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Because certain regions of the gag gene, such as p24, are highly conserved among human immunodeficiency
virus (HIV) isolates, many therapeutic strategies have been directed at gag gene targets. Although intrapatient
variation of segments of gag have been determined, little is known about the variability of the full-length gag
gene for HIV isolated from a single individual. To evaluate intrapatient full-length gag variability, we derived
the nucleotide sequences of at least 10 cDNA gag clones of virion RNA isolated from plasma for each of four
asymptomatic HIV type 1-infected patients with relatively high CD4* T-cell counts (300 to 450 cells per mm?).
Mean values of intrapatient gag nucleotide variation obtained by pairwise comparisons ranged from 0.55 to
2.86%. For three subjects, this value was equivalent to that reported for intrapatient full-length env variation.
The greatest range of intrapatient mean nucleotide variation for individual protein-coding regions was ob-
served for p7. We did not detect any G-to-A hypermutation, as A-to-G and G-to-A transitions occurred at
similar frequencies, accounting for 29 and 25%, respectively, of the changes. Mean variation values and
phylogenetic analysis suggested that the extent of nucleotide variation correlated with the length of viral
infection. Furthermore, no distinct subpopulations of quasispecies were detectable within an individual. The
predicted amino acid sequences indicated that there were no regions within a gag protein that were comprised

of clustered changes.

Important humoral and cellular immune responses to hu-
man immunodeficiency virus type 1 (HIV-1) gag products have
been noted (1, 2, 8-10, 15, 25, 30, 31, 35, 36, 39, 42). Antibodies
to p24 are inversely correlated with progression of disease (1,
9, 10, 15, 25, 39, 42), and much of the cytotoxic T-lymphocyte
response to HIV-1 is directed at gag gene products (2, 8, 35,
36). Thus, several groups have suggested gag gene targets for
more universal approaches to immunotherapy.

Intrapatient variation has been previously determined for
short segments of the HIV-1 gag gene (4, 20, 21, 28, 32, 52, 53).
Balfe et al. (4) reported that the range of the mean intrapatient
variation for portions of p24 was between 0.5 and 4.1%. In
contrast, others have observed that the pl7 protein-coding
region has a much greater intrapatient variation (20, 21, 28, 32,
52, 53), and as a consequence, it has been a useful indicator of
HIV evolution. Although such variation for segments of gag
has been analyzed for HIV isolated from a person, there is no
comparable study of the entire gag gene.

We therefore examined nearly full-length gag sequences
from several HIV-1-infected individuals to gain a more com-
plete understanding of intrapatient variation in this gene and
to enable us to compare each gag protein-coding region for a
single genome. Full-length gag sequences were more closely
related within individuals than between individuals. Significant
variation in gag gene products was seen in all four patients
studied. Our data indicate that within each gag protein-coding
region, there are no segments of clustered changes analogous
to the V1 to V5 regions of envelope (4, 7, 29, 43, 44). Inter-
estingly, it appeared that the degree of sequence variation in
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gag correlated with the length of HIV-1 infection. Moreover,
phylogenetic analysis suggested that single major clades pre-
dominate in individuals.

MATERIALS AND METHODS

Assays of viral load. HIV-1 levels in peripheral blood mononuclear cells
(PBMCs) were determined by cocultivating serial dilutions of patient PBMCs
(1 X 10° to 3.2 X 10*ml) with 10° donor PBMCs in 2 ml of RPMI 1640 medium
(GIBCO/BRL) containing 20% fetal bovine serum, 50 pg of interleukin-2 per
ml, and 0.001% DEAE-dextran for 14 days. At that time, assays for p24 antigen
were performed with the Abbott HIV AG-1 enzyme-linked immunosorbent
assay kit, using previously published methods. The HIV-1 RNA in plasma was
measured by the branched-DNA signal amplification (bDNA) assay as described
by Pachl et al. (38).

Virion RNA isolation. One milliliter of plasma from each patient was centri-
fuged at 20,000 X g at 4°C for 1 h, and the virus pellet was resuspended in 200
wl of 4 M guanidinium isothiocyanate (Fluka). Ten micrograms of yeast tRNA
(Sigma) was added to the sample, which was then extracted by sequentially
adding 20 pl of 2 M sodium acetate (pH 4.0), 200 pl of phenol (pH 5.0), and 40
wl of chloroform, with vigorous vortexing between each addition. The RNA was
precipitated by the addition of an equal volume of isopropanol and incubation
overnight at —20°C.

