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Abstract The HIV-1 gp120 exterior envelope glycoprotein
undergoes a series of conformational rearrangements while
sequentially interacting with the receptor CD4 and co-
receptor CCR5 or CXCR4 on the surface of host cells to
initiate virus entry. Both the crystal structures of the HIV-
1 gp120 core bound by the CD4 and antigen 17b, and the
SIV gp120 core pre-bound by the CD4 are known. We have
performed dynamic domain studies on the homology
models of the CD4-bound and unliganded HIV-1 gp120
with modeled V3 and V4 loops to explore details of
conformational changes, hinge axes, and hinge bending
regions in the gp120 structures upon CD4 binding. Four
dynamic domains were clustered and intricately motional
modes for domain pairs were discovered. Together with the
detailed comparative analyses of geometrical properties
between the unliganded and liganded gp120 models, an
induced fit model was proposed to explain events accom-
panying the CD4 engagement to the gp120, which provided
new insight into the dynamics of the molecular induced
binding mechanism that complements the molecular dy-
namics and crystallographic studies.
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Abbreviations
HIV human immunodeficiency virus
SIV simian immunodeficiency virus
AIDS acquired immunodeficiency syndrome
MD molecular dynamics
Fab antigen binding fragment
V variable loop
PND principle neutralizing determinant
NMR nuclear magnetic resonance
RMSD root mean square deviation
CD4-BL CD4-binding-loop
Rg radiuses of gyration
SASA solvent accessible surface area
NNC number of native contacts
NHB number of hydrogen bonds
SSE secondary structure element
CD4BS CD4-binding site
CD4I CD4-induced

Introduction

During the process of attacking the host immune system,
the human immunodeficiency virus HIV-1 and HIV-2 and
the related simian immunodeficiency virus (SIV) cause the
depletion of CD4+ lymphocytes in their respective hosts,
resulting in the development of acquired immunodeficiency
syndrome (AIDS) [1, 2]. HIV-1 and SIV’s entry into the
target cells is mediated by the viral exterior envelope
glycoproteins gp120 and gp41, which are organized into
trimetric complexes on the viron surface [3–5]. The gp120
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undergoes a series of conformational changes when they
encounter the receptor CD4 and coreceptor CXCR4 or
CCR5 on the surface of a suitable host cell [6–9]. The
conformational changes start when CD4 binds to the gp120,
which leads to a conformation of gp120 with which a
coreceptor can then associate [8–12]. Coreceptor binding
induces further conformational changes in the gp120,
leading to dissociation of the gp120 from the membrane-
anchored gp41. The gp41 then undergoes a series of
conformational changes that mediate the fusion process by
formation of the fusogenic structure which brings the viral
and target cell membranes into close proximity, leading
ultimately to the fusion of the viral and target cell
membranes [13, 14]. This complex mechanism involves a
series of structural rearrangements in the gp120 in which
structural dynamics plays a crucial role.

Over the past decades, significant progress has been
made toward understanding the interaction between the
gp120 and CD4 as well as the HIV-1 entry into the host cell
through biochemical, crystallographic, and thermodynamic
studies. An important advancement is the determination of
the crystallographic structures of the gp120 core in complex
with the two amino-terminal domains D1D2 of the CD4
and the antigen binding fragment (Fab) of the human
neutralizing antibody 17b [15, 16]. It turns out that the
gp120 core is composed of the inner and outer domains and
the bridging sheet, which reflects the likely orientation of
the gp120 in the assembled trimer. Although the crystal
structures of the CD4-bound HIV-1 gp120 core is incom-
plete due to deletions of residues from both the N- and C-
termini; Gly-Ala-Gly tripeptide substitutions for 67 V1/V2
loop residues and 32 V3 loop residues; and no electronic
density map for the V4 loop, they nevertheless provide
tremendous structural insights for analyzing envelope
antigenicity [15–17]. Another advance is the more recent
determination of the crystallographic structure of the
SIVmac 32H gp120 in a CD4-unliganded conformation
that reveals its prefusion state, before interaction with the
CD4 [18]. This unliganded SIV gp120 core is also
composed of inner and outer domains, and contains neither
the variable loops V1/V2 nor the V3, but the V4 loop was
resolved. The relatively high overall sequence conservation
between SIV and HIV and their shared receptor and
coreceptors indicate that the crystal structure of the SIV
gp120 does present the conformation in the CD4-unli-
ganded state rather than one of the continuum of flexible
conformation selected by the crystallization condition [18].
The rough comparison of structures of the unliganded SIV
gp120 and the CD4-bound HIV gp120 revealed that the
conformational changes primarily involved the reconfigu-
ration and translocation of structural components in the
inner domain and the bridging sheet, while the outer
domain was relatively unchanged. The unexpectedly

extensive conformational rearrangement upon receptor
binding is in agreement with evidence from thermodynam-
ics studies suggesting that the binding of the CD4 or
antibodies to the gp120 induces substantial structural
rearrangements primarily in the core structure [19, 20]. It
has been generally accepted that the gp120-CD4 complex
formation leads to the accessibility of the coreceptor
binding site. The third variable loop (V3), in particular,
plays a central role since it contains not only the principle
neutralizing determinant (PND) [21] but also the main
coreceptor determinant (CXCR4 and or CCR5 usage) for
the HIV-1 at this stage [22]. X-ray crystallographic and
nuclear magnetic resonance (NMR) studies of various types
of the V3 loop fragments have revealed a high degree of
structural heterogeneity [23–26].

Although biochemical studies have described the outline
of the fusion process that reveals its vast diversity and
sophistication, and crystallographic studies have provided
two static snapshots corresponding to the CD4-unliganded
and CD4-bound gp120 cores at atomic resolution, respec-
tively, the details of the dynamics at the domain level as well
as structural features related to the process of conformational
change remain elusive. However, knowledge of the CD4-
unliganded and CD4-bound gp120 conformations allows us
to better explore issues related to conformational changes
induced by the CD4 binding. The purpose of this paper is, on
the one hand, to analyze the dynamic domain based on the
homology models of unliganded and CD4-bound (liganded)
HIV-1 gp120s with modeled V3 and V4 loops to identify
domain motional modes, relevant hinge axes, and hinge
bending regions, on the other hand, to obtain the detailed
changes of the geometrical properties upon gp120 complex-
ation with the CD4, i.e. the changes of solvent accessible
surface area (SASA), radiuses of gyration (Rg), number of
native contacts (NNC), and secondary structure contents
between the two states. Results in this paper led to an
induced fit model to explain the binding mechanism of
ligands to the gp120.

