms with an integration timestep of 2 fs. The
systems were annealed from 0 to 300 K on a 50 ps
timescale, applying a force constant of 2 kcal mol™' A™
to the proteins. All subsequent equilibration and produc-
tion phases of the simulation were carried out in the
isothermal isobaric (NPT) ensemble using a Berendsen
barostat [39] in a target pressure of 1 bar and a pressure
coupling constant of 2.0 ps, applying a force constant of
0.1 kcal mol' A to the VRCO1 partial residues that
were more than 10 A from gp120. The coordinate
trajectories of all equilibration and production runs were
recorded every 1 ps.

To study the conformational changes of apo-gp120 and
bound gp120, three independent trajectories were performed
for solvated systems of apo-gp120, apo-VRCO1, and the
gp120—VRCO1 complex (15.0 ns each) in the NPT ensemble
at 300 K.

Binding free energy calculation

The first step when applying MM-PBSA and MM-GBSA is
to generate multiple snapshots from an MD trajectory of the
protein—protein complex by stripping away water molecules
and counterions. Snapshots at 10 ps intervals were extracted
from the last 5 ns MD production runs. The free energy was
calculated for the complex, the antigen, and the antibody in

N

each snapshot, and the binding free energy was computed as
follows:

AGbind = Gcomplex - Gantigen - Gantibody

The free energy G can be calculated by the following
scheme, based on the MM-PBSA and MM-GBSA methods
[20, 21]:

G = Eggs + Ggo — TS

Egas = Eint + Ecte + Evaw

Eint = Epond + Eangle + Ejorsion
Gsol = Gpp(gB) + Gsur

GSUR =Y SAS

Here, Egas > Eint B Eclc B Evdw ’ Ebond B Eanglca and Etorsion
are, respectively, the gas-phase energy, the internal energy,
the Coulomb energy, the van der Waals energy, the bond
energy, the angle energy, and the torsion energy; Gy, is the
solvation free energy, which can be decomposed into polar
and nonpolar contributions. Gpgg) is the polar solvation
contribution, calculated by solving the PB or GB equation
[20, 21]. The dielectric constants for the solute and solvent
were set to 1 and 80, respectively. Ggyr is the nonpolar
solvation contribution and is estimated via the solvent ac-
cessible surface area (SAS), determined using a water probe
radius of 1.4 A. The surface tension constant « was set to
0.0072 kcal mol ' A [40]. S and T are the total solute
entropy and the temperature, respectively. We did not cal-
culate the vibrational entropy contributions here, since our
aim was to identify hotspot residues at the binding interface
and the detailed interaction features of the complex, rather
than to obtain absolute values for the binding free energy. In
fact, because of limited computational resources and the
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Fig. 2 RMSDs of the backbone atoms of gpl120, VRCO1, and the
inner and outer domains of gpl120, using the crystal structure as
reference: a RMSDs of apo-gp120, apo-VRCO1, and the inner and
outer domains of apo-gpl120; b RMSDs of bound gp120, bound
VRCO1, and the inner and outer domains of bound gp120

accumulation of round-off errors, it is extremely difficult to
handle the Hessian matrix or the covariance fluctuation
matrix of an all-atom model system with more than 400
residues [41, 42].

To obtain the detailed interaction profile of gp120 and
VRCO01, MM-GBSA was used to decompose the whole
binding energy into components for each residue involved
in the interaction by considering the molecular mechanics
energies and solvation energies but not the contribution
from entropy.

Principal component analysis

Principal component analysis (PCA) was performed using
the PTRAJ module of AMBER10 [43] for loop D and loop
V5 of the apo-gp120 and bound gp120 systems. The co-
variance matrix was calculated using the coordinates of the
Co carbon atoms and then diagonalized to obtain the prin-
cipal component eigenvectors. Each structure obtained dur-
ing the trajectory was then projected in the collective
coordinate space, which was defined by the two largest
principal component eigenvectors.

Cluster analysis

Cluster analysis of the MD trajectories was performed using
the SOM algorithms in the PTRAJ module of AMBER [44].
Snapshots of bound gp120 obtained every 1 ps were col-
lected for the cluster analysis. To investigate the conforma-
tional changes in loops D and V5, a clustering analysis was
performed for the backbone atoms of the two loops. By
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superposing the two loops onto the crystal structure to
remove rigid-body motions, including translations and rota-
tions, a three-cluster solution was obtained.

