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ABSTRACT: The human immunodeficiency virus type 1 (HIV-1) capsid protein (CA) plays a crucial role
in both assembly and maturation of the virion as well as viral infectivity. Previous in vivo experiments
generated two N-terminal domain charge change mutants (E45A and E128A/R132A) that showed an
increase in stability of the viral core. This increase in core stability resulted in decreased infectivity,
suggesting the need for a delicate balance of favorable and unfavorable interactions to both allow assembly
and facilitate uncoating following infection. Purified CA protein can be triggered to assemble into tubelike
structures through the use of a high salt buffer system. The requirement for high salt suggests the need
to overcome charge/charge repulsion between subunits. The mutations mentioned above lie within a highly
charged region of the N-terminal domain of CA, away from any of the proposed protein/protein interaction
sites. We constructed a number of charge mutants in this region (E45A, E45K, E128A, R132A, E128A/
R132A, K131A, and K131E) and evaluated their effect on protein stability in addition to their effect on
the rate of CA assembly. We find that the mutations alter the rate of assembly of CA without significantly
changing the stability of the CA monomer. The changes in rate for the mutants studied are found to be
due to varying degrees of electrostatic repulsion between the subunits of each mutant.

Retroviruses such as human immunodeficiency virus type
1 assemble through the polymerization of the Gag and
Gag-Pol polyproteins. The Gag protein of HIV-11 is a 55
kDa protein that consists of the structural domains matrix
(MA), capsid (CA), p2, nucleocapsid (NC), p1, and p6 (in
that order) (1-5). A -1 ribosomal frame shift results in the
Gag-Pol polyprotein, which adds the enzymatic proteins that
include protease (PR), reverse transcriptase (RT), and inte-
grase (IN) (1, 2, 6). The Gag and Gag-Pol polyproteins
together with the Env protein comprise all of the structural
and enzymatic proteins needed for viral infectivity. The
polyproteins assemble under the plasma membrane and upon
budding are found, in the immature virion, radially arranged
with the N-myristoylated terminus of the matrix domain
proximal to the viral envelope (7, 8). During maturation, the
Gag and Gag-Pol polyproteins are cleaved, releasing the
structural proteins (MA, CA, and NC) that are then free to
form new intersubunit interactions (1, 2). In fact, cleavage

results in a profound morphological change in which the
capsid and nucleocapsid proteins collapse to form a conical
core (1, 2). Formation of the mature viral core is a critical
step in the virus life cycle; mutations that block maturation
or result in the formation of cores with aberrant morphology
inhibit infectivity (9-15), in at least some cases by blocking
the initiation of reverse transcription (13). Stability of the
cores is also a factor in infectivity (16). Cores that are too
stable may resist the process of uncoating and prevent release
of the viral genome. Recent real-time observation of virus
movement intracellularly showed the migration of intact
cores along microtubules toward the nuclear envelope (17).
If uncoating cannot take place before the core reaches the
nuclear envelope, the complex may be perceived by the cell
as being an aggregate of misfolded protein, and the core may
be rerouted, ultimately to a lysosome (18).

A number of studies have demonstrated the ability of the
capsid protein to polymerize into dimers, larger oligomers,
and eventually tubular polymers (14, 19-21). The presence
of small amounts of cones similar in shape and size to viral
cores has been described in some of these preparations (22,
23). This indicates that in vitro assembled capsid polymers
are capable of forming bonding interactions similar to those
found in the virion. The in vitro assembly protocols for CA
induce polymerization by utilizing high salt concentrations
suggesting the need to overcome charge/charge repulsion
between subunits (14, 19-21).

High-resolution structures of CA obtained by X-ray
crystallography and NMR demonstrate that it is composed
of structurally distinct N- and C-terminal domains (24-28).
Merging the crystal structure into cryoEM-based reconstruc-
tions of in vitro tubes suggested that the N-terminal domain
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forms hexamers stabilized by NTD homotypic interactions,
and the hexamers are tied together by CTD dimerization (23).
While obtaining high-resolution structural information about
the interactions driving capsid assembly has proven difficult,
this model is well-supported by mutational and mass
spectroscopic data both of which also provide evidence for
an additional intersubunit NTD:CTD interaction (29-31).

