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ABSTRACT The viral genome and replicative enzymes of the human immunodeficiency virus are encased in a shell
consisting of assembled mature capsid protein (CA). The core shell is a stable, effective protective barrier, but is also poised
for dissolution on cue to allow transmission of the viral genome into its new host. In this study, static light scattering (SLS)
and dynamic light scattering (DLS) were used to examine the entire range of the CA protein response to an environmental cue
(pH). The CA protein assembled tubular structures as previously reported but also was capable of assembling spheres,
depending on the pH of the protein solution. The switch from formation of one to the other occurred within a very narrow
physiological pH range (i.e., pH 7.0 to pH 6.8). Below this range, only dimers were detected. Above this range, the previously
described tubular structures were detected. The ability of the CA protein to form a spherical structure that is detectable by
DLS but not by electron microscopy indicates that some assemblages are inherently sensitive to perturbation. The dimers in
equilibrium with these assemblages exhibited distinct conformations: Dimers in equilibrium with the spherical form exhibited
a compact conformation. Dimers in equilibrium with the rod-like form had an extended conformation. Thus, the CA protein
possesses the inherent ability to form metastable structures, the morphology of which is regulated by an environmentally-
sensitive molecular switch. Such metastable structures may exist as transient intermediates during the assembly and/or
disassembly of the virus core.

INTRODUCTION

The viral genome and replicative enzymes of the human
immunodeficiency virus (HIV) are encased in a conical
shell that is assembled from a single protein subunit, the
capsid protein (CA, p24) (Gelderblom, 1991; Welker et al.,
2000). The composite structure, referred to as the core, is
formed during the late stage of virus assembly and serves to
protect the viral genome as the mature infectious viral
particle makes a temporary existence in an extracellular
environment. When the virus particle eventually encounters
a new host, virus entry commences. Fusion of the viral
membrane with the host plasma membrane results in the
opening of a small channel, connecting the interior of the
viral particle with the host cytoplasmic compartment.
Grewe et al. (1990) demonstrated that at this early stage the
core becomes EM-invisible indicating loss of its character-
istic conical morphology. Clearly, the core shell is a stable,
effective protective barrier, but also is poised for dissolution
on cue to allow transmission of the viral genome into its
new host. That the CA protein is able to meet the opposing
exigencies of assembly and disassembly implies a sensitiv-
ity and a responsiveness to appropriate environmental cues.
We hypothesize that this ability is an inherent characteristic
of the CA protein.

The response of mature CA protein to selected environ-
mental cues were examined by us and others in in vitro
assembly studies. We initially examined the self-assembly
capabilities of purified recombinant mature HIV-1 CA pro-
tein and found that, with only pH and NaCl as assembly
triggers, the protein formed large tubular or rod-like struc-
tures that were detected by negative staining electron mi-
croscopy (Ehrlich et al., 1992). Others (Gross et al., 1997,
2000; von Schwedler et al., 1998) have since confirmed the
intrinsic ability of mature HIV-1 CA protein to form this
structure. This has been the only form of in vitro assembled
CA detected by negative staining or thin section EM in
studies published to date giving the impression that the
protein has limited conformational flexibility. However, this
static response of the CA protein to several permutations of
pH, salt, and divalent ions may not reflect the entire range
of the CA protein ability because 1) only structures stable to
the preparative procedures required for electron microscopy
will be detected and 2) disassembly into small oligomers,
which might occur under some conditions, would be missed
because EM is not the appropriate technique for oligomer
detection. This may be similar to the limitations encoun-
tered when examining the fate of the core during viral entry.
In the present study, we employed static light scattering

