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Previous studies on the self-assembly of capsid protein CA of human immunodeficiency virus type 1 (HIV-1)
in vitro have provided important insights on the structure and assembly of the mature HIV-1 capsid. However,
CA polymerization in vitro was previously observed to occur only at very high ionic strength. Here, we have
analyzed the effects on CA assembly in vitro of adding unrelated, inert macromolecules (crowding agents),
aimed at mimicking the crowded (very high macromolecular effective concentration) environment within the
HIV-1 virion. Crowding agents induced fast and efficient polymerization of CA even at low (close to physio-
logical) ionic strength. The hollow cylinders thus assembled were indistinguishable in shape and dimensions
from those formed in dilute protein solutions at high ionic strength. However, two important differences were
noted: (i) disassembly by dilution of the capsid-like particles was undetectable at very high ionic strength, but
occurred rapidly at low ionic strength in the presence of a crowding agent, and (ii) a variant CA from a
presumed infectious HIV-1 with mutations at the CA dimerization interface was unable to assemble at any
ionic strength in the absence of a crowding agent; in contrast, this mutation allowed efficient assembly, even
at low ionic strength, when a crowding agent was used. The use of a low ionic strength and inert macromol-
ecules to mimic the crowded environment inside the HIV-1 virion may lead to a better in vitro evaluation of the
effects of conditions, mutations or/and other molecules, including potential antiviral compounds, on HIV-1
capsid assembly, stability and disassembly.

The immature human immunodeficiency virus type 1 (HIV-1)
particle contains, underneath the viral membrane, a spherical
shell formed by about 4,000 to 5,000 copies of the polyprotein
Gag. As the virion buds from the cell, or after budding, Gag is
cleaved by the viral protease releasing the matrix (MA), capsid
(CA), and nucleocapsid (NC) polypeptides. This event triggers
a major structural rearrangement, termed maturation, which
involves condensation of NC and the viral RNA, and assembly
of CA into a cone-shaped shell (the mature capsid) surround-
ing the NC-RNA complex (reviewed in references 13, 17, 38,
and 39). Maturation involves dissociation of the Gag shell;
recent experimental evidence shows that formation of the ma-
ture capsid does not proceed through condensation of the CA
portion of the Gag lattice. Instead, it requires a de novo CA
assembly process occurring at a very high protein concentra-
tion in the confined space inside the extracellular virion (1–3).

The study of the HIV-1 mature capsid structure, assembly
and disassembly has been greatly facilitated by the capacity of
CA to self-assemble in vitro. When incubated with RNA at
pH 8, the polyprotein CA-NC polymerizes into hollow tubular
structures at low (0.1 M) NaCl concentrations (4), or a mixture
of conical and cylindrical structures at high (0.5 M) salt con-
centrations (15). In the absence of RNA, CA-NC can also form
tubes and cones, but only at very high ionic strength (15).
Although there is evidence that the RNA does not play a
structural role in the assembled particle, the molecular basis
for the polymerization-enhancing effect of either RNA or a

high ionic strength is unclear. The capsid protein CA alone can
also self-assemble into cylindrical and, in some cases, conical
structures in vitro although, again, a very high ionic strength
(1 to 2.25 M NaCl) had to be used for achieving polymeriza-
tion, even at the highest protein concentrations tested (9, 19,
20, 25, 26, 40).

Cryo-electron microscopy revealed that the cylindrical CA
structures assembled in vitro are composed of helical arrays of
CA hexamers (26). Similar arrays of CA hexamers were observed
in images of authentic cylindrical cores isolated from HIV-1 viri-
ons (3), indicating that CA forms similar assemblies in vitro and
in vivo. Moreover, electron diffraction patterns obtained with
conical or cylindrical viral capsids shared common reflections,
indicating that both cones and cylinders utilize the same CA
lattice and, therefore, that the cylinders formed in vitro are rea-
sonable models for mature capsid assembly in vivo (3). Muta-
tional analyses are consistent with the idea that in vitro cylinder
assembly accurately mimics some, though not all, structural as-
pects of mature capsid assembly in vivo (16, 41).

The availability of an in vitro capsid self-assembly system
using CA only is proving invaluable also for the dissection of
the effects of experimental conditions, mutations in CA, and/or
the presence of other molecules, including potential antiviral
drugs, on HIV-1 capsid assembly, stability or disassembly (for
examples, see references 5, 8, 10, 16, 24, 25, 29, 37, and 40).
However, the relatively low CA concentrations used and, per-
haps even more importantly, the very high ionic strength
needed for polymerization in vitro, are clearly nonphysiologi-
cal. A very high ionic strength could alter or distort some
effects of physical or chemical agents or mutations. In addition,
the most recent determinations (1, 2) indicate that the total
CA (monomer) concentration inside the virion would reach
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7 to 8 mM, more than one or two orders of magnitude higher
than the concentrations used in in vitro assays. Moreover, the
presence of very high concentrations of CA and several other
proteins and of the viral RNA means that the interior of the
viral particle is a molecularly crowded environment, similar in
this regard to any subcellular compartment within a living cell.

Cellular compartments contain macromolecules at such high
(about 50 to 400 g/liter) total concentrations that the macro-
molecular species occupy a large fraction of the total internal
volume. Such media are referred to as “crowded.” In such
conditions, the non-specific steric repulsions may significantly
influence specific biochemical and biophysical processes
through an increase in the chemical activity (“effective concen-
tration”) of the macromolecules involved, and/or other physi-
cochemical effects. Crowding can be mimicked in vitro by add-
ing high concentrations of inert natural or synthetic polymers,
termed crowding agents, to the system analyzed. Experimental
work using crowding agents, as well as theoretical studies, has
demonstrated substantial (order of magnitude) effects of
crowding on a wide range of processes, especially the thermo-
dynamics and kinetics of protein assembly (reviewed in refer-
ences 11, 21, 30, 32, 33, 36, and 43).

