
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

5:
54

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Probing intrinsic
aCollege of Mathematics and Computer Scie
bScience and Education Department, Secon

Kunming, China
cCollege of Agriculture and Biological Scien

ylqbioinfo@gmail.com

Cite this: RSC Adv., 2020, 10, 30499

Received 23rd July 2020
Accepted 4th August 2020

DOI: 10.1039/d0ra06416e

rsc.li/rsc-advances

This journal is © The Royal Society o
dynamics and conformational
transition of HIV gp120 by molecular dynamics
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The HIV envelope glycoprotein gp120 has evolved two distinct conformational states to balance viral

infection and immune escape. One is a closed state resistant to most neutralization antibodies, and the

other is an open state responsible for the binding of the receptor and coreceptors. Although the

structures of gp120 in these two conformational states have been determined, a detailed molecular

mechanism involving intrinsic dynamics and conformational transition is still elusive. In this study, ms-

scale molecular dynamics simulation is performed to probe molecular dynamics and conformational

transition away from the open state and approach the closed state. Our results reveal that open gp120

shows a larger structural deviation, higher conformational flexibility, and more conformational diversity

than the form in the closed state, providing a structural explanation for receptor or coreceptor affinity at

the open state and the neutralization resistance of closed conformation. Seven regions with greatly

decreased coupled motions in the open states have been observed by dynamic cross-correlation

analysis, indicating that conformational transition can be mainly attributed to the relaxation of intrinsic

dynamics. Three conformations characterized by the structural orientations of the V1/V2 region and the

V3 loop, suggesting gp120 is intrinsically dynamic from the open state to the closed state. Taken

together, these findings shed light on the understanding of the conformational control mechanism of HIV.
1. Introduction

As an infection machine of the human immunodeciency virus
(HIV), the envelope glycoprotein gp120 is responsible for the
binding of the receptor and coreceptors on the surface of the
host cell and triggers a series of infection events, including virus
attachment to the host cell, virus-cell membrane fusion, and
viral genetic material transfer.1 Compared to standard type I
membrane fusion proteins, gp120 takes an unusual two-step
strategy to enter target cells via sequential binding to two
different proteins, the receptor CD4 and the coreceptor CCR5 or
CXCR4.2 To balance viral infection and immune escape, gp120
must carefully conceal the conserved receptor and coreceptor
binding sites from the attack of neutralizing antibodies by
harnessing its signicant structural exibility, resulting in the
division of the infection and evasion functions into two distinct
conformational states.3 One is a closed state that is resistant to
most neutralization antibodies, and the other is an open state
that is responsible for interacting with the receptor and
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coreceptors.4 In the closed state, gp120 adopts a neutralization-
resistant conformation, in which parts of the receptor-binding
site are dispersed and the coreceptor-binding site is masked
by variable loops. Contributed by the unusually rapid sequence
variations in these variable loops, more than 90% of the gp120
surface is inaccessible to most immunoglobulins.5 In the open
gp120, the previously separated elements of the receptor
binding site are ultimately aggregated, and the coreceptor
binding site is exposed and matures to form a thermo-active
state that facilitates the nal fusion between the viral and
cellular membrane.6

Early biophysical experiments using isothermal titration
calorimetry (ITC)7 and hydrogen–deuterium exchange coupled
mass spectrometry (HDX-MS)8 observed a signicant difference
in the molecular dynamics of gp120 in the closed and open state.
The binding of the receptor is thought to induce the conforma-
tional transition of gp120 between these two states. The ITC
experiment detected unexpectedly large changes in enthalpy,
entropy, and heat capacity were before and aer the addition of
the receptor, implying that receptor binding causes considerable
conformational exibility and extensive structural rearrange-
ments of gp120.7 By measuring the rates of deuterium incorpo-
ration into the protein backbone in solution, the HDX-MS
experiment explored the dynamic changes of gp120 induced by
the binding of the receptor. However, these HDX data can
RSC Adv., 2020, 10, 30499–30507 | 30499
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indirectly speculate that major structural reorganizations occur
in various loops of gp120.8 Both ITC and HDX-MS experiments
are limited to the comparison of the thermodynamic and
dynamic characteristics before and aer adding the receptor, and
their results cannot explain whether or not the conformational
transition of gp120 is caused by the receptor-induced structural
rearrangement from the closed state to the open state, or gp120
has an intrinsically dynamic equilibrium among various
conformational states, and the receptor can only capture the
open state to make it become a dominant conformation.

