
JOURNAL OF VIROLOGY, Dec. 2003, p. 12592–12602 Vol. 77, No. 23
0022-538X/03/$08.00�0 DOI: 10.1128/JVI.77.23.12592–12602.2003

Human Immunodeficiency Virus Type 1 N-Terminal Capsid Mutants
Containing Cores with Abnormally High Levels of Capsid Protein

and Virtually No Reverse Transcriptase
Shixing Tang,1 Tsutomu Murakami,2† Naiqian Cheng,3 Alasdair C. Steven,3 Eric O. Freed,2‡

and Judith G. Levin1*
Laboratory of Molecular Genetics, National Institute of Child Health and Human Development,1 Laboratory of Molecular

Microbiology, National Institute of Allergy and Infectious Diseases,2 and Laboratory of Structural Biology Research,
National Institute of Arthritis and Musculoskeletal and Skin Diseases,3 Bethesda, Maryland 20892

Received 3 July 2003/Accepted 27 August 2003

We previously described the phenotype associated with three alanine substitution mutations in conserved
residues (Trp23, Phe40, and Asp51) in the N-terminal domain of human immunodeficiency virus type 1 capsid
protein (CA). All of the mutants produce noninfectious virions that lack conical cores and, despite having a
functional reverse transcriptase (RT), are unable to initiate reverse transcription in vivo. Here, we have focused
on elucidating the mechanism by which these CA mutations disrupt virus infectivity. We also report that
cyclophilin A packaging is severely reduced in W23A and F40A virions, even though these residues are distant
from the cyclophilin A binding loop. To correlate loss of infectivity with a possible defect in an early event
preceding reverse transcription, we modeled disassembly by generating viral cores from particles treated with
mild nonionic detergent; cores were isolated by sedimentation in sucrose density gradients. In general,
fractions containing mutant cores exhibited a normal protein profile. However, there were two striking
differences from the wild-type pattern: mutant core fractions displayed a marked deficiency in RT protein and
enzymatic activity (<5% of total RT in gradient fractions) and a substantial increase in the retention of CA.
The high level of core-associated CA suggests that mutant cores may be unable to undergo proper disassembly.
Thus, taken together with the almost complete absence of RT in mutant cores, these findings can account for
the failure of the three CA mutants to synthesize viral DNA following virus entry into cells.

The capsid protein (CA) of human immunodeficiency virus
type 1 (HIV-1) plays an important role in virus assembly and
early postentry events in the virus life cycle and is derived from
the Gag polyprotein (Pr55gag) (reviewed in references 12, 22,
63, and 72). Proteolytic processing of Gag by the viral protease
(PR) (36, 51) is accompanied by viral “maturation,” i.e., struc-
tural rearrangements of the viral proteins within the particle,
which result in conversion of immature particles to mature,
infectious virions containing an electron-dense, cone-shaped
core (34, 35, 64, 68) (reviewed in references 57, 63, and 72).
Mature cores are inherently unstable, but recently, several
groups have developed methods to isolate purified cores by
using mild detergent treatment (1, 19, 43, 45, 67). The interior
portion of the viral core is a ribonucleoprotein complex con-
sisting of the host tRNA3

Lys primer, genomic RNA, and viral
proteins, including reverse transcriptase (RT), integrase (IN),
and nucleocapsid protein (63), as well as PR (67) and the
accessory proteins Nef and Vpr (1, 18, 19, 45, 67).

The cores are thought to be organized as fullerene cones
with curved hexagonal arrays of CA rings, whose ends are

closed by 12 pentameric “defects” (29, 48). Hexameric ar-
rangements of HIV-1 CA have also been proposed in another
study (50). Proper assembly of cores (14, 17, 55, 58, 60, 64, 65)
and optimal core stability (19) are apparently required for
infectivity. CA forms a shell surrounding mature cores, but
following virus entry into cells, it is released, allowing the
ribonucleoprotein complex to initiate reverse transcription (33;
reviewed in references 30, 63, and 72). This process is known as
uncoating or disassembly and is an essential step in virus rep-
lication.

X-ray crystallographic and nuclear magnetic resonance
(NMR) studies have shown that the HIV-1 CA protein, which
has 231 amino acids, is composed of two independently folded
domains connected by a short linker: an N-terminal “core”
domain (residues 1 to 145) (31, 53) and a C-terminal “dimer-
ization” domain (residues 151 to 231) (28) (For reviews, see
references 22 and 62.) Comparison of the NMR structures of
the N-terminal domains of mature CA and the immature form
(covalently linked to matrix [MA]) (59) indicates that forma-
tion of the �-hairpin at the N terminus of mature CA, which
occurs following proteolytic cleavage of Gag (31, 64), induces
both an �2-Å displacement of helix VI and displacement of
the cyclophilin A (CypA) binding loop (Fig. 1). Through the
use of high-resolution mass spectrometry to monitor hydrogen/
deuterium exchange, studies with in vitro assembled HIV-1 CA
tubes provide strong biochemical evidence for structured in-
teractions of the linker segment after assembly and for the
predicted (48) role of C-terminal dimerization in promoting
N-terminal hexamer interactions (47). In addition, cross-link-
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ing studies have revealed a previously unidentified interaction
between Lys70 (N-terminal domain) and Lys182 (C-terminal
domain) (47). Interestingly, analysis of C-terminal Rous sar-
coma virus CA mutants with second-site suppressor mutations
in the N-terminal domain also suggests that interdomain in-
teractions are involved in functional activity of CA (7).

