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HIV infection is initiated by the selective interaction between the
cellular receptor CD4 and gp120, the external envelope glycopro-
tein of the virus. We used analytical ultracentrifugation, titration
calorimetry, and surface plasmon resonance biosensor analysis to
characterize the assembly state, thermodynamics, and kinetics of
the CD4-gp120 interaction. The binding thermodynamics were of
unexpected magnitude; changes in enthalpy, entropy, and heat
capacity greatly exceeded those described for typical protein-
protein interactions. These unusual thermodynamic properties
were observed with both intact gp120 and a deglycosylated and
truncated form of gp120 protein that lacked hypervariable loops
V1, V2, and V3 and segments of its N and C termini. Together with
previous crystallographic studies, the large changes in heat capac-
ity and entropy reveal that extensive structural rearrangements
occur within the core of gp120 upon CD4 binding. CD spectral
studies and slow kinetics of binding support this conclusion. These
results indicate considerable conformational flexibility within
gp120, which may relate to viral mechanisms for triggering infec-
tion and disguising conserved receptor-binding sites from the
immune system.

Entry of enveloped viruses into cells requires transformation
of the protective envelope into a fusion-competent state. In

the case of the human immunodeficiency virus (HIV-1), infec-
tion is initiated by the selective interaction between the viral
exterior envelope glycoprotein, gp120, and receptors on the
target cell, CD4, and obligatory chemokine receptors (CCR5 or
CXCR4). Accumulating biochemical and structural evidence
indicates that, in addition to contributing to viral attachment,
CD4 triggers conformational alterations in the HIV envelope
that promote recognition of the chemokine receptors and ulti-
mately lead to membrane fusion (1, 2). Evidence of CD4-
induced conformational changes includes enhanced protease
sensitivity in gp120 variable loops (3) and release of gp120 from
virus and virus-infected cells (4, 5), as well as exposure or
formation of the chemokine receptor site (1, 2) and of the
epitopes for neutralizing antibodies that can block chemokine
receptor binding (1, 2, 6, 7). By their nature, these biochemical
studies primarily probe the peripheral regions of gp120 and
indicate that CD4-induced movement of variable loops occurs.

Recently, a structure was solved for a truncated core gp120
protein in a ternary complex with soluble CD4 and a Fab
fragment of the neutralizing antibody 17b (8). In this complex,
gp120 is organized into an inner and outer domain connected by
a bridging sheet. Several elements of this structure appear to
depend on association with CD4 for their stabilization. In
particular, the extended conformation of the bridging sheet,
which constitutes key elements of the chemokine receptor-
binding site, is stabilized by direct contacts with CD4. In
contrast, the structure of CD4 (D1D2) (9, 10) is virtually
unchanged in the presence of gp120.

Although the crystallographic data provide an important
snapshot of the structures involved in the CD4-gp120 complex,
a more complete understanding of the interaction requires a
description of the biophysical properties that drive complex

formation. Using a series of biophysical experiments, we have
examined the binding properties of soluble CD4 to soluble
recombinant gp120 proteins. Our thermodynamic studies dem-
onstrate that complex formation is accompanied by an unusually
large bonding energy that is exploited to drive a substantial
reordering of gp120 structure. Comparable results with a trun-
cated gp120 protein reveal that structural rearrangement occurs
within the core of gp120. Conformational f lexibility of gp120 has
significant implications regarding viral infection, immune eva-
sion, and gp120-based subunit vaccine design.

Methods
Preparation of Proteins. Soluble CD4 was produced in Chinese
hamster ovarian cells (11) whereas gp120 proteins (WD61,
BH10, and HXBc2 core) were from Drosophila Schneider 2 lines
(12). WD61 and BH10 were used as glycosylated full-length
gp120 proteins. HXBc2 core gp120 had deletions of 52 and 19
residues from the amino and carboxy termini, respectively,
Gly-Ala-Gly tripeptide substitutions for 67 V1V2 loop residues
and 32 V3 loop residues, and the removal of all sugar groups
except for the peptide-proximal N-acetylglucosamine and fucose
residues (13).