Evidence from a single-molecule uorescence resonance
energy transfer (smFRET) experiment9 explained the conforma-
tional dynamics and transition of gp120 from another perspec-
tive based on the theory of the conformational selection.10 In this
experiment, three conformational states of gp120, including
closed, open, and at least one intermediate state, were identied
and found to coexist in dynamical equilibrium under different
conditions. In the absence of any ligands, the closed state had the
highest distribution probability, followed by the open state, and
the intermediate state had the lowest. Aer adding the receptor,
the probability distribution of the closed and open state signi-
cantly decreased, and the probability of the intermediate state
greatly increased. When the coreceptor was further added, there
was a signicant reduction in the intermediate state, and the
open state eventually became the dominant conformation. The
smFRET experiment revealed that gp120 does indeed experience
a dynamic equilibrium among multiple conformational states,
and the conformational transition from the closed state to the
open state is achieved by the receptor capturing the intermediate
state and the coreceptor stabilizing the open state. This nding
indicated that gp120 has a high level of intrinsic dynamics to
sample different conformations, and the receptor or coreceptor
may only bind to favorable conformations. Despite these
advances, the atomic-resolution description of the dynamic,
thermodynamic, and kinetic behavior of gp120 during the
conformational transition between the closed and open states
has remained unanswered.

In this study, we comparatively investigated two systems
consisting of the closed and open gp120 employing a series of ms-
scale multiple-replica molecular dynamics (MD) simulation11 to
probe the intrinsic dynamics and conformational transition of
HIV gp120. Our results indicate that open gp120 shows a larger
structural deviation, higher conformational exibility, and more
conformational diversity than the form in the closed state. Three
conformations characterized by structural orientations of the V1/
V2 region and V3 loop describe the conformational transition
away from the open state and approach the closed state. We
claim that gp120 is intrinsically dynamics to sample multiple
conformational states. We believe that this detailed structural
descriptions of gp120 will shed light on the understanding of the
conformational control mechanism of HIV.

2. Materials and methods
2.1. Molecular dynamics simulations

The structural models of gp120 in the closed and open states are
extracted from the atomic coordinates of the HIV envelope in the
30500 | RSC Adv., 2020, 10, 30499–30507
Protein Data Bank (PDB, http://www.rcsb.org) with accession IDs
are 5FYK12 and 5FUU13 at 3.11 Å and 4.19 Å resolution, respec-
tively. The full-length amino acid sequence of these two gp120
structures is the HIV JR-FL strain14 which was also used in the
smFRET experiment.9 The sequence segment for partial C-
termini has been removed to obtain a uniform sequence
length, i.e. residues 30–492 according to Q75760 in the UniProt
database (https://www.uniprot.org).

The selected structural models of the closed and open gp120
were individually used as the starting structure for the MD
simulations performed by the soware GROMACS V5.1.4.15 Each
starting structure is described with the AMBER99SB-ILDN force
eld16 and the TIP3P water model17 in a dodecahedron box with
a protein-wall minimum distance of 1 nm. Na+ and Cl� are
introduced to achieve the electroneutral system at a salt
concentration of 150 mM. To effectively soak the solute into the
solvent, 200 ps position-restrained simulations are carried out, in
which the heavy atoms of protein are restrained by decreasing
harmonic potential force. The steepest descent algorithm is used
to minimize the energy of each system to eliminate steric
conicts. Before the MD production simulation, a pre-simulation
process consisted of 100 ps NVT and NPT ensemble is conducted.