In this work, we have analyzed the effects of crowding
agents, aimed at mimicking the crowded environment within
the HIV-1 virion, on the in vitro assembly and disassembly of
nonmutant and mutant CA from HIV-1. The results extend the
analyses of in vitro CA assembly carried out so far to condi-
tions much closer to those prevailing inside the HIV virion.

MATERIALS AND METHODS

Plasmids and site-directed mutagenesis. Construction of the recombinant
expression plasmids containing the nucleotide sequences of the full-length CA
and of its C-terminal domain (CA-C) corresponding to the HIV-1 strain BH10
has been previously described (5, 28). Mutagenesis of both CA and CA-C was
carried out using the QuikChange Site-directed Mutagenesis kit (Stratagene).
The mutations introduced were confirmed by sequencing the entire CA- or
CA-C-coding regions.

Protein expression and purification. The nonmutant and mutant CA protein
and isolated CA-C domain were expressed in Escherichia coli BL21(DE3) and
cell extracts obtained using procedures already described (5, 28). The CA protein
was purified using a modification of a previously published procedure (25).
Briefly, the CA protein in clarified cell extracts was precipitated with ammonium
sulfate to 25% saturation and purified by ion-exchange chromatography in
Q-Sepharose (Amersham Biotech). The fractions containing CA were mixed,
dialyzed against a buffer containing 50 mM sodium phosphate (pH 8.0) and
150 mM NaCl, applied to a 2.6-cm by 53-cm Superdex 75 (Amersham Biotech)
column, and eluted with the same buffer. Fractions containing CA were pooled
and dialyzed against 50 mM sodium phosphate (pH 8.0) and kept frozen at
�70°C until use. The isolated CA-C domain was purified from clarified cell
extracts as described previously (28) by using ammonium sulfate precipitation,
ion-exchange chromatography in SP-Sepharose, affinity chromatography in hep-
arin-Sepharose and size exclusion chromatography in Superdex 75 (all media
from Amersham Biotech). Purified nonmutant and mutant CA and CA-C pro-
teins were run in overloaded SDS-PAGE gels and found to be free of contam-
inants. The CA concentrations are given in this work as total protein monomer
concentrations and were determined by UV-spectrophotometry (27), using mo-
lar extinction coefficients at 280 nm of 33,254 M�1cm�1 or 8,530 M�1cm�1 for
CA or CA-C, respectively.

Kinetic analysis of CA polymerization in vitro. Assembly reactions were car-
ried out at different ionic strengths (150 mM to 2.25 M NaCl), pHs (7.0 to 7.8)
and protein concentrations (5 to 600 �M), either in the absence or presence of
crowding agents (either Ficoll 70 or dextran 10, Amersham Biosciences), with
average molar masses of 70,000 and 10,000, respectively, at final concentrations
of up to 250 g/liter. The assays in the absence of crowding agents were carried out
essentially as previously described (25). A volume of CA solution at the appro-
priate concentration in 50 mM sodium phosphate buffer was introduced into a

spectrophotometer cuvette (10-mm by 2-mm internal section), and the assembly
reaction was triggered by adding a concentrated solution of NaCl or/and a
crowding agent in 50 mM sodium phosphate buffer at the specified pH to get the
final concentrations desired for each component in a final volume of 500 �l,
followed by rapid mixing by repeated inversion of the cuvette. The pH of the final
reaction mixture was checked. The time-dependent increase in the optical den-
sity at 350 nm as a measure of the light scattered by the assembled particles was
monitored at 25°C using a Shimadzu UV-1603 spectrophotometer, with data
points generally collected every six seconds. When very high protein concentra-
tions were used, the turbidity value was far too high to be directly measured. In
this case, samples were taken at defined intervals, immediately diluted 50- or
100-fold in the same reaction buffer, and rapidly measured in a spectrophoto-
meter. In control assays, it was observed that the optical density decreased as a
function of the time elapsed between dilution and the actual measurement. Thus,
the measurements were taken at a very short time after dilution, when no
significant decrease in the optical density value had yet occurred. In all polymer-
ization conditions tested, the time-dependent increase in optical density fitted
very well the empirical Hill function,

OD � ODf��t/t50�
n/�1 � �t/t50�

n� (1)

where OD is the optical density at incubation time t, ODf is the optical density
at infinite time, t50 is the time at which the OD is equal to one-half the ODf, and
n is a cooperativity parameter (22).

For the determination of the CA critical concentration, the reaction was left to
proceed until completion, the polymers formed were collected by centrifugation in
a microcentrifuge at 12,000 rpm for 15 min, resuspended in 500 �l of 50 mM sodium
phosphate buffer, pH 8.0, containing 3 M guanidinium hydrochloride (Pierce), and
the protein concentration determined by spectrophotometry (27), using an extinc-
tion coefficient of 33,704 M�1 cm�1. The amount of polymer formed was plotted
against the total concentration of protein CA in the assay. Linear extrapolation of
the data gave the critical concentration of CA (the minimum concentration needed
for polymerization to occur) in the conditions of the assay.

For inhibition assays, CA was mixed with the appropriate amounts of the
isolated CA-C domain (previously dialyzed against the buffer used for full-length
CA), and incubated for 30 min before triggering the reaction as indicated above.

Kinetic analysis of CA disassembly in vitro. CA polymers assembled as de-
scribed above were diluted 10-fold in the reaction buffer while preserving the pH,
ionic strength and, if present, the crowding agent concentration. The kinetics of
particle dissociation triggered by dilution was determined at 25°C by following the
decrease in the optical density at 350 nm, as a measure of the remaining light-
scattering particles. Data points were collected generally every 6 s. The time-depen-
dent decrease in optical density at 350 nm was fitted to single- or double-exponential
functions. The data fitted very well a double-exponential decay,

OD � �A1e�k1 t � ODf1� � �A2e�k2 t � ODf2� (2)

where OD is the optical density at 350 nm at time t, A1 and A2 are the ampli-
tudes, k1 and k2 are the dissociation rate constants, ODf1 and ODf2 are the
optical density values at infinite time, and the subscripts 1 and 2 respectively
correspond to the two postulated reactions.