Materials and methods

Sequence preparation

The initial sequence of the HIV-1 HXBc2 isolate gp160
precursor (Swiss-Prot accession number P04578) was
obtained from the Swiss-Prot protein sequence database
[27], the sequence of the transmembrane glycoprotein
gp41, 52 and 19 residues from the N- and C-termini of the
gp120, and the V1/V2 loop (GAG substitutes for 67 V1/V2
loop residues) were subsequently removed. The final gp120
primary sequence consists of residues from 83 to 492,
including the sequences of the V3 and V4 loop (Fig. 1).
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Template structures preparation

Structural templates of the gp120 core and V3 loop were
obtained from PDB protein structure database [28]. PDB
entries 1G9M [15] and 2BF1 [18] were used as templates
for modeling liganded and unliganded gp120 cores,
respectively, and 1CE4 [29] for the V3 loop. For the crystal
structure 1G9M, the D1D2 domains of the CD4 (chain C),
neutralizing antibody Fab 17b (chains L and H), sugar
groups, and crystal water molecules were all removed and
only the HIV-1 gp120 core (chain G) was retained. Because
the gp120 sequence to be modeled and structural templates
1G9M are both from the HIV-1 HXBc2 strain, their
sequence identity is 100%. For the crystal structure 2BF1,
sugar groups were removed and only the SIV gp120 core
was retained. Since the gp120 core of the SIV and HIV-1

HXBc2 have 35% sequence identity and over 70%
sequence similarity, it can serve as an effective template
to generate medium-accuracy models of the unliganded
HIV-1 gp120 core [30]. The NMR V3 structure (residues
296–331; PDB ID: 1CE4) was manually orientated towards
the V3 loop base residues Gly-Ala-Gly of the gp120 core
structures from 1G9M (CD4-bound or liganded) and 2BF1
(unliganded) by visual inspection with the VMD program
[31], respectively. These two properly orientated V3 loop
coordinates were saved as template structures for the V3
loop modeling.

Generation of the liganded and unliganded gp120 models

To obtain homology models of the gp120 with V3 and V4
loops in the CD4-bound conformational state, first, the

Fig. 1 Multiple sequence
alignment between templates of
the gp120 core (PDB ID:
1G9M, Chain G) and V3 loop
(PDB ID: 1CE4) and the target
sequence of the HXBc2 isolate
(Swiss-Prot ID P04578). The
secondary structure elements are
assigned according to X-ray
core structure with arrows for β-
strands and rods for α-helices.
The “gag” sequence in the V1/
V2 and V3 loops of the gp120
core is the consequence of the
truncation. The figure was gen-
erated by the MODELLER 7v7
program [32]
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sequence alignment between the V3 loop (orientated
1CE4), the gp120 core (amended 1G9M) templates and
gp120 target sequence was constructed by an in-house
written script “alignment” using the MODELLER 7v7
software package [32] (Fig. 1). As shown in Fig. 1, there
is a large gap in the V3 loop region between the template
sequence of the 1G9M and the target sequence of the
HXBc2, while this region is occupied by the template
sequence of the V3 loop (1CE4). As expected, another
obvious gap occurs in the V4 loop region; Second,
20 gp120 models were generated from the template
structures of the gp120 core and the orientated V3 loop
using an in-house written script “get-model” for the
MODELLER 7v7. The V4 loop coordinates were generated
and optimized using a loop modeling sub-routine within the
“get-model” with a 3D_INTERPOLATION algorithm and a
thorough optimization protocol (a thorough molecular
dynamics/simulated annealing procedure and the MD_
LEVEL is set to refine_3), respectively; Finally, these 20
models were clustered and an optimized average model was
generated by a MODELLER 7v7 script “cluster”. The
transferred coordinates for a given target atom are the
average of the 20 models in the largest cluster of the cor-
responding atom with the cluster cut off 1.5 Å. The final
optimized average gp120 model is in the CD4-bound
conformational state, and we referred it to as the liganded
(or CD4-bound) gp120 in the rest of the text.

To obtain homology models of the gp120 with V3 loop
in its unliganded state, we have to initially obtain models of
the unliganded HIV-1 gp120 core from its template, the
unliganded SIV gp120 core. The optimized model of the
unliganded HIV-1 fsgp120 core and the orientated V3 loop
were subsequently used as templates for modeling the
unliganded HIV-1 gp120 with the V3 loop. The procedure
of sequence alignment, model generation, structure cluster
and optimization resembles that of generating the liganded
gp120 model. The final optimized average model in the
unliganded conformational state was referred to as the
unliganded gp120 in the rest of the text.

Dynamic domain analysis

Dynamic domains, hinge axes, and hinge-bending regions
in the gp120 were identified and characterized using the
DYNDOM program [33, 34]. The basis of the methodology
is that the dynamic domains can be distinguished by their
differential rotational properties. Given two sets of struc-
tures or protein coordinates, DYNDOM assigns rotation
vectors for each amino acid residue, which together
describe the transition from one conformation to the other.
A clustering of the end points of these rotation vectors
follows, and if consecutive stretches of residues with
similar rotation vectors are found, these are termed dynamic

domains. The next stage is the determination of the
interdomain screw axis between two dynamic domains.
The direction and angle of rotation re this axis represents
the vector joining the average points between the two
clusters that correspond to the two domains. In the
determination of the hinge-bending residues, the rotation
of each segment from a domain is projected onto this vector
and only the segments at the domain boundaries that are
outside one standard deviation from the average of the
domain to which they belong, are assigned as bending
segments. The unliganded and liganded gp120 models were
used as two input coordinates for DYNDOM, and the
parameters of window length of residues scanning and
minimal domain size were set to different values of
combination to obtain reasonable dynamic domains. The
parameter for each domain pair connected directly, their
ratio of interdomain displacement to intradomain displace-
ment remained at default value 1.0.