(SLS) and dynamic light scattering (DLS) (Chu, 1991),
instead of EM, to assess the conformational flexibility of the
CA protein from the range of its response to changes in the
pH of the protein solution. For monitoring pH-induced
changes in the CA protein, SLS and DLS were chosen
because both techniques are based on analysis of hydrody-
namic properties and, as such, permit characterization of
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proteins as they exist unperturbed in solution. The positive
correlation between light scattering intensity and molecular
size permits detection of large structures despite their low
representation in a sample. DLS allows studies to be con-
ducted under ionic strength conditions close to physiologi-
cal levels that cannot be used for optimal EM studies (Gross
et al., 1997). The combination of SLS and DLS can be very
powerful in quantitatively characterizing particles, includ-
ing biological macromolecules in solution, by obtaining the
particle mass, size, size distribution, shape and inter-particle
interactions. We chose pH as test environmental cue to
allow us to relate our findings to HIV capsid disassembly
during virus entry. HIV particles utilize both receptor-me-
diated and endocytic entry modes for internalization during
natural infection (Grewe et al., 1990; Marechal et al., 1998;
Fackler and Peterlin, 2000; Schaeffer et al., 2001). It is
known that the low pH in the endocytic compartment
(Marsh, 1984) serves as cue for functional capsid disassem-
bly of several picorviruses (Phelps et al., 2000). It has yet to
be determined whether this is also applies to HIV.
In this report, detection of a CA multimer with spherical

morphology is documented for the first time. The switch
from rod-like to spherical morphology occurred within a
narrow physiological pH range (i.e., pH 7.0 to pH 6.8).
Below this range, disassembly into dimers occurred. These
observations suggest that the CA multimer has a metastable
nature whose morphology and stability is regulated by a
pH-sensitive molecular switch.

MATERIALS AND METHODS

Protein preparation

Recombinant HIV-1 CA protein was expressed in Escherichia coli from an
expression plasmid encoding Gag-PR and purified to near-homogeneity using
a non-denaturing protocol described previously (Ehrlich et al., 1990). Aliquots
of purified CA proteins were placed in dialysis tubing (MW cutoff, 1 kDa) and
dialyzed against 1000 volumes of 10 mM sodium phosphate buffer with the
specified pH at 5°C for 12 to 24 h with several buffer changes. Dialyzed
protein samples were diluted with buffer to final concentrations of 0.05 to 2.0

mg/ml. Protein concentrations were determined using the micro Bradford dye
assay (Bio-Rad, Hercules, CA). Electron microscopy of protein solutions
containing 4 to 10 mg/ml of purified CA protein in 50 mMTris buffer, pH 8.0,
30 mMNaCl on formvar-carbon grids stained with 2% uranyl acetate revealed
large structures similar in morphology to cores isolated from particles assem-
bled in natural infection (Fig. 1; Chrystie and Almeida, 1988; Gelderblom,
1991; Fukui et al., 1993). To prepare dust-free protein solutions for light-
scattering measurements, the solutions were filtered through buffer-equili-
brated sterile 0.45-�m pore-size membrane filters (Millipore, Bedford, MA)
into 17-mm-OD light-scattering cells that were rinsed with distilled acetone to
ensure dust-free condition before use.

SLS and DLS

A standard, laboratory-built light scattering spectrometer with an argon ion
laser operating at 488 nm was used for the scattering experiments (Chu et
al., 1984). The instrument was capable of making both the angular distri-
bution of absolute integrated scattered intensity (SLS) and the time-depen-
dent intensity-intensity time correlation function (DLS) by using photon
counting equipment together with a Brookhaven BI-9000 digital correlator.
SLS and DLS measurements were performed at scattering angles between
30 and 140°. Results shown below are the average values of triplicate
experiments where in every experiment six individual measurements were
typically taken at each scattering angle.
For SLS measurements in dilute solution, the relevant equation is

known as the Rayleigh-Gans-Debye equation:

HC/Rex � 1/Mw�1� 2A2MwC��1� q2Rg2/3� (1)

whereH [� 4�2nBz2(dn/dc)2/NA �4] is an optical parameter with nBz being the
refractive index of a reference standard solvent (benzene); NA, Avogadro’s
constant; �, the laser wavelength (488 nm); Mw, weight-average molecular
weight of the solute; A2, the second virial coefficient; C, solute concentration;
dn/dc, the refractive index increment; q[ � 4�n sin(�/2)/�], the magnitude of
the scattering vector with �, the scattering angle; and Rg, the z-average solute
radius of gyration. Rex is the excess Rayleigh ratio of the protein solution and
it is equal to RBz(I � I0)/IBz(n2/nBz2), where RBz is the Rayleigh ratio of
benzene; I, I0, and IBz are the scattered intensities of the protein solution, the
solvent (aqueous buffer) and benzene, respectively; and n is the refractive
index of the solvent. In the absence of interference and interactions, the total
solute scattered intensity is proportional to the solute concentration and the
molecular weight of solute particles. If solute molecules aggregate signifi-
cantly, the scattered intensity will drastically increase,