It is known that the C-terminal domain dimer is stable in
both low and high salt (25). This suggests that it is either
the homotypic N-terminal domain interactions or the het-
erotypic N/C domain interactions that are salt sensitive.
Additionally, mutagenesis studies have uncovered residues
away from these sites of interaction that enhance the stability
of the viral core and cause the virion to be less infectious
(16). Two of these mutations are found in the N-terminal
domain at positions E45 and E128/R132 and are located in
helix 2 and helix 7, respectively. These mutations replaced
charged residues with the neutral amino acid alanine, once
again suggesting a role for charge/charge repulsion between
subunits not only during assembly but during uncoating as
well. To determine if the altered capsid stability was due to
electrostatic or conformational effects, we generated a family
of charge change mutants within this region (Figure 1) and
evaluated their ability to stably fold and assemble.

MATERIALS AND METHODS

Protein Expression and Purification.A pET-based plasmid
for expression of wild-type (WISP93-73) was obtained from
W. Sundquist and transformed intoEscherichia coliBL21-
(DE3). Plasmids for expression of the mutant HIV-CA were
obtained by PCR mutagenesis of the wild-type plasmid and
verified by DNA sequencing. Wild-type (WT) and mutant
capsid proteins were expressed and purified as previously
described except where noted. The pH of the resuspension
buffer for the mutants was increased from 8.0 to 8.5. The
minimum percentage of ammonium sulfate used for efficient
precipitation varied for each mutant ranging from 20 to 35%.
The mutants were eluted from the Q-Sepharose (Amersham
Biosciences) column at NaCl concentrations ranging from
70 to 90 mM. Most of the K131E protein was found to be
irreversibly aggregated after the ammonium sulfate precipita-

tion step; therefore, this step was eliminated from the
purification protocol. Instead, the supernatant from the high-
speed spin was applied both to an SP and to a Q-Sepharose
column run in series. CA passed through the SP column,
which retained other cellular proteins, and bound to the Q
column. The protein was then eluted from the Q column
independently. The eluted proteins were then dialyzed into
50 mM Na2PO4 buffer, pH 8.0. The mass of the each mutant
protein as determined by ESI-TOF mass spectrometry was
within 2 Da of the expected value. Purified protein solutions
were stored frozen at-80 °C at∼300-500 µM in 50 mM
Na2PO4 buffer pH 8.0 until needed.

In Vitro Capsid Assembly.Purified wild-type and mutant
capsid protein were assembled by rapid dilution into
concentrated NaCl solutions at 20°C to yield the desired
final salt and protein concentration, and the course of the
reaction was monitored by turbidity. For kinetic analysis,
the reaction was rapidly mixed and placed into a 1-mm quartz
cuvette. Unless otherwise noted, approximately 20 s elapsed
between the time of the addition of salt and the first time
point measured. The increase in optical density was moni-
tored at 350 nm for 1 h aspreviously described (32), except
where noted. The initial rate of assembly was approximated
by fitting the early time points to a linear equation.

Determination of the Critical Concentration.To determine
the fraction of unpolymerized protein present at equilibrium,
assembly reactions were performed over a range of starting
concentrations (20, 30, 40, 50, 60, and 70µM for WT,
E128A, R132A, and E128A/R132A; 10, 15, 20, 30, 40, and
50 µM for E45A; and 30, 40, 50, 60, 70, and 80µM for
K131A) and allowed to proceed to completion (1 h). The
assembled polymers were collected by centrifugation at 14
000 rpm for 20 min in a microfuge. The supernatant was
removed, and the pellets were resuspended in 400µL of 50
mM Na2PO4 pH 8.0 with 3 M GuHCl included to dissociate
the tubes and reduce scattering. The concentration of protein
in supernatant or pellet was determined spectroscopically at
280 nm using an extinction coefficient of 33 460 M-1. The
amount of protein present in the supernatant fraction was
used to determine the amount of unpolymerized protein in
each sample.

