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A group of conserved hydrophobic residues faces the interior of the coiled-coil-like structure within the
N-terminal domain of the human immunodeficiency virus type 1 (HIV-1) capsid protein (CA). It has been
suggested that these residues are important for maintaining stable structure and functional activity. To
investigate this possibility, we constructed two HIV-1 clones, in which Trp23 or Phe40 was changed to Ala. We
also constructed a third mutant, D51A, which has a mutation that destroys a salt bridge between Prol and
Asp51. All three mutants are replication defective but produce virus particles. Mutant virions contain all of the
viral proteins, although the amount and stability of CA are decreased and levels of virion-associated integrase
are reduced. The mutations do not affect endogenous reverse transcriptase activity; however, the mutants are
blocked in their ability to initiate reverse transcription in infected cells and no minus-strand strong-stop DNA
is detected. The defect in reverse transcription is associated with striking defects in the morphology of mutant
virus cores, as determined by transmission electron microscopy. Our data indicate that the mutations made in
this study disrupt CA structure and prevent proper maturation of virus cores. We propose that this results in

a defect in core stability or in an early postentry event preceding reverse transcription.

The Gag polyprotein of human immunodeficiency virus type
1 (HIV-1) is essential for virus assembly and release and, in
fact, is the only viral protein that is required (reviewed in
references 9, 43, 49, and 55). During or shortly after the bud-
ding of virus particles, Gag is cleaved by the viral protease to
yield the mature structural proteins, i.e., matrix (MA, p17),
capsid (CA, p24), nucleocapsid (NC, p7), and p6 (25, 36; re-
viewed in references 9, 48, and 49). Gag processing induces a
structural rearrangement of the individual proteins in a process
known as “maturation,” which results in the conversion of
immature particles to mature, infectious virions. For example,
upon cleavage at the MA-CA junction, refolding at the N
terminus of CA leads to the formation of a new B-hairpin/helix
structure that is stabilized by formation of a buried salt bridge
between the charged amino terminus of Prol and the carbox-
ylate of Asp51 (20, 51). These rearrangements are associated
with a dramatic morphological change that transforms the im-
mature spherical, electron-lucent core to one that is electron
dense and conical (18, 22, 23, 51; for earlier citations, see
references 43, 49, and 55). In addition, the nucleic acid chap-
erone activity of mature NC (reviewed in reference 41) cata-
lyzes refolding of genomic RNA to form a thermostable dimer
(6, 14, 15).

The interior of the viral core consists of a ribonucleoprotein
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complex containing genomic RNA; the tRNALY® primer; NC;
the viral enzymes, protease, reverse transcriptase (RT), and
integrase (IN); Nef; and Vpr (1, 31, 53). In the mature virion,
the RNA-protein complex is surrounded by a shell formed by
the CA protein (reviewed in references 19, 49, and 55). Ap-
proximately 1,500 copies of CA are present in each particle
(50). The HIV-1 CA protein has 231 residues and consists of
two independent folding domains: an N-terminal domain (res-
idues 1 to 145) (16, 20, 38) and a C-terminal domain (residues
151 to 231) (17). Interestingly, in a recent study on Rous
sarcoma virus CA mutants, evidence suggesting that there are
functional interdomain interactions is presented (2b).

Analysis by nuclear magnetic resonance spectroscopy (20)
and X-ray crystallography (38) revealed that the N-terminal
region is composed of five long a-helices (I, IT, III, IV, and VII
[20] or A, B, C, D, and G [38]) and two shorter helices (V and
VI [20] or E and F [38]), two B-hairpins, and an exposed
proline-rich loop (Fig. 1). On the basis of a multiple-sequence
alignment, Momany et al. (38) identified a group of conserved
hydrophobic residues that faces the interior of the coiled-coil-
like structure formed by the five long a-helices, and it was
suggested that these residues are important for maintaining
the stability of the structure (38). The proline-rich loop is the
binding site of host cellular protein cyclophilin A (CypA) (16),
a peptidyl-prolyl cis-trans isomerase that is incorporated into
virions and that is required for production of infectious virions
(8, 45).

The N-terminal domain of CA plays a major role in the early
steps of the virus life cycle. Interestingly, linker insertions and
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FIG. 1. Ribbon representation showing a front view of the N-terminal core domain of HIV-1 CA. The B-hairpin structure, CypA binding loop,
and seven a-helices are labeled (20, 38). Note that the helices are numbered as described by Gitti et al. (20). The three residues mutated in this
study, W23, F40, and D51, are located in helices I, II, and III, respectively. The diagram was generated with Molscript (32).

deletions in this region (5, 39, 40, 52) are compatible with
efficient assembly of virus particles, and as many as 56 residues
in this domain can be deleted without an adverse effect on
particle formation (52). However, mutations in the N-terminal
domain often affect proper virion core formation and virus
replication (5, 7, 39, 40, 51, 52). Indeed, aberrant core mor-
phology is consistently associated with loss of infectivity (5, 7,
39, 51), although the converse is not necessarily true. (For
example, CA mutants with substitutions in residues in the
proline-rich CypA binding loop are poorly infectious but ex-
hibit normal core morphology [3, 7, 54].) Some studies have
also shown that formation of abnormal cores is associated with
a defect in reverse transcription in infected cells (7, 39). How-
ever, whether the defect represents a block in the very first step
in the process, i.e., synthesis of minus-strand strong-stop DNA
[(—) SSDNA], was not tested. Defects in reverse transcription
postentry have also been described for Rous sarcoma virus (4a)
and Moloney murine leukemia virus (MLV) (2a) CA mutants.

