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This report describes the effects of mutating highly conserved residues in the primer grip domain of human
immunodeficiency virus type 1 reverse transcriptase (RT) on virus formation and infectivity. Among a series
of RT mutant viruses, three (M230A, L234D, and W239A) were found to be noninfectious or very poorly in-
fectious. Our data indicate that these mutations in RT caused severe defects in proviral DNA synthesis. In-
terestingly, assembly and maturation of mutant virus M230A were similar to those of the wild type, while mu-
tants L234D and W239A showed impaired maturation. The immature morphology of RT mutants L234D and
W239A is due at least in part to premature cleavage of the gag-pol precursor, prior to virion budding, indicating
that intracellular stability of Pr160gag-pol is of key importance during virus assembly.

During formation of human immunodeficiency virus type 1
(HIV-1), structural proteins, enzymes, envelope glycoproteins,
and genomic viral RNA are coordinately assembled at the cell
membrane. The internal structural proteins of the virion are
encoded by gag and are synthesized in the form of the polypro-
tein precursor, Pr55gag. The enzymatic components of the
virion, which are encoded by pol, are synthesized as compo-
nents of the larger polyprotein precursor, Pr160gag-pol, which
contains both gag- and pol-encoded sequences (37). Synthesis
of Pr160gag-pol occurs by occasional ribosomal frameshifting
into the overlapping Pol reading frame during translation of
gag (14, 38). Pr55gag and Pr160gag-pol are cotranslationally mod-
ified by N-terminal attachment of a myristate (3, 11, 25, 29)
and transported to the cell membrane, where assembly and
budding occur (13, 37). Incorporation of Pr160gag-pol into as-
sembling particles is thought to be mediated through interac-
tions of its N-terminal Gag domain with Pr55gag (13, 28, 34,
35). Although expression of the internal structural proteins
alone is sufficient for the formation of noninfectious particles
(8, 34), the presence of Pr160gag-pol is required in the virion for
maturation, which is an event controlled by the pol-encoded
protease (PR) (7, 11, 17, 24). Interestingly, when a truncated
recombinant consisting only of gag-PR is expressed, matura-
tion occurs only in a fraction of the resultant particles with a
marked reduction in Pr55gag processing (8, 33), suggesting that
only full-length gag-pol allows normal particle maturation.

Mature reverse transcriptase (RT) is composed of the p66
and p51 subunits. The p66 subunit is 560 amino acids in length
and constitutes the active element of the enzyme (5) with
polymerase and RNase H activities, while the p51 subunit is a
440-residue derivative of p66 without the RNase H segment. In

p66, a b-sheet (composed of b-strands 12 to 15) located down-
stream of the polymerase active site is implicated in binding
the nucleic acid duplex and its translocation (23). b-Strands 12
and 13 (amino acids 227 to 235) form the primer grip domain
responsible for maintaining the primer terminus in an orien-
tation appropriate for nucleophilic attack on the incoming de-
oxynucleoside triphosphate (15, 16, 23). The HIV-1 RT primer
grip domain is highly conserved among several related retro-
viruses (16, 40), and its implication in RT functions was dem-
onstrated by means of biochemical studies (9, 16, 27, 31).

Highly conserved residues in and around the primer grip mo-
tif were mutated (see Fig. 1), and the effects of these mutations
on HIV-1 virus structure and replication were examined.
Three mutants, namely, M230A, L234D, and W239A (Met230
to Ala, Leu234 to Asp, and Try239 to Ala, respectively) re-
tained our attention (Fig. 1). M230A infectivity was highly at-
tenuated (a decrease of approximately 104-fold compared to the
wild type [WT]), and mutants L234D and W239A were found
to be noninfectious, while most other mutants (E224A, P225A,
F227A, G231A, E233A, and H235A) showed WT or slightly
attenuated infectivity.