Mass Spectrometry. Matrix-assisted laser desorption mass spec-
trometry data were measured with a time-of-f light instrument
from Vestec LaserTec Research (Houston). Samples were pre-
pared for analysis by mixing in phosphate buffer (pH 7.8) with
sinapinic acid (saturated solution in 33% CH3CNy0.1% trif luo-
roacetic acid) to a final concentration of 1 pmolyml. Phosphor-
ylase B (97,219 Da) from rabbit muscle (Sigma) was included as
an internal calibrant.

Analytical Ultracentrifugation. Sedimentation equilibrium experi-
ments were performed on a Beckman XL-A analytical ultracen-
trifuge as described (14). Conditions were 20 mM Na2HPO4, 200
mM NaCl (pH 7.0), and a range of temperature from 15 to 40°C.
Equilibrium was defined by no change in protein distribution
spectra acquired 4 h apart. Partial specific volumes, calculated
from amino acid and carbohydrate compositions (15) for CD4,
full-length glycosylated gp120, and core gp120 were 0.738, 0.695,
and 0.716 mlzg21, respectively.

Isothermal Titration Calorimetry. Isothermal titration calorimetry
measurements were carried out by using a Microcal (Amherst,
MA) MCS instrument with approximately 4 mM gp120 in the cell
(16). CD4, full-length gp120 WD61, and core gp120 concentra-
tions were determined by absorbance at 280 nm from extinction
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coefficients of 1.4, 0.74, and 1.2 mlzcm21zmg21, respectively.
Data were analyzed with Microcal ORIGIN software using a
single-site binding model. Titrations carried out in phosphate
and Tris buffers yielded identical binding enthalpy change (DH)
values, indicating that linked protonation reactions do not
contribute to the observed CD4-gp120 DH under these analytical
conditions.

The amount of apolar (DASAap) and polar (DASApol) surface
area buried upon binding were calculated from the empirical
relationships to the binding heat capacity (DC°) and enthalpy
(DH°) changes (17, 18) as: DC° 5 0.45zDASAap 2 0.26zDASApol;
DH°60 5 28.44zDASAap 1 31.4zDASApol, where DH°60 is the
binding enthalpy change at 60°C.

The number of residues that become ordered during binding,
Rth, were predicted from the experimental association entropy
change DS°assoc of the binding reaction (19) as: DS°assoc 5 DS°HE 1
DS°rt 1 DS°other, where DS°HE and DS°rt are entropy change con-
tributions caused by the hydrophobic effect and loss of rotational
and translational degrees of freedom, respectively. DS°HE is
estimated by DS°HE 5 1.35 DC ° ln(Tsy386), where Ts is the
characteristic temperature for which DS°assoc 5 0 for a given
interaction. DS°rt has been deduced empirically to be 250 e.u. for
binary protein-protein interactions. The remaining term, DS°other,
has been shown, based on thermodynamic and high-resolution
structural data, to relate to Rth as Rth 5 DS°othery25.6 entropic
units (19).

Circular Dichroism. CD measurements were done on a JASCO
J-710 spectropolarimeter in 100 mM NaCl and 3 mM Na2HPO4
(pH 7.4) by using a 0.1-cm path length water-jacketed cell.
Several scans were made at a scan rate of 20 nmymin, a
bandwidth of 1 nm, and a response time of 2 s. All spectra were
buffer-corrected and normalized to difference molar extinction
coefficient units as D« 5 uy(32.98zlzC), where u is the spectral
ellipticity, l is pathlength in cm, and C is the molarity of peptide
bonds in the sample.

Surface Plasmon Resonance Biosensor Analysis. Surface plasmon
resonance biosensor data were collected on a BIACORE 2000
optical biosensor (Biacore AB, Uppsala). For direct binding
comparisons, BH10 gp120, core gp120, and deglycosylated core
gp120 were immobilized onto separate flow cells within the same
sensor chip using amine coupling chemistry (20). Flow cell four
was left blank as a control for nonspecific binding and refractive
index changes. With the instrument operating in parallel sensing
mode, CD4 was injected over all four flow cells at a concentra-
tion of 1 mM and at a flow rate of 100 mlymin. To perform a
kinetic study, CD4 was immobilized onto a low charge (B1)
sensor chip using carbodiimide coupling (21). Coupling in this
manner produced a homogeneous surface because the glycosyl-
ation sites in domains 3 and 4 of CD4 are distant from the gp120
binding site in domain 1. The binding capacity of the CD4
surface was kept low to avoid mass transport effects and steric
hindrance. Sensor data were prepared for kinetic analysis by
subtracting binding responses collected from a blank reference
surface. The association and dissociation phase data were fitted
simultaneously to a single-site binding model by using the
nonlinear data analysis program CLAMP (22, 23).