�I� I0� � C �Mw (2)

FIGURE 1 Morphology of CA struc-
tures detected by negative stain electron
microscopy. (A) Electron micrograph of
negatively stained structures of recom-
binant HIV CA protein assembled in
vitro. (B) Electron micrograph of nega-
tively stained cores in HIV viral parti-
cles formed during natural infection.
Courtesy of I. L. Chrystie. Scale bar,
200 nm
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Parameters of particle mass (Mw) and of particle size (Rg) can be deter-
mined from Eq. 1.
DLS measures the intensity-intensity time correlation function G(2)(�)

by means of a multi-channel digital correlator (Chu, 1991). This function
is defined by Eq. 3:

G�2���� � A�1� b�g�1��	��2� (3)

where A, b, and �g(1)(	)� are, respectively, the background, a coherence
factor, and the normalized electric field time correlation function. The field
correlation function �g(1)(	)� was analyzed by the constrained regularized
CONTIN (Provencher, 1976a,b) method, to yield information on the dis-
tribution of the characteristic linewidth (�) from

�g�1��	�� � � G���e��	d� (4)

The normalized distribution function of the characteristic linewidth G(�)
so obtained can be used to determine an average apparent translational
diffusion coefficient, Dapp..

Dapp. � �/q2 (5)

A parameter of particle size, apparent hydrodynamic radius (Rh,app.) is
related to Dapp. via the Stokes-Einstein equation:

Rh,app. � kT/6�
Dapp. (6)

where k is the Boltzmann constant and 
 is the viscosity of the solvent at
temperature T. The particle-size distribution in solution is obtained from a
plot of �G(�) versus Rh,app., with �iG(�i) being proportional to the angular-
dependent scattered intensity of particle i having an apparent hydrody-
namic radius Rh,i. The relative peak area of each mode represents the
contribution to the total scattered intensity due to that kind of particle.
Depolarized DLS measures the rotational diffusion coefficient (	) of

the macromolecules (Zero and Pecora, 1985). By detecting the depo-
larized scattered intensity using vertically polarized incident light, IVH,
the CONTIN analysis yields a distribution of characteristic linewidth
�VH, with

�VH � D � q2 � 6	 (7)

The magnitude of IVH is related to the molecular anisotropy in solution. By
knowing the Rh and 	 values of the particles and assuming that the

polydispersity effect is negligible, the particle shape can be estimated by
using certain fitting equations (Broersma, 1960; see next section). At least
two independent measurements were made for CA protein samples. Similar
results were obtained for protein concentrations of 0.05 to 2.0 mg/ml.
Analyses at 0.5 mg/ml are described below.

RESULTS

Estimate of the mass of CA protein multimers

The weight-average molecular weight (Mw) and the radius
of gyration (Rg) of CA protein multimers were calculated
from SLS measurements. For the samples with pH values

6.7, the major contribution to the scattered intensity was
made by large assemblages, and the contribution from small
oligomers, most likely dimers (Rose et al., 1992; Ehrlich et
al., 1992; Momany et al., 1996; Yoo et al., 1997; Berthet-
Colominas et al., 1999) was estimated to be negligible, as
observed from DLS measurements (described below). At
dilute protein concentrations (�10 mg/ml), the interaction
between adjacent proteins should be very weak due to the
very large protein-protein distance, e.g., the A2 term in eq.
1 can be neglected; then the Mw and Rg of the assemblages
can be calculated without extrapolating the scattered inten-
sity to zero CA concentration. Fig. 2 shows the calculation
ofMw of CA multimers from SLS results. At pH 6.8, theMw
of CA multimers assembled in 0.5 mg/ml solutions was
�22.0 MDa. Because the unit quaternary structure of CA is
a dimer with a molecular weight of 4.75 
 104 Da, the
multimers had an aggregation number of 428 CA dimers.
From the slope of the same fitting curve, the Rg of the
aggregates was estimated to be �103 nm by using eq. (1).
The Mw decreased with increasing pH value, as shown by
the decrease in the total scattered intensity. At pH 7.0, there
were only �240 dimers in each CA multimer, indicating