Electron microscopy. The CA polymers assembled as described above were
used undiluted, or, when very high CA and crowding agent concentrations were
used for polymerization, diluted 1/5 in reaction buffer. The polymers were de-
posited on ionized Formvar/carbon-coated copper grids, fixed for 30 s, negatively
stained with 2% (wt/vol) uranyl acetate (Fluka) for 30 s (or 60 s if Ficoll was
present in the sample), dried, and visualized in JEM-1010 or JEM-1200 (JEOL)
electron microscopes at magnifications of �50,000 or �80,000. The dimensions
of the tubular structures formed correspond to an average of 20 measurements
on the micrographs obtained.

Fluorescence spectroscopy. A Cary Eclipse (Varian) luminescence spectro-
photometer, equipped with a temperature-control unit, was used to obtain
intrinsic Trp fluorescence spectra at 25°C as previously described in detail (28),
except that an excitation wavelength of 295 nm was used.

Analytical gel filtration and analytical ultracentrifugation. The dimerization
equilibrium of isolated CA-C carrying different mutations was investigated by
analytical gel filtration exactly as previously described for nonmutant CA-C and
other mutants (6). Sedimentation equilibrium experiments of nonmutant and
mutant CA-C were performed at 20°C in an Optima XL-A (Beckman) analytical
ultracentrifuge equipped with UV-visible optics, using an An50Ti rotor. CA-C
samples (75 �l) at different protein concentrations in 25 mM sodium phosphate
(pH 7.3), 150 mM NaCl were applied and centrifuged at 20,000 and 30,000 rpm.
Baseline offsets were determined afterwards by high-speed sedimentation at
50,000 rpm. Whole-cell apparent weight average molecular weights of CA-C
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were determined by fitting the equation that describes the radial distribution of
concentration gradients of single sedimenting species at sedimentation equilib-
rium to the experimental data using the program EQASSOC (see reference 31).
The partial specific volume of CA-C was calculated from the amino acid com-
position of CA-C, using the public domain program SEDNTERP.

RESULTS

Effect of crowding agents on assembly of the HIV-1 capsid
protein in vitro. Conditions for efficient assembly of CA of
HIV-1 strain BH10 in an in vitro polymerization kinetics assay
(25) were first explored in the absence of any crowding agent,
using protein (monomer) concentrations in the 1 to 100 �M
range at different pHs and ionic strengths (Fig. 1, Table 1, and
data not shown). The time-dependent formation of light-scat-
tering CA polymers fitted well the Hill function (equation 1).
At close to physiologic ionic strength (150 mM NaCl) no as-
sembly was detected, even after many hours of incubation at
high protein concentrations. At an ionic strength as high as
1.75 M NaCl, assembly was still very slow; at 2.25 M NaCl,
assembly was efficient and relatively fast (Fig. 1A and Table 1).
The assembly rate was also pH dependent, being severalfold
higher at pH 7.8 than at pH 7.0 (Fig. 1A and Table 1), and both
the rate and the amount of polymer formed increased as ex-
pected with the concentration of CA (Fig. 1B and Table 1).
According to the empirical Hill analysis (equation 1), CA po-
lymerization was clearly cooperative, with a best-fit cooperat-
ivity parameter substantially larger than 1 (Table 1). At 2.25 M
NaCl and pH 7.8 the critical CA concentration was about
5.6 �M (Fig. 1C). Transmission electron microscopy images
of the polymeric structures formed revealed the presence of
hollow cylinders of about 44 � 6 nm (external diameter)
(Fig. 2A). The above results, when directly comparable, are
similar to those obtained previously (25) for CA of another

HIV variant (strain NY5) which differed from the strain BH10
CA used here in several amino acid residues located in the N-
or C-terminal domains.

The effects of two different crowding agents, Ficoll 70 and
dextran 10, on the kinetics of CA polymerization were then in-
vestigated (Fig. 3 and Table 1), using first a relatively low CA
concentration (15 �M), in conditions highly favorable for in vitro
assembly (pH 7.8 and 2.25 M NaCl). In the absence of a crowding
agent, polymerization was relatively slow. The addition of increas-
ing concentrations of Ficoll accelerated CA polymerization dra-
matically (Fig. 3A and Table 1). The addition of dextran as a
crowding agent instead of Ficoll had an equally remarkable po-
lymerization-enhancing effect (Fig. 3A and Table 1). The critical
concentration was reduced from about 5.6 �M in the absence of
crowding agent to 3.1 �M or 2.3 �M in the presence of 100 g/liter
Ficoll or dextran, respectively (Fig. 3B).