The protein content of viral particles was analyzed by West-
ern blotting of virions harvested from the supernatant of trans-
fected HeLa P4 cells (6) with antibodies directed against the
capsid protein (CAp24), RT, or integrase (IN). Virus produc-
tion between the mutants and the WT was consistently similar
(data not shown). Figure 2A shows that the protein pattern for
the mutant M230A was similar to that of the WT, since RT and
IN were present in virions at WT levels, and the Gag precursor
was processed normally; the ratio of Pr55gag to CAp24 for
M230A was identical to that for the WT. It was unexpected
that mutants L234D and W239A presented abnormalities, since,
for example, RT and IN were decreased by approximately
20-fold in L234D particles and 10-fold in W239A particles
compared to WT (Fig. 2A, I and II). The gag precursor Pr55gag

was found to be processed, but less extensively than it was in
WT virus, with a relatively high Pr55gag-to-CAp24 ratio (Fig.
2A, III), suggesting that mutations L234D and W239A affect
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the maturation process. An additional protein of approximate-
ly 45 kDa was detected for L234D and W239A with the anti-
RT serum (Fig. 2A), which may have resulted from abnormal
protease cleavage. Figure 2B shows a morphological compar-
ison between WT and mutant viruses. WT particles were of a
typical mature shape, with a well-defined conical electron-
dense core. M230A mutant viruses exhibited a shape similar to
that of WT particles, whereas mutants L234D (not shown) and
W239A revealed a heterogeneous population of particles with
immature or aberrant morphology. These observations are
consistent with the Western blotting data, in that the aberrant
morphology reflects abnormal viral protein content.

The data shown in Fig. 2 suggest that in mutant viruses
L234D and W239A, the level of pol-encoded products is much
inferior to that of the WT virus. This observation led us to
suspect a defect in incorporation of the Pr160gag-pol precursor
into virions and/or a lack of the precursor in the cytoplasm of
transfected cells. We thus immunoprecipitated viral proteins
from transfected and radiolabeled HeLa P4 cells and from
viral particles in the supernatant. In Fig. 3A, virion proteins
were revealed by a mixture of anti-RT polyclonal and anti-
CAp24 monoclonal antibodies. In confirmation of data in Fig.
2A, mutant M230A showed a Pr55gag-to-CAp24 ratio similar to
that of the WT, whereas mutants L234D and W239A showed
a higher Pr55gag-to-CAp24 ratio, indicating an incomplete mat-
uration process. Figure 3B shows cytoplasmic viral proteins
immunoprecipitated by using the anti-RT polyclonal antiserum
alone (lanes 1 to 4) or a mixture of two anti-CAp24 monoclo-
nal antibodies (lanes 5 to 8). While the levels of Pr55gag were
similar for all samples, in cells transfected with the L234D
plasmid the amount of Pr160gag-pol was about 20% of that of
the WT (lanes 3 and 7). For the W239A mutant, the level of
Pr160gag-pol was also inferior to the WT level (about 50% [data
not shown]). Importantly, an additional fragment of approxi-
mately 120 kDa (also present for the WT, but only faintly) was
found in significant amounts in samples L234D (Fig. 3B, lane

3) and W239A (not shown), possibly indicating an early cleav-
age between CA and NC. To determine if this cleavage was due
to viral PR activity, a specific HIV protease inhibitor, Palinavir
(22), was used during radiolabeling of transfected cells. As
shown in Fig. 3C, the 120-kDa fragment disappeared from cells
transfected with L234D plasmid DNA upon the addition of
Palinavir. These data suggest that for mutants L234D and
W239A, Pr160gag-pol precursor is cleaved prematurely within
the cell, and this may at least in part explain the low level of RT
and IN enzymes in mutant viral particles observed in Fig. 2A.
Assuming that there is a similar decrease of viral protease
levels in the mutant virions, this might explain the relatively
immature morphology observed for mutants W239A (Fig. 2B)
and L234D (not shown).