Results
Assembly State of CD4-gp120 Interaction.Our analysis of the CD4-
gp120 binding interaction involved binding of soluble CD4
(external domains D1-D4) with recombinant gp120 proteins
derived from HIV-1 isolates WD61 and BH10, and a loop-
deleted and termini-truncated HXBc2 gp120 protein referred to
as ‘‘core gp120’’ (8). A prerequisite to interpreting binding data
for these reactions was to characterize the assembly states of the
reactants and product. This was done by comparing their mo-

lecular masses determined by matrix-assisted laser desorption
ionization mass spectrometry to those obtained in solution using
analytical ultracentrifugation. Fig. 1 shows sedimentation equi-
librium data for the complex of CD4 and core gp120. CD4 is seen
to form a 1:1 complex with core gp120 and shows no evidence
of higher-order aggregation, consistent with the crystal structure
of the core gp120 protein complexed with CD4(D1D2) (8).
Similar studies on the various proteins from 15–40°C showed
that both core gp120 and CD4 are monomeric under the
conditions studied and that the complexes are formed in 1:1
molar ratios (Table 1).

Thermodynamics of CD4-gp120 Interaction. The thermodynamics of
the CD4-gp120 interaction (Table 2) were measured by titra-

Fig. 1. Analysis of a mixture of CD4 and core gp120 by analytical ultracen-
trifugation. The main figure shows the sedimentation equilibrium data and
the best-fit curve (solid) for a mixture of CD4 and core gp120. Under the fit, the
theoretical sum is deconvoluted into contributions from the core gp120-CD4
complex (long dashed line), excess CD4 (short dashed line), and baseline
(dashed-dotted line).

Table 1. Assembly state of the CD4-gp120 complex by mass by
matrix-assisted laser desorption ionization (MALDI) and
analytical ultracentrifugation (AUC)

Mass by

MALDI AUC

CD4 44,600 45,000 6 300
WD61 full-length gp120 99,600 97,000 6 300
Core gp120 39,000 35,000 6 1,000
CD4-WD61 full-length

gp120 complex 144,100* 138,000 6 800
CD4-core gp120

complex 83,600* 83,000 6 200

*Predicted mass for 1:1 complex.
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tion microcalorimetry. Fig. 2 shows the titration data for CD4
binding to both full-length and core gp120 proteins. A striking
feature of both interactions is the enormously favorable bind-
ing enthalpy (DH ° ' 263 kcalymol), which demonstrates that
a large number of bonding interactions (e.g., hydrogen bonds
and van der Waals interactions) occur during complex forma-
tion. However, the binding entropy change for both proteins is
also extremely large (2TDS ° ' 52 kcalymol), but unfavorable,
demonstrating a substantial loss in the degrees of freedom
upon binding. Thus, the modest KD

37°C values of 5 nM and 190
nM observed for full-length and core gp120, respectively,
result from a balance between highly favorable bonding in-
teractions and highly unfavorable molecular ordering. The
40-fold difference in affinity between the gp120 proteins,
although experimentally distinguishable, ref lects a difference
of only 2.2 kcalymol in Gibbs free energy change and is a small
perturbation to the overall energetics. The similar thermody-
namics for core and full-length gp120 proteins indicates they
bind with similar overall mechanisms.

Further evidence of a common CD4 binding mechanism for
full-length and core gp120 comes from the similar temperature
dependencies of their binding enthalpies (Fig. 3). The slopes of
the lines in Fig. 3 yield DC° values of 21.2 6 0.2 and 21.8 6 0.4
kcalymolydeg for full-length and core gp120, respectively. These
values are significantly greater than the 20.2 to 20.7 kcalymoly
deg typically observed for protein-protein interactions (24),
suggesting that extensive apolar surface area is buried upon
CD4-gp 120 complexation (25).