FIGURE 2 SLS measurements of the weight-average
molecular weight (Mw) and the radius of gyration (Rg) of
CA multimers assembled in 0.5 mg/ml solutions at pH
6.8, 7.0, and 8.0 at room temperature.
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that the multimers had been partly dissociated. However,
the Rg value of the multimers became even larger (229 nm)
than that at pH 6.8 (103 nm), suggesting a pH-sensitive
conformational change (discussed below). At pH 8.0, the
multimers became even smaller, with only �76 dimers in
each aggregate. The Rg value of the multimer also decreased
to only 66 nm. Thus, the association number (Nw) of the CA
multimers decreased with increasing pH value.
Consistent with the behavior of other self-associating

proteins (Nichol, 1981), Nw of CA multimers showed a
strong concentration dependence. A much higher Nw was
observed with 2.0 mg/ml CA protein solutions at a fixed pH
value (e.g., at pH 7.0, Nw was 
600 for 2.0 mg/ml CA,
compared with 240 for 0.5 mg/ml CA).

pH-dependent dissociation of CA protein
multimers to dimers

The total scattered intensity of 0.5 mg/ml CA protein solu-
tion was examined as a function of solution pH using SLS.
As shown in Fig. 3, scatter intensity decreased as the pH
decreased from pH 7.0 to pH 6.7. Because the protein
concentration was the same for all pH conditions, this sharp
decrease in the scattered intensity indicated a decrease in the
molecular weight of the solute particles. This pH-dependent
dissociation of CA multimers occurred mainly within a
small pH range of 6.6 and 6.9.
Changes in particle size and size distribution at different

pH conditions were examined using DLS (Fig. 4, A–F).
Particle size was inferred from the hydrodynamic radius
(Rh) which is the Rh, app. value extrapolated to zero scatter-
ing angle at finite concentration. At both pH 8.0 and 7.0 (A
and B), two scattering populations were observed, one with
an average Rh value of �100 nm corresponding to the CA
multimer and another with a Rh value of 2 to 3 nm corre-

FIGURE 3 Apparent hydrodynamic radius (Rh) of CA dimers at differ-
ent pH values, measured by DLS at 90° scattering angle.

FIGURE 4 CONTIN analysis of DLS measurements on 0.5 mg/ml CA
solutions at 90° scattering angle and room temperature: (A) pH 8.0; (B) pH
7.0; (C) pH 6.9; (D) pH 6.6; (E) pH 6.0; (F) pH 5.0.
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sponding to CA dimers. Under both pH conditions, the
peaks corresponding to multimers were more dominant,
suggesting that a larger portion of the CA proteins existed as
multimers. However, with decreasing pH value, the relative
peak area due to dimers became increasingly larger, indi-
cating that more and more multimers started to dissociate
into smaller particles (D to F). At pH 6.6, the peaks due to
multimers and dimers had roughly the same peak areas (D).
Based on the scattering theory, the large particles can scatter
light much more strongly (sixth power to the particle size).
Therefore, at pH 6.6, most of the CA protein actually
existed as dimers. This inference is consistent with our
observation from SLS measurements that the multimer to
dimer transition occurred mainly in the pH range of 6.6 to
6.9 (Fig. 3). At a lower pH value (e.g., pH 5.0), only one
population, with an Rh value of around 2 to 3 nm, was
detected by DLS. Under this condition, all the CA proteins
were dimers and no more multimers existed in solution.
This condition represents complete dissociation of CA mul-
timers into its component subunits (CA dimers).

pH-dependent conformational change in CA
protein dimers

Dimer conformation as a function of pH was examined by
plotting the Rh values of dimers versus the pH of the protein
solution (Fig. 5). As described above, the scattering peaks in
DLS measurements at the position between 1 and 10 nm can
be attributed to the CA protein dimers. The Rh values of
dimers varied between 2.1 and 4.2 nm, with the minimum
value (2.1 nm) appearing at around pH 6.6. This change in
the Rh value of the CA dimers indicated that the conforma-
tion was more extended at higher pH. A similar phenome-
non has been studied in long-chain polymers, often referred

to as the coil to globule transition where the coil state refers
to an extended chain conformation and the globule state
denotes a compact conformation (Wu and Zhou, 1995).
Additionally, the solubility of a protein in an aqueous so-
lution should reach a minimum value at the isoelectric point,
when positive and negative charges are equivalent. For the
CA protein, the isoelectric point is pH 6.7. Therefore, it is
reasonable for the CA protein to have the lowest Rh around
that pH value.