The dramatic increase in the polymerization rate in the
presence of molecular crowding agents led us to evaluate the
possibility of achieving rapid and efficient CA assembly in vitro
at very high effective CA concentration and a low (physiologic)
ionic strength, conditions that would approach those found
inside the authentic HIV-1 virion. At 150 mM NaCl and a high
(600 �M) CA concentration, no significant assembly was de-
tected even after 65 h of incubation in the absence of a crowd-
ing agent. In sharp contrast, addition of 250 g/liter Ficoll 70
reproducibly led to massive, efficient polymerization of CA in
less than 2 min (Fig. 4 and Table 1). Transmission electron
microscopy analysis revealed the formation of cylindrical struc-
tures (Fig. 2B) with a diameter of 37 � 9 nm that were indis-
tinguishable in shape and dimensions from those obtained in
standard conditions (i.e., at very high ionic strength and rela-
tively low CA concentrations, in the absence of crowding
agents) (Fig. 2A). Conical structures with dimensions ap-

FIG. 1. In vitro polymerization of CA at different salt and protein concentrations and pHs, in the absence of a crowding agent. (A) The assay
conditions were: circles, 150 mM NaCl, 66 �M CA, pH 7.8; squares, 1.75 M NaCl, 15 �M CA, pH 7.8; triangles, 2.25 M NaCl, 15 �M CA, pH 7.8;
diamonds, 2.25 M NaCl, 44 �M CA, pH 7.8; inverted triangles, 2.25 M NaCl, 44 �M CA, pH 7.0. (B) The assay conditions were: pH 7.8, 2.25 M
NaCl and the following CA concentrations: circles, 5 �M; squares, 10 �M; triangles, 15 �M; inverted triangles, 22 �M; diamonds, 44 �M. For
clarity, in panels A and B only one in each 30 data points are represented (one in each five points for the first minutes at 22 �M or 44 �M CA).
Continuous lines represent the best fit to equation 1. (C) amount of CA polymers formed in the experiment shown in panel B, as a function of
the total CA concentration. Linear extrapolation of the data yielded the CA critical concentration.
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proaching those of authentic mature capsids of HIV-1 were
also observed (Fig. 2B).

Disassembly of capsid-like particles formed at low ionic
strength in the presence of a crowding agent. In vitro assembly
of CA at very high ionic strength in the absence of crowding
agents may be essentially irreversible, as the polymers formed

at 2.25 M NaCl and 600 �M CA (or lower protein concentra-
tions) dissociated very slowly, or not at all, when the protein
was diluted 10-fold while preserving the pH and ionic strength
(Fig. 5A). A small gradual decrease in turbidity observed over
a period of many minutes was due to sedimentation of the
particles in the absence of stirring (Fig. 5A and data not

FIG. 2. Visualization by electron microscopy of CA polymers assembled in vitro. (A) Nonmutated CA polymers formed at 2.25 M NaCl in the
absence of a crowding agent. (B) Nonmutated CA polymers formed in the experiment shown in Fig. 4 at 150 mM NaCl in the presence of 250 g/liter
Ficoll as a crowding agent. Cylinders (generally forming bundles, which are not shown in the picture) were clearly dominant, but conical structures
with about 100 nm length and 40 nm maximum width were also observed. (C) Mutant V181A/E180D CA polymers formed in the experiment shown
in Fig. 9A at 150 mM NaCl in the presence of 250 g/liter Ficoll as a crowding agent. The scale bars represent a length of 100 nm.

TABLE 1. Values of kinetic parameters for CA polymerization in vitro in different conditions, in either the absence
or presence of molecular crowding agents

Variable pH [NaCl]
(M)

[CA]a

(�M)
[Crowder]

(g/liter)
t50

b

(min) nb
Linear
ratec

(OD/min)

pH 7.0 2.25 44 0 8.7 � 0.02 2.8 � 0.02 0.17
7.8 2.25 44 0 1.3 � 0.01 3.1 � 0.03 1.14

[NaCl] 7.8 0.15 66 0 —d — —
7.8 0.75 15 0 — — —
7.8 2.25 15 0 27.8 � 0.02 5.3 � 0.01 0.04

[CA] 7.8 2.25 5 0 — — —
7.8 2.25 10 0 — — —
7.8 2.25 15 0 27.8 � 0.02 5.3 � 0.01 0.04
7.8 2.25 22 0 7.5 � 0.01 4.4 � 0.01 0.18
7.8 2.25 44 0 1.3 � 0.01 3.1 � 0.03 1.14

[Crowder] 7.8 2.25 15 0 27.8 � 0.02 5.3 � 0.01 0.04
7.8 2.25 15 25 Ficoll 13.1 � 0.01 4.7 � 0.01 0.08
7.8 2.25 15 50 Ficoll 7.1 � 0.01 4.6 � 0.02 0.14
7.8 2.25 15 100 Ficoll 2.3 � 0.02 2.6 � 0.04 0.21
7.8 2.25 15 100 dextran 4.5 � 0.01 3.1 � 0.02 0.12

Mutation and crowder
High salt 7.8 2.25 15 nonmutated 0 27.8 � 0.02 5.3 � 0.01 0.04

7.8 2.25 15 mutant 0 — — —
7.8 2.25 15 nonmutated 100 Ficoll 2.3 � 0.02 2.6 � 0.04 0.21
7.8 2.25 15 mutant 100 Ficoll 11.8 � 0.02 3.2 � 0.02 0.07

Low salt 7.8 0.15 600 nonmutated 0 — — —
7.8 0.15 600 mutant 0 — — —
7.8 0.15 600 nonmutated 250 Ficoll 1.1 � 0.2 1.9 � 0.6 8.6
7.8 0.15 600 mutant 250 Ficoll 2.1 � 0.4 1.7 � 0.6 5.4

a Total CA (monomer) concentration.
b t50 is the time at which the optical density (OD) is equal to one-half the optical density extrapolated at infinite time and n is the cooperativity parameter. The values

