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A B S T R A C T

As the only exposed viral protein at the membrane surface of HIV, envelope glycoprotein gp120 is responsible for
recognizing host cells and mediating virus-cell membrane fusion. Available structures of gp120 indicate that it
exhibits two distinct conformational states, called closed and open states. Although experimental data demon-
strates that CD4 binding stabilizes open state of gp120, detailed structural dynamics and kinetics of gp120
during this process remain elusive. Here, two open-state gp120 simulation systems, one without any ligands
(ligand-free) and the other complexed with CD4 (CD4-bound), were subjected to microsecond-scale molecular
dynamics simulations following the conformational transitions and allosteric pathways of gp120 evaluated by
using the Markov state model and a network-based method, respectively. Our results provide an atomic-re-
solution description of gp120 conformational transitions, suggesting that gp120 is intrinsically dynamic from the
open state to closed state, whereas CD4 binding blocks these transitions. Consistent with experimental struc-
tures, five metastable conformations with different orientations of the V1/V2 region and V3 loop have been
extracted. The binding of CD4 significantly enhances allosteric communications from the CD4-binding site to V3
loop and β20-21 hairpin, resulting in high-affinity interactions with coreceptors and activation of the con-
formational transitions switcher, respectively. This study will facilitate the structural understanding of the CD4-
binding effects on conformational transitions and allosteric pathways of gp120.

1. Introduction

As the only exposed viral protein at the membrane surface of virion,
the envelope glycoprotein gp120 of the human immunodeficiency virus
(HIV) must conceal its functional centers from attack by neutralizing
antibodies [1]. To strike a balance between viral infection and immune
evasion, gp120 has evolved effective strategies, such as significant
structural flexibility to successively bind to the receptor CD4 and co-
receptors on the host cell membrane surface [2,3]. CD4 binding is the
first step of a series of infective events, including the formation of co-
receptor binding site, a fusion of virus-cell membranes, and the trans-
formation of viral genetic materials [4]. With tremendous efforts over
years, two distinct structures of gp120 in the closed and open states
have been determined. In closed state (Fig. 1A, red), gp120 exhibits a
neutralization-resistant conformation, in which the variable loops, such
as the V1/V2 region and V3 loop, mask the most surface of conserved
regions, and the binding sites of CD4 and coreceptors have not yet
formed [5,6]. After binding to CD4, significant structural

rearrangements in the open state (Fig. 1A, yellow) were observed, in-
cluding dissociation of contacts between the V1/V2 region and V3 loop,
re-localization of the bridging sheet, formation of CD4-induced epitopes
(α3 and its ahead short loop), and aggregation of previously separate
elements of the coreceptor binding site [7,8].

In addition to the experimental structures, the energetics and dy-
namics of gp120 before and after binding to CD4 were also determined.
Unusual large changes in enthalpy, entropy, and heat capacity were
examined by isothermal titration calorimetry (ITC) [9], detecting con-
siderable conformational flexibility within the core of gp120. However,
the properties of gp120 are not fully reflected because only a truncated
form of gp120 lacking the V1/V2 region and V3 loop was used in the
ITC experiment. In 2014, more detailed dynamics of gp120 upon CD4
binding were observed by the hydrogen-deuterium exchange (HDX)
which measures rates of deuterium incorporation into backbone atoms
in solution [10]. HDX data was used to infer the conformational flex-
ibility of gp120 before and after adding CD4, revealing that major
structural reorganizations occur in the V1/V2 region, V3 loop and
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bridging sheet. These two experiments imply that a series of structural
rearrangements in gp120 between closed and open states are caused by
the binding of CD4. However, instead of providing information during
the CD4-binding process, they just compare two end-state properties
before and after adding CD4.

Surprisingly, gp120 on the surface of native virions was found to be
dynamic and sample at least three distinct conformations (i.e. the
closed, intermediate and open states) in absence of any receptor or
coreceptors by single-molecule fluorescence resonance energy transfer
(smFRET) [11]. In smFRET experiment, conformational changes of
gp120 were characterized by a fluorescence signal between the V1/V2
region and V4/V5 loop. Different population distributions of three
gp120 conformations were observed under the different conditions (e.g.
in absence of any ligands, and in presence of CD4), suggesting gp120 is
intrinsically sampling multiple conformations and CD4 binding disrupts
the conformational distribution of these three states of gp120 by sta-
bilizing open state. Unfortunately, smFRET can not provide a detailed
structural description of how CD4 interacts with these conformations
and what effects caused by the binding of CD4 on the conformational
dynamics, kinetics, and thermodynamics of gp120.