RT-PCR of gag sequences from virion RNA. One-tenth of extracted RNA was
resuspended in 10 wl of diethyl pyrocarbonate-treated water, heated at 80°C for
5 min, and placed on ice. The heat-treated RNA was subsequently added to 15
wl of reverse transcriptase (RT) mix (1X RT mix contains 2.5 mM MgCl,, 0.6
mM dithiothreitol, 2.0 mM total deoxynucleoside triphosphates [dNTPs] [Per-
kin-Elmer], 50 pmol of primer, 24 U of RNasin [Promega], 10 mM Tris-HCI [pH
8.3], 50 mM KCl, and 10 U of Moloney murine leukemia virus RT [Gibco/BRL]).
Samples were incubated at 37°C for 1 h. The RT enzyme was heat inactivated by
incubation at 95°C for 5 min, and the tubes were chilled on ice. For patients 1 and
2, the sequence of the primer was 5'-GGTTTCCATCTTCCTGGCAA-3'; for
patients 3 and 4, it was 5'-CGAGGGGTCGTTGCCAAAGA-3'.

The cDNA product was PCR amplified by Taq polymerase (Boehringer Mann-
heim) in a reaction mixture containing 0.25 mM MgCl,, 0.4 mM total dNTPs, 10
mM Tris-HCl (pH 8.3), 50 mM KClI, 50 pmol of second primer, and 5 U of Tag
polymerase. PCR conditions were 95°C for 1 min, 55°C for 1 min, and 72°C for
2 min for 35 cycles, with a 10-min final extension at 72°C in a Perkin-Elmer
thermocycler. For all patients, the sequence of the primer was 5'-GACTAGCG
GAGGCTAGAAGG-3'. Amplification of the initial product was performed
under identical conditions as before with the internal primers 5'-CGTTCGGA
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ATTCATGGGTGCGAGAGCGTCAGTA-3" and 5'-CGTTCGGTCGACTTA
GAAGCTCTCTTCTGGTGGG-3' (patients 1 and 2) or 5'-CGTTCGGAATT
CATGGGTGCGAGAGCGTCAGTA-3' and 5'-CGTTCGGTCGACCTAATA
GAGCTTCCTTTAGTTGCC-3' (patients 3 and 4).

gag cloning into plasmid vectors. The products of three to four nested PCRs
were pooled and treated with 10 U of sequencing-grade Klenow enzyme (Boehr-
inger Mannheim) in 50 mM Tris-HCI (pH 7.5)-10 mM MgCl,-0.8 mM total
dNTPs. DNA was precipitated, treated again with Klenow enzyme, and electro-
phoresed through a 1% SeaPlaque (FMC) gel in TAE buffer (40 mM Tris-
acetate [pH 8.0], 1 mM EDTA). The band of interest was excised, isolated,
digested with EcoRI and Sall, and inserted into the same sites of pMal (New
England Biolabs) for patients 1 and 2 or pUC19 for patients 3 and 4.

DNA sequence determination. Template DNA was isolated by suspending
bacterial pellets in 200 pl of 50 mM glucose-25 mM Tris-HCI (pH 8.0)-10 mM
EDTA to which 300 pl of 0.2 N NaOH-1% sodium dodecyl sulfate was added.
Samples were mixed by inversion and placed on ice for 5 min. Then 300 wl of 3
M potassium acetate (pH 5.0) was added, and tubes were mixed by inversion and
incubated on ice for 5 min. Tubes were spun in a microcentrifuge at maximum
speed for 2 min. The supernatant was removed, and 4 ul of RNase A (10 mg/ml;
Sigma) was added. Samples were incubated at 37°C for 20 min. Three chloroform
extractions were performed, and DNA was precipitated by adding an equal
volume of isopropanol, vortexing for 1 min, and spinning in a microcentrifuge at
maximum speed for 10 min at RT. Pellets were washed in 70% ethanol and
resuspended in 32 pl of water. Eight microliters of 4 M NaCl and 40 ul of 13%
polyethylene glycol 8000 were added before the tubes were placed on ice for at
least 1 h. Tubes were spun at 4°C in a microcentrifuge, and pellets were washed
in 70% ethanol and resuspended in 11 pl of water. The nucleotide sequence of
both DNA strands was determined by using the Tag dyeDeoxy terminator cycle
sequencing kit (Applied Biosystems). Labeled samples were put through Cen-
triSep columns (Princeton Separations) to remove unincorporated terminators
before drying in a Speedvac. The samples were resuspended in formamide and
analyzed on a sequencing gel by a model 373A DNA Sequencer (Applied Bio-
systems).