pH-dependent conformational change in CA
protein multimers

The shape of the CA multimers was assessed from the ratio
of Rg (from SLS) and Rh (from DLS). For a solid homoge-
neous sphere, Rg/Rh is equal to 0.773. This ratio increases
when the conformation becomes more anisotropic (i.e., ex-
tended). A long rod-like shape is usually indicated by a
Rg/Rh ratio of
 2. For CA protein multimers at pH 6.8, 7.0,
and 8.0, Rh � 137, 125, and 62 nm, respectively. Taking Rg
from the data in Fig. 2, we obtain Rg/Rh � 0.75, 1.83, and
1.07, respectively. These values suggest that at pH 6.8, CA
protein multimers are essentially spherical. At pH 7.0, an-
isotropy in shape occurs which decreases with a further
increase in the pH value.
It should be noted that when using Rg/Rh ratio to describe

the particle conformation, the polydispersity index should
also be considered. In the current case, the average (�2/�2)
value (with �2 � �(� � �)2G(�)d� and � � ��G(�)d�) is
around 0.04 for the CA multimers, corresponding to a
polydispersity index of �1.16. This value is sufficiently
small to render the above analysis meaningful.

FIGURE 5 pH-dependence of total scattered intensity
of a 0.5 mg/ml CA protein solution, measured at 90°
scattering angle.
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Dimensions of the rod-like CA multimer

A detailed SLS, DLS and depolarized DLS study of the
conformation of the multimer in the 0.5 mg/ml, pH 7.0
solution was carried out to obtain values of length and
diameter of the anisotropic multimers in this solution. Be-
cause the multimer is non-spherical, depolarization in the
scattered intensity can be expected. Depolarized DLS mea-
surements showed a single peak with an average apparent �
of 1.54 
 103 s�1. This value should be attributable to the
multimer, and not the dimer, because, by virtue of their
smaller size, dimers are expected to rotate too fast to allow
	 measurement by our current instrument.
The conformation of the multimers can be estimated by

fitting the translational and rotational diffusion coefficients,
with certain well-established methods. The widely accepted
Broersma’s relations (Broersma, 1960) for long rods (L/d

4, with L and d being the length and the diameter, respec-
tively, of the cylinders) is a reasonable model for highly-
anisotropic particles.

D�
kT

3�
0L �6�
1
2 ��� � ���� (8)

	 �
3kT

�
0L3
�� � 
� (9)

where

� � ln�2L/d�

�� � 1.27� 7.4�1/� � 0.34�2

�� � 0.19� 4.2�1/� � 0.39�2


 � 1.45� 7.5�1/� � 0.27�2

The diffusion coefficients best fit a rod with length L� 770
nm and diameter d � 45 nm. These values are in good
agreement with previous results obtained using EM (d� 30
to 80 nm, L� 100 to
 800 nm) (Ehrlich et al., 1992; Gross
et al., 1997; von Schwedler et al., 1998; Gross et al., 2000).
This result is reasonable because a corresponding cylindri-
cal particle should have a Rg value of 223 nm, which is very
close to the measured Rg value (229 nm) by SLS (Fig. 2).
Also, a cylinder with that size should have a theoretical
hydrodynamic radius (Rh,0) of�140 nm, which is similar to
the empirical value of 125 nm (Fig. 5). The small discrep-
ancy can be attributed to the fact that the measured value is
the effective Rh at finite concentrations. At present, we
cannot distinguish the difference between a long rod and a
prolate ellipsoid because their values become similar when
the length becomes much greater than the radius. We also
tried to fit the data to an oblate ellipsoid using the Perrin
relation (Koenig, 1975), however, no reasonable fitting re-
sult could be obtained, suggesting that the CA multimers
did not have an oblate ellipsoidal shape.

