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The N-terminal domains (NTDs) of the human immunodeficiency virus type 1 (HIV-1) capsid (CA) protein
have been modeled to form hexamer rings in the mature cores of virions. In vitro, hexamer ring units organize
into either tubes or spheres, in a pH-dependent fashion. To probe factors which might govern hexamer
assembly preferences in vivo, we examined the effects of mutations at CA histidine residue 84 (H84), modeled
at the outer edges of NTD hexamers, as well as a nearby histidine (H87) in the cyclophilin A (CypA) binding
loop. Although mutations at H87 yielded infectious virions, mutations at H84 produced assembly-competent
but poorly infectious virions. The H84 mutant viruses incorporated wild-type levels of CypA and viral RNAs
and showed nearly normal signals in virus entry assays. However, mutant CA proteins assembled aberrant
virus cores, and mutant core fractions retained abnormally high levels of CA but reduced reverse transcriptase
activities. Our results suggest that HIV-1 CA residue 84 contributes to a structure which helps control either
NTD hexamer assembly or the organization of hexamers into higher-order structures.

A number of functions have been attributed to the human
immunodeficiency virus type 1 (HIV-1) capsid (CA) protein.
As a portion of the HIV Gag precursor (PrGag) protein, the
CA N-terminal domains (NTDs) and C-terminal domains
(CTDs) collaborate with each other and with other Gag do-
mains to facilitate virus assembly and budding (4, 9, 10, 13, 15,
17–22, 27, 29, 31, 35, 38–44, 46). Appropriate CA-CA contacts
are necessary not only for assembly and release, but also for
proper maturation and postmaturation replication steps (9, 13,
15, 20, 22, 27, 29, 38, 40, 41, 43, 44). Indeed, a variety of HIV-1
capsid mutations have manifested defects in early replication
events, such as uncoating and reverse transcription (15, 20, 27,
38, 40, 41, 44). Some of these defects may be attributable to
altered interactions with cellular factors, such as cyclophilin A
(CypA) (1, 2, 7, 9, 41), and host susceptibility factors, such as
Ref1, Trim5�, and Lv1 (6, 12, 16, 17, 24, 32, 37).

In terms of a structural role within virions, CA NTDs appear
to assemble hexamer rings that are linked via CTD connections
(5, 19, 20, 26, 28, 33, 34, 42); evidence suggests that the NTD
rings are more tightly packed in immature than in mature
virions (28), implying that more CA is assembled into particles
than is necessary to build a mature virus core. In vitro exper-
iments have demonstrated unusual pH-dependent characteris-
tics in terms of the structures assembled by HIV-1 Gag pro-
teins. At pH 6.0, PrGag-like proteins have been shown to
assemble long tubes, whereas at pH 8.0, spheres are formed
(22). The behavior of mature CA is even more complex in that
CA dimers predominate at pHs below 6.6, spheres predomi-
nate at pH 6.8, and tubes are the major form at pH 7.0, while
tubes and spheres may coexist at higher pHs (14). The assem-
bly activities of CA in the pH 6.5 to 7.0 range have led to the
speculation that capsid assembly or disassembly may involve a

histidine switch, perhaps involving one of the three conserved
(H12, H62, and H84) of the five total (H12, H62, H84, H87,
and H226) capsid histidines (14).

In light of the histidine switch model, we chose to examine
the effects of five substitutions at the HIV-1 CA H84. This
residue was of interest because it has been modeled at the
outsides of NTD hexamer rings (19, 20, 26) in a position which
could modulate hexamer packing differences in immature and
mature virions (28). As a control, we also tested substitution
effects at the nearby CA histidine 87, a less-well-conserved
residue in the CypA binding loop. As expected, a cysteine
substitution at H87 had only minimal effects on viral infectivity.
In contrast, four of the five H84 mutations were noninfectious,
and one of these (H84A) demonstrated dominant negative
effects on wild-type (wt) virus infectivity. The exceptional mu-
tation, H84Y, produced virions that were still 30-fold less in-
fectious than wt virions. Detailed comparison of 84A, 84Y, and
wt virions showed that the mutant virions were released effi-
ciently from cells, had normal levels of viral genomic RNA and
total reverse transcriptase (RT) activity and, in contrast with
other reported NTD mutants (41), carried wt levels of CypA.
Although H84Y virions had wt levels in entry assays (8, 32), the
H84A mutant showed slightly reduced entry signals and mor-
phologically aberrant virus cores. Moreover, both mutants ex-
hibited low RT-to-CA ratios in virus cores and appeared sen-
sitive to proteolytic cleavage near NTD loop regions. Our
results suggest that H84 mutations perturb aromatic interac-
tions between HIV-1 CA NTD helices 4 and 7 that are essen-
tial to proper core morphogenesis.