Circular Dichroism.CD spectra of WT CA and all mutants
were recorded on an AVIV model 620S at 20°C in 50 mM
Na2HPO4 pH 8.0 at concentrations ranging from 0.33 to 0.5
mg/mL. Readings were collected at 1 nm intervals from 195
to 260 nm with a 15 s averaging time. Actual concentrations
were determined by collecting UV spectra at 280 nm of the
sample measured, and the CD spectra were normalized
according to the following equation: [θ] ) (θ 100Mr)/(clNA).
The recorded spectra in millidegrees of ellipticity (θ) were
converted to mean residue ellipticity [θ] in deg cm2 dmol -1

by the equation, wherec is the protein concentration in
mg/mL, l is the path length in cm,Mr is the protein molecular
weight, andNA is the number of amino acids in the protein.
Thermal melting curves were determined for all samples at
a concentration of 1µM in the same buffer using 1 cm path
length cells. The temperature was increased in steps of 1.0
°C with a 12 s equilibration time over a nominal range of
25-90 °C. The actual temperature was recorded, and the
observed range was typically∼22-83 °C. Molar ellipticity
readings were recorded at 218 nm using a 5 saveraging time
and a bandwidth of 2.0 nm. The melting point for each

FIGURE 1: Structure of the highly charged region in the N-terminal
domain of HIV-1 CA protein. Close-up view of the N-terminal
domain structure as determined by NMR (PDB 1GWP) showing
the amino acids mutated in this study. The distances between amino
acids are also indicated. This figure was drawn with DeepView
3.7. E45sred, E128sblue, K131scyan, and R132sgreen.
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mutant was determined by calculating the first derivative of
the melting curve (ellipticity vs temperature) to determine
the inflection point of the transition.

Sedimentation Equilibrium.Sedimentation equilibrium
experiments on wild-type and mutant CA protein were
performed at protein concentrations of 5.6, 9.8, and 15.8µM
in 50 mM sodium phosphate (pH 8.0) at 20°C. Data were
obtained using a Beckman Optima XL-A analytical ultra-
centrifuge at rotor speeds of 15 000, 20 000, and 25 000
rpm using an An-60 Ti rotor equipped with Epon charcoal-
filled 12 mm six-channel centerpieces in cells with quartz
windows. The absorbance was monitored at 280 nm, and
10 scans were averaged. The partial specific volume was
determined using the public domain software program
SEDNTERP (http://www.rasmb.bbri.org/) developed by Hayes,
Laue, and Philo (33). Solution densities were obtained from
standard tables. The equilibrium data from all nine experi-
ments were fit globally to different models to determine the
stoichiometry and association constant that best fit the data
(34).

RESULTS

Change in Charge State Has Effect on Rate of Assembly.
Previous in vivo studies have demonstrated that the N-ter-
minal domain mutations E45A and E128A/R132A result in
an increase in the stability of the viral core and a decrease
in viral infectivity. Should the increased stability result from
decreased intersubunit repulsion, the assembly reaction might
take place faster because the decreased repulsion could
facilitate the close approach of the subunits required for
docking. Therefore, to determine if the increase in stability
of these two mutants correlated with an increase in the rate
of assembly, the assembly kinetics of purified capsid protein
mutants were followed turbidimetrically (Figure 2) at 50µM
protein concentration. The initial rate of assembly was then
estimated from the slope of the linear part of the curve
(typically <10 min). The E45A mutant, which in the in vivo
studies is 29-fold less infectious (16, 29), assembled 33 times
faster than wild-type, whereas E45K, a charge reversal

mutant, assembled slower (40% of WT), suggesting that the
presence of charged residues in this location affects associa-
tion. The double mutant E128A/R132A displayed kinetic
properties similar to wild-type, although in vivo it was 6.2-
fold less infectious (16, 29). To determine the relative
contributions of E128A and R132A to the assembly kinetics,
each mutation was examined individually. The E128A
mutant assembled approximately twice as fast as wild-type,
while R132A assembled at approximately half the rate of
wild-type.

