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The intense selection pressure exerted by virus-specific cytotoxic T lymphocytes (CTL) on replicating human
immunodeficiency virus and simian immunodeficiency virus results in the accumulation of CTL epitope
mutations. It has been assumed that fitness costs can limit the evolution of CTL epitope mutations. However,
only a limited number of studies have carefully examined this possibility. To explore the fitness costs associated
with viral escape from p11C, C-M-specific CTL, we constructed a panel of viruses encoding point mutations at
each position of the entire p11C, C-M epitope. Amino acid substitutions at positions 3, 4, 5, 6, 7, and 9 of the
epitope significantly impaired virus replication by altering virus production and Gag protein expression as well
as by destabilizing mature cores. Amino acid substitutions at position 2 of the epitope were tolerated but
required reversion or additional compensatory mutations to generate replication-competent viruses. Finally,
while amino acid substitutions at positions 1 and 8 of the p11C, C-M epitope were functionally tolerated, these
substitutions were recognized by p11C, C-M-specific CTL and therefore provided no selection advantage for the
virus. Together, these data suggest that limited sequence variation is tolerated by the region of the capsid
encoding the p11C, C-M epitope and therefore that only a very limited number of mutations can allow

successful viral escape from the p11C, C-M-specific CTL response.

Human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) escape from dominant epitope-specific
cytotoxic T-lymphocyte (CTL) recognition is associated with
uncontrolled viral replication and the clinical progression of
AIDS. Since virus-specific CTL play a critical role in contain-
ing HIV and SIV replication in infected individuals (17, 23,
44), this immune response exerts considerable selection pres-
sure on the replicating virus. The selection pressure leads to an
accumulation of CTL epitope mutations (1-4, 6, 8, 10, 14, 19,
23, 29, 33, 34, 53) that shape the evolution of SIV and HIV
variation (28). Moreover, an increase in viral replication as a
result of these mutational events leads to disease progression
in HIV type 1 (HIV-1)-infected humans (4, 13, 15, 21, 39, 40)
as well as SIV- and simian-human immunodeficiency virus
(SHIV)-infected rhesus monkeys (2, 3). Thus, the mutation of
viruses to escape from CTL responses plays a central role in
AIDS pathogenesis.

Interestingly, the rate at which particular immunodominant
CTL responses select for HIV and SIV mutations can vary
dramatically (1, 4, 10, 13, 15, 19, 27, 28, 33, 40). CTL responses
to an immunodominant HLA-B44-restricted gp160 epitope or
HLA-BS8-restricted Nef epitope rapidly select for amino acid
substitutions in these epitopes during primary viremia in HIV-
1l-infected individuals (4, 40). Yet CTL responses to a compa-
rably dominant HLA-B27-restricted HIV-1 Gag epitope select
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for epitope mutations that can occur after several years of
persistent viral replication (15). In addition, the number of
residues of a CTL epitope that mutate varies substantially for
different epitopes. Viral escape from a dominant Tat epitope-
specific CTL response universally occurs within the first 3
weeks of SIVmac239 infection in Mamu-A*01" rhesus mon-
keys and occurs by mutation of any one of the nine residues of
the epitope. Yet escape from comparably dominant Gag and
Env epitope-specific CTL responses occurs more slowly, and
mutations are generally restricted to one or two positions of
the epitopes (1-3, 7, 33).

While it is assumed that fitness costs for the virus can limit
the rate of viral escape from a particular epitope-specific CTL
response, this supposition has not been carefully explored (12,
32, 38, 52). The Gag pllC, C-M epitope is extraordinarily
dominant in SIV- and SHIV-infected Mamu-A*01" rhesus
monkeys (24). However, viral escape from CTL by mutation of
this epitope is slow to evolve and rarely occurs in SIVmac239-
and SHIV-89.6P-infected monkeys (2, 3, 33). Moreover, viral
escape from pl1C, C-M-specific CTL responses occurs at a
limited number of residues in the epitope (1-3, 7, 10, 33, 34).
For the present study, we sought to determine why viral escape
from this immunodominant epitope is infrequent and prefer-
entially occurs at position 2. To this end, we evaluated the
functional consequences of individual point mutations in the
pl1C, C-M epitope and explored the consequences of these
mutations on the viability of the virus.

MATERIALS AND METHODS
gag point mutations. BmgBI and EcoRV restriction sites were introduced
flanking the p11C, C-M epitope by PCR mutagenesis with a QuickChange kit
(Stratagene, La Jolla, Calif.), with the previously described VRC-WT-gag plas-
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TABLE 1. Phosphorylated primer sequences used to construct SIV capsid mutants

CA mutant

Forward sequence” (5'-3")

Wild type..