Error rate for nucleotide sequence determination. To determine the error rate
of Taq polymerase for our PCR amplifications involving the use of nested
primers, we performed amplifications of the HIV-1 LAI gag gene (14) by using
similar procedures. We determined the gag sequence of a clone that was isolated
from each of three independent nested PCRs performed at different times. We
detected one base pair change in 4,160 sequenced bases. Based on these data and
the published error rate (1 in 3,470 nucleotides) of the Moloney murine leukemia
virus RT (16) (Bethesda Research Laboratories) that was used to reverse tran-
scribe the HIV-1 RNA, we calculated our error rate to be 1 in 3,800 nucleotides,
or less than 1 base for the entire gag gene.

Sequence analysis and phylogenetic programs. Clustal V (18) and the Genet-
ics Computer Group program PILEUP were used to align the deduced gag
amino acid sequences. PRETTY was used to generate a consensus sequence for
each patient. Alignments were verified by visual inspection. The sequences were
not gap stripped for additional analyses since the alignments were unambiguous,
but insertion/deletion regions were omitted on a pairwise basis for all distance
calculations. Intra- and interpatient distances were calculated by using the MEGA
package (24). Distances were corrected for multiple substitutions by using the
method of Jukes and Cantor (22). Because analyses of inferred protein sequences
and synonymous and nonsynonymous differences required complete reading frames,
the proper reading frame for some sequences was restored by removing single
nucleotide insertions or inserting an ambiguous nucleotide. Stop codons were omit-
ted from the protein and nonsynonymous/synonymous distance (d,/d,) analyses.
Phylogenetic analysis of the sequences was done with the PHYLIP package (13).
Specifically, phylogenies were estimated by the neighbor-joining method (41) as
implemented in NEIGHBOR with two-parameter Kimura distances (23) (tran-
sition/transversion ratio = 2.0) generated by the DNADIST program. Bootstrap
confidence values were generated from 1,000 bootstrap resampled sequences
from SEQBOOT. Distances were calculated as described above, using DNA-
DIST; phylograms for each replicate were estimated with NEIGHBOR; boot-
strap confidence consensus values (12) shown represent trees seen in greater
than 70% of the resulting trees as determined with CONSENSE.

Nucleotide seq e accessi bers. The nucleotide sequences that we
obtained for the gag clones isolated from each patient have been submitted to
Genbank with accession numbers U29242, U29246 to U29265, and U29403 to
U29422.

RESULTS

We isolated molecular clones of the HIV-1 gag gene directly
from plasma virions because this population should represent
actively replicating virus (19, 48). Plasma was obtained from
four seropositive patients who were being evaluated for a pro-
tocol involving the infusion of HIV-1-specific CD8" T-cell
clones. All four patients were asymptomatic, had no history of
opportunistic infection, and were receiving antiretroviral treat-
ment with zidovudine only. All four were infected with HIV-1

J. VIROL.

TABLE 1. Virological and immunological markers
of HIV-1 infection

Yr of known CD4* Titer of HIV HIV RNA

Patient HIY sero- lymphocytes/ in PBMCs? .copies/ml
positivity mm? m ; in plasma®

1 2 406 ND*¢ <10,000

2 5 450 5,000 45,000

3 9 325 6 15,000

4 12 364 40 14,000

“ Expressed as infectious units per million cells. Serial dilutions of patient
PBMCs were cocultivated with 10° donor PBMCs in 2 ml of RPMI 1640 medium
containing 20% fetal bovine serum, 50 pg of interleukin-2 per ml, and 0.001%
DEAE-dextran for 14 days, at which time assays for p24 were performed with the
Abbott HIV AG-1 enzyme-linked immunosorbent assay kit.