Geometrical property analysis

The geometrical properties such as the Rg, NNC and NHB
etc. of the unliganded and liganded gp120 models as well as
the long, narrow cavity and the CD4-binding cavity in both
of the models were calculated using programs g_gyrate,
g_mindist, and g_hbond etc. within the GROMACS [35, 36]
software package. Secondary structure analyses and SASA
calculations were performed with DSSP [37], dihedral
angle criteria were taken from PROCHECK [38].

Results

Descriptions of the unliganded and liganded gp120 models

Both of the final optimized homology models of the
unliganded and liganded HXBc2 gp120 were composed
of 3,471 atoms (include all of the hydrogen atoms), and
comprised residues 83–127 and 195–492. A ribbon
diagram of the liganded gp120 was shown in Fig. 2a, this
model closely resembles its template, the gp120 core from
1G9M [15] with the exception that the liganded model has
two additional loops: V3 and V4, and the root mean square
deviation (RMSD) between the shared backbone atoms of
the model and template is 0.36 Å. All these structural
components in the liganded gp120 constitute two major
domains, the inner and outer domains, and plus some
excursions emanating from the body. The inner domain
includes the N- and C-termini, a two-helix, a small two-
stranded bundle, a six-stranded β-sandwich at its termini-
proximal end and a projection at its distal end from which
the V1/V2 stem (β2–β3 ribbon) emanates. The outer
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domain is a stacked double barrel that lies alongside the
inner domain. The V3 loop connecting the β12 and β13
lies beneath the distal end of the outer domain with the
distance between the highly conserved Pro-Gly of the V3
tip and the V3 base about 30 Å. Although certain
conformational differences in the V3 loops exist between
our gp120 model and the most recently determined crystal
structure of a V3-containing gp120 core [26], the extended
nature of the V3 in our model is in agreement with the
crystal structure. The V4 loop extends away from the right
side of the outer domain and adopts an open coiled
conformation. The V1/V2 stem and β20–β21 constitute
the antiparallel, four-stranded bridging sheet that stands
below the distal ends of both the inner and outer domains.

Figure 2b shows the unliganded HIV-1 HXBc2 gp120
model, which resembles its template, the unliganded SIV
gp120 core [18], and the RMSD between the common
backbone atoms of them is 0.82 Å. The unliganded gp120
model also has two major domains with the inner domain
consisting of the N- and C-termini, a three-stranded β-
bundle at its termini-proximal end, V1/V2 stem (β2–β3
ribbon), α-helix 1 (α1), and a short α-helix (α5) at the
inner/outer domain junction. The unresolved connecting
segment (residues 218–228) between the β3 and β4 in the
SIV gp120 core corresponds to residues 204–214 in the
unliganded HIV-1 gp120, which was generated and
optimized using the MODELLER loop modeling subrou-
tine. It presents a disordered conformation that extends
away from the V1/V2 stem base of the inner domain. The
outer domain has, with some local exceptions, globally the
similar structural organization as that in the liganded gp120.
The V3 and V4 loops form protruding excursions on the
body of the outer domain as they do in the liganded gp120.
The major differences between the liganded and unliganded
gp120s in the outer domain are: (1) the lengths in loops, for
instance, the V4, V5, LE are slightly longer in the
unliganded form; (2) The connection between strands of
the β14 and β16 adopts a extended loop conformation with
conserved GGDPE sequence motif in the unliganded
gp120, which can be regarded as the “CD4-binding-loop”
(CD4-BL) because it moves when CD4 associates and
presents a extended strand (β15) and an α-helix (α3) in the
CD4-bound conformation, with the β15 forming main-
main hydrogen bonding with CD4’s C′′ strand. The
bridging sheet presented in the CD4-liganded gp120 is
absent in the unliganded gp120. Although the two β-
ribbons, the β2–β3 (V1/V2 stem) and β20–β21 that can
form bridging sheet is ordered, a space of 22−29 Å
intervenes between them.

In the liganded gp120 model, the receptor CD4 binding
sites are composed of the β20–β21 ribbon, V1/V2 stem,
loops LD, LE, V5, β15-α3 excursion, and β24-α5
connection. All of these structural components generate an

unusually large CD4 binding cavity (Fig. 2c). The CD4 Phe
43 binding pocket is located at the bottom of the large
cavity, specifically, it lies at the intersection of the inner
domain, the outer domain, and the bridging sheet, and is
deeply buried, extending into the hydrophobic interior of
gp120 (Fig. 2c). In the unliganded form, the α1, α5,
β20–β21 ribbon, and the CD4-BL create a long, narrow
channel at the intersection surfaces of the inner and outer
domains (Fig. 2d). Apparently, the binding cavity for the
CD4 and binding pocket for the CD4 Phe 43 are absent in
the unliganded state.

Domain motions induced by CD4 binding

The dynamic domain analyses were performed on the two
forms (unliganded and liganded) of the gp120 models to
ascertain the detailed conformational rearrangements at the
domain level, as well as whether these domain motions
relate to relevant function. The default parameters for the
DYNDOM program, the window length 5 and the minimal
domain size 20, failure to obtain effective domain motion
information because a large part of the gp120 such as the
outer domain was not clustered as a domain except that the
inner domain was clustered into two subdomains. There-
fore, we attempted different combinations of parameter to
obtain possible dynamic domains. We found when the
arrangement of the window length was seven to eight
residues and the domain size was 19–25 residues, the
appropriate dynamic domains were able to be clustered
using the DYNDOM program based on the structural
difference between the liganded and unliganded conform-
ers. Figure 3a shows the motions of four clear quasi-rigid
bodies with respect to each other. The outer domain is
clustered as an individual dynamic domain (colored yellow
in Fig. 3a), whereas the inner domain is clustered into three
separately small structural components or subdomains, i.e.
the N-, C-terminal subdomain (composed of the N-, C-
termini and β5–β7–β25, colored blue in Fig. 3a), the
V1/V2 stem (colored red in Fig. 3a), and the α1–β20–β21-
part of α5 (colored violet in Fig. 3a). The assignment of
residue to these subdomains given above was used to
extract the screw axes around which the paired domains
rotate with respect to each other. The calculated interdo-
main screw axes are shown as arrows in Fig. 3. For paired
domain motions, the color of the arrow-shaft is identical to
that of the fixed domain (the domain whose two con-
formations are superimposed), while the arrow-head is in
the same color as that of the moving or rotating domain.
Together, the arrow-head and arrow-shaft describe the
direction of rotation of the moving domain relative to the
fixed domain by the thumb rule of the right hand,
respectively. In the first pair of domains, the N-, C-terminal
domain is fixed (2.2 Å backbone RMSD on this domain