In order to improve the efficiency of the conformational
sampling, a multi-replica strategy is adopted in the MD produc-
tion simulation. For each system, 15 independent 100 nsMD runs
are performed, where each run is initialized with random atomic
velocities assigned from Maxwell distribution at 300 K. The
simulation protocol is as follows: the integration time step is set
to 2 fs due to the LINCS algorithm18 is used to constrain the bond
length involving hydrogen atoms; the partial-mesh Ewald (PME)
method19 with a Fourier grid spacing of 0.135 nm and an inter-
polation order of 4 is employed to handle long-range electrostatic
interactions; the van derWaals interaction is treated using a twin-
range cut-off scheme with short-range and long-range cut-offs of
1.0 and 1.4 nm, respectively; solute and solvent are separately
coupled with a heat bath at 300 K and a pressure bath at 1 atm;
the system coordinates are saved every 2 ps.
2.2. Dynamics analysis

The root-mean-square deviation (RMSD) and root-mean-square
uctuation (RMSF) are calculated using trajectory analysis tools
implemented in GROMACS. The complex molecular interac-
tions in gp120 are described by the dynamic cross-correlation
maps (DCCM)20 (Fig. 3), in which each element (Cij) represents
the coupled molecular motion between residue i and j, and can
be calculated by:

Cij ¼
ðri � |ri |Þ

�
rj � |rj |

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ri2 � |ri |

2
��
rj2 � |rj |

2
�q

where rn is the position vectors of residue n, which is obtained
from the aligned coordinate of the Ca atom.
2.3. Thermodynamics analysis

All trajectories are discretized by two suitable collective values
(CVs) characterizing the structural orientations of the V1/V2
This journal is © The Royal Society of Chemistry 2020
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region and the V3 loop. One is an angle dened by the center of
mass (COM) of the V1/V2 region, the COM of the b20–b21
hairpin, and the COM of the a0 to describe the structural
position of the V1/V2 region relative to the core. The other is
a distance between the COM of the b20–b21 hairpin and the
COM of the V3 loop.

Based on these two CVs, a free energy landscape (FEL) is
constructed by using probability density function:

F(s) ¼ �kBT ln(Ni/Nmax)

where kB is the Boltzmann's constant, T is the simulation
temperature in Kelvin, and Ni and Nmax are the number of the
visiting state and the most populated populations, respectively.
3. Results
3.1. A signicant structural difference intrinsically exists in
the closed and open states of gp120

In both the closed (Fig. 1A) and open (Fig. 1B) states, gp120
consists of a relatively conserved structural core, a bridging
sheet, and ve variable loops V1–5.21 Although they share
a similar core, these two states exhibited a signicant structural
difference in the orientation of the variable loops (see the
backbone superimpose in Fig. 1C). In the core of gp120, there
are two folded structure domains, a b-sheet sandwich, and
a three-layered architecture. The seven-stranded (b3�, b0, b1, b5–
7, and b25) b sandwich is a stable subdomain near the N-/C-
termini. It is believed that three topological layers, called layer
1 (from b2�to b0, mainly involving a0), layer 2 (from b1 to b2,
mainly involving a1), layer 3 (from b24 to b25, mainly involving
a5), play an important role in the molecular interaction among
three gp120 subunits in the context of HIV envelope.22

The main difference between these two structural models of
gp120 is the orientation of the V1/V2 region and the V3 loop.
Extending from b2 and b3, a very large variable loops called the
V1/V2 region has unique secondary structural characteristics. In
Fig. 1 The structural models of gp120. (A and B) Ribbon representati
respectively. (C) Backbone superposition of gp120 in the closed (blue) a

This journal is © The Royal Society of Chemistry 2020
the closed state, the V1/V2 region folds into a “Greek key”-like
structure composed of four antiparallel b strands (labeled as bA
to bD) and three connecting loops: V1 (between bA and bB), L1
(between bB and bC), and V2 (between bC and bD).12 For open
gp120, the V1/V2 region undergoes signicant conformational
rearrangements, resulting in the disintegration of bC–D and the
formation of new b stands in the region of V1 and L1 loops.
When compared to the closed state, the V1/V2 region and V3
loop move away from gp120 core in the open state, accompa-
nied by disassembly of the V1/V2 region, relaxations of the V3
loop, and rearrangements of the bridging sheet. As the stem of
the V1/V2 region, b2–b3 reversal not only directs the V1/V2
region away from the core but also leads to the formation and
exposure of the coreceptor binding site.23 It should be noted
that the hairpin b20_b21 has been identied as a major regu-
latory switch for the conformational transition of gp120.24
3.2. The open gp120 experiences larger structural deviation
than the conformation of the closed state