To investigate CD4-binding effects on conformational transitions
and allosteric pathways of gp120, here, two open-state gp120 simula-
tion systems, one without any ligands (ligand-free) and the other
complexed with CD4 (CD4-bound), were subjected to microsecond-
scale molecular dynamics (MD) simulations, in which conformational
dynamics of proteins can be successfully explored [12]. Moreover, the
kinetics of conformational transitions and ligand-induced allosteric
regulations from extensive MD trajectories can be efficiently identified
by a post-MD analysis method integrated with the stochastic process
and network analysis. In this method, a Markov state model (MSM)
[13] has been employed to reveal complex conformational plasticity,
multistate populations, and molecular kinetics during the ligand-
binding process, and a network-based approach [14] has been used to
characterize allosteric regulations and pathways caused by the binding
of a ligand.

In this study, open-state gp120 under ligand-free and CD4-bound
conditions has been investigated by MD simulation and subsequently
analyzed by the MSM and a network-based approach. It is found that
gp120 is intrinsically dynamical to sample multiple conformational
states and undergoes conformational transitions from the open state to
closed state, whereas CD4 binding blocks these conformational transi-
tions. The binding of CD4 not only enhances allosteric communications
for the tip of V3 loop, which promotes interactions with coreceptors but
also shorts allosteric pathways for the β20–21 hairpin, resulting in ac-
tivation of the switcher for the conformational transitions to the open

state. Our results provide detailed structural descriptions about CD4-
binding effects on gp120, which will shed light on the understanding of
the conformational control mechanism of HIV-1.

2. Materials and methods

2.1. Molecular dynamics simulations

Considering the full-length gp120 structure, the starting structures
of MD simulations were extracted from the cryo-EM structure of HIV
gp120 complexed with CD4 (PDB ID: 3J70) [8] from Protein Data Bank
(PDB) (http://www.rcsb.org). The ligand-free system (Fig. 1B) begins
with the structure of monomeric gp120 in the open state, while the
CD4-bound system (Fig. 1C) carried on a complex consisted of open-
state gp120 and the D1 domain of CD4 (CD4D1). To reduce computa-
tional complexity, only CD4D1 should be considered in the CD4-bound
system due to its direct interatomic contact with gp120. It should be
noted that the closed and open states of the monomeric gp120 are
mainly characterized by the orientation of the V1/V2 region and the V3
loop (Fig. 1).

All MD simulations were performed employing GROMACS V 5.1.4
[15] with the AMBER99SB-ILDN force field [16] on GPU-accelerated
clusters. Each system was solvated with TIP3P water molecules [17]
and neutralized with counterions in a dodecahedron box with a protein-
wall minimum distance of 1 nm. To eliminate stereochemical conflicts
and soak solute into the solvent, the energy minimization with the
steepest descent algorithm and the position-restrained simulation with
decreasing harmonic force constants on heavy atoms of the protein
were carried out. To achieve extensive conformational sampling for
each system, ten of 100-ns production simulations with different initial
atomic velocities assigned from the Maxwell distribution at 300 K were
performed by following protocols: integration time was set as 2 fs due
to LINCS [18] algorithm was used to constrain bond lengths involving
hydrogen atoms; the partial-mesh Ewald (PME) [19] method and a
twin-range cut-off strategy were used to calculate the long-range elec-
trostatic interactions and van der Waals interactions, respectively;
protein and non-protein components were independently coupled to a
300 K and 1 atm with an external bath.

2.2. Markov state model

To obtain coarse-grained insights about open-state gp120 under li-
gand-free and CD4-bound conditions, a Markov state model (MSM)
providing thermodynamic and kinetic descriptions was constructed
from MD simulation trajectories by employing PyEMMA package [20].