The goal of the present work was to investigate the impact of
specific N-terminal CA mutations on the ability of HIV-1 viri-
ons to undergo reverse transcription in the infected cell and
the possible correlation with virus core assembly. Our ap-

proach was to make single alanine substitutions rather than
deletions or insertions, since point mutations might be less
likely to result in drastic perturbation of CA secondary and
tertiary structures. Mutations were made in two aromatic res-
idues, Trp23 (helix I; Fig. 1) and Phe40 (helix IT; Fig. 1), which
are among the conserved hydrophobic residues identified by
Momany et al. (38) (see above). For comparison, we also
constructed another mutant, DS1A. This mutant can no longer
form the Prol-Asp51 salt bridge and was previously shown to
produce noninfectious particles having an abnormal core (51);
however, the ability of the D51A mutant to make viral DNA
during infection was not assessed.

Here, we demonstrate that all three mutants produce essen-
tially normal levels of virus particles but are unable to replicate
in single-cycle and long-term culture assays. These particles
also exhibit abnormal core structures, as determined by trans-
mission electron microscopy. Although the endogenous RT
activity of the mutants is not impaired, none of the viral DNA
products normally made during reverse transcription, includ-
ing (—) SSDNA, can be detected in cells infected with these
mutants. Taken together, our findings indicate that assembly of
virions with aberrant core structures leads to a defect in initi-
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ation of reverse transcription and loss of infectivity. We con-
clude that aromatic residues Trp23 and Phe40 and acidic res-
idue Asp51 are required for formation of functional virus
cores.

MATERIALS AND METHODS

Materials. Competent STBL2 cells were obtained from Life Technologies Inc.
(Rockville, Md.). [**S]cysteine (500 to 1,000 Ci/mmol) was purchased from
American Radiolabeled Chemicals, Inc. (St. Louis, Mo.).

Plasmids. The plasmids used for this work were the HIV-1 infectious proviral
clone pNL4-3 (2) and env-negative subclone pNLA4-3KFS, which has a frameshift
mutation in the env coding region (10, 13). The parent pNL4-3KFS clone is
sometimes referred to as “wild type” since the CA domain in Gag has the
wild-type sequence. The envelope vector is amphotropic MLV envelope glyco-
protein expression plasmid pSV-A-MLVenyv (33).

Cells. 293T, HeLa, and HeLa CD4-LTR/B-gal indicator cells (29) (CD4-
positive HeLa indicator cells) were maintained in Dulbecco’s modified Eagle’s
medium; H9 and CEM (12D7) CD4-positive T-lymphocyte cell lines were cul-
tured in RPMI 1640 medium. All media contained 10% fetal bovine serum, 2
mM glutamine, and antibiotics.

Mutagenesis and cloning. The strategy for introducing mutations into the CA
domain of Gag in pNL4-3 (2) or pNL4-3KFS (10, 13) by PCR-based site-directed
mutagenesis has been described previously (44). Specific details on the proce-
dures used to construct the W23A, F40A, and D51A mutations are available
upon request. To avoid undesirable deletion or recombination events, plasmid
DNAs were propagated in STBL2 cells at 30°C. The sequences of all CA mutants
were confirmed by sequencing performed by the Biopolymer Lab (University of
Maryland, College Park, Md).

Transfection and infection procedures. Transfection of 293T and HeLa cells
was performed by the calcium phosphate precipitation method as described
previously (12). To generate virus particles capable of only a single round of
replication, cells were cotransfected with parent or mutant pNL4-3KFS clones
(10, 13) and pSV-A-MLVenv (33).

Replication kinetics were determined over an 8-week period using 5 X 10°
CEM (12D7) cells transfected with 5 g of pNL4-3 wild-type (2) or mutant DNA
in the presence of 0.7 mg of DEAE-dextran/ml. The presence of virus particles
in the supernatant fluids was determined by assay of exogenous RT activity (11).
For single-cycle infections, cells were infected with pseudotyped virus particles,
which were normalized for the amount of exogenous RT activity (10° cpm).
Infectivity was measured in the MAGI assay, as described previously (29).

Endogenous RT assay. Virions obtained by transfection of cells with pNL4-
3KFS clones (10, 13) were normalized for exogenous RT activity (10° cpm) and
were then pelleted at 14,000 X g for 90 min. The pellets were resuspended in
30 pl of a mixture containing the reaction components specified by Guo et al.
(24) and were incubated for 16 h at 37°C. The samples were purified, denatured
in 0.1 N NaOH at 37°C for 1 h, and subjected to electrophoresis in a 1% dena-
turing agarose gel (20 mM NaOH, 1 mM EDTA). The gels were dried and
exposed to X-ray film.