The weight percentage that measures the amount of mul-
timers in the pH 7 solution, was estimated by extrapolating
the total scattered intensities of the scattering entities to zero
scattering angle. The dimers are too small to have any
angular dependence on scattered intensity. The scattering
curve of the multimers is dependent on their conformation.
An expression for the form factor (P) of a rigid-rod particle
with length L is given below:

P�qL� �
2
qL � �

0

qL �sin xx � dx� � 2qL � sin�qL2 ��
2

(10)

For CA multimers at pH 7.0 (L � 770 nm), its scattered
intensity at 45° scattering angle (q � 0.013 nm�1) is equiv-
alent to �1⁄4 of the scattered intensity at 0° scattering angle.
At the same time, CONTIN analysis revealed that at 45°
scattering angle, the scattered intensity due to multimers
was �150 times stronger than that of dimers. Considering
that each multimer contains, on average, �240 dimers, we
have:

240Mw � �

Mw � �0.5� ��
� 150� 4� 600 (11)

with � being the weight concentration of multimers. Calcu-
lations indicate that a significant amount (
70%) of CA
molecules existed as multimers in the pH 7.0 solution.

DISCUSSION

Our study revealed that pH induced a transition in CA dimer
conformation and in CA multimer morphology. Gross dif-
ferences in conformation were assessed from the Rh value
calculated for the dimer present in each CA protein solution.
Rh of dimers present in the pH 6.6 protein solution had a
calculated value of 2.1 nm whereas those present in the pH
7.0 protein solution had a calculated value of 3.7 nm. We
interpret this rise in Rh value as a shift to a relatively less
compact dimer conformation as pH was increased. The
morphology of CA multimers in these solutions was char-
acterized from the ratio of Rg over Rh. At pH 6.8, Rg/Rh was
equal to 0.75, indicating a spherical morphology. At pH 7.0,
the multimer Rg/Rh ratio increased to 1.83 consistent with a
rod-like morphology. The intrinsic ability of CA multimers
to assume a rod-like morphology has been shown previ-
ously in EM studies of structures formed by recombinant
CA protein (Ehrlich et al., 1992; Gross et al., 1997, 2000;
von Schwedler et al., 1998). However, that the CA multimer
is also capable of assuming a spherical morphology is
documented for the first time here. Rules governing subunit
packing deciphered from capsid structures of simpler, un-
enveloped, RNA plant viruses indicate that a rod-like mor-
phology is obtainable with packing of subunits in a hexam-
eric pattern, whereas the spherical morphology requires that
some subunits be packed in a pentameric pattern to achieve
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the necessary curvature (Caspar and Klug, 1962; Phelps et
al., 2000). Both packing patterns were shown to participate
in the in vitro assembly of conical models of the HIV-1 core
(Ganser et al., 1999). Hence, the change in CA multimer
morphology from rod-like to spherical may reflect changes
in conformation and contacts in a subset of CA proteins in
the multimer.
We also observed instability of CA multimers to mildly

acidic conditions. As the pH of the solution was lowered,
multimers progressively diminished with concomitant in-
crease in dimers. The multimer to dimer transition was
clearly evident at pH 6.6, and was essentially complete at
pH 6.0. Given the spherical morphology of the CA multimer
at pH 6.8, the absence of dissociation products of interme-
diate size representing either hexameric or pentameric
grouping of dimers is noteworthy. Evidently, such interme-
diates, if they exist, were not stable, sugggesting that puta-
tive dimer-dimer contacts were labilized. Relative scattering
intensities from pH 6, pH 7, and pH 8 CA protein solutions
remained the same as NaCl was incrementally added to a
2.0 M final concentration (data not shown) indicating min-
imal influence of salt on the pH-dependence of the transi-
tion. The finding that the multimer is unstable in mildly
acidic conditions is in sharp contrast to the stability exhib-
ited by the monomer and the dimer. Misselwitz et al. (1995)
reported that HIV-1 CA protein, as monitored by circular
dichroism and fluorescence spectroscopy, was stable to
mildly acidic conditions, showing signs of spectral changes
only upon reaching a pH of 3.6. Rose et al. (1992) reported
that monomer-dimer equilibria were, likewise, unperturbed
between pH 8 and pH 5 yielding relatively invariant disso-
ciation constants (i.e., 3.9 
 10�5 M and 1.3 
 10�5 M,
respectively) with an increase in dissociation observable
only at pH 4 (i.e., Kd of 5.4 
 10�6 M). Our observation of
a transition from multimer to dimer at pH 6.6 suggests that,
in contrast, dimer-dimer interfaces are easily perturbed.
Because pH was the only variable introduced in these