To evaluate the structural stability and deviation of gp120
during the simulations, we calculate the time evolution of the
gp120 backbone RMSD values (Fig. 2) relative to their respective
starting structural models. In the closed state, each replica of
gp120 requires about 5 ns to equilibrate the relative stability of
the RMSD region between about 0.3 to 0.5 nm. In contrast, more
time (about 20 ns) is needed for open gp120 to reach a larger
and wider equilibrium region (from about 0.5 to 1.2 nm). There
is amore obvious difference in the uctuation amplitudes of the
RMSD curves, such as most of the open replicas exhibit much
larger amplitudes than the curves in the closed state. Taken
together, the above results reveal that during simulations open
gp120 experiences larger structural deviation than the one in
the closed state, indicating that the former has higher structural
stability.

To ensure that the intrinsic properties of gp120 are reected,
all subsequent analysis was performed based on a 1.2 ms
on of the closed and open gp120 with PDB IDs of 5FYK and 5FUU,
nd open (green) states.

RSC Adv., 2020, 10, 30499–30507 | 30501
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Fig. 2 The structural dynamics of gp120. The time evolution of the backbone root-mean-square deviation (RMSD) values of the closed (A) and
open (B) gp120 are calculated from 15 replicas (R1–15) of the molecular dynamics simulation.
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trajectory which is concatenated from the equilibrated portions
(20–100 ns) of 15 replicas for each state of gp120.
3.3. Diverse residue subdomains show different
conformational exibility between the closed and open states

As shown in Fig. 3, the RMSF value of Ca atoms with respect to
the respective starting structural model in each state was
calculated to evaluate and compare the conformational exi-
bility of gp120. The average RMSF values (dashed line in Fig. 3)
of all Ca atoms in the closed and open gp120 are 0.18 and
0.26 nm, respectively, which clearly indicates that the latter has
a higher global conformational exibility than the former. The
gp120 structural models in both conformational states show
Fig. 3 The residue dynamics of gp120. The Ca root-mean-square fluctu
(green line) gp120 during the molecular dynamics simulation. The avera
gp120 are 0.18 and 0.26 nm, respectively. The RMSF difference was ob
gp120's RMSF value at the same residue position. The differences greate

30502 | RSC Adv., 2020, 10, 30499–30507
very similar conformational exibility distributions, where the
RMSF values of regular secondary structural regions, especially
a0–5, b2–3, and b20–21, are lower than their respective RMSF
mean values. Furthermore, N-/C-termini and surface-exposed
loops, such as layer 1, V1–5, and L1 loops, exhibit higher
values than their corresponding averaged RMSD values. These
RMSF curves are consistent with the observations in the HDX-
MS experiment,8 indicating that our MD simulations can
provide reliable information about the intrinsic dynamics of
gp120.

The regions above the average RMSF value include the N-/C-
terminus, the middle area of layer 1, the V1, L1 and V2 loop, the
top of the V3 loop, and the V4–V5 loops. Except for the N-/C-
terminus, all of the regions above the average are exposed on
ation (RMSF) value of each residue in the closed (blue line) and open
ge RMSF values (dashed line) of all Ca atoms in the closed and open
tained by subtracting the closed gp120's RMSF value from the open
r and less than zero are shaded in light red and light blue, respectively.

This journal is © The Royal Society of Chemistry 2020
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the surface of the protein. Direct contact with solvents and lack
of structural constraints can lead to a high level of conforma-
tional exibility. It should be noted that bA–D divides the V1/V2
region into three loops, i.e. the V1, V2, and L1 loops, with higher
conformational exibility in the closed state. Echoing with the
experimental structure, this special RMSD pattern in the V1/V2
region further illustrates that the “Greek key” folded structure
inhibits the overall conformational exibility of the V1/V2
region.25 With the dissociation of the b sheets in the “Greek
key”, the RMSF mode in the V1/V2 region has changed in the
open state. Despite being covered by the V1/V2 region, the top of
the V3 loop still has greater conformational exibility due to its
exposure in the closed state. Compared with the closed gp120,
the RMSF values of the V1/V2 region and the V3 loop are
signicantly increased in the open state. This effect can be
attributed to the spatial rearrangement of the V1/V2 region and
the changes in the orientation of the V1/V2 region and the V3
loop relative to the structural core of gp120.