Results and discussion
Monitoring the MD trajectories

Figure 2 shows the variations in the root-mean square devi-
ation (RMSD) of the backbone atoms from gp120, VRCO1,
and specific domains of gp120 in the apo and bound forms
during 15 ns MD trajectories. From Fig. 2a and b, it is
apparent that the RMSDs of gp120 and VRCO1 in the apo
and bound forms converged during the last 5 ns. The inner
domain of gp120 shows greater fluctuations than the outer
domain in both the apo and bound forms, especially in the
unbound form, which is consistent with previous reports
that the inner domain is flexible while the outer domain is
more rigid [45]. Figure 3 shows the root mean square
fluctuations (RMSF) of the backbone atoms averaged for
each residue of gp120 and VRCOI1 in the apo and bound
forms during 15 ns MD trajectories. According to Fig. 3a,
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Fig.3 RMSFs of the backbone atoms in gp120 (a) and VRCO1 (b), as
obtained from the crystal structure and from molecular dynamics
simulation
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several areas in the apo form of gp120 (including V1/V2,
loop D, the CD4-binding loop, (320/321, V5, and [324)
show large fluctuations. The binding of VRCO1 leads to a
significant reduction in the flexibility of gp120. Figure 3b
shows that the binding of gp120 reduces the flexibility of
VRCO1, while CDR2 and CDR3 of the heavy chain and
CDR3 of the light chain of bound VRCO01 show increased
flexibility. The interacting areas of VRCO1 are located on
the sheets, while those of gp120 are located on the loops,
leading to several CDRs of VRCO1 that are influenced by
interactions with loops in gp120.

Binding free energy calculation

MM-PBSA and MM-GBSA were used to calculate the
binding free energy of gpl20 with VRCOI. First, we
extracted snapshots from the last 5 ns of the molecular
dynamics (MD) trajectory; 500 snapshots were extracted to
calculate the enthalpy. The average binding free energies and
the detailed contributions from various energy components
are shown in Table 1. From Table 1, the calculated binding
free energies are large: —70.22 kcal mol ' according to the
MM-PBSA method and —52.12 kcal mol ™" according to the
MM-GBSA method, although MM-PBSA and MM-GBSA
tend to overestimate free energy changes [30, 46, 47]. Al-
though these two methods cannot precisely reproduce the
absolute change in free energy, a good relationship between
the change in free energy calculated by these methods and the
experimentally determined value has been noted [46, 48]. In
this work, our aim was not to calculate the absolute binding

Table 1 Binding free energy components of the gp120—-VRCO1 com-
plex (kcal mol ")

Contribution”  gp120-VRCO1  gp120 VRCO1 Delta
Ege —23104.6 —10057 —12798.1  —249.47
Eyaw —3324.83 —1443.18 —1781.22 —100.43
Eint 16643.89 7609.57 9034.32 0.00
Egas —9785.56 —3890.62 —5545.04 —349.9
Gsur 261.74 125.22 153.44 —-16.93
Gpp —8164.01 —4000.95 —4459.68 296.61
GpsoL —7902.28 —3875.72  —4306.23  279.68
Ghonpolar —3063.09 -1317.96 —1627.78 -117.36
Gpolarps” —31269 —14058 —17258 47.14
Hiota1pB —17688 =7766.4 —9851.3 —=70.22
Gon —8240.42 —4033.65 —4521.49 314.71
GoasoL —7978.7 —3908.4 —4368 297.78
GpolarGa” —31345 —14091 —17320 65.24
Hiotal,GB —17764 =7799.1 —9913.1 —52.12
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Fig. 4 Time evolution of the binding free energy of gp120-VRCO1,
calculated using the MM-PBSA and MM-GBSA methods

free energy but to explore the interaction features in detail and
to identify the sections and residues that are crucial to the
recognition of gp120 and VRCO1. Since MM-PBSA and
MM-GBSA can accurately rank the relative contributions of
the residues, we were able to apply these two methods here.
Based on the results obtained with the two methods, there is a
difference of 18.1 kcal mol ™" due to a difference in the polar
solvation energy, which is one component of electrostatic
interaction contribution. In fact, at present, the greatest chal-
lenge to the accurate calculation of the binding free energy is
the difficulty involved in estimating the contribution from the
electrostatic interaction [19, 22, 30, 49]. Therefore, the large
difference in the binding free energies calculated using MM-
PBSA and MM-GBSA should also be attributed to the inac-
curate estimation of the electrostatic interaction.