For PCR analysis of the DNA products made in the endogenous reactions, the
assay conditions were the same as those described above, except that all four
deoxyribonucleoside triphosphates (ANTPs) (unlabeled) were added at a final
concentration of 0.4 mM. Reaction products were diluted 1:1,000, and 1 pl of
each dilution was used for PCR, as described below.

PCR analysis of reverse transcription in acutely infected cells. Supernatant
fluids from 293T cells cotransfected with pNL4-3KFS parent or mutant clones
(10, 13) and pSV-A-MLVenv (33) were normalized for exogenous RT activity
and were used to infect H9 cells (5 X 10° cpm [RT activity] per 10° H9 cells) for
3 h at 37°C. Cells were washed three times in phosphate-buffered saline (PBS),
resuspended in 6 ml of growth medium, and incubated for 20 h at 37°C. After
being washed with PBS, the cells were treated with 100 U of DNase I for 1 h at
37°C in the presence of 10 mM MgCl,. Proteinase K digestion and DNA extrac-
tion were performed using a QIAamp blood and tissue kit (Qiagen), as directed
by the manufacturer. The DNA samples were treated with Dpnl, which digests
methylated plasmid DNA but which does not degrade unmethylated, newly
synthesized viral DNA (56).

To eliminate any virus particles remaining on the cell surface, which could lead
to contamination of the cell lysate with virion DNA, several changes in the
previous procedure were made: (i) prior to infection, virus particles were incu-
bated with 10 U of DNase I and 10 mM MgCl, at 37°C for 30 min; (ii) CD4-
positive HeLa indicator cells (rather than a suspension culture of H9 cells) were
used for infection; and (iii) the cells were treated with a trypsin-EDTA solution
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to detach any bound virus particles (34) and were then washed two times with
PBS before preparation of the cell lysate and extraction of DNA.

Five hundred nanograms of each DNA preparation was used as the template
for PCR with PCR SuperMix (Life Technologies). All samples were screened for
contaminating pNL4-3 DNA by PCR amplification (3). None of the samples was
found to contain contaminating plasmid DNA. To normalize for the quantity of
total cellular DNA present in each sample, human glyceraldehyde-3-phosphate
dehydrogenase (hGAPDH) DNA was amplified with forward primer JL416
(nucleotides [nt] 446 to 465) and reverse primer JL417 (nt 654 to 636) (46).

Primers used to amplify viral DNA synthesized during the different steps of
reverse transcription are as follows (note that the nucleotide positions corre-
spond to the numbering in pNL4-3 [2]): (i) (—) SSDNA, forward primer JL405
(nt 454 to 477) and reverse primer JL406 (nt 635 to 612); (ii) DNA made after
minus-strand transfer, forward primer JL407 (nt 9028 to 9051) and reverse
primer JLA408 (nt 9307 to 9288); (iii) 3’ end of minus-strand DNA, forward
primer JL409 (nt 652 to 675) and reverse primer JL410 (nt 816 to 796); (iv)
plus-strand strong-stop DNA [(+) SSDNA], forward primer JL405 and reverse
primer JLA11 (nt 653 to 635); (v) DNA made after plus-strand transfer, forward
primer JL405 and reverse primer JL412 (nt 701 to 683); (vi) full-length double-
stranded linear DNA, forward primer JLA434 (nt 251 to 274) and reverse primer
JLA412. Two-long-terminal-repeat (2-LTR) circular DNA was detected by “nest-
ed” PCR with outer primer set JL405 and JL433 (reverse primer JL433, nt 9369
to 9349), followed by amplification with inner primer set JL413 and JL408
(forward primer JL413, nt 597 to 621). PCR products were separated by elec-
trophoresis in nondenaturing 7.5% polyacrylamide gels. The gels were stained
with Vistra Green (Molecular Dynamics), and the amount of DNA in each
sample was quantified by PhosphorImager analysis. Under our conditions, =500
or 1,000 copies of (—) SSDNA and other DNA intermediates, respectively, can
be detected.

Analysis of mutant and wild-type viral proteins. The procedures used for
metabolic labeling of transfected HeLa cells with [*>S]Cys, preparation of cell
and virion lysates, and immunoprecipitation of labeled viral proteins and condi-
tions for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) have been described previously (12, 26).

For Western blot analysis, the Western-Star chemiluminescence detection
system (TROPIX Inc., Bedford, Mass.) was used. The following primary anti-
bodies were used: rabbit anti-HIV CA sera (kindly provided by A. Ono, National
Institute of Allergy and Infectious Diseases, National Institutes of Health [NTH],
Bethesda, Md.), rabbit anti-HIV IN and RT peptide antisera (30), and AIDS
patient sera (obtained from the NIH AIDS Research and Reference Reagent
Program). The secondary antibodies were alkaline phosphatase-conjugated anti-
rabbit immunoglobulin G (IgG) and anti-human IgG (TROPIX Inc.).