The magnitudes of the DH° and 2TDS° terms for the CD4-
gp120 interaction are unusually large relative to other binary

protein interactions (24, 26). Typical protein interactions char-
acterized to date show a small favorable entropy of association
(Fig. 4), whereas the entropy for both the antibody and T cell
receptor interactions is substantially more unfavorable. As dis-
cussed by Wilcox et al. (26), this unfavorable entropy most likely
results from reduction of conformational f lexibility in the anti-
body or T cell receptor upon complex formation. Constriction of
water molecules at the interfaces can also contribute unfavorably
to the binding entropy change of protein interactions. In the case
of the CD4-gp120 complex, only 15 water molecules are within
the van der Waals radius 1 1 Å of both molecules (8). This value
is near the average for the 36 x-ray structures that have been
analyzed (27) and suggests that the exceptionally large DH° and
2TDS° values for the CD4-gp120 interaction do not arise from
entrapment of water. Instead, these values point to substantial
conformational rearrangement during binding.

Interpretation of Binding Thermodynamics. The extent of structural
rearrangement that occurs during complex formation can be
estimated from relationships that correlate structure with bind-
ing and folding energetics (19, 28). One approach is derived from
the correlation that exists between protein folding thermody-
namics and the amount of water-accessible surface area buried
during the reaction (17, 25). By using empirical relationships
developed by Freire and colleagues (see Methods), the large DH°
and DC° values observed for the CD4-gp120 interaction infer
that 10,000 (62,000) Å2 of surface area are buried during
complex formation. This value is much greater than the 1,500 Å2

observed at the CD4-gp120 interface (8), suggesting that com-
plex formation includes burial of surface area outside the
observed binding interface. In an independent approach, Spolar
and Record have related the binding DC° and DS° of interactions
to the number of residues that reorganize during binding by
comparing thermodynamics to high-resolution structures (19).
Application of this method to the CD4-gp120 binding thermo-

Table 2. Thermodynamics of the CD4-gp120 interaction at 37°C by isothermal titration
calorimetry

DG°,
kcalymol

DH°,
kcalymol

2TDS°,
kcalymol

DC°,
kcalymolyK KD, nM

WD61 full-length gp120 211.8 6 0.3 263 6 3 51.2 6 3 21.2 6 0.2 5 6 3
Core gp120 29.5 6 0.1 262 6 3 52.5 6 3 21.8 6 0.4 190 6 30

Fig. 2. CD4-gp120 thermodynamics. Calorimetry data for the titration of
WD61 full-length (A) and core (B) gp120 with CD4 in 10 mM Na2HPO4, 200 mM
NaCl, and 0.5 mM EDTA (pH 7.4). The top panels show raw data in power versus
time. The area under each spike is proportional to the heat produced at each
injection. The lower panels show integrated areas normalized to the number
of moles of CD4 injected at each injection step. Best-fit curves represent
binding enthalpy changes of 263 and 262 kcalymol CD4 for full-length and
core gp120, respectively. Equilibrium binding KD values were determined as 5
nM and 190 nM, respectively.

Fig. 3. Temperature dependence of the CD4 binding enthalpy change for
WD61 full-length gp120 (open circles) and HXBc2 core gp120 (filled circles).
Slopes of the plots, obtained from the best-fit lines shown, yielded the binding
heat capacity changes (DC°) in Table 2.
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dynamics suggests the reorganizing of 94 (615) and 126 (630)
residues upon CD4 binding to full-length and core gp120,
respectively. Within experimental error, these values are the
same and are among the largest reported for protein-protein
interactions (19).

CD of CD4-gp120 Complex. Given the strong indication of a
conformational change from the CD4-gp120 binding thermody-
namics, circular dichroism (CD) was used to investigate whether
changes in secondary structure could be observed during com-
plex formation. As shown in Fig. 5, a substantial change in the
CD spectrum was observed for the experimental mixture of CD4

and gp120 in comparison to the predicted mixture. A similar, but
smaller, change in the spectrum was observed for CD4 binding
to core gp120 (data not shown). The large positive increase in
ellipticity at 200 nm is consistent with a reduction in random coil
(29) and suggests that complexation induces structural rigidity.