J Mol Model (2007) 13:411–424 415



between the liganded and unliganded models), the moving
domain V1/V2 stem rotates around the arrow (arrow-shaft
colored blue and arrow-head colored red in Fig. 3a) by very
large degrees, 140.9 °, and translates along the screw axis
10.4 Å in the direction prescribed by the arrow-head. The
rotating and translational motions of the V1/V2 stem

combine to produce a complex set of domain motion
relative to the fixed domain, the N-, C-terminal domain.
The angle between the rotation axis and the line connecting
centers of masses of the two domains is 76.0 °, which
means the former is approximately perpendicular to the
latter and leads to a closure motion. The details of

Fig. 2 Structures and molecular surfaces of the gp120 homology
models. a Ribbon diagram of the liganded gp120, with α-helices in
red, β-strands in blue, bridging sheet in orange, and V3 loop in green.
b Ribbon diagram of the unliganded gp120, with the structure
elements in the same color as in a. a, b were generated using the
MOLSCRIPT program [47]. c Solvent accessible surface of the
liganded gp120, which is colored according to the accessibility of

residues to the solvent, ranging from blue (most accessible) to red
(least accessible). The CD4 binding cavity and CD4 Phe 43 pocket are
circumscribed by black dashes. d Solvent accessible surface of the
unliganded gp120, which is colored according the principle in c and
the long, narrow channel is circumscribed. c, d were generated using
the VMD program [31]
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quantitative description for paired domain motions are
shown in Table 1. The bending residues 204–222 between
the two domains constitute a long, flexible linker that is
colored green in Fig. 3. Out of the bending residues, residue
pairs Pro206-Lys207, Pro212-Ile213, Ala219-Pro220, and
Pro220-Ala221 seem to play critical roles as hinge residues
because their Δψi+Δϕi+1 dihedral angle contribute more
than 90% to the total rotation progress of the rotating
domain in the direction of the axis. It is worth pointing out
that the screw axis represented by the arrow in Fig. 3a is not
an “effective hinge axis” because it is about 17.9 Å from
the line joining centers of masses of the two domains [34],
whereas it is clearly implicated in the domain motion as the
main conformation change is seen to occur around this axis.

In the second domain pair, the moving domain (colored
yellow in Fig. 3a) that is composed of residues 260–421
and 438–476 from the outer domain and a part of the α5
rotates about 58.2 ° with respect to the fixed domain,
the N-, C-terminal domain, and translates 2.4 Å along the
screw axis. The screw axis is almost perpendicular to the
axis connecting centers of masses of the two domains (82.5 °),

resulting in an approximately pure closure motion with
percentage of closure extent 98.3% (Table 1). Out of the
hinge bending residues 245–260, Cys247-Thr248, Val254-
Val255 and Val255-Ser256 are crucial residue pairs to cause
domain motion. Being analogous to the first domain pair,
the screw axis is not an effective hinge axis in the classical
sense because it does not pass near the bending residues.

The third domain pair describes the combined rotation
and translation of the moving domain α1–β20–β21-part of
the α5 relative to the fixed domain N-, C-termini. The
rotation angle and translation distance are 49.7 ° and
−0.20 Å, respectively, the latter indicates that the moving
domain translates in the opposite direction along the
predefined axis. We note that the screw axis in Fig. 3a is
approximately parallel to the line joining centers of masses
of the two domains, therefore the rotation of the moving
domain behaves more like a twisting motion with respect to
the N-, C-termini, with merely 29.9% closure motion.
There is a short flexible linker consisting of residue 486–
487 and the screw axis is not an effective hinge axis for this
domain pair.

Fig. 3 Dynamic domain analyses of the difference between the
unliganded and liganded HIV-1 gp120 homology models. The model
for the unliganded gp120 is shown with the colored arrows depicting the
screw axes for the domain transitions toward the model of the liganded
gp120 by the thumb rule of the right hand. The colors in the ribbon
structures indicate the different clustered domains (blue, red, yellow,
violet) and the interdomain bending residue regions (green). The colors
in the arrow-shaft and arrow-head are identical to those of the

correspondingly fixed and mobile domains, respectively. The sequence
positions of the residue located at the boundaries of the dynamic
domains are labeled. a DYNDOM result obtained from the combined
parameters of window length 7–8 and minimal domain size 19–25. b
DYNDOM result obtained from the combined parameters of window
length 9 and domain size 25. Domain analyses were performed by
DYNDOM [34]. Plots were made with RASMOL [48]
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In the fourth domain pair, the fixed domain is composed
of the α1, β20–β21 ribbon and a part of the α5, the moving
domain is the V1/V2 stem. This pair describes a typical
combined motions of rotation and translation, i.e. the V1/V2
stem rotates 118.7 ° and translates 11.3 Å, and in particularly,
the angle between the screw axis and the line joining centers
of masses of the two domains is 50.5 °, resulting in 59.6% of
the closure motion. The final behavior of the motion is a
mixed process of closure, twisting, and translation of the V1/
V2 stem with respect to the α1–β20–β21-part of the α5. In
contrast to the first three domain pairs described above, the
screw axis is an effective hinge axis as it passes near the
hinge bending region (residues 116–118) with the distance
between the axis and the Cα atoms of residue 117 and 118
being 1.7 and 3.9 Å, respectively.