MATERIALS AND METHODS

Recombinant DNA constructs. A vesicular stomatitis virus (VSV) glycoprotein
(G) expression construct, pVSV-G, was the generous gift of Randy Taplitz. The
�-lactamase–vpr fusion protein expression construct BlaM-vpr (32) and the
parental HIVLuc construct (pNL-LucE-R�) (11) were kindly provided by
Nathaniel Landau. To make mutations at capsid residue 84 in the context of
HIVLuc, the HIVLuc gag BglII (nucleotide [nt] 680)-to-HindIII (nt 1715) frag-
ment was inserted into the homologous SP72 (Promega) sites, mutagenic double-
stranded oligonucleotides were used to replace the wt sequence between the PstI
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(nt 1415) and SphI (nt 1443) sites, and mutations were cassetted back into
HIVLuc, using the BssHII (nt 715) and SpeI (nt 1508) sites. The mutation at
residue 87 was created by PCR, in a pGEM-T (Promega) vector, and BssHII-
SpeI cassetted into HIVLuc. In all cases, conservative mutations also were
introduced to facilitate restriction analysis. The wt and mutant sequences cov-
ering CA residues 77 to 91 are as follows, where mutated residues are under-
lined: wt, GCT GCA GAA TGG GAT AGA GTG CAT CCA GTG CAT GCA
GGG CCT ATT; H84A, GCT GCA GAA TGG GAT AGA GTG GCG CCA
GTT CAT GCA GGG CCT ATT; H84C, GCT GCA GAA TGG GAT AGA
GTC TGC CCA GTT CAT GCA GGG CCT ATT; H84E, GCT GCA GAA
TGG GAT AGA GTG GAA CCA GTT CAT GCA GGG CCT ATT; H84K,
GCT GCA GAA TGG GAT AGA GTG AAA CCG GTT CAT GCA GGG
CCT ATT; H84Y, GCT GCA GAA TGG GAT AGA GTA TAC CCA GTT
CAT GCA GGG CCT ATT; H87C, GCT GCA GAA TGG GAT AGA GTG
CAT CCA GTG TGC GCA GGG CCC ATT.

Cell culture and transfections. 293T and HiL cell lines were passaged at 37°C
in 5% CO2 in culture medium containing Dulbecco’s modified Eagle’s medium
supplemented with 10 mM HEPES (pH 7.4), penicillin, and streptomycin plus
10% fetal calf serum. For transfections, 10-cm plates of 293T cells were trans-
fected by the calcium phosphate method (4, 23, 29, 30, 44, 45) with either 24 �g
of HIVLuc DNA, 16 �g of HIVLuc plus 8 �g of pVSV-G DNA, or 12 �g of
HIVLuc plus 6 �g of pVSV-G plus 6 �g of BlaM-vpr DNA. Briefly, confluent
10-cm dishes of 293T cells were split 1:4 the day prior to transfection. Plasmid
DNAs were mixed with 1 ml of HEPES-buffered saline (pH 7.05 to 7.15; 21 mM
HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM sodium phosphate, 5 mM dextrose),
after which 40 �l of 2 M CaCl2 was added while vortexing. DNA solutions were
incubated at room temperature for 40 min. Following this, culture medium was
removed from the cells, DNA solutions were added dropwise to the cell mono-
layers, and then the cells were incubated at room temperature for 20 min, with
gentle rocking once at 10 min. After incubations, 10 ml of culture medium
containing 50 �g of gentamicin/ml was added to the cells, and plates were
incubated at 37°C and 5% CO2 for 4 to 5 h. Following incubations, transfection
media were removed and cells were washed with 5 ml of serum-free Dulbecco’s
modified Eagle’s medium, incubated in 2.5 ml of 15% glycerol in HEPES-
buffered saline for 3 min at 37°C, washed twice, and fed with 10 ml of culture
medium plus 50 �g of gentamicin/ml.

For sample collection, virus-containing media and cell pellets washed in phos-
phate-buffered saline (PBS; 9.5 mM sodium potassium phosphate [pH 7.4], 137
mM NaCl, 2.7 mM KCl) were collected 3 days posttransfection and stored at
�80°C prior to further processing. Virus particles in filtered (Gelman; 0.45 �m)
cell-free medium were concentrated by centrifugation at 4°C through 20% su-
crose cushions in PBS (2 h at 82,500 � g [25,000 rpm in an SW28 rotor, 4-ml
cushions], or 45 min at 197,000 � g [40,000 rpm, SW41 rotor, 2-ml cushions]).
Virus pellets were resuspended in 0.1 ml of PBS per transfected cell plate and
stored in aliquots at �80°C.

Protein analysis. For routine analysis of virus protein release, cell samples
(20% of cell pellets from each plate) were suspended in IPB (20 mM Tris-
hydrochloride [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.1% sodium dodecyl
sulfate [SDS], 0.5% sodium deoxycholate, 1.0% Triton X-100, 0.02% sodium
azide), incubated on ice for 5 min, vortexed, and cleared by centrifugation at
13,700 � g for 15 min at 4°C. Soluble material was mixed with 1 volume of 2�
sample buffer (12.5 mM Tris-hydrochloride [pH 6.8], 2% SDS, 20% glycerol,
0.25% bromophenol blue) plus 0.1 volume of �-mercaptoethanol, prior to heat-
ing (3 to 5 min, 95°C) and SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
For virus samples, 50 �l of resuspended virus pellets was mixed with one volume
of 2� sample buffer plus 0.1 volume of �-mercaptoethanol and processed as
above. In some cases, virus samples were cross-linked with 1 mM bis-maleimido
hexane (BMH; Pierce; diluted from a freshly made 100 mM stock in dimethyl
sulfoxide) prior to processing, as described previously (23, 29, 30).

Cell and virus protein samples were fractionated by conventional 10% acryl-
amide Laemmli SDS-PAGE (4, 23, 29, 30, 44, 45) or 16% acrylamide Schagger
and von Jagow SDS-PAGE (3, 36), electroblotted, and immunoblotted following
previously described methods. Primary antibodies were as follows: Hy183 (from
Bruce Chesebro) used at 1:15 from hybridoma culture medium for detection of
the HIV-1 CA CTD; NEA 9306001EA (New England Nuclear) used at 1:15,000
for detection of the HIV-1 CA NTD; and SA-296 (BioMol) used at 1:15,000 for
detection of CypA. Secondary reagents were alkaline phosphatase-conjugated
anti-mouse antibodies (Promega S3721) used at 1:15,000 for detection of anti-
HIV-CA primary antibodies and anti-rabbit immunoglobulin G (Sigma-Aldrich
A3687) used at 1:2,000 for the anti-CypA polyclonal antibody. Color reactions
for visualization of antibody-bound bands employed nitroblue tetrazolium plus
5-bromo-4-chloro-3-indolyl phosphate in 100 mM Tris-hydrochloride (pH 9.5),
100 mM NaCl, and 5 mM MgCl2 (4, 23, 29, 30, 44, 45). Size estimates for

immunoreactive bands on immunoblots were obtained by comparison of mobil-
ities versus those of Bio-Rad and Invitrogen size standards, assuming a linear
mobility-to-log molecular weight relationship. Quantitation of band intensities
was performed by densitometric scanning on an Epson model G810A scanner,
followed by intensity measurement using NIH Image 1.61 software.