given were obtained by fitting the data to equation 1. The fitting errors are indicated.
c The linear polymerization rate is the average increase in optical density per minute for the approximately linear part of the polymerization curve.
d —, no significant polymerization observed.
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shown). We then tested the reversibility of CA polymerization
at low ionic strength and very high effective CA concentrations
in the presence of a crowding agent. The polymers formed at
150 mM NaCl, 250 g/liter Ficoll, and 600 �M CA were rapidly
diluted ten-fold while preserving the pH, ionic strength, and
Ficoll concentration, and the kinetics of particle dissociation
triggered by dilution was determined (Fig. 5B). A rapid disso-
ciation process was reproducibly observed by following the
reduction in light scattering. This process did not fit the single
exponential decay expected for a simple dissociation of the
polymers into small (non-light-scattering) subunits. In con-
trast, fitting to two exponential decays (equation 2) was ex-
tremely good (Fig. 5B) and yielded similar amplitudes, and
rate constants which differed by one order of magnitude
(Table 2) (see Discussion). The experimental values of the
scattered light at the end of the reaction and the fitted ordinate
values at infinite time for the two exponential decays were not
zero, consistent with the expected displacement of the chemi-
cal equilibrium, without complete dissociation of all of the
light-scattering particles. As another test for equilibrium con-
ditions, polymerization of soluble CA was carried out under
the same conditions (including low-salt [150 mM] and CA
[about 60 �M] concentrations) used in the disassembly assay
described above. Polymerization proceeded very slowly and
yielded low amounts of light-scattering particles as expected,
even after one or more hours of incubation. Longer incubation
times sometimes led to further substantial increases in scat-
tered light that were, however, not reproducible (data not
shown). These observations, taken together, suggest that the
assembly of CA in vitro at physiologic ionic strength in mac-
romolecular crowding conditions may be reversible, and open
the possibility for a thermodynamic characterization of the
process (under study).

Effect of molecular crowding agents on assembly of a variant
of CA with an extremely reduced dimerization affinity. CA

dimerizes in solution through an interface that is structurally
and functionally contained entirely within the C-terminal do-
main, CA-C (14). Homodimerization of CA is critical for as-
sembly of the immature HIV-1 particle and of the mature

FIG. 3. In vitro polymerization of CA in the presence of crowding agents. (A) the assay conditions were as follows: pH 7.8, 2.25 NaCl, 15 �M
CA. The following crowding agent concentrations were used: circles, no crowding agent was added; triangles, 25 g/liter Ficoll; squares, 50 g/liter Ficoll; inverted
triangles, 100 g/liter Ficoll; diamonds, 100 g/liter dextran. For clarity, only 1 in each 20 data points is represented (one in each five points for the first minutes
at 50 g/liter or 100 g/liter Ficoll). Continuous lines represent the best fit to equation 1. (B) Relationship between the t50 obtained in the experiment
shown in panel A and the Ficoll concentration. (C) Amount of CA polymers formed in the experiment shown in panel A, in the presence of either Ficoll
(circles) or dextran (squares) at 100 g/liter, as a function of the total CA concentration. Linear extrapolation of the data gave the CA critical concentration.

FIG. 4. In vitro polymerization of CA at ionic strength and CA effec-
tive concentrations that approach those inside the HIV-1 virion. The
sample contained 150 mM NaCl and 600 �M CA, and 250 g/liter Ficoll as
a crowding agent (circles), or no crowding agent (squares). At specified
times small aliquots were taken, rapidly diluted 100-fold and their optical
density at 350 nm was determined immediately. The ordinate values
indicate the corrected optical densities corresponding to the nondiluted
sample. The continuous line represents the best fit to equation 1. The high
viscosity of the crowded solution made rapid and accurate dilution diffi-
cult, which led to some dispersion in the values obtained at high polymer
concentrations (longer times). However, the result and the values of the
parameters obtained (Table 1) were reproducible.
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capsid (for examples, see references 7, 14, 35, 40, and 41)
through the noncovalent linking of CA hexamers (26). As a
part of a thorough thermodynamic analysis of the CA dimer-
ization interface (6) we had observed that mutation of a valine
(CA residue 181) to alanine at the energetic epitope within the
dimerization interface led to essentially monomeric protein in
solution, even at very high (mM) protein concentrations. Re-
markably, a presumably infectious HIV-1 variant that had ala-
nine at CA position 181 had been identified by sequencing
cDNA Gag clones obtained from RNA extracted from virions
purified from plasma of HIV-infected patients (42). One pos-
sibility to explain the presence of mutation V181A in CA from
a presumably infectious virion was that the drastic negative
effect of this mutation on CA association could be neutralized
by a compensatory mutation at the dimerization interface. The
only other difference in the entire CA-C sequence between this
variant and the HIV strain we use as a reference (BH10) is the
presence of an aspartate instead of a glutamate at the neigh-
boring position 180. Isolated CA-C is correctly folded and
dimerizes with the same affinity as the full-length protein (14).

Thus, we introduced mutations V181A and the presumed com-
pensatory mutation E180D into isolated CA-C, and tested the
effect of these mutations on dimerization.

Both CA-C mutant V181A and the double mutant V181A/
E180D were found essentially monomeric in solution, even at
high protein concentrations, as shown by intrinsic Trp fluores-
cence, analytical gel filtration and analytical ultracentrifuga-
tion. The intrinsic tryptophan fluorescence emission spectrum
of both mutants at 200 �M showed a maximum emission wave-
length of about 350 nm (Fig. 6A), corresponding to a mono-
meric state with the only Trp, which is located at the dimer-
ization interface (14), completely exposed to solvent (28).
Analytical gel filtration also showed that both V181A (6) and
V181A/E180D (not shown) are mostly in monomeric form,
even at mM concentrations. The same was observed using
analytical ultracentrifugation (Fig. 6B and data not shown).
Given the extremely low dimerization affinity of these mutants,
the association equilibrium constant could not be rigorously
determined using either frontal analytical gel filtration or an-
alytical ultracentrifugation. However, a rough estimation using

FIG. 5. In vitro disassembly of capsid-like particles. Particles were assembled using 600 �M CA in either 2.25 M NaCl in the absence of a
crowding agent (panel A), or in 150 mM NaCl in the presence of 250 g/liter Ficoll (panel B). Immediately before the start of the measurements,
the particles were diluted 10-fold in the same buffer used for assembly. For clarity, only one in each 20 data points is represented (one in four points
for times shorter than 7 min in panel B). The decay in optical density as a function of time after dilution is indicated by circles. Incubation times
longer than those shown led to substantial sedimentation of the particles. In the experiment shown in panel A, the sample was stirred at 60 min
after dilution; the decay in optical density as a function of time after stirring is indicated by inverted triangles. The similarity between the two curves
shows that the very slight decrease in turbidity is mainly due to sedimentation, and not to particle dissociation. In the experiment shown in panel
B, the continuous lines represent the best fits to a single exponential decay (nonmatching curve) and to a double exponential decay (equation 2)
(matching curve). The experiment was repeated, and quantitatively similar results were obtained.