We also found that when we combined other parameters
with the window length 9 and the domain size 25 for the
DYNDOM we were also able to obtain proper dynamic
domain pairs. Fig. 3b shows the qualitative description of
domain motions with respect to each other, the detailed
quantitative descriptions of rotation angle, translation dis-
tance, bending residue, motion behavior, and hinges axis are
shown in Table 2. Similar to the results from the first
combined parameters, four domain pairs were clustered.
They are the N-, C-termini vs V1/V2 stem, N-, C-termini vs
outer domain, α1–β20–β21 vs V1/V2 stem, and
α1–β20–β21 vs the outer domain, with the first domain in
each domain pair being the fixed domain. The differences
between the results obtained from the two sets of parameters
are the residue quantity assigned to the individual domain
and the variable pairing combination of domains. For
instance, the α1–β20–β21 domain colored violet in
Fig. 3b does not include the fraction of the α5 (residues
477–486) while the result obtained from the first combined

parameters does (Fig. 3a and Table 1). The α5 segment is
assigned to the hinge bending region between the N-, C-
termini and outer domains, which seems to be more
reasonable than when the α5 is separately assigned to the
outer domain and α1–β20–β21 domain because the α5
resides at the junction of the inner and outer domains. We
also noted that the screw axis of the N-, C-termini vs outer
domain became an effective hinge axis as it passed near their
hinge bending region, the α5. The second combined
parameters did not obtain the twisting motion of the
α1–β20–β21–α5 with respect to the N-, C-termini, but
obtained an additional domain pair, α1–β20–β21 vs outer
domain, which describes a mixed motions of rotation
(49.8 °) and translation (1.2 Å) of the outer domain relative
to the α1–β20–β21. This domain pair has effective hinge
axis with 62.0% closure motion, indicating the partial
twisting mode occurs in the process.

Geometrical property analyses

The unliganded and liganded gp120 models were subject to
a number of structural analyses to assess conformational
differences between them at the quantitative level (Table 3).
The quantities for networks of hydrogen bond and native
contact with inter-atomic distance less than 6 Å are both
larger in the liganded state than in the unliganded state,
resulting in more secondary structure contents in the
liganded form. Despite few differences in the radiuses of
gyration (Rg) of both the conformational states, the total
(hydrophobic plus hydrophilic) solvent accessible surface
area (SASA) of the liganded state is 4,065.1 Å2 smaller
than that of the unliganded state. All of the geometrical
properties calculated from the two gp120 models indicate
that the liganded gp120 adopts a more compact and ordered

Table 1 Quantitative results of DYNDOM obtained from the combined parameters of window length 7–8 and minimal domain size 19–25

Fixed Residue number RMSDd

(Å)
Ratioe Rotationf

(degrees)
Translationg

( Å)
Bending
residuesh

Hinge
axisi

Axis
properties j

Closure
motionk

N-, C-termini Yes 83–95, 222–247, 487–492 2.2
V1/V2 stema No 117–204 1.2 7.5 140.9 10.4 204–222 No 76.0/17.9 94.2
Outer domaina No 260–421, 438–476 4.6 1.6 58.2 2.4 245–260 No 82.5/7.1 98.3
α1-β20-β21-α5a No/yesc 97–116, 422–437, 477–486 6.3 1.1 49.7 −0.2 486–487 No 33.1/9.7 29.9
V1/V2 stemb No 118–204 1.2 2.4 118.7 11.3 116–118 Yes 50.5/4.8 59.6

a The domains move relative to the fixed domain N-, C-termini.
b The domain moves relative to α1–β20–β21–α5.
cα1–β20–β21–α5 moves relative to the N-, C-termini but is fixed relative to the V1/V2 stem.
d Backbone RMSD on this domain between the unliganded and liganded gp120 models
e Ratio of interdomain displacement to intradomain displacement
f Angle of rotation around the corresponding screw axis
g Translation along the screw axis
h Hinge bending region between the mobile domain and the fixed domain
i The screw axis passing near the bending residue Cα atoms within 4 Å is an effective hinge axis.
j Angle/distance between the screw axis and the line joining centers of mass of the two domains
k Percentage closure motion
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conformation than the unliganded one. The large RMSD
(10.5 Å) of the shared backbone of the two models
primarily stems from the reposition of the structural
components in the inner domain as can be readily seen by
overlapping the liganded gp120 against the unliganded one
with linear frames interpolating between them (Fig. 4). It is
worth pointing out that the interpolated frames between
them do not represent the conformational transition path-
way but merely highlight the primary structural differences.
The dramatically structural rearrangements within the inner
domain are in line with the dynamic domain analyses
described above, where the majority of the moving
subdomains (such as V1/V2 stem and α1) primarily arise
from the inner domain. Especially for the V1/V2 stems of the
inner domain, although their intradomain backbone RMSDs
possess the lowest values (usually less than 1.5 Å, see Tables 1

and 2) among these subdomains, their ratios of interdomain
displacement to intradomain displacement possess the largest
values (usually more than 2.4, see Tables 1 and 2), indicating
the V1/V2 stem undergoes the most dramatically conforma-
tional reorientation upon the CD4 binding, and this is also
reflected by its largest rotation and translation. On the
contrary, although intradomain RMSDs of the outer domain
(4.6 Å) are larger than those of the V1/V2 stem, the lower
ratios (less than 1.6) of the interdomain displacement to
intradomain displacement indicate that the entire outer
domain undergoes relatively moderate conformation reori-
entation compared to the subdomains in the inner domain.
However, Fig. 4 illustrates that individual components such
as the β20–β21 ribbon, CD4-BL, LD, LE, LF, as well as the
V3, V4, and V5 loops in the outer domain undergo large
conformational rearrangements. In particular, the β2–β3 and

Table 3 Geometrical properties of the unliganded and liganded gp120 models

RMSDb (Å) NHBc SASAd (Å2) NNCe Rgf (Å) DIHg ENEh (kJ/mol) SSEi

α helix β sheet Turn

Unligandeda 0.0 160.0 23,735.4 15,6282.0 22.09 10 −33,956.5 60 41 13
Ligandeda 10.5 208.0 19,670.3 163,758.0 22.13 6 −34,311.1 118 57 21

a Geometrical properties of the unliganded and liganded gp120 models, respectively
b Backbone RMSD with respect to the unliganded gp120 model
c Number of hydrogen bonds. A hydrogen bond is considered to exist when the donor-hydrogen-acceptor is larger than 120 ° and the donor-
acceptor distance is smaller than 3.5 Å.
d Total solvent accessible surface
e Number of native contacts. A native contact is considered to exist if the distance between the two atoms is less than 6 Å.
f Radius of gyration
g Number of residues in the disallowed regions in the Ramachandran plot [46].
h Potential energy after energy minimization in the GROMOS96 force field.
i Number of residues in the corresponding secondary structure elements.