Sucrose gradients and core fractionations. For sucrose density gradient frac-
tionation, virus samples in PBS (0.1 ml) were layered on top of 5-ml 20-to-60%
sucrose gradients in TSE (50 mM Tris [pH 7.4], 100 mM NaCl, 0.1 mM EDTA)
and centrifuged at 4°C, 170,000 � g (average) for 18 h such that particles of �12S
should have sedimented to equilibrium. After centrifugation, 0.4-ml fractions
were collected from the gradient tops to bottoms, and Gag levels in each fraction
were determined by immunoblotting as described above. Sucrose densities for
fractions were determined by weighing a constant volume of each fraction from
a gradient run in parallel.

For virus core fractionation, we followed a modification of the protocol of
Tang et al. (41). Briefly, 0.1-ml virus samples were mixed gently with an equal vol-
ume of 0.6% NP-40 and incubated at room temperature for 10 min. Samples were
layered onto 0.2-ml 20% sucrose–PBS cushions and centrifuged at 120,000 � g
for 60 min at 4°C. Two 0.2-ml fractions then were collected from the top, and the
pellets were resuspended in 0.2 ml of PBS to yield a third fraction. Samples were
subjected to RT assays and immunoblot analysis of Gag protein content.

RT assays and RNase protections. Exogenous RT assays were performed with
poly(A) and oligo(dT) templates and primers and detergent-disrupted virions
(29, 44). Gag-normalized viral samples in PBS were incubated in RT assay
cocktail {50 mM Tris (pH 8.3), 20 mM dithiothreitol (DTT), 0.6 mM MnCl2,
60 mM NaCl, 0.05% NP-40, 2.5 �g of oligo(dT) (Pharmacia)/ml, 10 �g of poly(A)
(Pharmacia)/ml, 10 �M dTTP (1-Ci/mM [�-32P]dTTP) } at 37°C for 2 h. As
controls, dilutions of avian myeloblastosis virus RT (Roche) were run in parallel.
After incubations, samples were precipitated by addition of 0.1 volume of 100%
trichloroacetic acid (TCA) and incubated overnight at 4°C. TCA precipitates
were pelleted by centrifugation for 10 min at 4°C, 13,600 � g, and were washed
five times with 10% TCA prior to radioactivity quantitation in a scintillation
counter.

RNase protections essentially followed the procedure of Wang et al. (45).
Probes for RNase protection assays were made by incubation of 1 �g of EcoRI-
linearized template plasmid (BlueHX 680–831) with transcription buffer (40 mM
Tris [pH 7.4], 10 mM DTT, 6 mM MgCl2, 0.8 mM spermidine), 100 �Ci of
[�-32P]rGTP, 0.5 mM each of rATP, rCTP, and rUTP, 1 �l of RNasin (Pro-
mega), 1 mM DTT, and 20 U of T3 polymerase (Promega) at 37°C for 1 h.
Probes then were ethanol precipitated, dried, resuspended, separated on 5%
sequencing gels, eluted, and reprecipitated prior to use (45). For protections,
Gag-normalized viral samples were precipitated with 10 �g of tRNA. Pellets
were resuspended in 80% formamide, 400 mM NaCl, 40 mM piperazine-N,N�-
bis(2-ethanesulfonic acid) (pH 6.4), and probe, incubated at 75 to 85°C for 5 min,
and then incubated at 30°C overnight. Samples then were incubated with RNase
treatment buffer (300 mM NaCl, 10 mM Tris [pH 7.5], 5 mM EDTA, 40 �g of
RNase A [Roche]/ml, 2 �g of RNase T1 [Roche]/ml) and incubated at 30°C for
30 min, followed by the addition of 2.5 �l of 20-mg/ml proteinase K (Boehringer)
plus 20 �l of 10% SDS and further incubation at 37°C for 15 min. Samples were
phenol-chloroform extracted, ethanol precipitated, dried, fractionated on 6%
acrylamide sequencing gels, and autoradiographed. Viral genomic RNA bands
on autoradiographs were scanned on an Epson G810 scanner and quantitated
using NIH Image 1.61 software.

Infections and entry assays. Confluent 10-cm dishes of HiL cells (29, 44, 45)
were split 1:5 the day before infections. Growth media were removed from each
cell plate, and 2-ml aliquots of filtered transfection supernatants containing 8 �g
of Polybrene/ml were added to the cells. Plates were incubated for 3 h at 37°C,
after which 8 ml of culture medium per plate was added and plates were
incubated an additional 3 days at 37°C. After infections, cells were collected in
1 ml of luciferase lysis buffer (100 mM sodium phosphate [pH 8.0], 4 mM ATP,
1 mM sodium pyrophosphate, 6 mM magnesium chloride, 0.2% Triton X-100)
and either processed immediately for luciferase assays or frozen at �80°C until
use. For luciferase assays, cells in luciferase lysis buffer were vortexed at room
temperature and 30-�l aliquots were mixed with 0.3 ml of luciferase assay buffer
(luciferase lysis buffer minus Triton X-100). Luciferase levels were measured on
an EG&G Berthold Autolumat LB953 luminometer using a 0.1-ml luciferin
pulse of 1 mM D-luciferin (BD Pharmingen). Raw luminometer counts were
normalized versus luminometer counts obtained from the transfected cells which
produced the virus samples, and mutant virus infectivities were expressed as
percentages of wt HIVLuc infectivities from assays performed in parallel.