The three mutations (E45A, R128A, and E132A) studied
previously lie within a 12 Å (most within 7 Å) radius of
each other in the NMR structure of CA (Figure 1), a distance
compatible with the formation of long-range ion pairs. One
other charged residue, K131, lies in the middle of this cluster.
To evaluate the role of K131 in assembly, this residue was
mutated to the opposing and neutral charges and the effect
studied. Both K131E (data not shown) and K131A assembled
slower (10-20-fold less) than wild-type. These results sug-
gest the need for charge balance in this region, a suggestion
supported by the fact that sequence comparison between
HIV-1 strains shows conservation of the charges at all
positions in this cluster. The only exception to this is E128,
which had two nonconservative changes out of the 380 clones
strains available in the Los Alamos HIV-1/SIVcpz database.

To determine whether the turbidity was proportional to
the amount of polymerized CA, assembly reactions were
initiated at different initial CA concentrations and allowed
to go to completion. The polymerized CA was separated from
the unpolymerized subunits by centrifugation, and the
maximum turbidity observed for each initial concentration
was plotted against the amount of polymerized CA found in
the pellet fraction after centrifugation (Figure 3). For all the
mutants, the observed turbidity was directly proportional to
the amount of protein polymerized. In the case of E45A and
K131A, the absolute amount of turbidity per unit CA was
different from the wild-type and the other mutants, suggesting

FIGURE 2: Assembly of wild-type and mutant CA proteins at 50
µM as followed by turbidity. CA protein was assembled at 50µM
at final NaCl concentration of 2.25 M. Symbols: WT ([), E45A
(0), E45K (2), E128A (]), R132A (9), E128A/R132A (O), and
K131A (b). Every other data point is shown for clarity.

FIGURE 3: Dependence of the turbidity on the concentration of
polymerized capsid. Final turbidity versus the concentration of
polymerized protein after 1 h ofassembly at 2.25 M salt and varying
initial protein concentrations. The polymerized protein was pelleted,
and the concentration in the pellet was determined by resuspension
in 3 M GuHCl followed by absorbance spectroscopy. Symbols:
WT ([), E45A (0), E45K (2), E128A (]), R132A (9), E128A/
R132A (O), and K131A (b).
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that the structures of the final products might be different.
While all the mutants examined by thin section electron
microscopy (E45A, E45K, E128A, R132A, and E128A/
R132A) formed tubes, the E45A mutant formed substantially
shorter tubes (data not shown).

If the mutants alter the rate of subunit addition through
charge/charge repulsion, the assembly pathway should remain
unchanged. A way to measure this would be to look at the
dependence of the rate of assembly on protein concentration,
which provides an indication of the number of molecules
involved in the rate-determining step. Therefore, assembly
reactions were performed with each mutant over a range of
concentrations, and the log of the rate of the reaction was
plotted versus the log of the initial protein concentrations to
derive the order of the reaction (Figure 4). The slopes of the
mutants are nearly parallel to that of wild-type, suggesting
that for all of the mutants, the change in the rate of assembly
can be attributed to a change in the rate of subunit association
as opposed to a change in the pathway of assembly.

Change in Rate Is Not Due to Altered Folding or Stability.
It is possible that the increases or decreases in the rate of
assembly are due to changes in the conformation or stability
of the protein subunit. Therefore, to determine if the
mutations were causing changes in the structure of the capsid
protein, the CD spectra of each mutant was obtained at low
protein concentration where the majority of the capsid protein
is monomeric (Figure 5A). The CD spectra of the mutants
were identical, within experimental error, to that of the wild-
type, suggesting very little (if any) perturbation of the
secondary structure. To measure the stability of the capsid
monomer, the thermal stability of each protein was monitored
by melting the protein and recording the molar ellipticity at
218 nm (Table 1). The melting point was determined by
taking the first derivative of the melting curve (Figure 5B).
With the exception of K131E, the mutants have the same or

only slightly lower thermal melting transitions, suggesting
that the mutations have minimal effects on the stability of
the monomer. In the case of K131E, the loweredTm reveals
a second thermal transition. Detailed calorimetric studies of
the melting of wild-type CA demonstrated independent
melting of the N- and C-terminal domains (Protesevich et
al., manuscript in preparation). The C-terminal domain melts
at a slightly higher temperature than the N-terminal domain.
The K131E mutation destabilized the N-terminal domain,
revealing the underlying C-terminal domain melting transi-
tion.