Table 2 Quantitative results of DYNDOM obtained from the combined parameters of window length 9 and minimal domain size 25

Fixedc Residue number RMSDd

(Å)
Ratioe Rotationf

(degrees)
Translationg

( Å)
Bending residuesh Hinge

axisi
Axis
properties j

%
Closure
motionk

N-,C-termini Yes 83–96, 222–248, 483–492 2.8
V1/V2 stema No 116–203 1.5 5.6 138.4 10.3 203–222 No 76.4/17.3 94.5
Outer domaina No 260–420, 438–474 4.6 1.4 58.4 2.1 244–260, 475–483 Yes 82.0/6.7 98.0
α1-β20-β21 Yes 97–115, 421–437 4.9
V1/V2 stemb No 116–203 1.5 2.6 119.4 11.8 114–116 Yes 49.2/2.0 57.4
Outer domainb No 260–420, 438–475 4.6 1.1 49.8 1.2 420–421, 437–438 Yes 51.9/2.5 62.0

a The domains move relative to the fixed domain N-, C-termini.
b The domains move relative to the domain α1–β20–β21.
cWhether the domain is fixed or mobile
d Backbone RMSD on this domain between the unliganded and liganded gp120 models
e Ratio of interdomain displacement to intradomain displacement
f Angle of rotation around the corresponding screw axis
g Translation along the screw axis
h Hinge bending region between the mobile domain and fixed domain
i The screw axis passing near the bending residue Cα atoms within 4 Å is an effective hinge axis.
j Angle/distance between the screw axis and the line joining centers of mass
k Percentage closure motion
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β20–β21 hairpins’ mutual approach in space, together with
the α1’s excursion, results in the two halves of the bridging
sheet closing up over the α1 and subsequently the final
formation of the integrated bridging-sheet.

We have also calculated the SASA difference per residue
for both the conformational states to examine the pattern of
solvent exposure in different regions of the protein. Figure 5
shows that a large proportion of the conformational
segments in the liganded state have the decreased SASA
compared to the unliganded one. In particular, the regions
with residues 203–275 composed of the β3–β4 linker and
β4 to β9; the regions with residues 330–395 composed of
the β13, α2, β14, CD4-BL (or β15–α3 in the liganded
state), β16 to β18, and α4; and residues 413-484 composed
of the β19 to β24 and α5, have the decreased SASA in the
liganded state as a whole, despite bits of residues with the
increased SASA interspersed between them. However,
more than 65% residues in the β2–β3 ribbon (V1/V2
stem), V3, V4 and V5 loops increase their SASA in the
liganded gp120. The residues with decreased SASA in the
V1/V2 stem, loop LD, CD4-BL, V5, β20–β21 linker, and
β24–α5 linker may contribute to the formation of the CD4
binding cavity, while the residues with increased SASA in
these structural components may be responsible for the
interaction with CD4, especially for the β2–β3 ribbon (V1/
V2 stem), its increased SASA might also be of great benefit
to the association of the coreceptor or CD4i antibodies.

As described above, the α1, α5, β20–β21, and CD4-BL
in the unliganded state create the long, narrow channel that
has been identified to be the initial contact sites for the
CD4, CD4BS antibodies and small molecules inhibiting the
HIV-1 entry [18]. On the contrary, the LD, V5, β15–α3,

β20–β21 linker and β24–α5 linker in the liganded form
constitute the CD4 binding cavity [15]. We therefore
calculated the RMSD, number of hydrogen bond (NHB),
total SASA, Rg, and number of native contact (NNC) of the
residues forming the two cavities within the unliganded and
liganded states, respectively (Table 4). The variations of the
Rg, SASA, NNC and HNB for the two states are correlated,
i.e. an increase in the Rg corresponds to an increase in the
SASA and decreases in the NNC and NHB, and vice versa.
Concretely, the long, narrow cavity in the unliganded state
has a larger Rg and more SASA whereas fewer NNC and
NHB than in the liganded state. On the contrary, the CD4
binding cavity in the unliganded state has a smaller Rg and
fewer SASA while more NNC and NHB than in the
liganded. For both the cavities in the same conformational
state, the SASA, NNC and NHB of the long, narrow cavity
are larger than those of the CD4 binding cavity because the
former consists of more residues than the latter. As thus,
these analyses point out the structural changes for the CD4
access channel, together with the large RMSDs of the two
cavities in the liganded state relative to the two cavities in
the unliganded state, 8.1 and 7.5 Å, respectively, these
results suggest that large structural rearrangements occur
during cavity transition from the long, narrow channel in
the unliganded form to the final CD4 binding cavity in the
liganded form upon CD4 binding.

Discussion

The prerequisite of our analysis of the gp120 dynamic
domain is to obtain in depth knowledge of structures in
both the liganded and unliganded states. The 100%
sequence identity between the target sequence of the
HXBc2 and its template 1G9M results in an accurate core
structure of the liganded gp120 with approximately
accurate V3 and V4 loop being modeled on this core as
more than 98% residues in this model are located in the
favored regions of the Ramachandran plot obtained from
the PROCHECK program [38]. The direct experimental
data of the unliganded structure of the HIV-1 gp120 is not
available at this state, however, given the high sequence
similarity (35% sequence identity and over 70% sequence
similarity) between SIV and HIV, the unliganded HIV-
1 gp120 is likely to assume a similar conformation because
it was noted [30] that it is possible to generate medium-
accuracy unliganded HIV-1 gp120 models where ∼90% of
the main-chain atoms can be modeled with 1.5 Å RMS
error under such a sequence similarity. In our unliganded
HIV-1 gp120 model with modeled V3 loop, there are more
than 90% residues that have appropriate dihedral angle
distributions. Furthermore, the relatively high overall
sequence conservation between SIVand HIV, their common

Fig. 4 Overlapping diagram of the liganded gp120 model against the
unliganded one with linear frames interpolating between them. The
interpolated frames are colored from red (unliganded) to blue
(liganded) to highlight the primary structural differences between the
two states but do not represent the transition pathway
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receptor and coreceptors, and as described in the literature
[18], the crystal structure of the SIV gp120 is thus a good
representation of the conformation in the CD4-unliganded
state. Therefore most of differences between our HIV-1
homology models of the unliganded and liganded gp120s

should reflect the conformational changes induced by
receptor binding.