TABLE 2. Kinetic analysis of the disassembly of capsid-like particlesa

CAb A1 k1 (min�1) A2 k2 (min�1)

Nonmutated (1/10), avg 0.63 � 0.05 0.46 � 0.05 0.37 � 0.05 0.028 � 0.001
Nonmutated (1/10) 0.62 � 0.003 0.43 � 0.007 0.38 � 0.002 0.029 � 0.0003
V181A/E180D (1/10) 0.68 � 0.003 0.44 � 0.004 0.32 � 0.003 0.068 � 0.0006
V181A/E180D (1/100) 0.83 � 0.002 0.44 � 0.002 0.17 � 0.001 0.045 � 0.0004

a Fitting values for the relative amplitudes A1 and A2 (total amplitude � 1) and the dissociation rate constants k1 and k2 for the two exponential processes 1 and 2
are indicated (see text).

b At t � 0, the samples containing assembled particles were diluted 1/10 or 1/100 as indicated. In the first file, average values and experimental standard deviations
obtained in four independent experiments are indicated. In the remaining files, values obtained in representative experiments and fitting errors are indicated.
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zonal analytical gel filtration yielded similar, extremely low
association constants for the two CA-C mutants (not shown).
From these observations we conclude that mutation E180D
does not compensate, or even alleviate, the extreme reduction
in CA dimerization affinity caused by mutation V181A.

The effects of mutations V181A and V181A/E180D were
also tested on CA polymerization in vitro. The isolated CA-C
domain is able to efficiently inhibit the in vitro assembly of full-
length CA in standard conditions (i.e., at a high ionic strength in
the absence of crowding agents; 25), and mutations that either
decrease or increase the CA-C dimerization affinity have a
correspondingly lower or higher inhibitory activity on CA po-
lymerization (5). Consistent with their very low homodimer-
ization affinity, both V181A and V181A/E180D CA-C mutants
were unable to inhibit the polymerization of nonmutated CA

in those conditions, even at relatively high CA-C concentra-
tions (Fig. 7).

The above results provided evidence that mutation V181A,
alone or accompanied by mutation E180D, has a most severe
negative effect on CA-C and CA association in the standard
conditions used. To directly evaluate the capacity of the CA
mutant V181A/E180D to assemble into polymeric structures in
vitro, a full-length CA that carried both mutations was con-
structed, purified and analyzed for polymerization in vitro,
using at first 15 �M CA and 2.25 M NaCl, either in the absence
or presence of Ficoll 70. As expected from the results de-
scribed above, the CA double mutant was completely unable to
polymerize in the absence of Ficoll, even after a long incuba-
tion time. In sharp contrast, the same mutant polymerized
rapidly and efficiently in the presence of the crowding agent

FIG. 6. Fluorescence spectrum and sedimentation equilibrium of CA-C mutant V181A. (A) Trp intrinsic fluorescence emission spectra of
CA-C obtained at 200 �M protein (monomer) concentration. Continuous line, nonmutated CA-C; dashed line, mutant V181A; dotted line, mutant
V181A/E180D. (B) Sedimentation equilibrium gradients (30,000 rpm, 20°C) of nonmutated CA-C (left panel) or mutant V181A (right panel)
determined by analytical ultracentrifugation. The protein (monomer) concentration was 20 �M. Circles, experimental data points; lines, theoretical
gradients corresponding to monomer or dimer, as indicated.

FIG. 7. Effect of CA-C mutants V181A and V181A/E180D on the
polymerization of CA in vitro. The conditions were as follows: pH 7.8,
2.25 M NaCl, 44 �M CA, and no isolated CA-C (circles), 88 �M
nonmutated CA-C (triangles), 88 �M CA-C mutant V181A (inverted
triangles), or 88 �M CA-C mutant V181A/E180D (squares). For clar-
ity, only one in each 30 data points is represented (one in five points for
the shorter times when CA-C mutants were present). Continuous lines
represent the best fit to equation 1.

FIG. 8. In vitro polymerization of CA mutant V181A/E180D. The
conditions were: pH 7.8, 2.25 M NaCl, 15 �M nonmutated CA (circles)
or CA mutant V181A/E180D (squares) in the absence (open symbols)
or presence (closed symbols) of 100 g/liter Ficoll as a crowding agent.
For clarity, only one in each five data points is represented. Continuous
lines represent the best fit to equation 1.
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(Fig. 8), at a rate that was only somewhat lower than that of
nonmutated CA (Table 1). Use of different CA concentrations
showed that the critical concentration in the absence of a
crowding agent was substantially higher for the double mutant
(14.3 �M) than for nonmutated CA (5.6 �M). In contrast, in
the presence of Ficoll at 100 g/liter, the critical concentration
for the double mutant was greatly reduced (to 4.7 �M), and
approached that obtained with nonmutated CA in the same
conditions (3.1 �M).