experiments, the likely initiating molecular event for the
transitions observed is protonation of one or several titrat-
able CA residues in the pH range. As shown above, multi-
mer to dimer transition, as well as multimer morphology
and dimer conformation transitions, occurred between pH
6.6 and pH 6.9. This suggests histidine as a possible can-
didate for the titratable residue, the protonation of which
serves as switch for these transitions. This function has been
attributed to histidine in disassembly of foot-and-mouth-
disease virus capsids and subsequently corroborated by both
computational and mutational analyses (Yang and Honig,
1993; Ellard et al., 1999). Detection of dimers as the only
product of CA multimer dissociation suggests a model for
the spherical multimer where histidine residues exert sig-
nificant influence on interfaces that hold dimer subunits
together but not on the dimerization interface itself. In the
HIV-1 CA polypeptide, there are a total of five histidine
residues, three of which are highly conserved among the

different HIV clades (His12, His62, and His84). Models of
the CA protein structure (Berthet-Colominas et al., 1999;
Gamble et al., 1996, 1997; Gitti et al., 1996; Momany et al.,
1996) show all five His residues to be surface localized and
part of non-helix, non-� structures. Four are in the N-
terminal domain (His12, His62, His84, and His87) and one
in the C-terminal domain (His226). His226 in the C-termi-
nal domain is predicted to be positioned away from the CA
protein dimerization interface (Gamble et al., 1997) and
should have minimal influence on dimer stability. His12
and His62 are located on a face that serves as an interface in
a symmetrical side-to-side association of two N-terminal
domains (Gamble et al., 1996). Protonation of the imidazole
side chain in one or both His residues could result in
electrostatic repulsion that may weaken dimer-dimer asso-
ciation through this interface. His84 and His 87 are located
on a non-interface surface in structures showing associated
N-terminal domains (Gamble et al., 1996; Momany et al.,
1994). However, protonation of either one could initiate
changes that have distal effects.
The morphological transitions induced by pH and possi-

ble roles of the novel spherical multimer are suggested
schematically in Fig. 6. Whether or not pH serves as a cue
for capsid disassembly during HIV virus entry, it is known
that HIV particles utilize both receptor-mediated and endo-
cytic entry modes for internalization during natural infec-
tion (Grewe et al., 1990; Marechal et al., 1998; Fackler and
Peterlin, 2000; Schaeffer et al., 2001). It has been main-
tained that vesicular internalization does not participate in
the infectious pathway because productive replication was
found to correlate with internalization in the cytosol rather
than in endocytic vesicles (Marechal et al., 1998). More-
over, Nef, a viral accessory protein that facilitates viral
replication, enhances internalization by receptor-mediated
plasma membrane fusion (Schaeffer et al., 2001). However,
several studies document productive replication of HIV
particles internalized by endocytosis (Fackler and Peterlin,
2000; Aiken, 1997; Marechal et al., 1998). Thus, low pH, in
itself, does not lead to a dead end route for HIV. Low pH
has been implicated in cell entry and RNA release by
picornaviruses (Phelps et al., 2000). The capsids of foot-
and-mouth-disease virus and mengovirus, which both enter
via the endocytic pathway during natural infection, are
dissociated at low pH into the unique pentameric units that
serve as assembly protomers for these spherical viruses. The
capsids of rhinovirus and poliovirus, which both enter via
receptor-mediated pathways during natural infection, are
structurally altered by low pH resulting in the same confor-
mational changes induced by receptor binding. Perhaps, for
HIV, the replication competence of the entry pathway is
determined by the CA disassembly mode. This could be the
case if environmental cues associated with receptor-medi-
ated and endocytic entry elicit different conformational
changes in the CA protein that, in turn, result in different
disassembly modes leading, for example, to dimeric disas-
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sembly products in one case versus pentameric products in
the other.
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