The dynamic domain analyses based on the two models
reveal complex domain motions with variable combinations
of the domain pairs. The results are not in line with

Table 4 Geometrical properties of the long, narrow cavity and CD4-binding cavity within the unliganded and liganded gp120 models

RMSDe (Å) NHBf SASAg (Å2) NNCh Rgi (Å)

Unliganded narrow cavitya 0.0 17.0 58.9 20,884.0 1.36
Unliganded CD4 cavityb 0.0 7.0 46.7 11,794.0 1.30
Liganded narrow cavityc 8.1 31.0 50.4 23,128.0 1.29
Liganded CD4 cavityd 7.5 4.0 47.2 11,648.0 1.42

a Geometrical properties of the long, narrow cavity within the unliganded state
b Geometrical properties of the CD4-binding cavity within the unliganded state
c Geometrical properties of the long, narrow cavity within the liganded state
d Geometrical properties of the CD4-binding cavity within the liganded state
e Backbone RMSD with respect to respective cavities within the unliganded state
f Number of hydrogen bonds
g Total solvent accessible surface
h Number of native contacts
i Radius of gyration

Fig. 5 Percentage of difference (%DSASA) of the unliganded gp120 total
solvent accessible surface area (SASA) per residue from the liganded
gp120. The percentage is calculated from %DSASA=(SASAliganded/
SASAunliganded−1)×100. If the SASA of the liganded state is smaller

than that of the unliganded one, the %DSASA is negative, otherwise it
is positive. All atoms are taken into account for the calculations of
SASA except for the V1/V2 loop. The secondary structure elements
and loops are marked according to the liganded gp120
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conventional domain delimitation, i.e. the entire gp120
cores are divided into the inner and outer domains
according to their structural organization. On the contrary,
both of the combined parameters for the DYNDOM
obtained four definite domains, three of them arise from
the inner domain and one of them from the outer domain.
The intricately paired domain motion amongst the four
subdomains indicates that the process of gp120-ligand
association is not in agreement with the canonical domain
motion observed in the bacteriophage T4 lysozyme [39]
and Streptococcus agalactiae hyaluronate lyase [40], where
the two enzymes were clustered into two domains,
respectively, and one domain behaved as a closure or
rotation/twisting motion relative to the other domain that
was potentially related to the mechanism of the enzyme-
substrate association. For the gp120 models, the α5
segment can be assigned either to the α1–β20–β21 domain
or to the bending residue region connecting the N-, C-
terminal domain and the outer domain; some of the screw
axes are not the effective hinge axes while the others are; a
majority of the domain pairs show mixed motional modes
of the closure, twisting, and translation with respect to each
other and have long, flexible bending residue regions. All
of these results reveal that the intricate dynamics of
conformational changes at the domain level is accompanied
by receptor association.

Dynamic domain analyses also reveal that the V1/V2 stem
(β2–β3 ribbon) of the partial bridging sheet, in particular,
experiences the largest magnitudes of rotation and translation
among the four paired domains (Table 1 and Table 2), while
the domains containing the β20–β21, another half the
bridging sheet, either are the fixed domains or move
moderately compared to the V1/V2 stem, indicating that
the V1/V2 stem is the most mobile domain in the gp120, and
these results are in agreement with the MD simulation data
[41, 42]. We speculate the high flexibility of the V1/V2 stem
may make its conformation change dramatically in both the
unliganded and liganded states, and some of the populated
conformers near the unliganded conformation can serve as
intermediates that might be the starting conformations that
favor more efficient CD4 recognition/association under the
physiological condition.

The geometrical property analyses of the cavities reveal
that the long, narrow cavity in the unliganded state has more
SASA and NNC while smaller Rg than the CD4-binding
cavity in the liganded state, indicating the CD4’s association is
not simply a wedging process. The large SASA of the long,
narrow cavity in the unliganded state is advantageous for
forming large contact surface for the CD4molecule. However,
we speculate that the initial contact of CD4 with gp120 might
induce residues within the narrow cavity to reposition their
orientations that further result in decreases of the SASA and
NNC, and then, the non-bond (static electricity and van der

Waals) and hydrogen-bond interactions will drive the CD4 to
insert into its binding pocket [43], such insertion makes the
gp120 continually reconfigure its conformation to enlarge
the CD4 binding pocket, and finally, this pocket translates
into the ultimate CD4 binding cavity with a larger Rg as
observed in the liganded gp120. It is worth pointing out that
the initial contact sites for the CD4 or other ligands (such as
CD4BS antibodies or small molecule inhibitors) are located
at the structural components (α1, α5, CD4-BL, β20–β21
ribbon) constituting the long, narrow channel in the
unliganded gp120 [18, 19], whereas the complexation with
ligands results in conformational changes that make this
channel transition to different conformational forms, which
possess the distinct ligand contact sites from the original
narrow channel. Another interesting finding is that the CD4’s
association reduces contents of the coil and bend while
increase contents of the α-helix and β-sheet, which is in
agreement with the circular dichroism study on the gp120-
CD4 complex formation [20]. It should be noted that we did
not simulate the binding process and therefore no kinetic or
free energy data could be obtained from the current study,
the structural property analyses of the unliganded and
liganded states and of the two cavities within both of the
states merely presents a geometrical view that can be used to
extract certain valuable information and speculate possible
cavity transition mode of the gp120 upon the receptor
binding.