To quantitatively compare the conformational exibility of
gp120 between these two states, the RMSF difference at the
same residue position was calculated by subtracting the RMSF
value of the closed gp120 from the RMSF value of the open
gp120. In Fig. 3, the positive and negative differences of the
RMSF are shaded in light red and light blue, respectively. In
most areas including the V1/V2 region and the V3 loop, the
overall conformational exibility is dramatically improved in
the open state. This is because, in the opened gp120, the V1/V2
region and the V3 loop increase their freedom of rotation and
translation. It should be noted that the layer 1 and the L1 loop
show signicantly higher conformational exibility in the
closed state. The layer 1 is partially covered by the displacement
of the V1/V2 region, and a part of the a helix is also formed,
which greatly reduce its exibility in the open state.6 The
Fig. 4 The cross-correlation dynamics of gp120. (A) The dynamic cross-c
triangle) gp120. The coefficient ranges from �1 to 1. The coefficient value
represent the molecular motion in the same and opposite directions,
between the closed (upper triangle) and open (lower triangle) states is g

This journal is © The Royal Society of Chemistry 2020
conformational exibility of the L1 loop is inhibited in the open
state because it is located in the middle of the bA–D extended
structure.23
3.4. Seven regions with decreased coupled motions in the
open states indicate that the conformational transition could
be mainly attributed to the relaxation of intrinsic dynamics

The pairwise residue correlated and anticorrelated molecular
motions are plotted in the dynamic cross-correlation map
(DCCM, Fig. 4), in which the cross-correlation coefficients for
closed and open gp120 are shown in the upper and lower
triangles, respectively. The coefficient ranging from �1 to 1
indicates the strength of themolecular motions and the positive
and negative values indicate the movement of the residue in the
same and opposite directions, respectively. It can be seen from
DCCM (Fig. 4A) that gp120 exhibits signicant collective
molecular motions in both states, especially in some sub-
domains such as the layer 1–3, the V1/V2 region, the V3–4 loops,
and their interactive regions. This implies that modular
molecular movements with the same trend occurred during the
simulation.

To comparatively investigate the collective molecular
motions between these two conformational states, the differ-
ence of the cross-correlation coefficient at the same residue
position is calculated by subtracting the coefficient of the closed
gp120 from the coefficient of the open gp120. Seven regions
(R1–7) with differences in coefficient values greater than 0.4 are
selected (Fig. 4B). This analysis revealed that the open gp120
has decreased coupled motions in all regions, mainly in the V1/
V2 region (R3) or interactive regions with other subdomains,
such as the layer 2 (R1), b3 (R2), the V3 loop (R4), a3 (R5), and
the b20–21 hairpin (R6). These changes in the collective
orrelationmaps (DCCM) of the closed (upper triangle) and open (lower
indicates the strength of the motion. The positive and negative values

respectively. (B) Seven regions (R1–7) with the coefficient difference
reater than 0.5.

RSC Adv., 2020, 10, 30499–30507 | 30503
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molecular motions suggest that the relaxation of intrinsic
dynamics in the open gp120 could be considered the main
contributor of the conformational transitions.
3.5. The conformational transition and thermodynamic
distributions of gp120 are characterized by the structural
orientation of the V1/V2 region and the V3 loop