Finally, the ability of CA mutant V181A/E180D to polymer-
ize into tubular structures was compared with that of nonmu-
tated CA using the highest possible CA and crowding agent
concentrations at 150 mM NaCl, conditions that mimicked the
very high effective CA concentration and low ionic strength
inside the HIV-1 virion. The results (Fig. 9A) confirmed that
the CA mutant was able to polymerize with high efficiency and
a rate that approached that of nonmutated CA (Table 1).
Analysis of the polymeric structures formed by the double
mutant (Fig. 2C) showed them to be hollow cylinders. These
showed a tendency to form bundles, like those formed by
nonmutated CA in the same conditions (not shown). However,
the mutant cylinders, with a diameter of 12 � 2 nm, were much
thinner than the nonmutated cylinders (Fig. 2). The former
were also consistently longer. As observed for nonmutated CA,
a ten-fold dilution triggered a rapid disassembly of the mutant
tubular structures, with a kinetics that fitted very well a double-
exponential decay (Fig. 9B). As expected for first order reac-
tions, the values of the kinetic parameters (Table 2) did not
depend on the initial polymer concentration. The values ob-
tained for the mutant were very similar to those obtained for
nonmutated CA except for the dissociation rate constant of the
slower exponential decay, which was about twofold larger for
the mutant, consistent with a destabilizing effect of the muta-
tion on this process.

DISCUSSION

Recent determinations (1, 2) indicate that a typical
HIV-1 virion may contain, in an internal volume of about
980,000 nm3, about 4,000 to 5,000 molecules of CA, MA, NC,
and p6, 250 molecules of reverse transcriptase, integrase, and
protease, and many molecules of viral proteins Vpr (700 mol-
ecules), Nef, Vif, and cellular proteins, including cyclophyllin
A (500 molecules), actin, etc., as well as two genomic RNA
molecules. Thus, the CA concentration inside the virion would
be as high as 7 to 8 mM, and the total macromolecular con-
centration would reach 500 to 600 g/liter, which even surpasses
those found in cellular compartments. Such crowded condi-
tions would involve a substantial solute volume exclusion effect
that may alter the energetics and dynamics of macromolecular
reactions. Regarding the de novo CA assembly process occur-
ring inside the extracellular virion during maturation (1–3), the
most obvious consequence of the crowded conditions inside
the HIV-1 particle is that, from pure excluded volume effects,
the chemical activity of CA may be at least ten times its actual
concentration (32), or over 50 mM. Such effective concentra-
tion is two orders of magnitude above the highest CA concen-
trations used in assembly assays in vitro. This fact is made even
more relevant by considering the weak affinity of CA to hex-
amerize through its N-terminal domain (34), or dimerize
through its C-terminal domain (14). Thus, it may be hardly
surprising that, when nearly physiological pH and ionic
strength but relatively low CA concentrations in non-crowded
solutions were used in vitro, CA polymerization proceeded
extremely slowly, or not at all.

Addition of high concentrations of an unrelated inert mac-
romolecule, acting as a crowding agent, allowed us to drasti-
cally accelerate the rate of CA polymerization in vitro. The
effect was most dramatic at close to physiological ionic strength

FIG. 9. In vitro polymerization of CA mutant V181A/E180D at ionic strength and CA effective concentrations that approach those inside the
HIV-1 virion. (A) The sample contained 150 mM NaCl and 600 �M CA, and 250 g/liter Ficoll as a crowding agent (circles), or no crowding agent
(squares). The experiment was carried out as described in the legend to Fig. 4, except that a 50-fold dilution was used. As in the experiment shown
in Fig. 4, the high viscosity of the solution led to some dispersion in the values obtained. The continuous line represents the best fit to equation
1. (B) Disassembly of the mutant V181A/E180D capsid-like particles. Immediately before the start of the measurements, the particles formed in
the experiment shown in panel A were diluted 10-fold in the same buffer used for assembly. For clarity, only one in each 7 or 20 data points is
represented for times shorter or longer than 7 min, respectively. The continuous lines represent the best fits to a single exponential decay
(non-matching curve) and to a double exponential decay (equation 2) (matching curve). The experiment was repeated, and similar results were
obtained.
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(150 mM NaCl) and high CA concentration (600 �M), where
assembly of CA was insignificant even after three days in the
absence of a crowding agent, but completed in less than 2 min
in the presence of Ficoll at 250 g/liter. The enhancement effect
was not specific, as it occurred irrespective of either Ficoll or
dextran being used as a crowder. In addition to a dramatic
enhancement of the assembly rate at any protein concentration
or ionic strength tested, the presence of the crowding agent
caused substantial bundling of the tubular structures formed,
an entropically driven effect already described for filamentous
proteins in macromolecular crowding conditions (23). Inter-
estingly, CA can form cylinders also in the crowded environ-
ment inside live E. coli cells, where evidence of bundling can be
appreciated (Fig. 7E in reference 18).

As seen in electron micrographs, the hollow cylinders
formed at low ionic strength and high CA effective concentra-
tion in the presence of a crowding agent are not significantly
different from those formed at very high ionic strength in the
absence of a crowding agent, which is consistent with the idea
that the underlying structural organization is the same in both
cases. This result was not unexpected, as recent analyses indi-
cated that the cylindrical and conical assemblies formed at high
ionic strength and authentic cylindrical cores isolated from
HIV-1 virions are structurally similar and may share, along
with the conical HIV-1 capsids, the same CA lattice (3, 26).
However, the capsids formed in physiological conditions could
present some differences in local conformation, intersubunit
interactions (3, 16, 41), or the kinetics and thermodynamics of
assembly, disassembly, or stability. Two aspects in which con-
ditions much closer to those inside the HIV-1 virion led to
different results are discussed next.