Analysis of viral core morphology by transmission electron microscopy. Forty-
eight hours posttransfection, 293T and HeLa cells transfected with pNL4-3KFS
(10, 13) clones were washed twice with PBS and then fixed in situ with 1%
paraformaldehyde and 3% glutaraldehyde for 2 h. The cells were scraped off the
plate, further fixed with 2% OsO, for 2 h, and then dehydrated with a graded
series of ethanol dilutions ranging from 30 to 100% before they were embedded
in Epon resin. Thin sections were counterstained with 1% lead citrate and 2%
uranyl acetate before being examined by transmission electron microscopy.

RESULTS

Alanine substitution mutations in the N-terminal domain of
CA. A group of conserved hydrophobic residues faces the in-
terior of the coiled-coil-like structure formed by the five long
a-helices in the N-terminal domain of CA (38). To evaluate
the role of these hydrophobic residues in HIV-1 replication, we
made single alanine substitutions in two aromatic residues,
Trp23 (helix I, Fig. 1) and Phe40 (helix II, Fig. 1), and intro-
duced these mutations (i.e., W23A and F40A) into the CA
domain of Gag in the pNL4-3 infectious clone of HIV-1 (2)
and env-negative subclone pNL4-3KFS (10, 13). We also con-
structed a mutant in which Asp51 was changed to alanine
(D51A). In earlier work (20, 51), it was shown that, in the
mature CA protein, the carboxylate of Asp51 forms a buried
salt bridge with the charged amino terminus of Prol. The
D51A mutation destroys this salt bridge and unfolds the
B-hairpin at the N terminus of CA.



9360 TANG ET AL.

TABLE 1. Phenotypes of HIV-1 wild-type and mutant virions

Infectivity by: Presence of:

Virus
. production ] . _
Vit gy =1 Repliation  MAGI (2 VL e
Sb kinetics” (% RT¢ cells  core/
WT 100 + 100 + + +
W23A 71 +12 - <0.5 + - -
F40A 59 £ 16 - <0.5 + - -
D51A 99 =22 - <0.5 + - -

“ Virus production was assayed as RT activity in the supernatant of transfected
cells. Values were converted to percentages of wild-type level for each of nine
independent transfections and were averaged.

b Viral infectivity was assayed by measuring RT activity in the supernatant of
infected CEM cells.

¢ Infectivity in the MAGI assay in a single round of infection. The numbers of
blue cells were normalized to the RT activity of input virions and are reported as
percentages of wild type.

4 Endogenous RT activity was assayed as described in Materials and Methods.

¢ Virions obtained from transfected 293T cells were used to infect CD4-
positive HeLa indicator cells, which were then lysed. Viral DNA was amplified by
PCR.

/ Cone-shaped viral cores were detected by transmission electron microscopy
in thin sections of cells producing virus.

& WT, wild type.

The CA mutations do not impair virus particle production.
To investigate the effect of the mutations on virus production
and release, Hela cells or 293T cells were cotransfected with
the pNL4-3KFS clones and the pSV-A-MLVeny expression
plasmid. Virus particle production was determined by measur-
ing the amount of RT activity present in the supernatant fluids
of the transfected cells (11). None of the mutations had a
major effect on virus release (Table 1). High-speed sedimen-
tation of the supernatant fluids of transfected cells indicated
that the RT activities could be recovered in the pellet fraction
and are therefore associated with virus particles (data not
shown).

Composition of wild-type and mutant proteins in lysates of
infected cells and in virions. Once it was established that virus
particles are released into the supernatants (Table 1), it was of
interest to determine whether the W23A, F40A, and D51A
mutations affect the expression and incorporation of viral pro-
teins. To approach this question, we transfected HeLa cells
with the pNL4-3 wild-type or mutant clones and then meta-
bolically labeled the proteins with [**S]Cys; cell- and virion-
associated viral proteins were immunoprecipitated with AIDS
patient serum and separated by gel electrophoresis (12, 26).

The results indicated that the protein patterns for the dif-
ferent mutants were largely similar to the wild-type viral pro-
tein profile (Fig. 2). As shown in Fig. 2A, the cell lysates all
contained unprocessed Pr1605¢7°" and Pr55¢“¢, the Pr415%¢
cleavage intermediate, uncleaved envelope glycoprotein gp160,
envelope protein gp120, and mature CA and MA proteins.
Thus, the mutations introduced into CA did not interfere with
the expression of viral proteins. Note, however, that with the
exception of mature CA the proteins were expressed to a
slightly greater extent for the mutant samples.