® Viral RNA was detected by a bDNA assay (37). Level of detection by the
bDNA assay is 10* RNA copies per ml.

¢ ND, not detectable.

for various lengths of time (Table 1). The CD4" lymphocyte
counts for these patients ranged between 325 and 450 cells per
mm?. Cocultivation assays of patient PBMCs with normal
PBMC:s yielded virus titers with a range from nondetectable
for patient 1 to 5,000 infectious units per million cells for
patient 2. We measured the level of HIV-1 RNA in plasma
with a bDNA assay (37) and obtained values that ranged from
less than detectable by this assay (10 X 10%) to 45 X 10> RNA
copies per ml.

Nucleotide sequences of gag clones. By using reverse tran-
scription and PCR amplification of gag sequences with nested
primers as detailed in Materials and Methods, we obtained
molecular clones of gag for each of the four patients. The gag
sequences that we obtained corresponded to full-length gag
except for the last 111 bp in p6. For clarification, we shall
nevertheless refer to these sequences as full-length gag in this
report to distinguish them from the individual protein-coding
regions. Because the gag genes were cloned into a plasmid
vector, we determined the nucleotide sequence of both DNA
strands of each clone for each individual. Each of the clones
was similar to prototype subtype B viruses (see Fig. 3). We also
used a multiple alignment program to generate a consensus
sequence for the gag clones for each patient (data not shown).
Sequence similarities of the consensus gag sequence for each
individual to prototypes HIV-1 LAI, MN, and SF2 (33) were
95, 93, and 94%, respectively.

The mean percent nucleotide variation for full-length gag
and the pl7, p24, p7, and p6 protein-coding regions was de-
termined by performing pairwise comparisons of clones for
each patient (Table 2). Within an individual, nucleotide differ-
ences for full-length gag varied from 0.55% for patient 1 to
2.86% for patient 3. The ranges of the mean percent variation
for the protein-coding regions were 0.80 to 2.55% for p17, 0.4
to 2.5% for p24, 0.13 to 3.88% for p7, and 0.74 to 2.43% for p6.
Overall, the mean gag variation between individuals was 5.9%
(Table 3). Thus, differences in gag sequences from a single
individual varied less than between individuals. As with full-
length gag, the interpatient variation for each of the protein
coding regions was also greater than the intrapatient diver-
gence (Table 3).

To examine the rates at which nonsynonymous and synony-
mous nucleotide changes have occurred within an individual,
we calculated d,,/d; ratios for full-length gag as well as for the
individual gag genes as summarized in Table 4. We noted
considerable variation in the intrapatient d,/d, values that we
obtained. However, between patients, the most strongly con-
strained protein-coding region was p24, where the synonymous
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TABLE 2. Nucleotide sequence variation of gag genes

HIV-1 INTRAPATIENT gag SEQUENCE VARIATION 8881

Patient

Mean % variation® (range)

8ag

pl7

1
2
3
4

0.55 (0.14-1.01)
1.16 (0.58-1.97)
2.86 (1.89-3.84)
2.05 (0.94-3.69)

0.80 (0.00-1.54)
1.47 (0.51-2.33)
2.55 (0.77-4.46)
1.81 (0.00-5.27)

p24 p7 po6
0.40 (0.15-0.87) 0.13 (0.00-0.61) 1.92 (0.00-6.89)
0.78 (0.00-1.61) 2.20 (0.62-4.45) 0.74 (0.00-2.26)
2.50 (1.32-4.17) 3.88 (0.62-6.44) 2.43 (0.00-6.98)

1.69 (0.58-3.26)

2.60 (0.00-6.32)

1.67 (0.00-4.58)

¢ Intrapatient distances were calculated by using the MEGA package of Kumar et al. (24). Distances were corrected for multiple substitutions by the method of Jukes
and Cantor (22). The mean value was calculated by dividing the sum of the percent variation for each pairwise comparison of gag clones by the number of pairwise
comparisons analyzed for each patient. gag refers to all gag sequences, and p17, p24, p7, and p6 refer to the protein-coding regions of gag.