Given the signicant difference between the closed and open
states of gp120 is based primarily on the structural orienta-
tion of the V1/V2 region and the V3 loop, all trajectories are
discretized by two suitable collective values (CVs). One is an
angle dened by the center of mass (COM) of the V1/V2
region, the COM of the b20–b21 hairpin, and the COM of
the a0 that describes the structural position of the V1/V2
region relative to the core. The other is a distance between
the COM of the b20–b21 hairpin and the COM of the V3 loop.
The time evolution of these two CVs for the closed and open
gp120 is plotted in Fig. 5 and the different replicas are rep-
resented with blue and green lines, respectively. It demon-
strates that the closed gp120 is highly stable and the values of
angle and distance concentrate at approximately 3 rad and
1.8 nm, respectively. On the contrary, open gp120 shows high
dynamics. Its V1/V2 region explores two different areas from
the starting position (the angle is about 1.8 rad) relative to the
Fig. 5 The conformational orientation of gp120. The time evolution
orientations of the V1/V2 region and the V3 loop in the closed (blues lines)
mass (COM) of the V1/V2 region, the COM of the b20–b21 hairpin, and th
b21 hairpin and the COM of the V3 loop. Schematic diagrams of these two
(green) gp120.

30504 | RSC Adv., 2020, 10, 30499–30507
core. One is the area approaching the closed state (to 2.8 rad),
and the other is away from the open state with an edge angle
of 1.2 rad. This shows that the V1/V2 region of open gp120
could not only transfer into the closed state but also enhance
the degree of openness. In the closed state, due to the
suppression of the V1/V2 region, the distance from the b20–
b21 hairpin to the V3 loop is concentrated around 1.8 nm.
This distance in the open gp120 exhibits a decreasing
tendency toward the closed state.

As the above two CVs describe the conformational transition
of gp120, these trajectory features are used to describe the
energy distribution and conformational diversity of gp120 by
constructing an FEL (Fig. 6). Overall, the FEL of gp120 at the
closed and open states exhibits different conformational
distribution. The closed population connes in a narrow area
(Fig. 6A). The open gp120 exhibits an irregular and divergent
shape (Fig. 6B), presenting a more complicated shape than that
in the closed state. Besides, the FEL of open gp120 covers
a larger area than that of closed gp120. At the open state, there
are at least three free energy minima (#16 kJ mol�1) which
describe the conformational transition away from the open
state (locates in the angle of 1.7 rad and the distance of 2.8 nm)
and approach the closed state (locates in the angle of 2.5 rad
and the distance of 1.5 nm).
of two suitable collective values (CVs) characterizing the structural
and open (greens lines) gp120. One is an angle defined by the center of
e COM of the a0. The other is a distance between the COM of the b20–
CVs are plotted in the structural models of the closed (blue) and open

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The thermodynamics distribution of gp120 at the closed (A) and open (B) states. A free energy landscape is constructed based on two
collective values characterizing the structural orientations of the V1/V2 region and the V3 loop in the open gp120. One is an angle defined by the
center of mass (COM) of the V1/V2 region, the COM of the b20–b21 hairpin, and the COM of the a0. The other is a distance between the COM of
the b20–b21 hairpin and the COM of the V3 loop.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

5:
54

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Discussion

Comparative analysis of structural dynamics and conforma-
tional exibility reveal that the closed gp120 exhibits more
stable conformational dynamics, while the open form experi-
ences higher structural dynamics, providing a structural
explanation for receptor or coreceptor affinity of the open state
and the neutralization resistance of the closed conformation.
Experimental evidence has proven that gp120 is intrinsically
dynamics in the closed and open states.4 In the closed state,
gp120 masks its functional centers from attack from by
neutralization antibodies, while it can adopt an open state for
binding to the receptor and coreceptors. In our study, the RMSF
curve is consistent with the observations of the HDX-MS
experiment8 and further provides a full-length and quantita-
tive description of the intrinsic dynamics of gp120 in both
states. Seven regions with greatly decreased coupled motions in
the open states have been observed by dynamic cross-
correlation analysis, indicating that conformational transition
can be mainly attributed to the relaxation of intrinsic dynamics.