Firstly, the extremely high CA effective concentrations in
vivo may allow assembly of very low-affinity variants. A double
mutation (V181A/E180D), presumed to be present in a repli-
cating HIV-1 variant, drastically reduced CA-C dimerization in
solution and CA polymerization in standard (high ionic
strength) in vitro assays. By simply increasing the chemical
activity of mutant CA to values much closer to those that
would occur in vivo, efficient polymerization at a rate that
approached that of nonmutated CA was achieved. However,
that CA mutants with very low dimerization affinity may poly-
merize in conditions close to those found in the HIV-1 virion
does not mean that such mutations would be biologically irrel-
evant. The cylindrical structures formed by mutant V181A/
E180D are unnaturally thin, which suggests that some differ-
ence in the protein-protein interfaces involved led to aberrant
assembly. This mutant showed also an increased rate of disas-
sembly, and such variations could severely affect the biological
fitness of the virus. In addition, for assembly to take place in
vivo an immature virion must first be produced; any mutation
that impairs Gag assembly would block the subsequent process
of core assembly, while it may have no influence on CA poly-
merization in vitro. Mutation V181A/E180D was detected in a
molecular clone obtained from RNA extracted from HIV-1
virions purified from plasma of a patient with a high viral load;
thus, this mutation would probably be present in an actively
replicating virus (42). However, it must be stressed that, until
proven by introducing the V181A/E180D mutation into an
infectious proviral clone, we cannot be certain that this muta-
tion does not abolish HIV-1 infectivity. Whatever the case, the

results just discussed do emphasize the importance of consid-
ering the influence of solvent volume exclusion effects and the
extremely high CA effective concentration inside the virion
when analyzing the effect of mutations on assembly of the
HIV-1 mature capsid.

Secondly, the relatively low ionic strength inside the virion
may facilitate capsid dissociation. The very high ionic strength
in standard CA polymerization assays could directly modify the
strength of protein association because of an intensification of
the hydrophobic effect, displacement of protein-bound solvent
molecules and/or a drastic screening of charge-charge interac-
tions. For example, electrostatic repulsions between residues
located at the CA intersubunit interfaces may help to preserve
a low affinity of dimerization (5) and hexamerization (8). A
high ionic strength would effectively screen those repulsive
interactions, and could be thus predicted to increase the sta-
bility of the HIV-1 capsid. Accordingly, we found that capsid-
like particles formed at a very high ionic strength (2.25 M
NaCl) dissociated very slowly upon dilution in the same buffer,
while those formed in the presence of a crowding agent at low
ionic strength (150 mM NaCl) dissociated very rapidly. These
results indicate that the capsid-like particles formed in vitro in
close to physiological conditions (low ionic strength and high
CA effective concentration) are kinetically much less stable
than those formed at very high (non-physiological) ionic
strength. This observation is consistent with observations that
indicate a low stability of authentic HIV-1 cores (reference 12 and
references therein), and actually supports the view that matura-
tion of the HIV-1 virion is necessary for the formation of an
unstable capsid poised for dissociation and release of the viral
genome by simple “dissolution” in the cytosol, after the loss of the
viral membrane during infection of the host cell (34).

The reduction in light scattering upon dilution of the
nonmutated and mutant polymers assembled at low ionic
strength and high effective protein concentrations fitted ex-
tremely well a double-exponential decay that yielded similar
amplitudes, and rate constants which differed by about one
order of magnitude. The presence of the double mutation
had no effect on the relative amplitudes of the two processes
or in the rate constant of the faster decay, but led to a
twofold increase in the rate constant of the slower decay.
This is consistent with the expected destabilizing role of the
intersubunit interactions lost in the mutant due to trunca-
tion of the valine side chain within the CA dimerization
interface (6), and supports the possibility that the slower
exponential decay of turbidity is reporting the actual disas-
sembly of capsid-like particles into small, non-scattering
subunits (like CA dimers). The faster exponential decay
could be due to (i) disaggregation of the bundles of cylin-
ders, formed under macromolecular crowding conditions,
into nonaggregated cylinders that may contribute less to
light scattering or (ii) disassembly of the capsid-like parti-
cles through a medium-sized intermediate that would con-
tribute roughly half the total light scattering. To evaluate
the first possibility, particle disassembly was induced by di-
lution and aliquots were taken at different times, rapidly
fixed and stained on grids and visualized by electron micros-
copy. At a short time after dilution, most tubules observed
were relatively long, and all of them were bundled. From the
rate constants, we calculated that, if the faster process cor-
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responds to dissociation of bundles and the slower process
corresponds to disassembly of individual tubules, at 5 min
after dilution about 9/10 of the bundles should have disap-
peared, while about 9/10 of the tubules should still be
present in free form. In fact, at about 5 min, we observed
many shortened individual tubules, but also many bundles,
many of them formed by tubules of shortened length. Bun-
dles were still observed at 20 min. This preliminary experi-
ment does not support the first possibility advanced to ex-
plain the biphasic kinetics, while it is not inconsistent with
the second possibility. Though further analyses are required,
the observed reversibility of the assembly process by simple pro-
tein dilution opens the possibility of carrying out quantitative
thermodynamic analysis of the assembly/disassembly equilibrium
and kinetic analysis of disassembly of capsid-like particles of
HIV-1, including the identification of possible intermediates.

In conclusion, the use of macromolecular crowding agents
allows the reversible assembly of CA into capsid-like parti-
cles at low ionic strength and high protein effective concen-
trations in vitro. Differences in the effect of mutations on
the assembly reaction and on the kinetic stability of the
particles formed were observed when the ionic strength and
CA effective concentration used in in vitro polymerization
assays approached those found inside the HIV-1 virion.
Thus, the use of such conditions may allow a better in vitro
evaluation of the effects of physical or chemical agents,
mutations in CA or/and other molecules, including potential
antiviral compounds, on HIV-1 capsid assembly.
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Vogt, and M. C. Johnson. 2004. The stoichiometry of gag protein in HIV-1.
Nat. Struct. Mol. Biol. 11:672–675.

3. Briggs, J. A. G., T. Wilk, R. Welker, H.-G. Kräusslich, and S. D. Fuller. 2003.
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