Infections for entry assays (8, 32) used 10-cm confluent plates of HiL cells
which were split 1:10 onto 6-cm dishes the day before infections. Cells were
infected 5 h at 37°C with 250 �l of virus in PBS plus 750 �l of serum-containing
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medium and 8 �g of Polybrene/ml. After incubations, viral samples were re-
moved, cells were washed once with Hank’s balanced salt solution (HBSS;
without calcium or magnesium), and cells were incubated in 1.5 ml of CCF2/AM
loading solution (2 �M CCF2/AM [Invitrogen], 0.8 mg of Pluronic-F127 [In-
vitrogen]/ml in HBSS) at 26°C, 5% CO2 overnight. Loading solution then was
removed, cells were washed once in HBSS, trypsinized, pelleted, fixed (20 min,
1% formaldehyde in PBS), pelleted, washed in HBSS, pelleted, and resuspended
in 1 ml of HBSS. Cells were analyzed as described previously (8, 32, 47) on a
Becton-Dickinson Turbo Vantage flow cytometer to detect cleaved product as
blue fluorescence and uncleaved substrate as green fluorescence. The percent-
ages of product-positive live cells derived from flow cytometer analysis were
normalized for Gag protein levels in virus samples and expressed as percentages
of wt HIVLuc levels.

EM. Concentrated virus particle samples were lifted for 2 min onto carbon-
coated, UV-treated (shortwave UV, 30 to 120 min) electron microscopy (EM)
grids, rinsed for 15 s in water, wicked, stained for 1 min in filtered 1.3% uranyl
acetate, wicked, and dried. EM images were collected on a Philips CM120/
Biotwin TEM equipped with a Gatan 794 multiscan charge-coupled device cam-
era, searching at 2,300 to 4,000�, and collecting images at 2,300 to 34,000�.
Virus particle diameters were determined with the aid of Gatan digital micro-
graph software, and virus particle images were ported from Gatan DM3 to TIFF
or jpeg image format for presentation.

RESULTS

Release and infectivity of viral mutants. The in vitro assem-
bly properties of HIV-1 CA and PrGag proteins have been
shown to be pH dependent. Gross et al. showed that PrGag-
like proteins assembled tubes at pH 6.0 but spheres at pH 8.0
(22). Ehrlich et al. (14) observed that CA assembly properties
shifted in the range of 6.0 to 7.0, near the pKa of histidines.
Since HIV-1 histidine 84 is well conserved (25), modeled to be
at the outer edges of NTD hexamer rings (19, 20, 26), and
might influence HIV assembly or morphogenesis, we examined
the effects of mutations at this residue. To do so, we initially
substituted alanine, lysine, cysteine, and glutamate for histi-
dine 84, creating the H84A, H84K, H84C, and H84E muta-
tions. As a control, we also tested the effects of a cysteine
mutation at the nearby poorly conserved histidine 87 residue in
the CypA loop.

For monitoring the effects of mutations on virus assembly
and release, wt and mutant HIV constructs were transfected
into 293T cells and virus and cell samples were collected 3 days
posttransfection. Samples were separated by SDS-PAGE and
immunoblotted with an anti-HIV capsid antibody. As shown in
Fig. 1, wt Gag proteins were released efficiently from cells,
yielding the expected PrGag, p41, and CA bands, along with a
less-pronounced processed band at 46 to 47 kDa. Relative to
wt, H84K, H84E, H84C, H84A, and H87C all released Gag
proteins at approximately comparable levels. These results
suggest that the H84 and H87 mutations did not compromise
the abilities of Gag proteins to assemble and release virus-like
particles. Indeed, the only readily apparent differences from wt
pertained to protein processing. In particular, for the H84C
mutant, slightly higher levels of PrGag and p41 were observed
in virus particle samples. Also observed were additional minor
processing bands at about 46 kDa and near the CA band for
the four H84 mutants; the nature of these bands is examined
further below.

Since the H84 and H87 mutant constructs efficiently re-
leased virus from transfected cells, it was of interest to test
whether they were also infectious. Thus, 293T cells were co-
transfected with wt or mutant HIVLuc constructs plus a plas-
mid encoding VSV-G. Media from transfected cells were col-

lected and used to infect HiL cells, after which luciferase assays
were performed on the infected cells to score for virus-medi-
ated transduction of the luciferase gene. Not surprisingly,
VSV-G-pseudotyped wt viruses were infectious, as were vi-
ruses produced by the H87C mutant (see below). In contrast,
the infectivities of the four H84 mutants all were less than
0.2% that of wt.

Because alanine, cysteine, lysine, and glutamate substitu-
tions for HIV-1 CA H84 essentially abolished virus infectivi-
ties, we considered alternate substitutions that might maintain
some degree of infectiousness. Inspection of the HIV-1 CA
NTD structure (Fig. 2) suggested that in addition to providing
a highly conserved basic residue, H84 contributes to an aro-
matic interaction with tryptophan residues 80 (W80) and 133
(W133) to align the base of the CypA loop and helices IV and
VII in a stable tertiary structure. To examine the importance of
this arrangement, we created an H84Y mutation on the hy-
pothesis that tyrosine might preserve the residue 84-80-133
aromatic interaction.