Thermodynamic studies of the monomeric gp120 indi-
cate that the gp120-CD4 complex formation is accompa-
nied by an unusually large entropic loss, which is
compensated by a gain in enthalpy through the intermolec-
ular interactions [19, 20]. Antibodies that recognize the
CD4-binding (CD4BS) and CD4-induced (CD4i) sites also
have the large negative binding entropy and correspond-
ingly large negative enthalpy [20]. This entropy cost
reduces antibody and receptor affinity and provides one
probable explanation for the failure of the gp120 to induce
potent neutralizing antibodies against the CD4BS and CD4i
sites [19]. Empirical relationships between the thermody-
namic parameters and conformational differences suggest
that the measured entropy and enthalpy changes could infer
either the burial of 10,000 (±2,000 Å2) of molecular surface
or the ordering of about 94 (±15) residues [20]. SASA
calculations (Table 3) based on the unliganded and liganded
gp120 models show that about 4,065 Å2 is sequestered
from the solvent, plus the buried area of 1,544 Å2 at the
gp120-CD4 interfaces, a total 5,609 Å2 in area is buried
when the CD4 and gp120 associate. Secondary structure
element statistics (Table 3) of the two conformational states
reveals that about 82 residues acquire ordered conforma-
tions. The structural properties analyses from our models
are in reasonable agreement with thermodynamic studies
and empirical prediction.
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In a recent study, Hsu and Bonvin [43] performed 10 ns
MD simulations on the liganded gp120 (CD4-free gp120 in
the CD4-bound state) and gp120-CD4 complex to investi-
gate the conformational changes of gp120 upon CD4
complexation. By comparison the dynamics property of
the CD4-free gp120 with that of the complex form, they
found that CD4’s association reduced conformational
flexibility for some loop regions of the outer domain, and
this process accompanied an extensive hydrogen bond
formation between the CD4 and CD4 binding cavity.
Therefore, a “binding funnel” model was proposed to
explain the CD4’s association mechanism. Although
valuable information was obtained from their MD simu-
lations, the lack of the unliganded gp120 structure leads to
the underestimations of the conformational flexibility in the
ordered regions as well as the extent of conformational
rearrangements upon CD4 association. Our analysis in this
paper compensates the MD studies, for instance, the
structural overlap shown in Fig. 4 indicates that large
conformational changes occurred not only in the loops of
the outer domain, but also in the ordered structural
components of both the inner and outer domains. Based
on the geometrical analyses and cavity transition mode as
well as the thermodynamic [19, 20] and MD [43] studies
described above, we speculate that the gp120-CD4’s
association should be a process of “induced fit”: first, the
long range electrostatic interactions between charged
residues in highly flexible structural components of the
unliganded gp120 and CD4 drive them to approach
mutually; second, the approach of the CD4 to gp120
induces structural components of the long, narrow channel
to reorganize their positions to form more contacting sites
for the CD4; third, the gradually increasing hydrogen-bond
and hydrophobic interactions drive the CD4 to wedge into
the narrow cavity; and finally, the gp120 sequentially
adjusts its conformation to accommodate CD4’s wedging
until the final CD4 cavity forms and the phenyl ring of the
Phe43 fits into its binding pocket. The natural unliganded
gp120 is constantly subject to the immune system attack in
vivo and a definite CD4 binding pocket would be an ideal
target for antibodies neutralization, therefore the gp120
carries out the combined strategies of loop masking and
conformational flexibility on the CD4- and chemokine-
receptor-binding sites to escape from immune system
surveillance, and devises a multi-level induced fit mecha-
nism to facilitate the CD4 binding.

It is not clear whether the bridging sheet has been
formed after CD4’s association while prior to coreceptor or
17b Fab’s binding. However, our dynamic domain analyses
show that the gp120 inner domain is clustered into three
separate subdomains (N-, C-terminal, V1/V2 stem, and
α1–β20–β21 domains) that involve in independent domain
motions, implying that the V1/V2 stem may not be fully

docked against the β20–β21 ribbon. The V1/V2 stem’s
high mobility revealed by the dynamic domain analyses
suggests that the V1/V2 stem might first lose its contact
with the inner domain in the unliganded gp120 to leave
space for movements of the α1 and β20–β21 towards the
liganded form upon CD4 binding, and furthermore, the MD
data [41, 42] indicate that the CD4’s association just
partially locks the bridging sheet and still leaves the V1/
V2 stem flexible, we speculate that the following binding of
coreceptor would continue pulling the halves of the
bridging sheet into close proximity to stabilize the CD4-
bound state and lock the bridging-sheet.

The conformation of the gp120 is constrained in its
assembly with the gp41 into a trimeric complex on the
virion surface [3–5], and the ability of many conforma-
tionally sensitive monoclonal antibodies to neutralize HIV-
1 has been associated with their affinity for the trimeric
envelope virion structure [44]. The models of the liganded
and unliganded gp120 trimers have been created by Kwong
et al. [45] and Chen et al. [18], respectively. In these
models, the N-, C-termini of the gp120 pointed towards the
gp41 and centered on the three-fold axis, the carbohydrates
were maximum exposed, and the contacts between the
V1/V2 in one unit and the V3 in another unit could be
observed. Interestingly, the motional features obtained from
our dynamic domain analyses of the monomeric gp120
resemble those observed for the unliganded trimer. In the
unliganded gp120 trimer, the N-, C-termini and the three-
stranded β-bundle of the inner domain interact with the
gp41, therefore they are relatively immobilized while all the
other structural components of the gp120 can move with
respect to them. Analogously, Fig. 3 shows that the N-, C-
terminal (including β5–β7–β25) domain is fixed, whereas
the moving domains such as the V1/V2 stem, outer domain,
and α1–β20–β21 can rotate/translate around/along the
corresponding axes relative to the fixed N-, C-terminal
domain, causing formation of the coreceptor site that faces
away from the direction of the N-, C-termini and towards
the target cell. The hinge bending residues 204–214
between the V1/V2 stem and N-, C-termini possess the
highly conformational flexibility, which is stretched into an
extended strand and such a displacement might contribute
to the dissociation of the gp120 from the gp41, releasing
the latter to commit to the fusion transition.

To summarize, our homology models of the unliganded
and liganded HIV-1 gp120 represent two distinct conforma-
tional states, namely the looser, flexible, and disordered
ground state and the compact, rigid, and ordered excited
state, respectively. Dynamic domain studies reveal that
intricately motional modes occur between domain pairs
combined respectively from four distinct clustered domains,
and the domain motions are in line with those described in
the trimer model. Geometrical property calculations and
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structure overlap of the two models indicate that not only the
variable loops, but also the ordered structural components in
gp120 undergo large conformational rearrangements. The
total molecular surface burial and ordering residue quantity
from our calculations are in agreement with empirical
deduction from thermodynamic studies. The highly confor-
mational flexibility and the inferred cavity transition mode
based on the geometrical analysis, in combination with
different interaction modes between CD4 and gp120 as
described by Hsu and Bonvin [43] allow us to propose an
induced fit model to explain the molecular recognition-
binding mechanism that compensates the crystallographic
and MD studies. Furthermore, the target MD simulation or
umbrella sampling should be performed to explore the
possibilities of the physically accessible transition pathways
between the unliganded and liganded gp120.
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