Fig. 1. Structural models of gp120 and the starting structures of simulation systems. (A) Structural superimpose of gp120 in the closed (PDB ID: 5FYJ, red) and open
(PDB ID: 3J70, yellow) states. (B) Ribbon representation of open-state gp120 (PDB ID: 3J70, chain D) is used as the starting structure for the ligand-free simulation
system. (C) The starting structural model of the CD4-bound simulation system consists of open-state gp120 (blue) and the D1 domain of CD4 (CD4D1, green).

Y. Li, et al. BBA - Biomembranes 1862 (2020) 183217

2

http://firstglance.jmol.org/fg.htm?mol=3J70
http://www.rcsb.org
http://firstglance.jmol.org/fg.htm?mol=5FYJ
http://firstglance.jmol.org/fg.htm?mol=3J70
http://firstglance.jmol.org/fg.htm?mol=3J70


Two appropriate features characterizing the conformational dynamics
of the V1/V2 region and V3 loop were selected to discretize MD tra-
jectories into 1447 microstates by K-means clustering. Various lag times
(Fig. S1) were tested to evaluate relaxation timescales during the si-
mulations, resulting in a lag time of 0.15 ns was chosen to construct the
final MSM. Validated by the Chapman–Kolmogorov test [21] whose
curves are generally in good agreements (Fig. S2), it has proven that the
obtained MSM is a good approximation of these MD simulations. The
perron-cluster cluster analysis (PCCA) method [22] was used to further
decompose all microstates into five metastable clusters because the first
gap is found after the fourth relaxation timescales. The transition
probability among different microstates of gp120 was estimated by the
maximum likelihood reversible transition matrix using the quadratic
optimizer [23].

2.3. Network-based analysis

For each simulation system, a weighted network, where each node,
edge, and weight are defined by the individual residue, the contact and
cross-correlation value between pairwise residues, respectively, was
constructed to describe complex molecular interactions in gp120. The
Cα atom is selected to represent each residue. The contact between two
residues is defined by the average distance of< 8 Å in> 75% of all
trajectories. Each edge is weighted by cross-correlation value based on
dynamic cross-correlation maps (DCCM) [14] (Fig. S3), whose elements
(Cij) represents the cross-correlation value between residue i and j, and
can be calculated by:
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where rn is the position vectors of residue n which obtained from the
aligned coordinate of the Cα atom. The value of Cij can vary from −1
(completely anticorrelated motion) to +1 (completely correlated mo-
tion). To evaluate allosteric regulations between a pair of nodes in the
graph of gp120, the k shortest pathways were identified using the
Floyd-Warshall algorithm [24] which successfully applied in the dy-
namical network of biological macromolecular [25].

3. Results

3.1. Structures of gp120 and simulation systems

Numerous biophysical studies [6–8] provide a framework for the
molecular architecture of gp120, which can be clustered into two dis-
tinct conformational states, termed as the closed and open states
(Fig. 1A). Except for N/C-termini, these two conformations share a
highly similar core with difference in five surface-exposed variable
loops (V1 to V5) and the bridging sheet composed of two β sheets
(β2,3) and a β20-β21 hairpin. There are two important subdomains
with significant structural rearrangements between the closed and open
state, namely the V1/V2 region and the V3 loop. In closed (Fig. 1A red)
state, the V1/V2 region masks the V3 loop and a partial region of the
CD4-binding site (CD4bs) consisted of the CD4-binding loop (α3 helix),
ℒD loop and the tip of the β20-β21 hairpin [7]. Apparently, the V1/V2
region and the V3 loop exhibit a Y-shaped open conformation away
from the core of gp120 in open state (Fig. 1B yellow), in which the
coreceptor binding site, including the base and the tip of the V3 loop,
has been released to help interactions with coreceptors [8]. It is should
be noted that the β20–β21 hairpin in the bridging sheet is considered as
a regulatory switcher for conformational transitions of gp120 [26].

To capture conformational transitions of gp120 from the open state
to closed state, MD simulations starting with open-state gp120 ex-
tracted from gp120-ligands complex (PDB ID: 3J70 [8]) were per-
formed. Two simulation systems of open-state gp120 without any li-
gands (ligand-free) and binding to CD4 (CD4-bound) were constructed

to comparatively investigate conformational transitions and allosteric
pathways of gp120. The ligand-free (Fig. 1B) system was started with
monomeric gp120 in open state, while a simplified CD4-complexed
model consisted of gp120 and the D1 domain of CD4 (CD4D1) was used
to construct the CD4-bound (Fig. 1C) system. It must be clear that in
both simulation systems, the starting structure of gp120 is actually in
the open state, regardless of the presence or absence of CD4D1.