The N-terminal domain of CA is important for early posten-
try events in the virus life cycle, and mutations within this
domain are associated with loss of infectivity, aberrant core
formation, and defects in reverse transcription (5, 10, 14, 17,
19, 55, 56, 60, 64–66). A similar phenotype is induced by a new
antiviral compound, termed “CAP-1,” which binds to N-termi-
nal residues of CA (58). Recent analysis of a series of HIV-1
alanine-scanning CA mutants also indicates that a distinct sur-
face comprised of helices I to III (Fig. 1) is required for
formation of the mature core (65). Residues 85 to 93 in the
exposed proline-rich loop (27, 73) constitute the binding site
for CypA (49), a host peptidyl-prolyl cis-trans isomerase that is
incorporated into virions (21, 54, 61). CypA packaging en-
hances virus infectivity and is significantly reduced by point
mutations in the CypA binding loop or by more extensive
mutations in other N-terminal residues (8, 11, 17, 21, 61, 69).
Interestingly, although cyclosporin A, an immunosuppressive
drug, inhibits CypA packaging and replication (20, 21, 61),
infectivity can be restored by infecting target cells with virus
particles pseudotyped with the vesicular stomatitis virus enve-
lope protein (4) or preincubated in natural endogenous reverse
transcription reactions (40). CypA has the properties of a mo-

lecular chaperone (3, 13), and recent evidence suggests that it
catalyzes correct folding of CA and prevents random aggrega-
tion of CA (6, 32, 37, 69).

As part of an effort to elucidate the function of HIV-1 CA in
virus replication, we have been investigating the effect of ala-
nine substitution mutations in conserved residues in the N-
terminal domain of CA. We previously described the unusual
phenotype associated with three such mutations (60): in Trp23
and Phe40, which are among a group of highly conserved
hydrophobic residues (53), and in Asp51, which forms a salt
bridge with Pro1 (31, 64) (Fig. 1). All of the mutants produce
noninfectious particles that lack cone-shaped cores and are
unable to initiate reverse transcription in infected cells, al-
though virions contain a functional RT.

In the present work, we have further investigated the mech-
anism by which these CA mutations block infectivity. We show
that mutations in the hydrophobic residues (but not in Asp51)
severely reduce incorporation of CypA into mature and imma-
ture virions, although these residues are distant from the CypA
binding loop. Mutant cores retain a much larger amount of CA
than can be detected in the wild-type preparation, which might
induce a defect in proper disassembly. Most importantly, anal-
ysis of isolated cores of all three mutants indicates that they
contain almost no RT. Taken together, these findings can
account for the failure of the three CA mutants to synthesize
viral DNA following virus entry into cells.

MATERIALS AND METHODS

Cell culture, transfection, and RT assay. HeLa and 293T cells were main-
tained as previously described (60) and were transfected by a modified calcium
phosphate precipitation procedure as follows: 19 �l of 2 M CaCl2 was added to
5 �g of plasmid DNA diluted to a final volume of 140 �l. After they were mixed
well and left on ice for 5 min, 159 �l of 2� buffer, containing 42 mM HEPES, 0.3
M NaCl, 1.8 mM Na2HPO4, and 10 mM KCl, was added, and the solution was
mixed again and was left on ice for 20 min. The mixture was put into a culture
dish containing 5 ml of medium (Dulbecco’s modified Eagle’s medium) with 10%
fetal calf serum, and the entire solution was mixed gently; this was followed by
addition of 15 �l of 10 mM chloroquine (Sigma). After incubation for 6 h at
37°C, 5 ml of fresh medium was added and incubation was continued for another
16 h. In some experiments, HeLa cells were transfected with the Trans IT
transfection reagent (Mirus, Madison, Wis.), as recommended by the manufac-
turer. RT activity was detected by exogenous RT assay, as described by Freed et
al. (24).