The favorable contribution from the direct electrostatic
interactions between gp120 and VRCO1 was compensated
for by the electrostatic desolvation free energy upon bind-
ing, which led to an unfavorable contribution overall, con-
sistent with other MM-GBSA and MM-PBSA studies [24,
31]. On the contrary, nonpolar interactions (including van
der Waals interactions and nonpolar solvation) contribute
—117.36 keal mol ™', which is very favorable to the binding
process and consistent with the large hydrophobic binding
surface between gp120 and VRCO1. Therefore, the binding
of gp120 and VRCO1 is predominantly driven by nonpolar
interactions, including van der Waals interactions and the
nonpolar solvation contribution. The calculated enthalpy
values for all of the snapshots from the last 5 ns are given
in Fig. 4, to illustrate the changes in the enthalpy over time.
From Fig. 4, it can be seen that the binding free energy
shows small fluctuations, while the enthalpies calculated by
MM-PBSA and MM-GBSA present similar trends in fluc-
tuations, although the values obtained by MM-GBSA are
larger.
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Hotspot residues
The hotspot residues in gpl120

MM-GBSA is advantageous for decomposing the binding
free energy into contributions from individual residues and
into different energy items, so we used this method to
perform residue energy decomposition analysis, and the
corresponding results are shown in Fig. 5. From Fig. 5a, it
is apparent that several residues of gpl120 contribute
>2 kcal mol ': Asn280, Asp457, Lys282, Ala281, Gly459,
Asp368, Gly458, and Ile371. In addition, some other resi-
dues (including Asn279, Thr278, Asn461, Gly367, and
GIn362) contribute >1 kcal mol™'. Figure 6 shows the
distribution of these key residues on the molecular surface.
From Fig. 6a and Table 2, it can be seen that these key
residues of gp120 which interact with VRCO1 are promi-
nently from three areas: loop D, the CD4-binding loop, and
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Fig. 5 Analysis of the pair interaction energy between gpl20 and
VRCO1: a the contribution of each residue in gp120 to VRCOI bind-
ing; b the contribution of each residue in VRCO1 to gp120 binding
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Fig. 6 Distributions of the identified hotspot residues on the a gp120
surface and b VRCO1 surface

loop V5. These three areas make dominant contributions to
the binding of VRCO1, while the other areas provide almost
negligible contributions. From Table 2, these three regions
contribute 52 % of the total binding free energy; in partic-
ular, loops D and V5, which are related to the resistance of
the virus to VRCO1 [12], contribute 39 %. Moreover, it is
also clear that van der Waals interactions and the nonpolar
solvation contribution provide the driving force for the
binding process according to Table 2.

The hotspot residues in VRC0OI

Residue energy decomposition results for VRCO1 are given
in Fig. 5b. From Fig. 5b, we can see that Arg61, Trp50,
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Table 2 The energy contribu-

tions from different areas of the Eqe GamsoL E\aw Gsur Hiora,6B

gp120-VRCO1 complex

(kcal molfl) Loop D (E275-T283) —40.67 41.98 —14.2 —2.64 —12.89
CD4-binding loop (P364-H374) —108.47 111.54 -9.89 -1.57 —6.82
V5 (G458-S464) —21.14 25.09 —11.55 —2.08 —7.6
gpl20 —124.7 147.94 —49.98 —8.58 —27.06
CDRI1 (D31-W36)* 2.92 —-0.01 -1.29 —0.05 1.65
CDR2 (L51-G65)* —70.54 75.93 —24.22 —4.33 —18.86
CDR3 (G95-H102)* —35.61 37.69 —5.37 -1 —3.26
Heavy chain excluding CDRs 12.56 -7.05 -7.98 —0.96 —2.49
Heavy chain® —90.67 106.56 —38.86 —6.34 —22.96
CDRI1 (R24-A34)° -1.31 42 -1.89 -0.26 0.98
CDR2 (S50-G57)° ~1.65 1.87 —0.05 0 0.16
CDR3 (Q89-F97)° ~26.91 29.1 6.8 -1.21 -4.6
Light chain excluding CDRs —4.2 8.14 —2.03 —-0.51 1.38
Light chain® —34.07 43.31 -11.22 —1.98 —2.08

*Residues from the heavy chain VRCO01 —124.74 149.87 —50.08 —8.32 —25.04

of VRCO1; "Residues from the Total ~249.44 297.81 ~100.06 -16.9 -52.1

light chain of VRCO01

Trp100, Asn58, GIn64, and Trp47 in the heavy chain of a

VRCOI as well as Tyr91 and Phe97_i1n the light chain of 3] - % - nonpolar contribution |