3.2. Structural deviations and sampling convergence

To assess the structural deviations of gp120 relative to the starting
structure in the ligand-free and CD4-bound simulation systems, the
evolution of backbone root-mean-square deviation (RMSD) values (Fig.
S4) over time was calculated. In all replicas of both systems, gp120
experienced a rapid increase in RMSD values from the start of the si-
mulation up to about until about 20 ns, eventually reaching a relatively
stable equilibrium region. The equilibrium trajectory mainly distributes
at 0.8 and 0.6 nm for the ligand-free and CD4-bound systems, respec-
tively. Furthermore, the equilibrium portion of the RMSD curve clearly
exhibits a narrower range for the CD4-bound gp120 than for the ligand-
free gp120, with the former ranging between 0.4 and 0.9 nm and the
latter between 0.5 and 1.2 nm. All above results revealed that the open-
state gp120 experienced large structural deviations and more dramatic
conformational changes in absence of CD4 during the simulations.

To reflect intrinsic properties of gp120, a joined equilibrium tra-
jectory, which concatenated 20–100 ns from 10 replicas for each system
was constructed due to its sufficient sampling convergence evaluated by
the cosine content of the first few eigenvectors (Table S1) obtained from
the principal component analysis on the MD trajectory. This value is a
measure for similarity to random diffusion, ranging between 0, no co-
sine, and 1, a perfect cosine [27].

3.3. Conformational dynamics of the V1/V2 region and V3 loop

Since significant structural differences between the closed and open
states are mainly involved in the V1/V2 region and V3 loop, the spatial
orientations and conformational dynamics of these two subdomains
were selected to describe the conformational transitions of gp120
during the simulations. For each snapshot of trajectories, the center of
mass (COM) of the bridging sheet was used as a reference point to
calculate and cluster two vectors, one to the COM of the V1/V2 region
and the other to the COM of the V3 tip. The representative structure
obtained from the center of each cluster was extracted and compared to
the structures of gp120 in the closed (PDB ID: 5FYJ) and open (PDB ID:
3J70) states. It should be noted that only the conformational dynamics
of the V1/V2 region or V3 loop should be considered individually since
this clustering is based on the description of structural orientations of
the V1 /V2 region or V3 loop.

Four conformational groups were obtained (Fig. 2A) based on the
clustering of vectors to the COM of the V1/V2 region, which demon-
strating the conformational dynamics of the V1/V2 region relative to
the core of gp120. Characterized by spatial orientations of the V1/V2
region, different significant tendencies of the gp120 conformational
transitions was observed by comparing the structural differences be-
tween the representative structure from the center of each cluster and
the reference structures (Fig. 2B). As the starting structure for the si-
mulation, the open (Fig. 2B, gray) conformation of gp120 is naturally
sampled as the largest cluster. In this conformation, the structural or-
ientation of the V1/V2 region related to the core of gp120 does not
change, while only different conformational arrangements occur in the
V1/V2 region. Starting from the open state, gp120 in the ligand-free
and CD4-bound conditions shows different tendency of conformational
transitions. In the CD4-bound system, gp120 exhibits an over-open
(Fig. 2B, black) conformation, in which the V1/V2 region not only
moves away from the core of gp120 but also releases the most of in-
ternal regular secondary structure elements. Under the ligand-free
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condition, the conformational transitions of gp120 from the open state,
undergoing intermediates, toward the near-closed conformational
states were observed. In the structure extracted from the cluster center
of intermediate (Fig. 2B, green), the spatial position of the V1/V2 re-
gion relative to the core of gp120 locates in the middle region between
the closed and open states. For the near-closed (Fig. 2B, blue) con-
formation, the V1/V2 region has already covered the core of gp120 and
is almost coincident with the closed state.