Analysis of virus particles (Fig. 2B, top) showed that mutant
virions contained levels of gp120 comparable to those in wild-
type particles. This demonstrates that the CA mutations did
not inhibit incorporation of the envelope protein into virions.
In addition, processing of the precursor proteins occurred nor-
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FIG. 2. Analysis of mutant and wild-type (WT) cell- and virion-
associated proteins. HeLa cells were transfected with the indicated
pNL4-3 molecular clones (2). (A and B, top) Detection of [**S]Cys-
labeled cell- and virion-associated proteins, respectively. Lysates were
immunoprecipitated with AIDS patient serum and separated by SDS-
PAGE in 10% gels; radioactive bands were visualized by fluorography.
The positions of the precursor and mature viral proteins are indicated.
(B, bottom) Detection of unlabeled HIV-1 CA bands by Western blot
analysis. Unlabeled viral lysates were subjected to SDS-PAGE in a
10% minigel and were then analyzed by Western blotting (see Mate-
rials and Methods). Blots were sequentially probed with primary rabbit
antibodies against HIV-1 CA and with secondary anti-rabbit IgG an-
tibodies; the protein bands were visualized by chemiluminescence.
Note that, since a minigel was used for the Western blot analysis, the
CA and CA-related bands were not separated as well as in the gel of
the virion-associated immunoprecipitated proteins (B, top).

mally since mature CA, RT, IN, and MA having the expected
sizes were also present in mutant particles. However, the mu-
tants, especially W23A and F40A, had reduced levels of IN and
CA proteins, compared with the wild type. Direct analysis of
the proteins without prior immunoprecipitation gave the same
results, indicating that reduced immunoreactivity is not re-
sponsible for the decrease in the amounts of CA and IN in
mutant virions (data not shown).

All of the mutant samples also exhibited three bands migrat-
ing ahead of CA. Independent Western blot analysis with the
anti-CA antibody confirmed that, unlike the band correspond-
ing to MA (Fig. 2B, top), the two other smaller bands are
related to CA (Fig. 2B, bottom) and are probably fragments
produced by degradation of CA. A similar finding was made in
the earlier work on the D51A mutant (51). These results indi-
cate that the CA protein present in mutant virions is less stable
than that in wild-type particles. The identities of the p32 and
p66 proteins as IN and RT, respectively, were confirmed by
Western blot analysis with anti-IN and anti-RT peptide sera
(30); no IN-related bands smaller than p32 were detected (data
not shown).

Endogenous RT activity is not inhibited by the three muta-
tions in CA. To further characterize mutant virions and exam-
ine the functionality of the encapsidated RT protein, we mea-
sured endogenous RT activity in virions disrupted with 0.1%
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FIG. 3. Endogenous RT activities of pNL4-3KFS wild-type (WT) and mutant virions. (A) **P-labeled viral DNA products made by wild-type
and mutant virus particles. Incubation conditions and methods for the analysis of the DNA products by electrophoresis in a denaturing agarose
gel are given in Materials and Methods. *?P-labeled N HindIII size markers are shown on the left. (B) PCR analysis of unlabeled DNA products
made by mutant and wild-type virus particles. The DNA products were amplified using appropriate primer sets, as described in Materials and
Methods. The negative control (Mock) is a reaction mixture containing the reaction buffer but not virus. One nanogram of pNL4-3KFS DNA (10,
13) was used as a positive control. The size of each PCR product is shown on the right; the specific product amplified is indicated on the left.

Nonidet P-40 (24). The results presented in Fig. 3A indicate
that both wild-type and mutant particles synthesized viral
DNAs ranging in size from ~0.4 to ~2.5 kb, which appear as
a smear in a denaturing agarose gel. A smear of DNA products
is typically observed in HIV endogenous RT assays (21, 28)
and contrasts with analogous MLV reactions, where distinct
species of full-length minus-strand and linear double-stranded
DNA products can be easily detected (37, 42). The data also
indicate that a somewhat higher level of total radioactive prod-
ucts was synthesized in the mutant samples.

To identify individual DNA intermediates synthesized in the
endogenous reactions, we performed PCR analysis of unla-
beled wild-type and mutant samples (Fig. 3B). DNA products
corresponding to (—) SSDNA, DNA made after minus-strand
transfer, (+) SSDNA, and DNA made after plus-strand trans-
fer were detected in wild-type and mutant reactions. In all
cases, no full-length linear DNA was observed, suggesting that
the endogenous reverse transcription reactions were not very
efficient. (Note that in the control reaction with pNL4-3KFS
DNA [Fig. 3B, right lane] and in cells infected with wild-type
virus [Fig. 4A], full-length linear DNA could be readily detected.)

The results of the endogenous assays indicate that the CA
mutants contain functional RT. In addition, the data show that
genomic RNA and the tRNAZLY® primer are encapsidated in
mutant virions and are functional in reverse transcription.

Replication kinetics and single-cycle infectivity of wild-type
and mutant virions. Thus far, we have shown that the CA
mutants produce virus particles that exhibit exogenous and
endogenous RT activities and contain all of the viral proteins
normally found in HIV-1 virions. One indication that mutant
virions may not completely resemble wild-type particles comes
from the observation that mutant CA proteins are reduced in
amount and stability and the level of integrase is decreased
(Fig. 2B). It was therefore important to determine whether the
mutants are infectious.