VRCOI each contribute >2 kcal mol ~ of the free energy, - | - ®- polar contribution

while Ala60, Tyr59, Ala56, Val57, Gly54, and Arg53 in the E 24

heavy chain of VRCO1 contribute >1 kcal mol " of the free E 1] -

energy. From Figs. 5b and 6b as well as Table 2, it can be =~ = e . . S

seen that these important residues on the VRCO1 surface are & 0+ - O e et B S

relatively continuous. The long CDR2 of the heavy chain E 1] o ’ .:'\ . i\‘ (

plays an important role in the interaction with gp120, and it £ \; S B :\\ [

can span the three identified areas of gp120. From Table 2,  § 21 g e S 8 g

the CDR2 of the heavy chain provides 36 % of the total 2 5] *-x g /¢ » 3 < ..‘?:( 2 ¥

binding free energy. In addition, CDR3 of the heavy chain @ 8§ §'\8 ~ S < x05,'%

and CDR3 of the light chain also provide comparatively w44 F E 'i/ é - 3 * E

large energy contributions to gpl120 binding. Identifying 5 < o

hotspot residues in the gp120-VRCO1 complex can provide

the valuable information for vaccine design. b

— 3 .. - = - nonpolar contribution
Features of the interaction of gp120 and VRCO1 E 2] ! - # - polar contribution
© L .

In order to identify the energy contributions of the important _‘E 11 CoN o # N

residues mentioned above in detail, we further divided each E 04. ¢ Y B

residue’s contribution into polar and nonpolar contributions,  § o & -t

and the corresponding results are given in Fig. 7. From -".% -14 e k] tE \‘ .

Fig. 7 as well as Tables 1 and 2, it can be seen that the § 2] « ,i\ A1 !'

energy contributions of the key residues relate primarily to g I " "z S f A X ,‘?;

the nonpolar interaction energy, including van der Waals g-’ 31 F % W = % " fg . 9% % 2 5

interactions and the nonpolar desolvation energy. The iden-  § 4. et Yo > *e > ,“E (S &

tified hotspot residues on gpl20 participate in important . g’ 2 ;g’ >

interactions with some residues of VRCO1. For example,
Asn280 on loop D participates in particularly favorable van
der Waals interactions with the identified hotspot residues

Fig. 7 Polar and nonpolar contributions of the hotspot residues from a
gp120 and b VRCO1
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Fig. 8 Percentage occupancies of hydrogen bonds between gp120 and
VRCO1 (only hydrogen bonds with occupancies of >10 % are shown).
The hydrogen bond was defined by the acceptor and the hydrogen
atom; for example, 276@HD21:91@OH shows that the hydrogen
atom of the amide group (denoted HD21) of residue 276 from gp120

Trp47, Trp50, and Asn58 on the heavy chain of VRCO1, and it
also undergoes polar interactions with Trp50. 1le371 in the
CD4-binding loop participates in hydrophobic interactions
with Gly54 and Ala56 in CDR2 of the heavy chain. Gly459
in the V5 area undergoes favorable van der Waals interactions
with Ala60 and Arg61 in CDR2 of the heavy chain and Phe97
in CDR3 of the light chain of VRCO1. For VRCOI, Arg61
provides the most favorable van der Waals interactions with
residues in the V5 area of gp120 by side-chain packing.
Although van der Waals interactions provide a large
contribution to the gp120—VRCO1 binding energy, the polar
interactions of some key residues also contribute significant-
ly, such as Asp457, Lys282, Asp368, and GIn362 in gp120
as well as Trp50, Trp100, and GIn64 of the heavy chain of
VRCO1, each of which contribute >1 kcal mol '. Upon
calculating the occupancies of the main hydrogen bonds
between gpl120 and VRCO1, as shown in Fig. 8, it is clear
that some important H-bond pairs are formed, including
Asp457,4,120-GInb64yrcor, Asp457.p120-Argblyrcor,
Lys28245120—Asp99vrcot, Asn2794,120-Trp100vrco1,
Asn280gp120—Trp50VRCOl, ASp368gp120_Gly54VRC015 and
GIn3624,120-Argblyrcor. Among these hydrogen bonds,
some provide favorable electrostatic contributions toward
the formation of the complex. For example, the H-bond
pairs ASp45 7gp 1 207G1n64VRCO] and ASp45 7gp 120—
Argb61yrcor provide the most favorable electrostatic contri-
butions. The residues on loop D of gp120 form hydrogen
bonds with those of VRCO1, including Lys282,,150—
Asp99VRC01a Asn279gp120—Trp 1 OOVRCOI: and
Asn2804p,120-Trp50yrcoi- In addition, the H-bond pairs
Asp368gp120_Gly54VRC01 and Gll’l362gp120—AI'g6lVRC()l al-
so make favorable polar contributions. Another important
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formed a hydrogen bond with the oxygen atom of the hydroxyl group
of residue 91 from VRCO1 (the H-bond acceptor). A hydrogen bond
was considered to be formed if the hydrogen—acceptor distance was
<3.0 A and the donor-hydrogen—acceptor angle was >120°

H-bond pair, Asp368,p120—Arg71yrcoi, can mimic the in-
teraction between CD4 and gp120 [12].