Similarly, the conformational dynamics of the V3 loop are also
characterized and clustered based on spatial vectors, resulting in five
structural clusters (Fig. 3A). For the sake of clarity, only the V3 loop of
representative structures are displayed on the background of the
starting structure. With the starting structure (Fig. 3B, yellow) as a
boundary, gp120 also exhibits distinct conformational transitions under
the ligand-free and CD4-bound conditions. In the ligand-free system, it
can be observed that the V3 loop gradually approaches the bridging
sheet from the initial open state (Fig. 3B, yellow) to the closed state
(Fig. 3B, red), experiencing various intermediate states (Fig. 3B, black,
green and gray). Influenced by the binding of CD4, the V3 loop can only
be confined in the open state, or even transfer into the over-open state
(Fig. 3B, magenta and blue).

3.4. Conformational distributions and transitions

To globally capture the conformational transitions of gp120, MD
trajectories from ligand-free and CD4-bound simulation systems were

combined to assemble a kinetic model of the entire process from the
open state to closed state by using stochastic process. Here, an MSM
estimated based on clustering of the vector characterizing the V1/2
region and V3 loop was constructed to reweigh conformational dis-
tributions and equilibrium kinetics among multiple conformations of
gp120. The featurization of gp120's trajectories were discretized into
1447 microstates employing K-mean clustering and further clustered
into five long-lived metastable conformations (Fig. 4).

Besides the open state (Fig. 4A), multiple conformations, such as
over-open (Fig. 4B), V3-restraint (Fig. 4C), intermediate (Fig. 4D) and
near-closed (Fig. 4F) conformations, can be detected. Since all simula-
tions start from the open-state gp120, the most populated conforma-
tion, occupying 63.2% of total conformations, exhibits the near-native
state (Fig. 4A), in which the representative structure of this population
from the ligand-free system (Fig. 4A, blue) has a similar orientation of
the V1/V2 region to open-state structural reference but the one from
the CD4-bound system (Fig. 4A, green) shows a slightly over-open
tendency. It should be noted that the V3 loop in this metastable con-
formation was released either from the representative structure of the
ligand-free or CD4-bound system. Starting from this open-state con-
formation, gp120 exhibits different conformational transitions under
different simulation conditions. In the CD4-bound system, gp120 shows
two different types of conformational states. One is over-open con-
formation (Fig. 4B), in which the V1/V2 region moves away from the
core of gp120, while the V3 loop keeps the open-like orientation. The
another can be called as V3-restraint conformation, in which the V1/V2

Fig. 2. Orientations of the V1/2 region. (A) Clustering on vectors calculated from the center of mass (COM) of the bridging sheet to the COM of the V1/V2 region for
every snapshot of trajectories. (B) Four representative structures selected from the center of each cluster were labeled as over-open (black), open (gray), intermediate
(green) and near-closed (blue). Each representative structure was superimposed to the closed-state (PDB ID: 5FYJ, red) and open-state (PDB ID: 3J70, yellow) gp120.

Fig. 3. Conformations of the V3 loop. (A) Clustering on vec-
tors calculated from the center of mass (COM) of bridging
sheet to the COM of the V3 loop for every snapshot of tra-
jectories. (B) Five representative structures (only the V3 loop
were shown) from the center of each cluster were super-
imposed to the structure of closed-state (PDB ID: 5FYJ, red,
only the V3 loop were shown) and open-state (PDB ID: 3J70,
yellow) gp120.
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region stabilizes in the open-state position while the V3 loop obviously
was restricted in the over-open state (Fig. 4C). These two over-open
conformations have a population size of 12.5% and 5.1%, respectively.
In the case of the ligand-free system, a tendency from intermediate
(Fig. 4D) to near-closed (Fig. 4E) state can be captured and occupy the
13.8% and 5.4%, respectively. The V3 loop keeps in the restraint po-
sition in these metastable conformations, whereas the V1/V2 region
shows a movement from the open state, passing the intermediate state,
to the near-closed state.

In order to obtain kinetic estimates of conformational transitions of
gp120, the probability of pairwise metastable conformations was esti-
mated. The main conformational transitions of gp120 involve from the
V3-restraint conformation (Fig. 4C), the intermediate state (Fig. 4D)
and the near-closed state (Fig. 4E) to the open state (Fig. 4A). The in-
terconversion between the V3-restraint conformation (Fig. 4C) and the
intermediate state (Fig. 4D) can be observed from the open state
(Fig. 4A). It demonstrates that the open state is a hotpot of conforma-
tional transitions of gp120, and the direct transition from the closed
state to the open state is rarely observed.