Change in Rate Is Not Due to Altered Dimerization.The
ability of the C-terminal domain of CA to dimerize is critical
for capsid assembly. C-Terminal domain mutants, such as
W184A/M185A, which cannot dimerize, cannot assemble
(32). To ensure that the N-terminal domain charge change

FIGURE 4: Dependence of the assembly rate on the protein
concentration. CA protein was assembled at various protein
concentrations at 2.25 M NaCl. The logs of the rate are plotted vs
the log of the protein concentration, and the resulting curves are
fit to a least-squares linear equation. Error bars represent the
standard deviation of the measurements. The slope of the curves
are similar to wild-type for each mutant studied, suggesting that
the rate-limiting step is made up of the same number of subunits
for each mutant. Symbols: WT ([), E45A (0), E45K (2), E128A
(]), R132A (9), E128A/R132A (O), and K131A (b).

FIGURE 5: Circular dichroism spectra for wild-type and mutants
and representative trace of thermal melting. (A) CD spectra of WT
capsid and all mutants were recorded at 25°C in 50 mM Na2HPO4
pH 8.0 at protein concentrations ranging from 0.33 to 0.5 mg/mL.
The raw spectra were corrected for the concentration differences
and background contributed by buffer and normalized using the
equation found in the Materials and Methods. The CD spectra are
similar and showed no clear differences in secondary structure under
these conditions. (B) Shows the CD signal at 218 nm as the
temperature is raised for wild-type capsid protein. The melting point
was determined by taking the first derivative of the melting curve.
The transition temperature for each mutant is found in Table 1.
Symbols are the same as Figure 4.

Table 1

mutant melting point (°C)a second point Kd (µM)b

wild-type 54 16
E45A 52 25
E45K 52 64 12
E128A 54 18
R132A 53 18
E128A/R132A 54 31
K131A 53 27
K131E 45 62 25

a The melting point was determined by taking the first derivative of
the molar ellipticity melting curve recorded at 218 nm (Figure 5B).
b The dissociation constant (Kd) of each protein was determined using
the sedimentation equilibrium of the mutants at protein concentrations
of 5.6, 9.8, and 15.8µM and for three speeds, 15 000, 20 000, and 25
000 rpm at 20°C. The absorbance spectra were recorded at 280 nm,
and the data were analyzed using an Origin 4.1/Beckman analysis
program.
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mutations did not affect dimerization, theKd of each mutant
was determined using sedimentation equilibrium at three
protein concentrations, 5.6, 9.8, and 15.8µM, and for three
rotor speeds, 15 000, 20 000, and 25 000 rpm at 20°C as
previously done for wild-type. TheKd of all the mutants
(Table 1) was within experimental error, indicating similar
dimerization abilities.

Magnitude of the Rate Differences Depend on the Salt
Concentration. Should the effect of the mutations on
assembly rate be strictly electrostatic, the effect of salt on
the rate of assembly will vary for each mutant in proportion
to the degree of shielding required for effective assembly.
At infinite salt concentration, the rates of all the mutants
should converge as charge shielding completely masks the
charge/charge repulsion (35). To test this, the dependence
of the rate on salt concentration was determined. The mutant
capsid proteins were assembled at 50µM at various salt
concentrations ranging from 1 to 3 M depending on the
mutant. The rate was then determined, and the log was
plotted against the log of the initial salt concentration. From
Figure 6, it can be seen that slopes of the resulting linear
fits differ among the mutants, suggesting that the dependence
of the rate of assembly on the salt concentration (i.e., the
charge screening capability) is different for each mutant
studied. The rates of assembly for the mutants converge at
high salt concentrations, as expected. However, one mutant,
K131A, appears to have the same dependence on salt
concentration as wild-type as the slope runs parallel to wild-
type, which suggests the change in rate may not be solely
due to electrostatic effects for this mutant. The extent of
polymerization as monitored by the final amount of turbidity
was found to be salt independent at later times, as previously
demonstrated (data not shown) (32).