Testing of the H84Y mutant assembly and release properties
followed the methodology described above, and results are
shown in Fig. 3. As observed in Fig. 1, the wt construct directed
the efficient assembly and release of virus particles (lanes A
and D). Also as observed in Fig. 1, H84A proteins were re-
leased efficiently from cells, but additional high-mobility pro-
cessing bands were especially apparent (B and F). Gag assem-
bly and release levels for H84Y (C and G) were similar to those

FIG. 1. Virus particle release. 293T cells were transfected with wt
and mutant HIV constructs. Cell lysates and pelleted virus samples
were collected at 72 h posttransfection and subjected to SDS-PAGE
followed by immunodetection for Gag proteins with an anti-HIV-1 CA
antibody. Sample identities and bands for PrGag, CA, and the p41
processing intermediate are indicated.
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of the wt and H84A constructs, implying no impairment of
these processes. However, interestingly, the levels of high-
mobility processing bands were reduced for H84Y relative to
that for H84A (compare F and G).

Since the H84Y mutant gave fewer anomalous CA process-
ing bands than H84A, it seemed possible that it might prove
less impaired in terms of infectivity than its counterpart. Thus,
infectivity assays were performed for H84Y, along with H84A,
H87C, and wt controls. As noted above and illustrated in Fig.
4, the H87C mutant had reduced but still considerable (20% of
wt) infectivity, whereas H84A (as well as H84K, H84E, and
H84C) showed �0.2% of wt infectivity. The H84Y mutant
infectivity was reduced 30-fold compared to wt but, remark-
ably, it was still greater than 10 times that of the other H84
mutants. To ascertain whether mutant Gag proteins were able
to impair the functions of wt Gag proteins, wt and H84A
constructs were transfected into 293T cells at different ratios
(3:1, 1:1, and 1:3 wt/H84A ratios) along with the VSV-G pro-
tein expression construct, and media were collected for in-
fections. As Fig. 4 illustrates, while the 3:1 wt-H84A sample
showed slightly reduced infectivity, virus particles produced
from the 1:1 and 1:3 wt-H84A mixtures were as noninfectious
as H84A itself. These results indicate that the H84A mutant
acts as a dominant negative, diminishing the ability of wt Gag
proteins to assemble infectious particles. The mechanism by
which mutations at HIV-1 CA H84 inhibit infectivity is exam-
ined below.

CypA incorporation into viral mutants. One possible cause
for the noninfectivity of viral mutants might be differences in
their abilities to interact with CypA. Although CypA appears
to exert its major effects on HIV-1 within newly infected cells
(1, 2), studies have shown that the noninfectivity of some
HIV-1 NTD mutants correlates with an impaired ability to
incorporate CypA into virions (7, 9, 41). Because our muta-
tions mapped within or adjacent to the CypA loop, examina-

FIG. 2. Structural features of the HIV-1 CA NTD. Shown is the
structural model (pdb 1GWP) (21, 39) for the HIV-1 CA NTD, from
the N-terminal proline at the end of the �-hairpin to the C-terminal
connection to the CTD (bottom left). The seven NTD helices are
indicated, as are the locations of mutated residues H84 and H87 and
the tryptophan residues (W80 and W133) which participate in aro-
matic interactions with H84. Approximate locations of anomalous pro-
cessing sites (determined below in Fig. 6) are indicated with black dots,
where dot sizes represent the frequencies of cleavage site usage, based
on immunoblotting band intensities. Note that residue numbers reflect
those of the mature capsid protein, in which the first capsid residue
corresponds to codon 133 from HIV-1 gag.

FIG. 3. Release of wt, H84A, and H84Y particles. 293T cells were
transfected with wt and mutant HIV constructs. Cell lysates and pel-
leted virus samples were subjected to SDS-PAGE, followed by immu-
nodetection for Gag proteins using an anti–HIV-1–CA antibody. Sam-
ple identities were as indicated, where M denotes the molecular weight
size marker. Bands for PrGag, CA, and the p41 processing intermedi-
ate are indicated.

FIG. 4. Relative virus infectivities. HiL cells were infected with
viruses derived from cotransfecting the indicated HIV-luciferase
(HIVLuc) construct with the VSV-G expression construct pVSV-G.
Infectivities were monitored by luciferase assay of infected cell ly-
sates, and results were normalized to luciferase activities of the
corresponding transfected cells. Infectivities were plotted relative
to wt HIVLuc levels on a log scale graph and were based on two or
more (H87C 	 4; H84Y 	 3; H84A 	 7) independent sets of in-
fections. Note that the 3WT:1A, 1WT:1A, and 1WT:3A bars cor-
respond to cotransfections using different ratios of wt and H84A
constructs and that values for the H84E, H84K, and H84C viruses
were �0.2% that of wt.
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tion of CypA levels in virions appeared warranted. For this
analysis, we chose to examine our partially infectious H84
mutant, H84Y, and one noninfectious mutant, H84A, along
with negative and positive controls. Virus samples were immu-
noblotted for the parallel detection of CA (Fig. 5A) and CypA
(Fig. 5B) proteins. As illustrated, while CypA was not released
from cells in the absence of HIV-1 expression (Fig. 5B, �
lane), its release from cells appeared roughly equivalent for wt,
H84A, and H84Y viruses (compare Fig. 5A, CA signal, versus
B, CypA signal); these results suggest that mutations at H84
did not affect CypA binding to CA.

We also monitored CypA incorporation into H87C virions
and found that CypA assembly into virions was not affected by
this CypA loop mutation (Fig. 5E, � lane). Interestingly, treat-
ment of H87C virus with the cysteine-specific cross-linker BMH
yielded a novel anti-CypA-reactive 45-kDa band (Fig. 5E, � lane)
which corresponded to an anti-CA-reactive cross-link band in
H87C (Fig. 5D) but not wt (Fig. 5C) samples. These results in-
dicate that the introduced cysteine at residue 87 readily cross-
linked to a free CypA cysteine. An additional cross-link band,
observed only with the anti-CA antibody (Fig. 5D), migrated
slightly slower than the PrGag band. We interpret this product
to represent either a CA-CA dimer or a heterodimer of CA
with an undetermined cellular protein. In either case, our re-
sults with H84 and H87 did not demonstrate the correlation
between loss of infectivity and loss of CypA interaction that has
been observed for some other NTD mutations (41).