Plasmids. The HIV-1 protease-positive (PR�) pNL4-3 clone (2) and the
env-negative pNL4-3KFS subclone (23, 26), containing wild-type or mutant CA
sequences, have been described previously (60). The W23A, F40A, and D51A
CA mutations (60) were also inserted into a pNL4-3 PR� subclone (38), which
contains a PR active-site mutation at amino acid 25 (D25N). This was accom-
plished by independently ligating individual BssHII-SpeI fragments from each of
the mutants to the PR� clone, which had been digested with the same restriction
endonuclease enzymes. Mutant CA sequences were verified by sequencing per-
formed by the Biopolymer Lab (University of Maryland, College Park). The
parent pNL4-3/PR� clone is referred to as “wild type” since the CA domain in
Gag has the wild-type sequence.

Sucrose density gradient centrifugation. Isolation of virus particles present in
the supernatant fluids of transfected cells by sucrose density gradient centrifu-
gation was performed essentially as described by Willey et al. (71). Briefly, the
supernatants were filtered to remove unattached cells and cell debris and were
then centrifuged at 120,000 � g in a Beckman SW41 rotor for 45 min at 4°C. The
resulting viral pellets were carefully resuspended in phosphate-buffered saline
(PBS). Virus core particles were prepared according to the procedures described
by Kiernan et al. (43). Aliquots (100 �l) of the fresh virus suspension were mixed
with an equal volume of 0.6% Nonidet P-40 (NP-40) (vol/vol) and were incu-
bated for 10 min at room temperature. Untreated or detergent-treated virus
samples were layered on top of 20% to 70% (wt/wt) linear sucrose density
gradients and were centrifuged in a Beckman SW55Ti rotor at 120,000 � g for

FIG. 1. Ribbon diagram showing the front view of the N-terminal
domain of HIV-1 CA. The �-hairpin structure, CypA binding loop,
and seven �-helices are labeled, and the helices are numbered as
designated by Gitti et al. (31). The three residues mutated in this study,
W23, F40, and D51, are highlighted in red. The light blue arrow
indicates that residues W23 (helix I) and F40 (helix II) are distant from
the CypA binding loop. The diagram was generated by Molscript (46).
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16 h at 4°C. Twelve 0.4-ml fractions were collected from the top of the tube and
were assayed for exogenous RT activity. In addition, viral proteins were analyzed
by Western blotting (see below). The density of each fraction (�) was determined
by the formula � (grams/milliliter) 	 (2.6496 � 
) � 2.5323, where 
 is the
refractive index (19). Note that fraction 1 represents the material of lowest
density, whereas fraction 12 represents the densest material.

Sucrose step gradient centrifugation. Sucrose step gradients were prepared by
using the procedures described by Khan et al. (41) with some modification.
Briefly, 2.4 ml of a 20% sucrose (wt/wt) solution was layered over 2.2 ml of a 60%
sucrose (wt/wt) solution. Two hundred microliters of 0.3% NP-40-treated-virus
(see above) was added above the 20% sucrose layer. Samples were centrifuged at
4°C in a Beckman SW55Ti rotor for 60 min at 120,000 � g. Five fractions
(fractions 1 to 4, 1 ml; and fraction 5, 0.8 ml), representing all of the material in
the gradient, were collected from the top of the tube. Aliquots of each fraction
were subjected to Western blot analysis (see below).

Analysis of protein composition of HIV-1 virions and cores. For Western blot
analysis, viral proteins present in the gradient fractions were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 12% Proto-
Gels (National Diagnostics, Atlanta, Ga.) and were transferred to a polyvinyli-
dene difluoride membrane (Millipore Corp., Bedford, Mass.). The Western-Star
chemiluminescence detection system (TROPIX Inc., Bedford, Mass.) was used.
Blots were placed in contact with standard X-ray film. The densities of the
protein bands were quantified with a laser densitometer by using a model PDS1-
P90 instrument from Molecular Dynamics Inc., Sunnyvale, Calif.

Antibodies used for analysis of viral proteins. The following HIV-1 antisera
were obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH: HIV-1 neutralizing sera, which we will refer to
as AIDS patient sera (catalog no. 1983 and 1984); HIV-1SF2 CA (p24) antiserum
(catalog no. 4250); anti-MA (p17) (catalog no. 4811); and anti-RT (catalog no.
6195). The following primary antibodies were also used: rabbit anti-HIV-2 IN,
which is cross-reactive with HIV-1 IN (44); rabbit anti-Vif (kindly provided by
Klaus Strebel, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, Md.); and rabbit anti-CypA (kindly provided by
David Ott, SAIC Frederick, Inc., NCI at Frederick, Frederick, Md.). The sec-
ondary antibodies used were alkaline phosphatase-conjugated anti-rabbit immu-
noglobulin G (IgG) and anti-human IgG, which are supplied with the Western-
Star chemiluminescence detection system.