Based on the two collective variables that characterize the
orientation of the V1/V2 region and the V3 loop, we extract the
population distributions of three to ve macrostates and the
conformational transition from the closed state to the open
state. These data, together with the smFRET experiment,9

indicate that capturing the open state is one of the major
molecular mechanisms for the conformational transition of
gp120. This evidence from the MD simulation and the Markov
modeling suggests that gp120 is intrinsically dynamic from the
open state to the closed state, and eventually results in
a conformational transition between these two states.
Compared with our previous research on the CD4-binding
effects on the conformational dynamics, molecular motions,
and thermodynamics of gp120,26 the comparative MD simula-
tion of these two terminal states of gp120 demonstrates that the
This journal is © The Royal Society of Chemistry 2020
molecular dynamics of gp120 are rooted in its structural
architecture. The binding of CD4 hinders the conformation
transitions of gp120 from the open to the closed state, resulting
in gp120 has been restricted in the open state.27

Although gp120 is covered by a dense glycan layer,5 the effect
of carbohydrates on the conformational exibility and transi-
tions of gp120 is limited. Previous MD simulation studies on
gp120 with a glycosylated or non-glycosylated V3 loop showed
that there were no signicant differences in the molecular
uctuations between these two forms.28 In our study, two MD
simulation systems of gp120 in the closed and open states are
performed to comparatively investigate the intrinsic dynamics
and conformational transitions. Therefore, comparative MD
simulations without glycans could still reect the true differ-
ences in the dynamics and thermodynamics of gp120 in these
two states.

For gp120, another factor that can potentially affect its
molecular dynamics is its highly variable residues. Although the
role of mutations in the conformational changes of gp120
cannot be ignored, the selection of standard sequences for
comparative studies can still reveal the intrinsic dynamics and
conformational transition of gp120. Our previous simulation
studies on gp120 from two extreme neutralization phenotype
HIV strains also revealed the effect of mutations on structural
dynamics.29 Our team is preparing a study on more in-depth
molecular dynamics of gp120 from different HIV-1 isolates.
Like the case study about NPAC,30 a cytokine-like nuclear factor
involved in chromatin modication and regulation of gene
expression, we expect to identify key mutations that affect the
conformational exibility of gp120 in future studies.

5. Conclusion

In this paper, we perform cumulative 3 ms multiple-replica MD
simulations for two full-length structural models of gp120 in
the closed and open states to probe the intrinsic dynamics and
RSC Adv., 2020, 10, 30499–30507 | 30505

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06416e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

5:
54

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conformational transitions of gp120. Comparative investiga-
tions of the structural dynamics, conformational exibility, and
molecular cross-correlations of gp120 between these two states
reveal that gp120 exhibits distinct intrinsic dynamics between
the closed and open states. Three conformations characterized
by structural orientations of the V1/V2 region and V3 loop
describes an obvious conformational transition from the closed
state to the open state, which can be considered as direct
evidence for conformational selection. In summary, our results
have provided the detailed intrinsic dynamics and conforma-
tional transitions of gp120, which will facilitate our current
understanding of the HIV conformational control mechanism.
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B. Hess, et al., GROMACS: High performance molecular
simulations through multi-level parallelism from laptops
to supercomputers, SowareX, 2015, 1–2, 19–25, DOI:
10.1016/j.sox.2015.06.001.

16 A. E. Aliev, M. Kulke, H. S. Khaneja, V. Chudasama,
T. D. Sheppard and R. M. Lanigan, Motional timescale
predictions by molecular dynamics simulations: Case
study using proline and hydroxyproline sidechain
dynamics, Proteins: Struct., Funct., Bioinf., 2014, 82, 195–
215, DOI: 10.1002/prot.24350.

17 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, Comparison of simple
potential functions for simulating liquid water, J. Chem.
Phys., 1983, 79, 926–935, DOI: 10.1063/1.445869.

18 B. Hess, H. Bekker, H. J. C. Berendsen and J. G. E. M. Fraaije,
LINCS: A Linear Constraint Solver for molecular
simulations, J. Comput. Chem., 1997, 18, 1463–1472, DOI:
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06416e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

5:
54

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
10.1002/(SICI)1096-987X(199709)18:12<1463::AID-
JCC4>3.0.CO;2-H.

19 T. Darden, D. York and L. Pedersen, Particle mesh Ewald: An
N$log(N) method for Ewald sums in large systems, J. Chem.
Phys., 1993, 98, 10089–10092, DOI: 10.1063/1.464397.