changes were 10 times more frequent than those at nonsyn-
onymous sites (Table 3). The p17-coding region was the least
constrained when interpatient ratios were compared, with ap-
proximately twice as many synonymous changes as nonsynony-
mous changes. Interestingly, the intrapatient d,,/d; values and
length of infection showed a relationship suggesting that d,,/d,
decreases with length of infection. This is most clearly seen for
the complete gag value for patients 1, 2, and 3. Patient 4,
however, departs from this trend for unknown reasons. Inter-
estingly, the d,,/d; values for patient 3 are clearly the lowest for
all four gag reading frames; this patient showed the greatest
nucleotide sequence variation, as may be seen both in Table 2
and the phylogenetic tree (Fig. 3).

The nucleotide changes we detected in gag were predomi-
nately A-to-G and G-to-A transitions, which accounted for 29
and 25%, respectively, of the changes. The next most common
changes were represented by T-to-C (17%) and C-to-T (13%)
transitions. Transitions occurred roughly five times more fre-
quently than transversions, similar to what has been reported
for env (17).

Amino acid sequence variation. The amino acid differences
for the gag clones in comparison with the consensus sequence
for each patient are shown in Fig. 1. We did not detect any
amino acid residue in any of the gag proteins that corre-
sponded to a preferred nonsilent mutation site. As a conse-
quence, within each protein-coding region there were no de-
tectable regions where amino acid changes were clustered as
has been seen for the hypervariable regions of env (4, 7, 29, 43,
44).

Eight of the forty-one gag clones had mutations that would
lead to the production of an aberrant gag polyprotein. Two
clones had a single nucleotide change that would lead to pre-

TABLE 3. Interpatient sequence variation

Mean % interpatient sequence ) )
variation (range) Mean interpatient

Sequence d,/dS (range)

Nucleotide”

gag  5.89(5.10-7.09)
pl7  7.45(4.46-10.35)
p24 402 (2.66-5.88)
p7 9.49 (3.09-15.74)
p6 3.78 (0.00-9.46)

Amino acid®

7.11 (5.27-9.01)
11.66 (7.63-16.79)
3.14 (0.87-6.52)
11.46 (3.64-21.82)
6.75 (0.00-13.33)

0.24 (0.16-0.33)
0.51 (0.08-1.07)
0.10 (0.02-0.30)
0.16 (0.06-0.49)
0.43 (0.00-0.57)

¢ Calculated for each pairwise comparison of each clone between patients by
the method of Nei and Gojobori (34) as implemented in the MEGA computer
program (24).

® Calculated for all pairwise comparisons of each sequence with the gag clones
for the other three patients as described for Table 2.

¢ Calculated for all pairwise comparisons of the amino acid sequence of each
sequence with those for the gag clones for the other three patients. Values were
obtained similarly to the calculations for nucleotide variation as presented in
Table 2.

mature termination. One of these point mutations was in p17
(clone 1-6), and the other was in p24 (clone 4-20). The muta-
tion in clone 1-6 involved a Lys-to-ochre change, and in clone
4-20 it involved a Trp-to-opal change. Three clones had frame-
shift mutations that were produced by the insertion of one
nucleotide (clones 2-49, 3-25, and 4-9). These insertions oc-
curred at two different sites in p17 (clones 2-49 and 3-25) and
at one site in p24 (clone 4-9). Three additional frameshift
mutations were the result of a single nucleotide deletion at one
site in p17 (clone 3-13) and two nonidentical sites in p7 (clones
1-30 and 1-5). The rest of the clones had open reading frames
for gag.

As with the nucleotide sequences, we performed a pairwise
comparison of the amino acid sequences of the gag proteins for
each patient’s clones (Table 5) and observed a wide variation
for each patient. Calculations of the interpatient variation (Ta-
ble 3) indicated that p24 had the lowest level (3.14%) and p17
and p7 the highest levels (11.66 and 11.46%, respectively) of
amino acid variation. An amino acid identity plot of mean
similarity versus the amino acid position in gag provided a
more detailed map of regions of homology within each protein-
coding region (Fig. 2) compared with the mean variation val-
ues. The most extreme sequence variations in gag were detect-
able in the C-terminal region of p17, the p2 region, and the
N-terminal half of p7.