Immunoprecipitation analysis. The procedures used for metabolic labeling of
transfected HeLa cells with [35S]Cys (American Radiolabeled Chemicals, Inc.,
St. Louis, Mo.) have been described previously (25, 38). Concentrated 35S-
labeled HIV-1 virions were treated with NP-40, and the resulting virus core
particles were isolated by centrifugation in linear 20-to-70% (wt/wt) sucrose
gradients, as described above. Four 1.2-ml fractions were collected from the top.
Each gradient fraction was mixed with an equal volume of lysis buffer (300 mM
NaCl, 50 mM Tris-HCl, pH 7.5, 0.5% Triton X-100, 10 mM iodoacetamide, 0.2
mM phenylmethylsulfonyl fluoride, and 200 �g of leupeptin/ml) and was then
immunoprecipitated with AIDS patient serum and was subjected to SDS-PAGE
on 10% acrylamide/AcrylAide gels (25, 70). Radioactivity present in protein
bands was quantified by scanning densitometry with a FujiX BAS2000 Bio-Image
analyzer.

Transmission electron microscopy. The procedure for isolating HIV-1 cores
for electron microscopic analysis was a modification of the method described by
Accola et al. (1). Briefly, the supernatant fluid from HIV-1 pNL4-3-transfected
293T cells was sedimented at 120,00 � g in a Beckman SW55Ti rotor for 60 min
at 4°C. The virus was resuspended in PBS in 1/100 of the original volume.
Following treatment with 0.3% NP-40 (see above), the sample (200 �l) was
loaded onto a sucrose step gradient (3.8 ml of 20% [wt/wt] sucrose layered over
1 ml of 30% [wt/wt] sucrose) and was sedimented at 100,000 � g in a Beckman
SW55Ti rotor for 2 h at 4°C. The pellet containing HIV-1 cores was resuspended
in 20 �l of 2.5% glutaraldehyde–PBS. Drops of the HIV-1 sample were applied
to freshly glow-discharged carbon films mounted on electron microscope grids
and were negatively stained with 1% uranyl acetate. The stained samples were
examined in a FEI CM200 electron microscope.

RESULTS

Mutations in N-terminal hydrophobic residues block the
incorporation of CypA. To further characterize the phenotype
of the HIV-1 CA mutants, W23A, F40A, and D51A (see rib-
bon diagram in Fig. 1), we tested the ability of these mutants to
incorporate CypA. In our initial experiments, we used the
original wild-type and mutant clones (60), which contain the

gene that encodes the viral PR (Fig. 2A). Western blot analysis
of viral proteins indicated that the D51A mutation, which
destroys the N-terminal salt bridge between Asp51 and Pro1
(64), had little or no effect on CypA incorporation. In sharp
contrast, however, very low levels of CypA were detected in
W23A and F40A virions, which bear mutations in conserved
hydrophobic residues. To determine whether the block in
CypA incorporation occurs prior to virus maturation, we also
introduced the CA mutations into a PR� clone of pNL4-3 (38).
Analysis of the proteins associated with wild-type and mutant
PR� virions showed that similar amounts of Pr55gag and Vif
protein were detected in each case (Fig. 2B). In addition, the
level of CypA in D51A PR� virions was very close to that of
the wild type. However, only very small amounts of CypA were
found in PR� W23A and F40A virions.

To obtain a more quantitative measure of the relative
amounts of CypA incorporation in mature wild-type and mu-
tant virions, the density of the bands was quantified by scan-
ning densitometry and the values were normalized by deter-
mining the ratio of CypA incorporated relative to the level of
IN; the wild-type value was set at 100% (Fig. 2C). As expected
from inspection of the Western blots, incorporation of CypA
by D51A was essentially equivalent to that of the wild type,
whereas for W23A and F40A, incorporation was reduced �4-
to 5-fold (�18 and 24%, respectively) (Fig. 2C). Taken to-
gether, the results of Fig. 2 demonstrate that the mutations in
the hydrophobic residues block the incorporation of CypA
during virus assembly but before virus maturation. This finding
is of special interest since the Trp and Phe residues are in
helices I and II, respectively, distant from the CypA binding
loop (Fig. 1; see below).

Protein composition of wild-type and mutant cores. Previous
results obtained with the three mutants suggested that they
might have a defect in an early postentry step preceding re-
verse transcription (60). To investigate this possibility, we mod-
eled virus disassembly by generating virus cores (mild deter-
gent treatment of virions) and then sedimenting the samples in
equilibrium linear sucrose density gradients (see Materials and
Methods). The fractions obtained from gradients containing
untreated (Fig. 3A) and detergent-treated (Fig. 3B) wild-type
particles were subjected to Western blot analysis. The blots
were initially probed with AIDS patient serum (Fig. 3A and B),
and the identities of individual bands were confirmed by im-
munoblot with specific CA, RT, IN, and MA antisera (data not
shown). Note that only traces of MA were detected in core
fractions (Fig. 3B). As expected, without detergent treatment,
the peak fractions (Fig. 3A, fractions 4 to 6) containing wild-
type virions had a density of 1.14 to 1.16 g/ml, corresponding to
the known density of intact retrovirus particles (data not
shown). Following detergent treatment, a distinct peak of wild-
type viral proteins was found at the density expected for ret-
roviral cores (1.24 to 1.28 g/ml) (Fig. 3B, fractions 8 to 10; data
not shown).