RNA and RT analysis. Since CypA levels in wt and nonin-
fectious mutant virions were equivalent, we probed for RNA
and RT defects that might yield replication-defective, assem-
bly-competent phenotypes. For RNA analysis, RNAs were iso-
lated from equivalent amounts of virus and samples were an-
alyzed by RNase protection, as described in Materials and
Methods. Results (Table 1) demonstrated that virion-associ-
ated HIV genomic RNA levels were roughly equivalent for wt,
H84Y, and H84A viruses. Similar studies also were performed

on viruses to measure RT levels via exogenous template RT
assays (see Materials and Methods). As shown in Table 1, RT
levels were comparable in samples from WT, partially infec-
tious H84Y, and noninfectious H84A virions. Thus, RNA en-
capsidation and/or RT incorporation defects do not explain the
low infectivities of the H84 mutants.

Cleavage site analysis of mutant proteins. Although H84
mutant viruses gave wt levels of RNA and RT, we noted that
the H84 mutants displayed a number of high-mobility CA
processing bands (Fig. 1 and 3). On most gels, the number of
processing bands appeared greater for the H84A mutant than
for the H84Y mutant, suggesting a correlation between aber-
rant processing and loss of infectivity. To examine this finding
in more detail, wt, H84A, and H84Y viral proteins were ana-
lyzed on 10 and 16% gels and fragment sizes were calculated
from log molecular weight-versus-migration distance plots. As
illustrated in Fig. 6, anti–HIV-1–CA–reactive bands were ob-

FIG. 5. CypA assembly into virus particles. (A and B) 293T cells
were mock transfected (�) or transfected with the indicated con-
structs, and medium supernatants were collected 72 h posttransfection
and then subjected to ultracentrifugation. Pelleted virus samples were
resuspended in buffer and subjected to SDS-PAGE and parallel im-
munodetection with the indicated antibodies. (C to E) Samples were
mock treated (�) or treated (�) with the cysteine-specific cross-linker
BMH prior to SDS-PAGE and immunodetection. CypA, CA, PrGag,
and CA-CypA cross-link products (D and E, cross-link lanes) are
indicated. Note a putative CA-CA dimer cross-link product in the
panel D cross-link lane, just above the PrGag band.

FIG. 6. Capsid protein processing products. The indicated virus
samples were electrophoresed in parallel on conventional SDS–10%
PAGE and SDS–16% PAGE Schagger gels. After electrophoresis, CA
fragments were detected by immunoblotting with an anti–HIV-1–CA
antibody which recognizes the HIV-1 CTD. Approximate fragment
sizes in kilodaltons are indicated and were estimated by comparison
with migration distances of known standards, assuming a linear rela-
tionship between migration and log molecular mass.

TABLE 1. RNA and RT levels in wt, H84Y, and H84A virusesa

Construct RNA level RT level

wt 100 100
H84Y 94 113 
 12
H84A 109 
 9 106 
 51

a Viral genomic RNA (RNA) and RT levels in wt, H84Y, and H84A viruses
are expressed as percentages of the values obtained for wt viruses. RNA levels
were determined by RNAse protection using RNA isolated from equivalent
amounts of virus. Relative levels were quantitated densitometrically from one
(H84Y) or two (wt, H84A) independent experiments. RT values are derived
from three independent measurements for each construct and were determined
using exogenous RT assays, normalized for capsid protein levels by densitometric
quantitation from immunoblots.

1474 SCHOLZ ET AL. J. VIROL.



served at calculated sizes of 21.7, 19.2, 17.1, 15.2, 14.3, and 10.5
kDa. The epitope for the antibody employed binds to the CTD,
C-terminal to the CA major homology region (27, 38). Thus, if
the CA-sp1 junction for these NTD mutants were cleaved
appropriately, the novel processing sites within the NTD could
be estimated from fragment size data. Based on this assump-
tion, the approximate aberrant CA cleavage sites for H84A
and H84Y were mapped (Fig. 2) as black dots, where the size
of the dot represents the frequency of cleavage site usage.
Although these cleavage site estimates are likely to be accurate
only to the nearest few residues, it is interesting that one of the
predicted cleavage sites maps close to residue 84 and the oth-
ers tend to occur at or near loop regions in the NTD or
between the NTD and CTD. These results suggest that H84A
mutations perturbed tertiary or quaternary interactions such

that the capsid proteins became more sensitive to proteolytic
action.

Morphologies of mutant virions. Since H84 mutant proteins
were processed anomalously in virions, we found it important
to characterize the virus particles further. Particles collected by
ultracentrifugation were subjected to equilibrium centrifuga-
tion on 20-to-60% sucrose gradients to analyze virion densities.
As shown in Fig. 7, the peak density for wt virions (top panel)
was 1.15 g/ml, within the 1.15- to 1.19-g/ml range observed
for HIV-1 virions (4, 44). We also observed a smaller peak in
fraction B (1.10 g/ml) and a shoulder of denser virus particles.
The partially infectious H84Y mutant displayed a similar den-
sity pattern as wt, with a peak in fraction G, a smaller peak in
fraction B, and a shoulder containing virions of higher density.
In contrast, noninfectious H84A mutant viruses showed a
slightly shifted peak fraction (fraction F) and a considerably
broader range of densities with a higher proportion of lower
density virions. Although our density gradient fractionation
protocol is subject to some variability, the results with H84A
suggested that these mutant virus particles might be morpho-
logically anomalous.