20 A. Ghosh and S. Vishveshwara, A study of communication
pathways in methionyl-tRNA synthetase by molecular
dynamics simulations and structure network analysis, Proc.
Natl. Acad. Sci. U. S. A., 2007, 104, 15711–15716, DOI:
10.1073/pnas.0704459104.

21 J. Liu, A. Bartesaghi, M. J. Borgnia, G. Sapiro and
S. Subramaniam, Molecular architecture of native HIV-1
gp120 trimers, Nature, 2008, 455, 109–113, DOI: 10.1038/
nature07159.

22 M. Pancera, S. Majeed, Y.-E. A. Ban, L. Chen, C.-c. Huang,
L. Kong, et al., Structure of HIV-1 gp120 with gp41-
interactive region reveals layered envelope architecture and
basis of conformational mobility, Proc. Natl. Acad. Sci. U. S.
A., 2010, 107, 1166–1171, DOI: 10.1073/pnas.0911004107.

23 Y. Li, L. Deng, J. Liang, G.-H. Dong, Y.-L. Xia, Y.-X. Fu, et al.,
Molecular dynamics simulations reveal distinct differences
in conformational dynamics and thermodynamics between
the unliganded and CD4-bound states of HIV-1 gp120,
Phys. Chem. Chem. Phys., 2020, 22, 5548–5560, DOI:
10.1039/C9CP06706J.

24 A. Herschhorn, C. Gu, F. Moraca, X. Ma, M. Farrell,
A. B. Smith, et al., The b20–b21 of gp120 is a regulatory
switch for HIV-1 Env conformational transitions, Nat.
Commun., 2017, 8, 1049, DOI: 10.1038/s41467-017-01119-w.
This journal is © The Royal Society of Chemistry 2020
25 J. S. McLellan, M. Pancera, C. Carrico, J. Gorman, J. P. Julien,
R. Khayat, et al., Structure of HIV-1 gp120 V1/V2 domain with
broadly neutralizing antibody PG9, Nature, 2011, 480, 336–
343, DOI: 10.1038/nature10696.

26 Y. Li, L. Deng, L.-Q. Yang, P. Sang and S.-Q. Liu, Effects of
CD4 Binding on Conformational Dynamics, Molecular
Motions, and Thermodynamics of HIV-1 gp120, Int. J. Mol.
Sci., 2019, 20, 260, DOI: 10.3390/ijms20020260.

27 Y. Li, Y.-C. Guo, X.-L. Zhang, L. Deng, P. Sang, L.-Q. Yang,
et al., CD4-binding obstacles in conformational transitions
and allosteric communications of HIV gp120, Biochim.
Biophys. Acta, Biomembr., 2020, 1862, 183217, DOI: 10.1016/
j.bbamem.2020.183217.

28 M. Yokoyama, S. Naganawa, K. Yoshimura, S. Matsushita
and H. Sato, Structural dynamics of HIV-1 envelope GP120
outer domain with V3 loop, PLoS One, 2012, 7(5), e37530,
DOI: 10.1371/journal.pone.0037530.

29 Y. Li, L. Deng, S.-M. Ai, P. Sang, J. Yang, Y.-L. Xia, et al.,
Insights into the molecular mechanism underlying CD4-
dependency and neutralization sensitivity of HIV-1:
a comparative molecular dynamics study on gp120s from
isolates with different phenotypes, RSC Adv., 2018, 8,
14355–14368, DOI: 10.1039/C8RA00425K.

30 M. Monteori, S. Pilotto, C. Marabelli, E. Moroni, M. Ferraro,
S. A. Serapian, et al., Impact of Mutations on NPAC
Structural Dynamics: Mechanistic Insights from MD
Simulations, J. Chem. Inf. Model., 2019, 59, 3927–3937,
DOI: 10.1021/acs.jcim.9b00588.
RSC Adv., 2020, 10, 30499–30507 | 30507

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06416e

	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation

	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation

	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation
	Probing intrinsic dynamics and conformational transition of HIV gp120 by molecular dynamics simulation