For analysis by transmission electron microscopy, wild-type
viral cores were isolated by sedimentation in a sucrose density
step gradient (1) and were then negatively stained, as described
in Materials and Methods (Fig. 3C). Cone-shaped cores lack-
ing the viral envelope were detected, as is characteristic of the
cores of mature virions. In accord with previous observations
(1, 45, 67), the cores exhibited heterogeneity in their exact size
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and shape. When the same conditions and procedures were
used, recognizable cores could not be detected in any of the
mutant samples, a result that was not unexpected since cores
contained in mutant virions are very obviously aberrant (60).

Figure 4 illustrates the protein profiles of untreated and
detergent-treated mutant virus particles. Mutant virions (Fig.
4A, C, and E) had the same protein composition as wild-type
virions (Fig. 3A), except that mutant CA proteins were par-

FIG. 2. Incorporation of CypA into mature and immature virus particles. HeLa cells were transfected with mutant and wild-type pNL4-3 (2)
PR� (A) and PR� (B) clones, as described in Materials and Methods. (A and B) Detection of virion-associated proteins by Western blot analysis.
Virus particles were separated by SDS-PAGE in 12% gels and were analyzed by Western blotting. The blots were initially probed with anti-Vif
and anti-CypA antibodies and were then reprobed with AIDS patient serum. The protein bands were visualized by chemiluminescence. The
positions of the precursor and mature viral proteins are indicated. (C) Relative incorporation levels of CypA into mature virions. CypA in mature
mutant and wild-type viral particles was quantified by scanning the band densities in the immunoblots and was normalized by calculating the ratios
of CypA levels relative to the levels of IN; the ratio for the wild type was arbitrarily set at 100%. The data were plotted in a bar graph; error bars
indicate standard deviation from three independent experiments. In this and all other figures, wild type is abbreviated as WT.
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tially degraded (Fig. 4A, C, and E) (60). Additionally, deter-
gent-treated mutant (Fig. 4B, D, and F) and wild-type (Fig.
3B) particles exhibited similar protein profiles. Thus, CA was
the major component present in wild-type and mutant cores,
but as is the case with mutant virions (Fig. 4A, C, and E) (60),
bands corresponding to degraded CA could be detected in
mutant cores. Interestingly, Pr55gag, which migrates slightly
slower than p51 RT, was most prominent in the core fractions
(Fig. 3B and 4B, D, and F). IN was found almost exclusively in
the core fractions of the wild type and mutants. Low levels of
MA (more visible in the mutants [Fig. 4B, D, and F] than in the
wild type [Fig. 3B]) could still be detected in the core fractions,
in agreement with earlier reports (45, 67). Note that mutant
virions and cores had densities that were similar to the corre-
sponding densities of untreated and detergent-treated wild-
type preparations, respectively (data not shown).

It is of interest that the level of RT associated with wild-type
cores (Fig. 3B, fractions 8 to 10) was substantially reduced
compared with the amount in virions (Fig. 3A, fractions 4 to 6);
this was also true for the mutants (compare Fig. 4A, C, and E
with Fig. 4B, D, and F) (also, see below). In addition, inspec-
tion of the Western blot data revealed a major difference
between wild-type and mutant cores. In the case of wild type,
a significant amount of CA was found in the soluble fractions
at the top of the gradient. In contrast, an unusually large
amount of CA was found in mutant core fractions, while rel-
atively small amounts of CA were detected in the low-density
fractions. This is particularly obvious for mutants W23A and
F40A (Fig. 4B and D).

Mutant cores retain an abnormally high level of CA. To
further address the issue of CA retention in virus cores, NP-
40-treated virus was sedimented in a sucrose step gradient, as
described in Materials and Methods. Five fractions were col-
lected from the top of each tube and were analyzed by Western
blot. As shown in Fig. 5A, most of the wild-type CA was found
in fraction 1, but for the mutants, most of the CA was found in
fraction 3, with some CA also seen in fractions 4 and 5. The
amounts of CA were quantified by densitometry, and in each
case, the percentage of total CA protein in fractions 1 and 2
and the combined fractions 3 to 5 (core fractions) was plotted
in a bar graph (Fig. 5B).