Based on sucrose density gradient results, we decided to
compare virion morphologies of wt and H84A particles by EM.
To do so, purified virus samples were lifted onto EM grids,
washed, negatively stained, and analyzed by transmission EM.
A simple examination of virus particle diameters (Fig. 8a)
showed similar results for the two samples: most virus particles
were in the 110- to 120-nm range, with an average wt particle
diameter of 118 
 20 nm (mean 
 standard deviation) and a
slightly smaller H84A average at 112 
 20 nm. Notwithstand-
ing the similarities in particle diameters, a significant difference
was observed in particle core morphologies. Figure 8b shows a
gallery of wt (panels A to H) and H84A (panels I to P) parti-
cles, stained so that lipid envelope drying and breakage re-
vealed the internal core structure, or completely liberated
cores from envelopes (Fig. 8b, panel H). It is noteworthy that
all (n 	 29) of the wt particles displayed visible conical or
cylindrical cores (panels A to H), as is typical for HIV (10, 19,
38, 46). In contrast, H84A cores either were round, barrel
shaped, or anomalously shaped (panels I to P). No particles
with clearly conical or cylindrical cores were observed for the
H84A mutant (n 	 39).

Analysis of postassembly defects. Although H84A virions
had aberrant mature cores, the exact relationship between this
morphological defect and the lack of infectivity was unclear.
To examine postassembly defects of H84 mutants further, en-
try assays (8, 32) were performed to monitor the capability of
virus cores to enter target cells. To generate viruses for these
assays, 293T cells were cotransfected with the wt or mutant
HIVLuc constructs, the VSV-G protein expression construct,
and a construct encoding a vpr–�-lactamase fusion protein
(32). Under our transfection and infection conditions (see Ma-
terials and Methods), we expected a multiplicity of infection in
the range of 0.01%, about 10- to 20-fold higher than we have
observed with HIV vectors pseudotyped with retroviral enve-
lope proteins (29). Successful virus entry was probed as de-
scribed previously (8, 32, 47) by measuring cleavage of the
fluorescent �-lactamase substrate CCF2 in target cells: CCF2
cleavage is accompanied by a fluorescent shift from green to
blue, and percentages of entry-positive versus -negative cells

FIG. 7. Virus density gradient fractionation. Samples of the indi-
cated viruses were loaded onto 20-to-60% sucrose density gradients
and centrifuged at 170,000 � g (average) for 18 h in an SW 50.1 rotor
such that particles of �12S should have sedimented to equilibrium.
After centrifugation, 0.4-ml fractions were collected from the gradient
tops (A) to bottoms (M) and Gag levels in each fraction were mea-
sured by densitometry of immunoblot bands. Gag levels for each frac-
tion are plotted relative to the gradient fraction with the highest Gag
signal (	100%). Sucrose densities were determined by weighing a
constant volume of each fraction from a gradient run in parallel,
although these values should be considered approximate, as our ob-
served gradient-to-gradient variation was about 
0.005 g/ml in any
given fraction.
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were quantitated by flow cytometry (8, 32, 47). Employing
these assays with wt, H84Y, and H84A viruses gave the results
shown in Fig. 9. As illustrated, while �0.01% of the mock-
infected cells scored as entry positive based on blue fluores-
cence emission, 0.86% of the wt-infected cells gave a positive
signal. Relative to wt levels, H84Y (1.04%) and H84A (0.38%)
yielded higher and lower entry signals, respectively. Neverthe-
less, when entry results were normalized for virus particle-
associated Gag protein levels in two independent experiments,
entry assay results showed no impairment for H84Y (134% 

60% wt levels) and only a slight impairment for H84A (61% 

3% wt levels). Thus, reduced entry into target cells did not
readily account for the �500-fold reduction in infectivity for
H84A virions.

As an alternative approach to the analysis of particle defects,
we decided to subject virions to a detergent treatment-frac-
tionation protocol, since recent studies have revealed unusual
fractionation profiles for certain HIV-1 CA NTD mutants (41).
Consequently, wt, H84Y, and H84A viruses were detergent
treated and fractionated on sucrose step gradients to obtain
mature virus core-enriched pellets, as described by Tang et al.
(41). Fractionation results for wt, H84Y, and H84A are shown
in Fig. 10. In the case of the wt sample, the pellet fraction (lane
C) preferentially contained immature and incompletely pro-
cessed virions, which were not enriched in the top (lane A) or
middle (lane B) fractions. As expected from prior analysis (15,
41, 46), only a small proportion of mature CA pelleted. The
H84Y fractionation pattern was similar to the one observed
with wt, although there was a slight increase of capsid in the
pellet fraction (lane C). This trend was magnified with the
H84A sample, which showed a large capsid signal in the pellet

FIG. 8. Analysis of virus morphologies. Virus particles from wt
HIVLuc- and H84A HIVLuc-transfected cells were isolated, lifted
onto carbon-coated grids, stained with uranyl acetate, and imaged by
transmission EM. (a) Histogram of particle diameters. Diameters of wt
(n 	 29) and H84A (n 	 39) virus particles were plotted in 10-nm size
bins relative to the frequencies (percentage of total sample) observed
for each size bin. (b) Galleries of virus particle images. Images of eight
wt (A to H) and H84A (I to P) virus particles are shown within 262- by
262-nm windows. Note that panel H shows a wt core, apparently
released from a broken virus during preparation. Note also that all wt
virions (n 	 29) showed discernible cylindrical or conical cores,
whereas only panel I showed a possible cylindrical core for H84A (n 	
39).
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fraction. Although similar fractionation results have been ob-
served with other HIV-1 CA NTD mutants (41), we repeated
the experiment and obtained similar fractionation profiles, in-
dicating that these were not atypical results. We also per-
formed RT assays on each of the detergent treatment frac-
tions. Interestingly, RT levels in all mutant fractions were
lower than in their wt counterparts, suggesting a difference in
wt versus mutant virus RT stabilities during the core fraction-
ation protocol. Comparison of CA and RT levels demon-
strated that although pellet-associated CA levels were in-
creased with the H84 mutants, RT levels in the pellet (C)
fractions were reduced twofold relative to wt. These observa-
tions suggest that high CA-to-RT ratios in core pellet fractions
correlate with H84 mutant replication defects and are consis-
tent with the notion that mutant virus replication is blocked
after target cell entry, at a reverse transcription step.