Energetics of Assembly Depend on the Charge.In per-
forming the experiment to determine the correspondence

between turbidity and amount of protein polymerized, we
noticed that the amount of protein in the supernatant was
relatively constant. This represents the critical concentration
of the reaction. The critical concentration for polymerization
reflects the equilibrium between subunit addition and dis-
sociation and thus serves as an indication of the energetics
of intersubunit interactions (36-39).

To determine if the mutations altered the critical concen-
tration, we measured the amount of unpolymerized protein
for each mutant across a range of concentrations (Figure 7).
The data demonstrate that the mutants do alter the critical
concentration, and the alterations correspond to their ob-
served effects on assembly; mutants with lower critical
concentration show faster assembly. The alternative model,
in which the mutations cause a slight folding defect resulting
in a fraction of unassociable protein, would result in a
constant percentage of unpolymerized protein rather than a
constant concentration. This was not observed.

DISCUSSION

We have previously reported the development of a rapid
dilution-induced technique for CA assembly (32). This
technique has proven to be useful for the evaluation of the
effects of solvent conditions, protein concentration, and
mutations on CA assembly. Here, we extend the use of this
technique to analyze the effect of N-terminal domain charge
change mutations on CA assembly. The mutations E45A and
E128A/R132A have been previously reported to result in
an increase in core stability (16). Thermodynamically, an
increase in stability of a complex is due to an increase in
the favorability of the interactions in the complex. Such an
increase could lead to an enhancement in the rate of
formation of the complex. In the case of E45A, we see a

FIGURE 6: Dependence of the assembly rate on the salt concentra-
tion. CA protein was assembled at 50µM at various NaCl
concentrations. The log of the rate was plotted vs the logf* ×b1,
where f* ×b1 is the electrostatic component of the mean rational
activity coefficient of the ions (35). The resulting data points were
fit to a least-squares linear equation. At high ionic strength, the
lines converge as charge/ charge shielding becomes complete.
Symbols: WT ([), E45A (0), E45K (2), E128A (]), R132A (9),
E128A/R132A (O), and K131A (b).

FIGURE 7: Critical concentration for the mutants at 2.25 M NaCl.
CA was induced to assemble at concentrations ranging from 10 to
80 µM at 2.25M NaCl and allowed to assemble for 1 h. The
polymerized and unpolymerized material were separated by cen-
trifugation, and the concentrations of both were determined at 280
nm with an extinction coefficient of 33460 M-1. The values shown
in the bar graph depict the concentration of unassembled protein
found in the supernatant fraction. The average of six to 10
concentrations/samples were used to obtained the values shown.
The average sample lost was 13%.
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corresponding increase in the rate of assembly. For E128A/
R132A, the observed increase in stability does not result in
a corresponding increase in the overall rate of assembly. This
seems to arise from a balancing of two opposite effects as
can be seen from the analysis of the mutations individually.
The E128A mutation results in faster assembly kinetics, while
the R132A mutation results in slower assembly kinetics. For
the mutants studied, there is a correlation between the critical
concentration and the kinetics of assembly. The exception
to this is the E128A/R132A mutant, which assembles at a
rate similar to wild-type but has a higher critical concentra-
tion. This concentration is in fact similar to one of its single
mutants, R132A. The other three mutants studied, E45K,
K131A, and K131E, had slower assembly kinetics. K131E
was difficult to purify and study, limiting the data obtained,
as this charge change destabilized the protein. For E45K and
K131A, the decrease in assembly kinetics might be due to
increased electrostatic repulsion between the subunits as
suggested by the critical concentration. Another possibility
for the higher critical concentration for these mutants may
be difficulty in a nucleation-like step. We have observed that
the assembly of K131A is greatly enhanced by the addition
of E45A, which may serve to nucleate the assembly reaction
(data not shown).