HIV-1 PR is activated upon dimerization of the PR subunits
on separate gag-pol precursors, followed by autocatalytic cleav-
age and release of a free, functional dimer (18–20). Dimeriza-
tion of PR as part of the Pr160gag-pol precursor may require the
cooperation of several additional dimerization sites within the

FIG. 1. Schematic representation of the HIV-1 genome with localization of
the RT primer grip domain in Pol. Amino acids constituting the b-strands 12 and
13 are underlined. Conserved residues (compared with HIV-2, simian immuno-
deficiency virus, feline immunodeficiency virus, and equine infectious anemia
virus) are indicated in italics. The three substitutions (M230A, L234D, and
W239A) analyzed here are emphasized by long arrows. The SphI/EcoRI frag-
ment of the pNL4-3 HIV-1 molecular clone (1) was inserted into M13mp18 for
use as a target for site-directed mutagenesis as described elsewhere (21, 26).
Mutations L234D and W239A were obtained with oligonucleotides 59-CAGG
ATGGTCTTCATAACCC-39 and 59-GGCTGTACTGTCGCTTTATCAGG-39,
respectively. Underlined nucleotides represent the changes responsible for the
amino acid substitutions. Mutation M230A was introduced into the plasmid
pNL4-3 by replacing the EcoRV-KpnI fragment (positions 2979 to 3830 of the
plasmid) with the homologous EcoRV-KpnI fragment (positions 2561 to 3412 of
HIV-1 strain Lai) from the plasmid pRTM230A (23, 39). Other substitutions
are indicated by short arrows and correspond to E224A, P225A, F227A, G231A,
E233A, and H235A.

FIG. 2. Structure of RT mutant virions. (A) Protein content of RT mutant
virions. Western blotting of virions isolated from transfected HeLa P4 cell su-
pernatants (6) was performed with anti-RT (I) or anti-INp30 (II) polyclonal
antiserum or anti-CAp24 (III) monoclonal antibodies. Membrane was stripped
(0.1 M glycine [pH 3.0] for 90 min and then 2% sodium dodecyl sulfate for 30
min) between immunodetections, and proteins were revealed by enhanced
chemiluminescence (Amersham). WT/5 and WT/25, 1/5 and 1/25 of the normal-
ized WT sample, respectively; p, processed form of RT observed for mutants
L234D and W239A. Data are representive of three independent experiments.
(B) Electron microscopy analysis. Transfected HeLa P4 cells were fixed and
processed for 70-nm thin-section electron microscopy (Philips CM 120 transmis-
sion electron microscope [CMEABG]). Representative virions produced by
HeLa P4 cells after transfection with WT, mutant M230A, or mutant W239A
DNA are shown. Bars, 200 nm.
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polyprotein. Previous reports show that deletions in RT or IN
domains or truncation of C-terminal segments of Pr160gag-pol

can directly affect gag-pol dimerization, leading to impaired
virus maturation (4, 10, 32). The premature processing of
Pr160gag-pol in the case of L234D and W239A mutants is pre-
vented in the presence of the specific viral protease inhibitor
Palinavir (Fig. 3) and is thus not likely due to cellular protease
activity. The p2/NC site, which is located between CAp24 and
NCp7 in Pr160gag-pol, is the first cleavage site during gag-pol
processing (30). We thus assume that the 120-kDa protein seen
with mutants L234D and W239A (Fig. 3B and C) lacks MA
and CA domains, in support of which we do not detect it using
anti-CAp24 antibodies (Fig. 3B). Since the CA domain in
Pr160gag-pol is required for its incorporation into viral particles
(34, 35), the prematurely processed 120-kDa form would be
left behind in the cell, resulting in the production of virions
with low levels of the viral enzymes.

To investigate the defect of the RT mutants at the level of
reverse transcription, we used a PCR-based method to analyze
the level of proviral DNA synthesis in newly infected cells (2,
36). After confirming that the levels of virus production were
similar for mutants and the WT, the same volumes of WT and
mutant viral supernatants were used to infect HeLa P4 cells.
Cells were incubated with viral supernatant for 18 h, and then
a Hirt supernatant was prepared (12). DNA from 105 cells
infected with 1 ml of viral supernatant was used for PCR