Comparison of the amino acid sequences of the individual
patient clones with each other revealed that only the p24 re-
gion of gag had relatively large regions (10 or more residues) of
contiguous amino acids that were invariant. There were five of
these regions in p24 (indicated by numbered boxed regions in
the consensus sequence for patient 1 in Fig. 1B). These five
regions are also identical for the 25 subtype B isolates in the
Los Alamos Human Retrovirus and AIDS database (33). Re-
gion 4 is contained within the major homology region (MHR;
indicated by the box with dashed lines) that has been shown to
be important for HIV-1 assembly and infectivity (11, 27, 40, 46,
49). Interestingly, the other four regions in p24 are even more
highly conserved among subtype B clones than the MHR.

Relatedness of quasispecies. We compared the patients’
clones with gag sequences of HIV-1 isolates of subtypes A

TABLE 4. Mean d,/d, values

Mean intrapatient d,,/d*

Patient
gag pl7 p24 p7 po
1 0.56 0.25 0.23 0.00 0.34
2 0.15 0.36 0.15 0.36 0.00
3 0.12 0.14 0.09 0.08 0.03
4 0.26 0.40 0.21 0.12 0.18

“ Calculated as described in Table 3, footnote a.
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A Amino Acid Changes in p17

MGARASVLSGGQLDAWEK I RLRPGGKKKY RLKHI VWASRE LERFAVNPGLLETAAGCRQI INQIQP SLOTGSEELK SLFNTVAVLYCVHORI DVKDTKEALDKIEEEQNKSKKKAQOAVADAGNNSQVSONY

Consensus
3-13
3-14
3-15
3-16
3-18
3-19
3-20
3-22
3-23
3-25

Consensus

FIG. 1. Deduced amino acid sequence alignment of the gag clones for each patient. The consensus amino acid sequence for each patient is shown above that
patient’s clones. Dots indicate identical residues, and changes are shown by letters. A indicates a missing residue. Boxes with solid lines identify five regions of 10 or
more amino acids that are conserved in all four patients’ clones and subtype B HIV-1 isolates in the Los Alamos database (33). The box with dashed lines designates
the MHR (11, 27, 40, 46, 49). Termination codons are represented by asterisks, and frameshift mutations caused by insertions or deletions are indicated by truncated

sequences.

(K124), B (D31, NYS5, NL43, CAM1, HXB2, and JH31), D
(ELI), and F (VI325) (Fig. 3) (33). This phylogenetic analysis
revealed that all of the patients’ clones were most closely
related to the subtype B clade. Our data suggested that all four
patients’ gag sequences formed monophyletic groups that were
more closely related to each other than to the other patients’
clones or to the representative subtype B isolates that were
included in this analysis (Fig. 3). Moreover, the branch lengths
of the patient phylograms appeared to be closely related to the
length of infection. The depth of the tree for patient 1 (infect-
ed for 2 years), for example, is less than that of the other
patients, while patients 3 and 4 (infected 9 and 12 years, re-
spectively) showed the greatest tree depth. Although most of
these patients’ gag sequences did not show pronounced within-
individual differentiation into subpopulations, clone 4-25,
while still most closely related to the other patient 4 sequences,
was clearly divergent from other patient 4 clones. The diver-
gence of clone 4-25 from the rest of the patient 4 clade was
supported at a bootstrap level of 100%.

DISCUSSION

Our detailed study of the nucleotide and amino acid se-
quences of the HIV-1 gag gene revealed a surprisingly high

degree of intrapatient variation for the entire gene. The large
degree of intrapatient gag variation was also indicated by the
overlapping ranges of nucleotide variation of the intrapatient
and interpatient values for each of the protein-coding regions
(compare Tables 2 and 3). Although there were overlaps in the
distributions, the sequences showed expected phylogenetic re-
lationships (data not shown), thereby ruling out any contami-
nation of samples. While we studied only four patients, our
data suggested that duration of HIV infection is a factor in gag
gene diversity. Patient 1, who had been infected only 2 years,
has the smallest variation, and patients 3 and 4, who had been
infected 9 and 12 years, respectively, have the greatest (Tables
1 and 2). This is further illustrated by our phylogenetic analysis
where the branch lengths of the patient phylograms correlated
with the length of infection (Fig. 3).