To assay the mutants for infectivity in long-term culture
experiments, CEM (12D7) cells were transfected with pNL4-3

wild-type and mutant clones. As expected, the wild-type virus
replicated to high levels (Table 1), with virus production peak-
ing on day 7 posttransfection and then declining with subse-
quent host cell death (data not shown). In contrast, there was
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FIG. 4. PCR analysis of viral DNA in infected cells. Virus stocks
obtained by cotransfection of 293T cells with pNL4-3KFS (10, 13)
molecular clones and pSV-A-MLVeny (33) were normalized for RT
activity and used to infect H9 cells (A) and CD4-positive HeLa indi-
cator cells (29) (B). Isolation of viral DNA from each cell line includ-
ing trypsin treatment to remove bound virions from the HeLa cells,
PCR analysis, and electrophoretic separation of the products are de-
scribed in Materials and Methods. To control for the amount of total
DNA in each sample, hGAPDH sequences (46) were amplified from
the same samples used to analyze viral DNA products. The size of each
PCR product is shown on the right; the specific product amplified is
indicated on the left. Mock, DNA from uninfected cells; WT, wild type.
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no evidence of viral replication with any of the mutant viruses
for up to 60 days in tissue culture (Table 1; data not shown).

The infectivity of pNL4-3KFS pseudotyped virions was
tested in the MAGI assay, which involves a single round of
replication (29). In accord with the long-term culture experi-
ment, none of the CA mutants showed any detectable infec-
tivity (Table 1). To confirm these results, the W23A and DS1A
mutations were inserted into an HIV-1 molecular clone mod-
ified to express luciferase following infection (27). Consistent
with the MAGI data, the single-cycle luciferase assay showed
that luciferase expression could not be detected in the mutant
samples (data not shown).

Thus, using three different assays, we could establish that the
CA mutations we have made lead to a complete loss of infec-
tivity (i.e., a reduction of at least 3 log units relative to wild
type). The data indicate that the loss of infectivity is not af-
fected by the receptor that is utilized for viral entry, since the
results were the same regardless of whether virus entry was
mediated by the HIV-1 or MLV Env glycoproteins.

The CA mutations impair the synthesis of viral DNA in
newly infected cells. On the basis of the results from single-
cycle infectivity assays, it appears as if the CA mutants are
blocked at an early stage in virus replication. However, these
assays cannot define which early step (e.g., reverse transcrip-
tion, nuclear import, or integration) is affected. To approach
this question, we used PCR to measure the amounts of viral
DNA intermediates synthesized in newly infected HY cells. To
avoid the possibility that the Gag mutations might disrupt
HIV-1 Env function at the level of virus entry and to increase
the sensitivity of the assay, the infections were performed with
pNL4-3KFES pseudotyped virions.

The primer sets used for this analysis were specific for the
replication intermediates that are synthesized during the early
and late stages of reverse transcription as well as for two-LTR
circular DNA. Although this DNA is not a precursor to inte-
grated DNA (reviewed in reference 4), it is found in the nuclei
of infected cells after synthesis of linear double-stranded viral
DNA; thus, the presence of the circular DNA is used as a
marker for import of full-length viral DNA into the nucleus (4).

The results of the PCR analysis are shown in Fig. 4. Figure
4A shows that the wild-type sample contained products corre-
sponding to all of the intermediates that are normally synthe-
sized during reverse transcription. In contrast, the samples
from mutant virus-infected cells showed small amounts of (—)
SSDNA and trace amounts of elongated minus-strand DNA
and (+) SSDNA but no elongated plus-strand DNA, full-
length DNA, or 2-LTR circular DNA. The identity of the (—)
SSDNA product was confirmed by Southern blot hybridization
(data not shown). Analysis of serially diluted samples indicated
that the (—) SSDNA product present in cells infected with the
mutants was at least 20- to 50-fold less abundant than that
present in wild-type virus-infected cells (data not shown).
These quantitative differences are not due to differences in the
amounts of total DNA in the samples, since amplification of
the hGAPDH cellular gene gave equivalent amounts of prod-
uct in each case.

Since a low level of reverse transcription can occur in HIV-1
virions prior to infection (35, 47, 57, 58), it is entirely possible
that the small amounts of (—) SSDNA detected in mutant
virus-infected cells represent DNA synthesized in virus parti-
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cles that adhered to the cell surface at the time the cells were
lysed and not DNA synthesized following infection. To address
this issue, CD4-positive HeLa indicator cells were infected
with wild-type and mutant viruses and were then trypsinized
prior to extraction of DNA. Under these conditions, PCR
analysis showed that (—) SSDNA and DNA made after minus-
strand transfer were easily detected in DNA from wild-type
virus-infected cells, whereas neither of these two products
could be detected in samples from mutant virus-infected cells
(Fig. 4B). These results demonstrate that the small amounts of
DNA products detected in mutant samples from untreated
cells (Fig. 4A) are derived from virions and are not the result
of de novo DNA synthesis in infected cells.

Thus, our findings indicate that virions bearing mutations
that substitute alanine for W23, F40, and D51 residues in the
CA domain of Gag are unable to initiate reverse transcription
in the infected cell. This defect is unrelated to any effect of the
mutations on RT itself, since mutant and wild-type particles
exhibit similar levels of endogenous (Fig. 3) and exogenous
(Table 1) RT activities.