For the wild-type sample, 70% of the total CA protein was
found in the soluble fractions, most of it in fraction 1 and a
small amount in fraction 2; only about 30% of CA was present
in the combined fractions 3 to 5. In contrast, mutant D51A had
73% of total CA protein in fractions 3 to 5. With the hydro-
phobic mutants W23A and F40A, the amounts of CA in the
high-density combined fractions were also large; i.e., 63 and
70% of total CA remained associated with cores, respectively.
These findings demonstrate that, in the case of the mutants,
core-associated CA is unusually resistant to detergent.

Very small amounts of RT are associated with mutant cores.
Western blot analysis of the sucrose density gradient fractions
derived from wild-type and mutant detergent-treated virus par-
ticles (Fig. 3B and 4B, D, and F) indicated that most of the RT
in these preparations was found in the soluble fractions and
not in the core-containing fractions. To quantify the amount of
RT associated with cores, our first approach was to measure
the amount of RT activity in sucrose density gradient fractions
obtained after equilibrium sedimentation of detergent-treated

FIG. 3. Western blot and electron microscopy analysis of purified
wild-type HIV-1 virions and isolated cores. HIV-1 virions were har-
vested from HeLa cells transfected with the pNL4-3KFS plasmid con-
taining the wild-type CA sequence and were concentrated by ultracen-
trifugation. Untreated (A) and detergent-treated (B) samples were
layered onto 20% to 70% (wt/wt) linear sucrose density gradients and
were sedimented, as described in Materials and Methods. Twelve frac-
tions were collected from the top of the gradient. Virion- and core-
associated proteins were identified by Western blot analysis with the
use of AIDS patient serum. (C) Electron micrographs of HIV-1 wild-
type core particles. The samples were prepared and were stained as
described in Materials and Methods. Four representative images are
shown. Scale bar, 50 nm.
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FIG. 4. Protein profiles of untreated and detergent-treated mutant particles. Mutant virions harvested from HeLa cells transfected with
pNL4-3KFS plasmids containing mutant CA coding regions were concentrated by ultracentrifugation and were sedimented in linear sucrose
density gradients without further treatment or following treatment with mild detergent, as described in the legend to Fig. 3 and in Materials and
Methods. Western blot analysis with AIDS patient serum was used to identify virion- and core-associated proteins. Untreated virus: A, W23A; C,
F40A; and E, D51A. Detergent-treated virus: B, W23A; D, F40A; and F, D51A.
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virions (Fig. 6A). The wild-type sample exhibited two peaks of
RT activity: one in the low-density fractions, corresponding to
RT released into the soluble fractions, and another, in the
high-density fractions, representing RT retained in viral cores.
However, for all three mutants, only one RT peak could be
detected and this peak was located in the soluble fractions;
only trace amounts of RT activity were detected in the core
fractions. The percentage of RT activity associated with core
fractions was quantified and was plotted in a bar graph (Fig.
6B). The data showed that 28% � 5% of total RT activity was
retained in wild-type cores, whereas 5% or less of total RT

activity could be recovered from cores derived from the three
CA mutants.

To confirm these results, the amount of RT protein was
estimated by immunoprecipitation analysis (Fig. 6C). Viral
particles were metabolically labeled with [35S]Cys, treated with
NP-40, and sedimented to equilibrium in linear sucrose density
gradients, as described in Materials and Methods. Four frac-
tions were collected, and viral proteins were immunoprecipi-
tated with AIDS patient serum and separated by SDS-PAGE.
The p66 RT bands in the soluble, middle, and core fractions
are shown. Quantitation by PhosphorImager analysis indicated
that, for the wild type, about 26% of the RT present in these
three fractions could be detected in the core fraction. In con-
trast, only trace amounts (�1%) of RT were found in the
mutant core fraction. Note that the quantitation in Fig. 6C is in
excellent agreement with the RT activity data in Fig. 6B. In-
terestingly, the amount of Pr160gag-pol in immature cores is the
same for the wild type and the mutants (data not shown).

Collectively, the data in Fig. 6 demonstrate that wild-type
cores retain easily detectable amounts of RT, whereas mutant
cores contain levels of RT that are barely detectable in the RT
activity and immunoprecipitation assays. These findings are
highly significant, since the deficiency of RT in mutant cores
correlates with the inability of the CA mutants to initiate re-
verse transcription in infected cells (60).

DISCUSSION

In earlier work, we described the phenotype associated with
alanine substitution mutations in three conserved residues in
the N-terminal domain of HIV-1 CA: Trp23, Phe40, and
Asp51 (60). We found that mutant virions are noninfectious
and lack a cone-shaped core and, despite having a functional
RT, are unable to initiate reverse transcription in infected
cells. These results suggested that the mutants are blocked in
an early postentry event preceding reverse transcription. The
present study focuses on elucidating the mechanism by which
these CA mutations disrupt virus infectivity. Our approach was
to model disassembly by isolating viral cores following treat-
ment of virus particles with mild detergent. We now report that
mutant core structures have unusual biochemical properties,
i.e., a striking deficiency in RT and abnormally high retention
of CA, which are likely to account for the failure of the mu-
tants to synthesize viral DNA in vivo.