3.5. Allosteric communication

HIV evolves a two-step mechanism to enter the target cell via se-
quential binding of gp120 to the primary receptor CD4 and coreceptors
(such as chemokine receptor CCR5). In the open state, the binding site
of coreceptors, involving in proximal and distal V3 loop and partial

connecting regions in the bridging sheet, are exposed [7]. The β20–21
hairpin in the bridging sheet was considered as a major switcher of
gp120 conformational transitions [26]. To evaluate CD4-binding effects
to the binding of coreceptors and conformational transitions of gp120,
the allosteric communication from the CD4bs to the coreceptor binding
site and the switcher of conformational transitions of gp120 were
analyzed by a network-based method [14], which assumes that local
molecular motions lead to long-distance coupled motions in dynamics
of proteins by transferring molecular energy and information between
residues. In this method, a weighted network where the nodes represent
residues, each edge between two nodes has been connected based on
the presence (≥ 70%) of contact (≤ 8 Å) between these two residues
during simulations, and the weight for each edge was set as the cor-
relation of coupled motions between residues.

Once the dynamical network has been constructed, long-distance
coupled motions can be identified by searching pathways between the
starting and ending points. Path lengths of 500 shortest pathways
connecting a pair of residues were computed as a summation over the
weights of traversed edges, in which shorter paths represent stronger
molecular dynamic coupling and communications interactions. The
CD4 Phe43 pocket in the CD4bs of gp120 was chosen as the starting
point. To identify allosteric pathways from CD4bs to the coreceptor-
binding site and the switcher of conformational transitions, the center
of mass (COM) of the base of V3 loop (Pro296, HIV-1 HXBc2 num-
bering), the tip of V3 loop (Pro308), and the β20–21 hairpin (Ala424)
were individually selected as the ending points. The allosteric pathway

Fig. 4. Distributions and kinetics of five metastable conformations extracted from the Markov state model. Representative structures selected from the center of each
metastable conformation from the ligand-free (blue) and CD4-bound (green) simulation systems were superimposed to closed-state (PDB ID: 5FYJ, red) and open-
state (PDB ID: 3J70, yellow) gp120. Each circle has an area proportional to the distribution of conformational population, which has been marked in each circle.
Every arrow with a different width indicates the probability of a conformational transition.
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from CD4bs to the base of the V3 loop (Fig. 5A) and to the switcher of
conformational transitions (Fig. 5C) had much shorter overall paths
after binding to the CD4, whereas paths to the tip of the V3 loop
(Fig. 5B) show slightly shorter in the ligand-free system. Comparing the
distribution of path lengths of 500 shortest pathways in the ligand-free
and CD4-bound systems indicates that the binding of CD4 significantly
enhances the allosteric communication to the binding site (the V3 loop)
of the coreceptor and maintains the activation of the regulatory
switcher (the β20–21 hairpin) of the conformational transitions.

4. Discussion

The in-silico investigation and evaluation of gp120 presented here
provide an atomic description of the gp120 conformational transitions
from the open state to closed state. A similar observation about con-
formational transitions of gp120 was reported [28], but only a trun-
cated structure of gp120 was used. In this study, a full-length gp120
model [8] containing both the V1/V2 regions and V3 loop was em-
ployed, resulting in more detailed conformational rearrangements
characterized by the structural orientations of the V1/V2 region and V3
loop. Together with our previous study about the effects of CD4 binding
on the conformational dynamics, molecular motions and thermo-
dynamics of gp120 [29], structural descriptions about CD4-binding
obstacles in conformational transitions and allosteric communications
have been provided to shed light on the understanding of the con-
formational control mechanism of HIV-1.