Electron-microscopic analysis shows aberrant morphol-
ogy of mutant virions. Since some studies have indicated a
link between viral DNA synthesis postentry and proper mat-
uration of the viral core (7, 39), it was of great interest to
examine the effect of the three CA mutations on virion
morphology and core structure. 293T and HeLa cells trans-
fected with the pNL4-3KFS clones were examined by trans-
mission electron microscopy (Fig. 5). An example of a wild-
type particle with the typical cone-shaped core is shown in
Fig. 5A; particles with centric or acentric cores were also
present in the wild-type virus population (Fig. 5B). (An
acentric core is defined as an electron-dense, round core
that is pushed up against a small region of the viral mem-
brane; a centric core is also round and electron dense but is
centrally located in the particle). Mutants D51A (Fig. 5C
and D) and F40A (Fig. 5E) exhibited only centric or acentric
cores and no conical cores. The absence of a conical core in
D51A virions has also been noted by von Schwedler et al.
(51). Analysis of the W23A particles revealed gross abnor-
malities (Fig. 5F). No particles with a defined core could be
detected; in addition, W23A particles had unusual shapes,
with a layer of what is probably the Gag protein lining the
inner surface of the viral membrane. Figure 5F shows one of
the abnormal particles budding from the cell membrane.

To determine whether the phenotypes shown in Fig. 5 are
typical for the types of core structures found in the various
virus populations, a quantitative estimate was performed.
Groups of virus particles produced in 293T and HeLa cells,
numbering from 100 to 200 particles (wild-type and D51A) or
approximately 60 particles (F40A), were counted, and the dis-
tribution of the different viral core phenotypes was measured
(Table 2). The wild-type virus population contained similar
numbers of particles with centric and acentric cores and a
relatively small, but significant, number of cone-shaped cores.
In contrast, for mutants D51A and F40A, no cone-shaped
cores could be detected, and, in both cases, the majority of the
particles contained acentric cores. It is important to note that
the relative amounts of the various types of particles were very
similar in both 293T and HeLa cells. This was also true of
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theW23A particles, which appeared as large “blebs” in both
cell lines.

The data obtained from electron-microscopic analysis dem-
onstrate that the CA mutations under investigation interfere
with proper assembly of virion cores and maturation of viral
particles.

.. o S el : w MR
FIG. 5. Electron micrographs of wild-type and CA mutant viral particles. (A and B) Wild type; (C and D) D51A; (E) F40A; (F) W23A. Scale
bars, 100 nm (all panels).

DISCUSSION

In the present study, our goal was to investigate the effect of
single-alanine-substitution mutations of several conserved res-
idues in the N-terminal domain of the HIV-1 CA protein on
the ability of virions to undergo reverse transcription in the
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TABLE 2. Electron-microscopic analysis of HIV-1 wild-type
and mutant virions*

No. of particles whose cores are:

ir I No. of
virus cell bpe particles 'C’one Centric Acentric
shaped
WT? 293T 196 10 (5)° 100 (51) 86 (44)
HeLa 120 18 (15) 60 (50) 42 (35)
D5S1A 293T 176 0 16 (9) 160 (91)
HeLa 120 0 16 (13) 104 (87)
F40A 293T 56 0 16 (29) 40 (71)
HeLa 64 0 14 (22) 50 (78)

“ For mutant W23A, no particles with a visible core could be detected.
> WT, wild type.
¢ Numbers in parentheses are percentages of the total number of particles.

infected cell. The mutated amino acids included (i) Trp23 and
Phe40, two representative members of a group of highly con-
served hydrophobic residues (Fig. 1) (38) that has been sug-
gested to be important for maintaining the stability of the CA
structure and functional activity, and (ii) Asp51, another highly
conserved residue that forms a buried salt bridge with Prol in
the mature CA protein (20, 51). Here, we report that, while the
mutations have little effect on in vitro RT activities, the mu-
tants are severely impaired in the initiation of viral DNA syn-
thesis in infected cells and do not make detectable amounts of
viral DNA products, including (—) SSDNA.

To correlate the RT results with other parameters of viral
infection, we also examined (i) virus particle production, (ii)
infectivity, (iii) viral proteins present in lysates of infected cells
and in virions, (iv) endogenous reverse transcription, and (v)
virion core morphology. The three mutations do not have a
major effect on production of virus particles (Table 1), but
mutant virions are not infectious in single-cycle and long-term
infectivity assays (Table 1). These findings are consistent with
what has been observed for other N-terminal domain mutants
and support the conclusion that this domain is not involved in
particle release but is required for infectivity (5, 7, 40, 51, 52).