The phenotypes that we observe are presumably a reflection
of significant changes in CA structure resulting from the ala-
nine substitutions. For example, the D51A mutation destroys a
salt bridge formed by Asp 51 and Pro1 in mature CA (31, 64).
NMR analysis of the D51A protein indicates that the mutation
results in destabilization of the N-terminal �-hairpin (64),
which has a deleterious effect on assembly of conical cores in
mature virions (60, 64) and on in vitro assembly of CA (64).

Although we do not have direct evidence for specific
changes in the CA structure of the hydrophobic mutants, X-ray
crystallographic analysis indicates that these residues are im-
portant for maintaining the stability of CA structure (53). The
inability of W23A (helix I) and F40A (helix II) to incorporate
CypA into virions (Fig. 2) is surprising, since these residues are
distant from the CypA binding site (Fig. 1) and are buried deep
within the hydrophobic core of the helical N-terminal CA

FIG. 5. Retention of HIV-1 CA protein in wild-type and mutant
viral cores. Detergent-treated virions were subjected to sedimentation
in discontinuous sucrose gradients (step gradients), as described in
Materials and Methods. Five fractions were collected from the top of
the gradient. Aliquots of each fraction were subjected to Western blot
analysis by using AIDS patient serum. (A) The protein bands repre-
senting HIV-1 CA are shown. Note that fraction 1 and fractions 3 to 5
from the step gradient contained the same complement of viral pro-
teins seen in the soluble and core fractions, respectively, from the
linear sucrose density gradients (Fig. 3B and 4B, D, and F; data not
shown). (B) The amounts of CA were quantified and were plotted as
the percentage of total CA protein recovered from the gradient. The
values for fractions 1 and 2 represent the soluble and detergent-soluble
fractions, respectively. The values for fractions 3, 4, and 5 were com-
bined and represent the detergent-resistant core fractions. The sam-
ples were designated as follows in the bar graph: WT, black; W23A,
diagonal stripes; F40A, white; and D51A, gray.
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structure (31, 53). Reduction in CypA packaging was also re-
ported in earlier studies with a series of N-terminal CA dele-
tion or insertion mutants, which lack changes in the CypA
binding loop (11, 61). These results are consistent with a recent
NMR study showing that CypA-catalyzed isomerization of the
Gly89-Pro90 peptide bond involves chemical shifts in residues
distal to the CypA binding loop (6) and also suggest that
overall CA structure plays a key role in CypA binding and
activity. The W23A and F40A mutations appear to have a
profound effect on CA structure, which could involve global
changes in protein conformation that prevent proper interac-
tions with CypA. In contrast, the D51A mutation, while still
causing structural defects (see above), seems to be less severe,
since this mutation has little or no effect on CypA packaging
(Fig. 2).

Now one may ask: what are the major consequences of
structural distortions in CA and how do they impact the bio-
chemical and biological activities of the virus? Clearly, the
overall effect is a complete loss of infectivity (60). Although
CypA incorporation is dramatically reduced in W23A and

F40A virions and is a marker for defective CA structure (Fig.
2; see above), it does not appear to be the main reason for the
loss of infectivity. This conclusion is based on the fact that a
complete block in CypA incorporation in the absence of other
defects causes only a modest delay in virus replication (61). In
addition, D51A packages essentially normal levels of CypA
(Fig. 2), while exhibiting other more severely altered pheno-
typic properties in common with the hydrophobic mutants.
Rather, defects in mutant viral cores (see below) are more
likely to be ultimately responsible for the noninfectious phe-
notype.

To address the question of core defects, we isolated wild-
type and mutant cores by sedimentation in sucrose density
gradients (Fig. 3 and 4). Detection of typical cone-shaped
cores in wild-type peak gradient fractions following negative
staining and transmission electron microscopy validates the
experimental approach employed in this work (Fig. 3C). As
mentioned above, recognizable core structures from mutant
samples could not be detected in the electron microscope,
which is not surprising since mutant virions contain cores that