A comparison of the mean amino acid variation of the pro-
tein-coding regions of gag for each patient studied did not yield
any significant differences among these regions, and we at-
tribute this result to the small sample number of this study.
However, when we compared the sequences of the gag clones
between these patients, we observed that the greatest varia-
tions were in the p17 and p7 regions, while p24 had the lowest
sequence diversity. Our results for p17 and p24 are in agree-
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-7

1-16
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1-19
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1-29

1-30

Consensus

Consensus
3-14
3-15
3-16
3-18
3-19
3-20
3-22
3-23

Consensus
4-6
4-7
4-9
4-10
4-13
4-20
4-25
4-27
4-28
4-29

Consensus

Consensus
3-14
3-15
3-16
3-18
3-19
3-20
3-22
3-23

Consensus
4-6

4-7

4-9

4-10
4-13

4-25

4-27

4-28

4-29

1 Amino Acid Crganges in p24
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C Amino Acid Changes in p15

L p2 1
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Consensus
1-1

>R YDBD

Consensus
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3-15
3-16
3-18
3-19
3-20
3-22
3-23

Consensus
4-6

4-7

4-10

4-13 .
4-25 L.l
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R
.............................. Ro....ovanenn

4-29

AEAMSQATNSAT IMMORGNFRNQRKTVKCFNCGKEGHI ARNCRAPRKKGCWKCGKEGHQ IKDCTERQANFLGK IWPS SKGRPGNFLQOSRPEPTAPPEESF

sensus AEAMSQVTNSTTIMMORGNDRNQRK - IKCFNCGKEGHLARNCRA PRKRGCWKCGQEGHOMKEC PGRQANFLGKIWPSHKGRPGNFLONRPEPTAPPEESF

AEAMSQITNSAATTMMQORGNFRNQRK I IKCFNCGKEGHLAKNCRAPRKKGCWKCGKEGHQIKDCTERQANFLGK IWSSHKGRPGNFLQSRPEPTAPPEESF
............................... 0 D

FIG. 1—Continued.

ment to what has been observed before by others (3-5, 20, 26,
28, 32, 33, 52, 53). The interpatient comparison of the mean
amino acid variation of the full-length gag gene yielded a value
of 7.1%, which is similar to a previously reported value for
interpatient full-length gag variation (26).

The amino acid changes that were detectable within a pro-
tein-coding region of gag were scattered throughout the pro-
tein. Nowhere in gag did our analysis identify any residue that
corresponded to a site of preferred amino acid substitution. As
such, there were no detectable hypervariable regions compa-
rable to the V1 to V5 regions of env (4, 7, 29, 43, 44, 50). The
implication for these findings on the persistence or effective-
ness of gag-specific humoral or cellular responses remains to be
determined.

TABLE 5. Amino acid variation of gag genes

Mean intrapatient % variation”

Patient
gag pl7 p24 p7 po
1 0.79 1.07 0.52 0.37 4.00
2 1.12 2.08 0.61 2.03 0.19
3 2.36 2.41 1.73 3.12 1.33
4 2.97 4.40 2.14 3.24 4.85

¢ Calculated by using the programs used to calculate the nucleotide mean
percent variation as described for Table 2. The percent variation was determined
by dividing the number of amino acid differences by the number of amino acids
in each gag region and multiplying by 100.

Our observation that p24 had the smallest amino acid se-
quence variation was supported by our calculation of the ratio
of nonsynonymous to synonymous nucleotide changes in this
region of gag. This ratio indicated that p24 was the most highly
constrained gag protein. This is similar to what has been ob-
served before for short segments of gag (5). The interpatient
nonsynonymous-to-synonymous ratio for pl7 indicated that
this protein-coding region was the least constrained, support-
ing previous observations (3, 20, 21, 26, 28, 32, 52, 53). This
may be due mainly to the extreme amino acid sequence vari-
ation that exists in the C-terminal region of p17 as indicated by
the similarity plot (Fig. 3). Our data support the previously
proposed notion that the structure of p24 must be more strictly
conserved for viral replication compared with other gag pro-
teins, such as matrix.