DISCUSSION

Although the structure and some of the functions of the
HIV-1 CA NTD have been clarified (9, 13, 15, 17, 20–22, 29,
35, 38–44), many structure-function relationships remain to be
explained. Within mature HIV-1 cores, NTDs appear to as-
semble hexamer rings (5, 26, 28), and although hexamer con-
tacts have not been determined they have been modeled to
employ NTD helices I and II (19, 20, 26). In this arrangement,

histidine residues H84 and 87 would occupy positions at the
outer edges of hexamer rings and might be well suited to
mediate putative interhexamer associations and/or histidine
switch activities (14). Consequently, we probed these residues
by using a mutational analysis approach.

Because HIV-1 CA H87 is not well conserved (25), it was
not surprising that our cysteine substitution mutant (H87C)
was infectious (Fig. 4). Our cross-linking experiments also
demonstrated that H87C readily cross-linked to a free CypA
cysteine, whereas the natural CA CTD cysteines did not (Fig.
5). In contrast to H87C, mutations at the highly conserved H84
substantially reduced virus infectivity (Fig. 4). Surprisingly, un-
like recently described (41) mutations at CA NTD W23A and
F40A at helices I and II, respectively, mutations at H84, adja-
cent to the CypA loop, did not reduce CypA assembly into
virions (Fig. 5). However, both H84A and H84Y mutants were
similar to the W23A and F40A mutants (41) in that detergent
treatment experiments yielded significantly increased cap-
sid/RT ratios in mature core fractions. These results are con-
sistent with the interpretation that mutations at H84 reduce
virus infectivity via an impairment of reverse transcription
steps.

Given that H84A cores exhibited a clearly aberrant mor-
phology (Fig. 8), a putative block at reverse transcription does
not seem an unexpected phenotype. However, it is not imme-
diately obvious why mutations at H84, which is not modeled to
participate in NTD hexamer formation (19, 20, 26), should give
a phenotype similar to mutations W23A and F40A in helices I
and II, which have been modeled at hexamer interfaces. One
possible explanation is that changes at H84 telegraph to helices
I and II to alter hexamer interfaces. Alternatively, the CA
NTD helix I-II and IV-VII faces may play complementary roles

FIG. 9. Virus entry assays. Virus core entry into target cells was
assessed using viruses produced by cotransfection of wt, H84Y, or
H84A or mock expression constructs along with expression constructs
of the VSV-G (pVSV-G) and a �-lactamase–vpr (BlaM-vpr) fusion
protein. Viruses were used to infect HiL cells in serum-containing
medium plus 8 �g of Polybrene/ml for 5 h at 37°C. After incubations,
viral samples were removed and cells were incubated an additional
18 h at 26°C in fluorescent �-lactamase substrate (CCF2/AM) loading
solution. Virus entry was measured by flow cytometry detection of live
cells manifesting uncleaved substrate (green fluorescence) versus
cleaved product (blue fluorescence). The percentages of product-pos-
itive live cells are shown. When normalized for Gag protein levels, the
average (n 	 2) entry assay signals for H84A and H84Y relative to that
of wt were 61% 
 3% (H84A) and 134% 
 60% (H84Y).

FIG. 10. Analysis of virus cores. Viruses collected from transfected
cells were treated with 0.3% NP-40 for 10 min, layered onto an equal
volume of 20% sucrose, and centrifuged at 120,000 � g for 60 min at
4°C. Top fractions (A), bottom fractions (B), and virus core-containing
pellet fractions (C) were collected and subjected in parallel to RT
assays (bottom panel) as well as SDS-PAGE and immunoblotting with
anti–HIV-1–CA antibody. PrGag and mature CA bands are indicated
on the immunoblots. RT units were determined by comparison with
activities of known amounts of avian myeloblastosis virus RT.
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in assembly, perhaps in forming hexamers and in bundling
hexamers into higher-order structures. Finally, mutations at
CA residues 23, 40, and 84 all may have a significant impact on
the folding of capsid monomers, and this common folding
defect may result in related assembly anomalies.

Regardless of the role of H84 in CA oligomerization, the
fact that substitution with tyrosine yielded viruses that were
over 10 times more infectious than alanine, cysteine, lysine,
and glutamate variants implies that the natural histidine resi-
due is most important for its ability to participate in aromatic
interactions. While this does not preclude a histidine switch
(14) activity for H84, the infectivity of the H84Y mutant, albeit
30-fold less than that of wt, argues against an absolutely re-
quired H84 histidine switch. Assuming that the effect of mu-
tations at H84 is to destabilize NTD helix IV and VII associ-
ations by weakening H84-W80-W133 aromatic interactions,
the observation of aberrant CA processing products (Fig. 6)
may not be surprising. However, for H84A, the combination of
an increased susceptibility to processing and an increased re-
sistance to detergent-mediated disassembly (Fig. 10) may seem
contradictory. We suggest that the conformation stabilized by
H84 helps control promiscuous protein oligomerization or ag-
gregation. Our results support the concept that CA must satisfy
a precarious balance between assembly and disassembly (15)
and that H84 exerts a critical influence on this balance.
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