Kinetic Analysis of CD4-gp120 Interaction. The binding kinetics of
soluble CD4 to the full-length BH10 and core HXBc2 gp120
proteins were compared by surface plasmon resonance (Fig. 6).
There is little difference in the association rates, demonstrating
that both forms of gp120 bind to CD4 through similar forward
reaction mechanisms (Table 3). In agreement with previous

Fig. 4. Protein-protein binding thermodynamics at 25°C for several classes of
protein interactions. Sample numbers here are n 5 30, 13, 2, and 2 for
protein-protein, antibody-antigen, T cell receptoryMHC peptide, and CD4-
gp120 interactions, respectively. Average contributions to the binding free
energy from enthalpic and entropic driving forces for protein-protein binding
reactions are shown as bars. All values except those for CD4-gp120 were taken
from ref. 24.

Fig. 5. Secondary structural changes detected by circular dichroism spec-
troscopy. CD spectra for a stoichiometric mixture of CD4 (D1D2) with WD61
full-length gp120 at 5 mM shown as difference molar extinction coefficient
versus wavelength. Experimental data (solid) are compared with theoretical
mixtures computed as the sum of the individual component spectra (dashed).
Both full-length and core gp120 proteins exhibited this spectral shift over the
temperature range 12–37°C. The shift in spectral intensity to higher wave-
lengths is consistent with an increase in secondary structure upon binding.

Fig. 6. Kinetic analysis of the CD4-gp120 interaction. (A) Normalized binding responses for CD4 (1 mM) over a full-length BH10 gp120 (black), glycosylated HXBc2
core gp120 (red), core-gp120 (blue), and an unmodified sensor surface (gray). Responses were normalized to 100% bound at the start of the dissociation phase.
(B) Kinetic data set collected for core gp120 binding to a CD4 surface. Core gp120 was injected over the CD4 surface at concentrations of 975, 325, 108, 36, and
0 nM. The injections were done at a flow rate of 100 mlymin in 10 mM Na2HPO4, 200 mM NaCl, and 0.5 mM EDTA (pH 7.4) at 37°C. Each injection was replicated
to demonstrate that the binding responses were reproducible. The experimental data (black lines) were globally fit to a single site interaction model (red lines)
to determine the binding kinetics.
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studies (30), the association rate constant for these gp120
proteins is slow (ka

37°C ' 6 3 104 M21zs21), which is consistent
with conformational adaptation during binding, as was suggested
by our previous observation that mutation of the critical phe-
nylalanine 43 in the gp120 binding site of CD4 primarily im-
pacted this association rate (30). CD4 dissociates more rapidly
from core than from full-length gp120. Because the HXBc2 core
protein differs from the corresponding region in full-length
BH10 gp120 at only four residues, the 9.3-fold increase in
dissociation rate for core gp120 likely stems from a loss of
favorable CD4- or self-contacts in the deleted segments. To-
gether, the kinetics predict a 10-fold decrease in affinity for core
versus full-length gp120 (220 vs. 22 nM, respectively, at 37°C)
(Fig. 6B), which is in agreement with the affinities determined
by titration calorimetry. Glycosylation had little effect on CD4
binding kinetics (Fig. 6A) and is consistent with the observation
that the CD4 binding site on core gp120 is devoid of residues
modified by carbohydrate addition (8).

Discussion
The unusual nature of the CD4 binding thermodynamics of
gp120 indicates that a substantial conformational change ac-
companies this interaction. The comparable observations with
the core gp120 protein, and the invariance of the CD4 protein
structure between unbound (9, 10) and bound states (8), dem-
onstrate that these changes are associated with the core struc-
tural region of gp120 (6, 31). The slow kinetics of binding are also
consistent with structural adaptation during binding, as are the
significant changes in CD spectral properties upon complex
formation. Although localized conformational changes have
been demonstrated previously (1–7), they have been based on
methods that probe the periphery of gp120, rather than the
restructuring of the core.

The present findings reinforce the importance of the crystal-
lographic analysis of the core gp120-CD4 structure as a model
for the CD4-gp210 interaction. The structural and biophysical
data dovetail to provide unique insights into the mechanism of
complex formation. From the structural viewpoint, the CD4-
gp120 interface is suggestive of induced conformational changes
because CD4 binds at the nexus of three different gp120
domains, with the gp120 binding surface comprising six discrete
sequence elements (8).