There are three protein-protein interactions within CA
that are required to stabilize the core. These are the
C-terminal domain dimerization mediated by hydrophobic
packing of CA helix IX (25, 27), the N-terminal domain
homotypic interactions mediated by helices I and II (23),
and an N- to C-domain intersubunit interaction mediated by
the loop between helices III and IV and the base of helix IV
in the NTD and helices VIII and IX in the CTD (30). As
expected, in general, mutations at residues within these
interfaces prevent capsid assembly. The mutants presented
here do not lie within any of these regions but rather within
the core of the N-domain. However, they affect the kinetics
and stability of at least two of these interactions without
significantly changing the conformation or stability of the
monomeric protein subunit itself. These charged residues are
highly conserved in both HIV-1 and SIVcpz. This suggests
that the HIV-1 CA may have evolved to be a protein primed
for dissociation. In fact, the association constants for each
of these interactions is relatively weak. Despite the impor-
tance of the homotypic N-terminal domain interactions in
the structure of the core, they are unable to form indepen-
dently of the other stabilizing CA interactions. The N-domain
carrying the mutation (E45A), which forms a more stable
core, was also unable to oligomerize in solution indepen-
dently of the C-terminal domain (data not shown). The
C-terminal domain dimer is relatively weak with aKd of 18
µM (25). Interestingly, point mutation in the C-terminal
domain such as Ser-178, Glu-180, Glu-187, and Gln-192
leads to more stable dimers (40). This suggests that the
overall stability of the CA domain of HIV-1 is balanced to
allow both assembly and disassembly.

An emerging theme is that charge/charge repulsion plays
a significant role in HIV-1 assembly and disassembly.
Scanning alanine mutagenesis of CA uncovered many
charged residues that when neutralized had normal particle
production but reduced infectivity (29). Additionally, replac-
ing neutral residues with charged residues resulted in reduced
particle production and no infectivity (14). In the context of

the virion, assembly of the capsid protein takes place in two
stages. The first involves the association of the Gag polypro-
tein to form an immature virion, while the second involves
cleavage of the Gag protein to its constituent structural
domains and the condensation of the capsid protein to form
the central conical core (1-5, 41). Assembly of the virion
requires a loss of entropy, which must be compensated by
favorable interactions. There are multiple sites of interaction
dispersed throughout the Gag polyprotein that can help
promote capsid assembly. The N-terminal matrix (MA)
domain is myristylated (42, 43). The myristyl group inserts
into the cell membrane increasing the effective concentration
of the Gag polyprotein and reduces assembly to a two-
dimension diffusion problem. The MA domain itself is
capable of forming trimeric interactions (43-45). The NC-
domain binds the viral RNA tightly through the action of
charge clusters and zinc fingers (42). Multiple Gag proteins
bind a single RNA molecule, once again providing a
mechanism for increasing the concentration and decreasing
the entropic penalty of assembly. Mutations in NC, which
interfere with RNA binding, have a deleterious effect on virus
assembly. Collectively, these interactions, all of which occur
in a single polypeptide chain, are sufficient to overcome both
the entropic loss as well as the charge/charge repulsion
evident in the CA N-terminal domain.

Having assembled a capsid using the intact Gag polypro-
tein proteolytic cleavage during maturation then liberates CA,
which collapses to form a conical core (1, 2, 4). Core
formation is likely promoted by the high concentration of
CA present in the virion, which has been estimated to be in
the millimolar range (41). Fusion of the virion with the host
cell results in the membrane being stripped away and the
naked core entering the cytoplasm. At this point, the
concentration of CA drops significantly, and uncoating could
be facilitated by electrostatic repulsion between the subunits.
Core stability has been shown to play an important role in
infectivity, but the precise sequence and timing of initiation
of reverse transcription, core dissociation, and nuclear
transport of the preintegration complex remains a mystery.
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