analyses. In order to monitor early and late viral DNA synthe-
sis, four PCR primer pairs were used (Fig. 4): 59R/39U5 for
R-U5 DNA corresponding to the earliest stage of reverse tran-
scription (strong-stop cDNA) (Fig. 4A), 39PBS/MA for ex-
tended minus-strand DNA (Fig. 4B), 59R/MA for plus-strand
DNA synthesized just after the second strand transfer (Fig.
4C), and SU3/ASPBS SU3 for synthesis of the 59 LTR DNA
(Fig. 4D). The primer pair 59check/39check was used to ensure
that pNL4-3 plasmid DNA was absent from the samples (not
shown). R-U5 DNA synthesis was similar to that for the WT
for the mutants L234D and W239A. In contrast, for the mutant
M230A, R-U5 DNA synthesis was decreased to 20% of WT
levels (Fig. 4A). Very pronounced decreases in minus-strand
DNA and plus-strand DNA synthesis were observed for all
three mutants (Fig. 4B and C), implying that mutations in the
primer grip domain of RT impair the reverse transcription
process. No amplification of 59 long terminal repeat (LTR) was
detected for any of the three mutants suggesting that the end
of proviral DNA synthesis was very inefficient upon mutating
the primer grip of RT.

Recently, Wohrl et al. (39) have reported that RT containing
the M230A mutation has only a low affinity for dTTP in vitro
(72-fold decrease compared to WT). This observation is con-
sistent with the strongly attenuated phenotype of the M230A
mutant described herein. Our data show that reverse transcrip-
tion was severely impaired in cells infected by the M230A virus

FIG. 3. Analysis of viral proteins in cells and virions by radiolabeling and immunoprecipitation. (A) Virion proteins (from cell supernatant) were immunoprecipi-
tated with a mixture of one anti-RT polyclonal serum and two anti-CAp24 monoclonal antibodies. Lanes: 1, mock-transfected cells; 2, WT pNL4 virion proteins; 3, 4,
and 5, RT mutant virion proteins with the indicated mutations. The positions of RTp66, CAp24, and the gag precursor (Pr55gag) are indicated. (B) Viral proteins in
cells. Lanes 1 to 4 show proteins immunoprecipitated with the anti-RT polyclonal serum. Lane 1, mock-transfected cells; lanes 2 and 3, transfection with plasmids
M230A and L234D, respectively; lane 4, WT pNL4-3 transfection. Lanes 5 to 8 correspond to proteins immunoprecipitated with a mixture of two anti-CAp24
monoclonal antibodies. Lane 5, mock-transfected cells; lanes 6 and 7, transfection with plasmids M230A and L234D, respectively; lane 8, WT pNL4-3 transfection. (C)
Viral proteins in cells were immunoprecipitated with a mixture of the anti-RT polyclonal serum and two anti-CAp24 monoclonal antibodies following treatment with
Palinavir (22), an HIV PR inhibitor, used at 10 mM during radiolabeling of transfected cells to block PR activity. Lanes: 1, mock-transfected cells; 2 and 3, transfection
with WT and mutant L234D plasmids, respectively. Data are representive of three independent experiments.
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(Fig. 4), in spite of the presence of WT levels of RT in the
virions (Fig. 2). The late stages of reverse transcription were
very inefficient and the 59 end of proviral DNA was not de-
tectable. Thus, RT containing the M230A mutation is poorly
functional during reverse transcription in vivo, yet virion mor-
phology and gag processing are little or not affected (Fig. 2).
The late phases of reverse transcription in cells infected with
mutants L234D and W239A were also severely impaired, and
the 59 end of proviral DNA again was not detected (Fig. 4).
However, the level of synthesis of strong-stop cDNA remained
high in mutants L234D and W239A (Fig. 4A), considering that
virion RT content was only 1/5 to 1/25 of the WT level (Fig.
2A).

Together, these data suggest that the RT primer grip do-
main delays dimerization of gag-pol precursors to prevent
early activation of the protease and gag-pol maturation prior
to virus assembly. This emphasizes the central importance of
Pr160gag-pol precursor stability during virus assembly. In addi-
tion, the results in Fig. 2 and 4 indicate that active RT is prob-
ably in large excess in HIV-1 virions.
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