The thermodynamic data imply that much of the core of gp120
undergoes structural rearrangement during complex formation
with the consequent burial of extensive surface area outside the
interface. Our observations can be fitted either by a model in
which 100 residues reorganize or by a model in which 10,000 Å2

are buried. Inspection of the co-crystal structure in the context
of the present findings suggests that CD4 binding drives the
folding of the bridging sheet, as well as the pulling together of
the bridging sheet, inner domain, and outer domains of gp120.
The bridging sheet encompasses 54 residues, and its folding
would account for about half of the structural rearrangement
implicated from the thermodynamics. The remainder of the
implicated structural change could be well explained by the
amount of surface area that is buried when loosely associated
domains are pulled together by CD4. Surface areas buried within
CD4-complexed gp120 from the inner domain (1,311 Å2), the
outer domain (1,103 Å2) and the folded bridging sheet (591 Å2),
plus the buried area at the gp120-CD4 interface (1,544 Å2),

account for a total over 4,500 Å2 in area that might be free in the
absence of CD4. The thermodynamic, kinetic, and spectral
findings reported here are consistent with complex formation
being a process of induced fit, but do not exclude the possibility
that CD4 may constrain gp120 into one of two or more confor-
mations that may preexist in the unbound state.

HIV is a tenacious infectious agent, able to evade and
overcome host immune defenses. The gp120 protein that is
shed from virus and infected cells is strongly immunogenic but
elicits predominantly non-neutralizing antibodies. This ‘‘de-
coy’’ strategy may help the virus evade the humoral immune
response (32–35). The f lexibility of the gp120 protein revealed
in our studies may relate to the inefficiency with which
monomeric gp120 elicits broadly neutralizing antibodies. The
epitopes of most broadly neutralizing antibodies map to dis-
continuous segments of gp120 that overlap the receptor-
binding regions, which are on a contiguous surface that spans
the interface between domains of core gp120 (36). In con-
junction with structural analysis, our results indicate that this
region is disordered or in a substantially different conforma-
tion in the absence of CD4. This masking or instability of the
CD4- and chemokine-receptor-binding sites on gp120 may
explain the poor immunogenicity of these regions on gp120.
This insight suggests that unmasking and conformational
stabilization of the receptor-binding regions on gp120 may be
useful in vaccine development.

How the flexibility in monomeric gp120 relates to the state of
gp120 in the viral envelope complex is not yet clear. The confor-
mation of gp120 may be constrained in its assembly with gp41 into
a trimeric complex. Such constraints as do exist must not be highly
restrictive, however. Many conformationally sensitive monoclonal
antibodies recognize both soluble and membrane-associated forms
of gp120 (37), and CD4 binding induces recognition of the CCR5
chemokine co-receptor similarly in both states (1). On the other
hand, primary HIV isolates are differentiated from laboratory-
adapted isolates in reduced affinity for CD4 whereas irrespectively
the monomeric gp120 forms have comparable CD4 affinities (38).
These properties correlate with a reduced susceptibility to neutral-
izing antibodies (39). It may be that oligomeric contacts or steric
hindrance restrict conformational changes differently in the trimers
of primary isolates than in those of laboratory-adapted strains.
Changes at only a few key residues can have dramatic effects, as
found with mutations selected to enable CD4-independent infec-
tion in cell culture (40, 41).

Besides the implications of flexibility for avoidance of immune
responses by HIV, CD4-induced conformational rigidity of the
kind observed here may also have direct importance for the
mechanism of viral entry into targeted cells. Trimeric
gp120:gp41 complexes on virions are stable and inert; however,
once fixed in a chemokine-receptor binding conformation by
CD4, the association of gp41 with gp120 is metastable (4, 5) and
predisposed to fusion (42, 43). Binding to CD4 brings the
trimeric complex into proximity with the chemokine receptor,
and it properly times the induction of metastability in gp41 for
the triggering of fusion between the viral envelope and the
cellular membrane. Thus, conformational f lexibility in gp120
provides an attractive hypothesis for understanding of both
immune evasion and cell invasion.

Table 3. Kinetic rate constants at 37°C by surface plasmon resonance

ka, M21zs21 kd, s21 KD, nM

BH10 full-length gp120 6.72 3 104 6 1 3 102 1.5 3 1023 6 4 3 1024 22 6 6
Core gp120 6.27 3 104 6 9 3 102 1.4 3 1022 6 2 3 1023 220 6 40
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