We observed no evidence of hypermutation in gag of the
kind that has been detected for env sequences (17, 45). Instead
of predominately G-to-A transitions, we observed both G-to-A
and A-to-G transversions at approximately equal frequencies.
Similar results have been reported for changes in the env gene
of simian immunodeficiency virus isolates (6, 37). As pointed
out by Overbaugh et al. (36a), G-to-A hypermutations can
often result from Tagq polymerase errors. We observed that
transitions were significantly more frequent than transversions,
which is similar to what has been seen for HIV-1 env (17, 45).

Our phylogenetic analysis shows that the HIV-1 isolates
from each of the four patients were closely related to each
other. These data support the idea that a single viral clone of
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FIG. 2. Amino acid identity plot for gag. The solid line represents the running average sequence identity for 30 adjacent amino acid residues centered at the residue
position on the abscissa. Amino acid sequence identity was obtained from a multiple sequence alignment of the inferred amino acid sequences for the gag clones that
we sequenced along with representative sequences from the Los Alamos database (33) (see Results). The dashed line is the overall mean identity for these sequences

over their entire lengths.

HIV-1 predominates in an individual. Whether this has oc-
curred as a result of a bottleneck effect after an initial infection
by multiple genotypes as discussed by others (32, 51-53) or
because only a single genotype can successfully initiate infec-
tion is not known, and we are not able to distinguish between
these possibilities from our data. Bootstrap analysis indicated
that only one patient had a clone (4-25) that diverged signifi-
cantly from the major clade that was detectable for that pa-
tient. Because this outlying clone is still most closely related to
the rest of the gag clones from that patient, it is unlikely that it
arose by superinfection from a different source. Although a
sampling bias as a consequence of analyzing only 10 clones per
patient may be another possible explanation for our data, we
think that this is unlikely as we did not detect a single clone
that was unrelated to the major clade for all four patients. In
our analysis of a total of 41 clones, there should be a good
chance of detecting at least one clone if it were more closely
related to other subtype B viruses than to a patient’s clade. On
the other hand, we cannot eliminate the possibility that plasma
viral RNA may reflect the expression of only a limited subset
of integrated proviruses since this has been observed by others
(44).

The five invariant regions in our clones that we detected
(Fig. 1) are identical for all subtype B sequences in the Los
Alamos database (33). These regions are also conserved in
other subtypes as well, with regions 3 and 4 having the greatest
similarity (33). Region four corresponds to part of the MHR,
which has been shown to be essential for HIV-1 replication
(11, 27, 40, 46, 49). Amino acid residues in two other regions (3
and 5) have also been shown to affect HIV-1 replication (40,
47). A role in HIV-1 replication of regions 1 and 2, however,
has not yet been assessed. Given the importance of amino
acids in the other three conserved regions, we predict that
regions 1 and 2 will also play significant roles in viral replica-
tion.

Our study has implications for both molecular epidemiologic
studies involving gag gene products as well as studies using

100 K124
1 VI335

100 NYs

2%

ELI

FIG. 3. Phylogenetic analysis of gag clones. Phylogenetic analysis was per-
formed with the PHYLIP package of Felsenstein (13). Phylogenies were esti-
mated with the neighbor-joining method (41) on a matrix of pairwise nucleotide
sequence distances (23). Support values for the trees are based on 1,000 boot-
strap replicates (12). Included in the analysis were HIV-1 subtype A (K124), B
(D31, NYS5, NL43, CAM1, HXB2, and JH31), D (ELI), and F (VI325) sequences
(33). Patient numbers are shown to the right of the clone numbers. The scale bar
indicates 2% sequence divergence.
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immunotherapy directed against the HIV gag gene. The sig-
nificant variation in many regions of the HIV-1 gag gene indi-
cates that the use of T-cell clones to defined regions of gag may
not eliminate many of the circulating virus strains. We would
predict that escape variants may be a concern with such a
therapeutic approach. Consideration should be given to using
immunotherapies that are directed at the conserved regions of
p24.
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