Our results support the observations from the smFRET experiment
[11], which suggests gp120 is intrinsically dynamical among multiple
conformations and the binding of CD4 reshape these conformational
distributions. Based on the smFRET data, open state (intermediate
FRET) locates at a high energy level and could intrinsically transfer into
the dominant, lower-energy closed state (low FRET) in absence any
ligands. Similar conformational transitions from the open state to
closed state were observed in our ligand-free simulations. Our study
demonstrates more detailed structural descriptions about conforma-
tional transitions and provides more information about molecular dy-
namics, thermodynamics and kinetics during this process.

By comparing CD4-bound simulation system, it can be pointed out
that CD4 binding hinders the conformation transitions of gp120 from
the open to closed state, resulting gp120 has been restricted in the open
state. These observations are consistent with the theory of conforma-
tional selection [30], which assumes that the native state of a protein
exists a vast ensemble of conformational states, and the ligand can bind
selectively to the most suitable conformational states, resulting in
conformational shifting toward the particular state. Characterized by
conformational dynamics of the V1/V2 region and the V3 loop, dif-
ferent tendency of conformational transitions was observed under the
ligand-free and CD4-bound conditions. It can be inferred that CD4
binding does not activate but block the conformational transitions of
gp120 from the open state to closed state.

Besides the open, intermediate, and closed states coined in [31],

multiple conformations, such as over-open, V3-restraint, and near-
closed conformations have been detected from the MSM. The re-
presentative structures of these above conformations demonstrate that
gp120 is structurally flexible to sample different conformational states.
The V3-restraint conformation detected here exhibits similar structural
characters consistency with the experimental observation in the pre-
sence of a small-molecule CD4-mimetic compound (CD4mc) [32],
which can stabilize open state in combination with CD4mc. Derived
from the network-based analysis, the β20–21 hairpin, which has been
considered as the regulatory switcher of the conformational transitions,
receives more molecular interactions to maintain its activation after
binding to CD4. It has been proposed that CD4-binding effects can be
transmitted through α1 to the HR1 of gp41, thus facilitating additional
conformational changes to trigger the formation of gp41-entry ma-
chinery.

Although it can be expected that the type and size of glycans could
influence the fluctuations of gp120 due to steric hindrance and weight
contribution from glycans, previous MD simulation studies on gp120
with glycosylated and non-glycosylated variable loops showed no sig-
nificant differences in molecular fluctuations between these two forms
of gp120 [33]. In our study, two comparative MD simulation systems of
open-state gp120 under the CD4-deposded and CD4-exist conditions
were performed to investigate the effect of CD4 to the molecular dy-
namics and thermodynamics of gp120. The comparative MD simula-
tions, although containing no glycan, could still reflect the true differ-
ences in dynamics and thermodynamics of gp120 upon CD4 binding.

5. Conclusion

In this paper, two simulation systems of open-state gp120 without
any ligand (ligand-free) and complexed with CD4 (CD4-bound) were
investigated by microsecond-scale molecular dynamics simulations to
investigate differences in the intrinsic dynamics, conformational tran-
sitions, and allosteric communications of gp120. With the evaluation of
molecular dynamics, kinetics and allosteric pathways of gp120 by the
Markov state model and a network-based method, it point to a common
conclusion: HIV gp120 is intrinsically dynamic to sample and transfer
various conformational states, including from the open state to closed
state, and the binding of CD4 hinders these conformational transitions.
Characterized by the orientation of the V1/V2 region and V3 loop, li-
gand-free gp120 exhibits an intrinsically conformational transition
from the open state to closed state, whereas CD4-bound gp120 is mainly
restricted in the open state. The Markov model extracts five metastable
conformations consistent with experimental structures, revealing var-
ious conformational distributions and transition probability of gp120.
Based on the network-based analysis, the binding of CD4 significantly
enhances the allosteric communication to the binding site (the V3 loop)
of the subsequent coreceptor and maintain the activation of the reg-
ulatory switcher (the β20–21 hairpin) of the conformational transitions.
Our study about intrinsic dynamics and the role of CD4 in the viral
infection will facilitate understandings of the conformational control

Fig. 5. Length of allosteric pathways. In the ligand-free (blue) and CD4-bound (green) simulation systems, the probability density of length of the 500 shortest
allosteric pathways from the CD4-binding site to the base (A) and tip (B) of the V3 loop, and the β20–21 hairpin (C) was calculated.
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mechanism of HIV and may help the development of anti-HIV drugs and
vaccines.
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