FIG. 6. Retention of HIV-1 RT in wild-type and mutant viral cores. Virions harvested from the supernatants of transfected HeLa cells were
treated with detergent and were sedimented through 20% to 70% (wt/wt) linear sucrose density gradients, as described in Materials and Methods.
Aliquots of each fraction were assayed for RT activity. (A) RT activity plotted in a bar graph. The designation of the samples is as follows: WT,
black; W23A, diagonal stripes; F40A, white; and D51A, gray. (B) RT activity in the core fractions (density equivalent to 1.24 to 1.28 g/ml) was
quantified and was plotted as the percentage of total RT activity. Error bars indicate the standard deviation from three independent experiments.
(C) Analysis of p66 RT metabolically labeled with [35S]Cys. 35S-labeled HIV-1 particles were concentrated and treated with NP-40 and were then
sedimented in linear sucrose density gradients, as detailed in Materials and Methods. Four 1.2-ml fractions were collected from the top. In each
case, fractions labeled “soluble” and “middle” correspond to soluble or detergent-soluble viral proteins, respectively, whereas the fraction labeled
“core” corresponds to the core fraction. (Note that analysis of the bottom fraction is not shown.) Each fraction was immunoprecipitated with AIDS
patient serum and was subjected to gel electrophoresis to separate core-associated proteins. Data for p66 RT are shown, since the p66 band is the
most reliable marker for RT protein. Other viral proteins were also detected (data not shown), in accord with the findings depicted in Fig. 3B and
4B, D, and F.
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are clearly aberrant (60). However, it is of interest that, despite
having an aberrant phenotype, mutant cores sediment with a
density similar to that of wild-type cores in linear sucrose
density gradients (data not shown), although the peak is re-
producibly somewhat broader with the mutant samples (com-
pare Fig. 3B with Fig. 4B, D, and F).

One of the striking results of this study is the finding that
mutant cores retain abnormally high levels of CA (65 to 70%
of total CA in step gradient fractions) (Fig. 5). In contrast,
isolated wild-type cores retain 20 to 30% of total CA present in
core preparations (Fig. 5) (1, 17, 19, 41, 45). Interestingly,
mutants with single amino acid substitutions in certain HIV-1
N-terminal Pro residues have aberrant core morphology and
also retain substantially increased levels of CA in pelleted
cores (17). These findings demonstrate that core-associated
CA in certain groups of mutants is highly resistant to deter-
gent. Forshey et al. (19) have described two noninfectious CA
mutants that have cone-shaped cores but release CA from
isolated cores with a reduced rate and extent compared with
wild-type cores in an in vitro disassembly assay. Abnormally
high retention of CA in viral cores would be expected to
interfere with the disassembly process, which in turn could
affect synthesis of viral DNA.

Another major core defect that could impact the ability of
mutant virions to initiate reverse transcription concerns the
amount of core-associated RT (Fig. 6). The CA mutations
under investigation here have no effect on the activity, expres-
sion, and packaging of RT in mature virions (60) or on the
amount of Pr160gag-pol in cores of PR� (i.e., immature) parti-
cles (data not shown). However, using an assay for exogenous
RT activity or measuring the amount of immunoprecipitated
35S-labeled RT protein, we find that mutant cores isolated
from mature virions retain 5% or less of total RT in fractions
from sucrose density gradients. Under the same conditions,
�30% of total RT is associated with wild-type cores (Fig. 6). In
the literature, some reports show that virions and cores contain
similar amounts of RT (45, 67), while other work indicates that
there is less RT in cores than in virions (1, 19, 41). In an
interesting parallel to our findings, Cairns and Craven (10)
have shown that, after detergent treatment of wild-type Rous
sarcoma virus particles, 30% of RT� and 40% of RT� were
associated with the pellet, whereas similar treatment of a CA
mutant with a single amino acid change in the major homology
region led to complete solubilization of RT� and only �5% of
RT� still remaining with the pellet.

Taken together, these findings support the conclusion that
RT is loosely associated with wild-type viral cores and that only
trace amounts of RT are present in core structures of certain
CA mutants. In contrast, IN has a stable association with wild-
type (Fig. 3B) (1, 19, 41, 45, 67) and mutant (Fig. 4B, D, and
F) cores. The “topography” of individual components in viral
cores is not known. However, image reconstruction analysis
shows that the CA lattice structure is quite open (48) and this
feature might play a role in RT release from cores. The extent
to which RT is detected in ribonucleoprotein complexes from
infected cells can vary (9, 15, 16, 39, 42, 52), presumably be-
cause of differences in the conditions of isolation. However, it
is of interest that, in one case where RT was detected (16), it
was found almost entirely in low-density sucrose gradient frac-
tions, dissociated from viral DNA, early in infection.

In conclusion, we have demonstrated that the D51A muta-
tion, which disrupts the salt bridge with Pro1, and the W23A
and F40A mutations, which would be expected to destabilize
the coiled-coil-like structure within the N-terminal domain of
HIV-1 CA, result in loss of infectivity that is associated with
severe defects in the architecture and protein composition of
viral cores and failure to synthesize viral DNA postentry. In-
terestingly, this phenotype is moderated if Phe, rather than
Ala, replaces Trp at position 23 (S. Tang et al., unpublished
data). Our findings clearly reveal a crucial role for the con-
served hydrophobic residues in HIV-1 replication and suggest
that the hydrophobic core represents a potential new target for
antiviral drugs and other therapeutic approaches for combat-
ing the AIDS epidemic.
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