Structural fluctuations in loop D and loop V5

Changes in loop D and loop V5 of gp120 are the source of
most natural resistance to VRCO1 [12]. According to our
results from the binding free energy decomposition, these
two areas also provide favorable contributions to the bind-
ing of VRCOI. Therefore, studies of these two loops are of
great significance in the design of vaccines and small mol-
ecule inhibitors. A principal component analysis of the Co
atoms of these two areas in apo-gp120 and bound gpl120
was performed to describe the conformational space of

10+

PC1
i

Fig. 9 Principal component analysis of loops D and V5
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loops D and V5. The conformational space is shown in two-
dimensional mode using the first two principal components
in Fig. 9. From Fig. 9, the conformation of apo-gp120
shows much larger fluctuations than that of bound gp120,  peop
suggesting that the binding of VRCO1 leads to a reduction in
the flexibility of gp120. In bound gp120, the conformations
of the two loops are primarily distributed into three classes,
among which two of the classes dominate. Consistent with
the PCA analysis, cluster analysis of the two loops in bound
gp120, as shown in Fig. 10, indicates that the two areas have
three classes of conformations, and that two classes of those
three conformational classes were occupied >90 % of the
time (Fig. 10a). A comparison of three representative struc-
tures indicates that loop V5 exhibits large conformational

Asn462

60

cluster 1

cluster 2

50 4
—— cluster 3

401

30 +

20 4

Ratio of Three Clusters (%)

10 +

Fig. 11 Surface representations of the three clusters of loops D and V5
in gp120, colored by electrostatic potential: a cluster 1; b cluster 2; ¢
cluster 3

fluctuations, mainly at Asn462, while conformational fluc-
tuations of loop D are very small (Fig. 10b). Changes in
loop V5 are caused by the terminal residue Glul in VRCO1,
which is shown in Fig. 11. Under the influence of confor-
mational fluctuations in Glul, especially the terminal amino
group, the directions of the side chains of Asn461 and
Asn462 in the antigen change together. Therefore, the N-
terminal Glul of the antibody influences the flexibility of
loop VS5, especially the residue Asn462 of the antigen.

. ) Conclusions
Fig. 10 Cluster analysis of loops D and V5: a the ratio of the three

clusters; b the representative structures of the three clusters (cluster 1 . . . .
shown in cyan, cluster 2 shown in green, and cluster 3 shown in red, 10 this study, 15 ns molecular dynamics simulations were
Asn462 shown in stick representation) performed for the gp120-VRCO1 complex, apo-gp120, and
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apo-VRCO1. The MM-PBSA and MM-GBSA methods
were used to calculate the binding free energy and to ana-
lyze the binding interaction in detail. The results of binding
free energy decomposition indicated that intermolecular van
der Waals interactions and nonpolar solvation dominate the
binding of gp120 and VRCO1. By decomposing the binding
free energy into the contribution from each residue, it was
possible to identify the binding hot spots for gp120 and
VRCO1. For gpl120, the residues Asn280, Lys282,
Asp368, 1le371, and Asp457 from loop D, the CD4-
binding loop, and the V5 area provide significant contribu-
tions (of >2 kcal mol ). Overall, loop D, the CD4-binding
loop, and the V5 area contribute almost all of the binding
free energy of gpl120. For VRCOI1, Trp47, Trp50, Asn58,
Arg61, GIn64, and Trp100 in the heavy chain and Tyr91 in
the light chain were identified as hotspots. The contributions
of VRCOI to binding process derive primarily from CDR2
of the heavy chain. Hydrogen-bond occupancy analysis
indicated that several important hydrogen bonds stabilize
the complex, while principal component analysis showed
that the binding of VRCO1 can stabilize loop D and the V5
area of gpl20. Also, cluster analysis demonstrated that
conformational fluctuations in the residue Glul in VRCO1
change the orientations of Asn461 and Asn462. The infor-
mation obtained in this study provide some useful insights
that should aid the design of vaccines and small molecule
inhibitors to neutralize HIV-1.
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