The mutants express all of the normal intracellular and viri-
on-associated viral proteins (Fig. 2). The amount of Pr555% is
increased in lysates of mutant virus-infected cells, but the
amount of intracellular CA is reduced. Similarly, reduced
amounts of CA are present in mutant particles. The decrease
in CA is correlated with lowered stability of the mutant CA
proteins, as shown by the appearance of CA-related bands that
are smaller than p24 (Fig. 2B) (51). Reduction in the level of
CA protein has also been found in studies of other HIV-1
N-terminal CA mutants (5, 7, 40). The finding that mutant
particles contain decreased amounts of IN (Fig. 2B) is surpris-
ing and has not been previously reported for virions with N-
terminal CA mutations. Although no evidence for IN degra-
dation was detected by Western blot analysis (data not shown),
it is possible that the CA mutations may destabilize the core,
thereby leading to a loss or instability of IN.

Examination of mutant virions, produced in either HeLa or
293T cells, by transmission electron microscopy indicated that
they exhibit a phenotype that differs from that of wild-type
particles. The population of wild-type virions contained a sig-
nificant number of cone-shaped cores as well as approximately
equal proportions of centric and acentric cores (Fig. SA and B;
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Table 2); the appearance of conical or round cores depends on
whether the plane of sectioning was vertical or horizontal. In
contrast, no conical cores could be detected in any of the
mutant virus samples (Table 2). We found that the majority of
F40A and D51A particles have an acentric core, with only a
small percentage containing centric cores (Fig. 5C, D, and E;
Table 2) (51). Mutant W23A has an unusual phenotype: these
virions seem unable to assemble recognizable mature particles
and instead produce immature virions of varied size and shape,
which appear to have a protein (presumably Gag) lining the
inner surface (Fig. 5F). This is a rather striking effect on virus
assembly, particularly since it results from mutation of a single
residue.

Based on studies performed thus far, two different classes of
N-terminal CA mutants can be distinguished. For example,
previous reports on the properties of virions with mutations in
the CypA loop (3, 7) indicate that these particles contain nor-
mal cores but are defective in reverse transcription. Although
the mutants synthesize some viral DNA in infected cells, in-
cluding in most cases full-length DNA, the amount is reduced
with respect to that made by wild-type virus; moreover, no
2-LTR circular DNA can be detected, possibly because the
full-length DNA product cannot enter the nucleus or the ends
are abnormal and cannot be amplified.

Other N-terminal CA mutants that have defects in reverse
transcription and in core condensation and that are more sim-
ilar to the class of mutants in this study have been described.
For example, in work on N-terminal CA linker insertion mu-
tants, it was found that virions containing only round cores do
not synthesize 2-LTR circular DNA (39). However, since syn-
thesis of early DNA intermediates was not evaluated, it is not
possible to determine at which step reverse transcription was
blocked. Another example is a P1L mutant that lacks a cone-
shaped core and that does not synthesize a vif DNA product,
indicative of partial elongation of minus-strand DNA; synthe-
sis of (—) SSDNA was not measured (7). In view of the fact
that Prol forms a buried salt bridge with Asp51 (20, 51), it is
not surprising that P1L virions have a phenotype similar to that
of D51A (Fig. 4 and 5) (51).

Here, we demonstrate that the W23A, F40A, and D51A
mutants, which do not produce any particles with conical cores,
are profoundly compromised in their ability to initiate reverse
transcription in infected cells (Fig. 4B). Thus, by treating in-
fected cells with trypsin to remove virions adhering to the cell
surface, we could clearly establish that none of the mutants
makes any detectable (—) SSDNA (compare Fig. 4A and B).
We have also made five additional mutants with alanine sub-
stitutions at the conserved hydrophobic residues (38) including
L20A (helix I), L52A (helix IIT), M55A (helix III), V59A (helix
III), and L138A (helix VII). Preliminary results indicate that
these mutants exhibit abnormal core structures and are also
unable to initiate reverse transcription postinfection (our un-
published observations).

It should be noted that, while all of the alanine substitution
mutants we have made are blocked in synthesis of (—) SSDNA
in infected cells (Fig. 4B) (our unpublished observations), they
make somewhat larger amounts of total DNA than wild-type
virions in endogenous assays (Fig. 3A) (our unpublished ob-
servations). This may reflect a more “open” core structure in
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these mutants, which could allow more efficient penetration of
dNTPs into the particle.

It is of interest to speculate on the explanation for the
phenotype of the mutants described in this study. Taken to-
gether, our findings are consistent with a defect in core stability
or in a postentry step that precedes reverse transcription. An
investigation of the stability of the mutant cores has been
initiated. An alternate possibility that there is a defect in viral
entry appears to be less likely: Thus, to assay DNA synthesis in
infected cells, virions pseudotyped with an MLV envelope
were used (Fig. 4); this route bypasses the normal gp120-
dependent mode of HIV-1 entry.

In conclusion, we have demonstrated a crucial connection
between the ability of virus particles to carry out reverse tran-
scription in infected cells and virion core morphology. We
propose the existence of classes of N-terminal CA mutants
which differ in the severity of individual mutations with respect
to core structure and the extent to which DNA synthesis is
inhibited. Two such classes can already be identified. The par-
ticular class of mutants analyzed in this and some other (7, 39)
studies has an extreme phenotype. In this case, a profound
deficiency in reverse transcription postentry appears to be pre-
dictive of a prior defect in core maturation during virus assem-
bly.
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