.TGTCAGAAGGTTGCACCCCCTATGACATTAATCAGATGTTAAATTGTGTGGGAG
.TGTCAGAAGGTGCCACCCCCTATGACATTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCGCCCCCTATGACATTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCGCCTATGACATTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCCCCGCCGACATTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCCCCTATGCCATTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCCCCTATGACGCCAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCCCCTATGACATTGCCCAGATGTTAAATTGTGTGGGAG
.TGTCAGAAGGTTGCACCCCCTATGACATTAATGCCATGTTAAATTGTGTGGGAG
.TGTCAGAAGGTTGCACCCCCTATGACATTAATCAGGCCTTAAATTGTGTGGGAG
.TGTCAGAAGGTTGCACCCCCCAGGACATTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCCCCTATGACCTTAATCAGATGTTAAATTGTGTGGGAG
TGTCAGAAGGTTGCACCCCCTATGACATTAATACGATGTTAAATTGTGTGGGAG

“ Sequence for nt 1582 to 1635. Bold type indicates the p11C, C-M epitope; underlining indicates mutated codons.

mid as the template (38). The oligonucleotide primers BmgBIF (5'-TCAGGC
ACGTCCAGAAGGTTGCACC-3'; nucleotides [nt] 1574 to 1598) and BmgBIR
(5'-TTCTGGACGTGCCTGAAATCCTGG-3"; nt 1566 to 1589) were used to
introduce the BmgBI restriction site. The oligonucleotide primers EcoRVF
(5'-TGTGTGGGATATCATCAAGCGGCTATGCAG-3'; nt 1626 to 1655) and
EcoRVR (5'-CGCTTGATGATATCCCACACAATTTAACATCTGATTAAT
GTC-3'; nt 1605 to 1646) were used to introduce the EcoRV restriction site. For
the above primers, restriction sites are underlined, mutated nucleotides are
shown in bold, and the positions of the oligonucleotide primers are numbered
according to the SIV isolate 239 complete proviral genome and flanking se-
quence (GenBank accession no. M33262) (20). The resulting plasmid, VRC-
BEgag, was sequenced to ensure that no additional mutations were introduced.
To create the gag point mutations, we digested VRC-BEgag with BmgBI and
EcoRYV, treated it with calf intestinal alkaline phosphatase, gel purified it, and
ligated it to the phosphorylated complementary oligonucleotide pairs shown in
Table 1. This process eliminated the newly introduced BmgBI and EcoRV
restriction sites, restored these regions of the protein to the wild-type sequence,
and introduced the desired p11C, C-M point mutations. In addition, this process
changed the aspartic acid coding sequence from GAC to GAT at position 60 of
the capsid protein, allowing mutant viruses to be discriminated from wild-type
viruses.

Viruses and cells. Mutant SIVmac239 proviral plasmids were produced by
shuttling gag genes from the VRC-gag plasmids into a full-length wild-type
SIVmac239 proviral plasmid. A full-length wild-type SIVmac239 proviral plas-
mid was obtained as a gift from Heinrich Gottlinger (Dana Farber Cancer
Institute, Boston, Mass.). For the production of recombinant viruses, 10-pg
samples of wild-type and mutant STVmac239 proviral plasmid DNAs were trans-
fected into 293T cells by the calcium phosphate method (Invitrogen, Carlsbad,
Calif.). Forty-eight hours later, the supernatants were harvested and purified
through a 0.45-pm-pore-size filter. Single-round reporter viruses (SIV.GFP)
were produced in 293T cells (American Type Culture Collection) by use of the
pSIVAenvGFP plasmid as previously described (37). Viruses were pseudotyped
with the vesicular stomatitis virus envelope glycoprotein by the use of previously
described plasmids. Forty-eight hours later, the supernatants were harvested and
purified through a 0.45-wm-pore-size filter.

Viral replication rates. Mutant gag genes were shuttled into wild-type
p239SpSp5’. p239SpSp5’ was obtained from Ronald Desrosiers through the
AIDS Research and Reference Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases, National Institutes of Health (NIH)
(20, 41). Recombinant SIVmac239 viruses were produced as previously de-
scribed (20, 41). Briefly, 5 wg of each proviral half was digested with Sphl,
extracted with phenol-chloroform, ethanol precipitated, and ligated. The ligation
mix was then transfected into CEMx174 cells (American Type Culture Collec-
tion) by the DEAE-dextran method. Cultures were monitored for p27 expression
and reverse transcriptase (RT) activity by a colorimetric enzyme-linked immu-
nosorbent assay (ELISA) (Roche, Mannheim, Germany).

Core stability assay. The stabilities of wild-type and mutant cores were deter-
mined as previously described (11). Briefly, cell-free virus was concentrated by
ultracentrifugation (100,000 X g for 4 h at 4°C) through a cushion of 20%
(wt/vol) sucrose in STE buffer (10 mM Tris-HCI [pH 7.3], 100 mM NaCl, 1 mM
EDTA). Virions were resuspended in 200 pl of STE buffer, loaded onto a linear
sucrose gradient (10 ml of 30 to 70% sucrose in STE buffer) with or without a
layer of detergent (1 ml of 15% sucrose—-0.5% NP-40 in STE buffer), and then

ultracentrifuged (100,000 X g for 20 h at 4°C). Fractions (1 ml) were collected
from the top and assayed for SIV p27 by a colorimetric ELISA (Coulter, Miami,
Fla.). To control for variations in the amount of virus loaded onto the linear
sucrose gradient, we calculated the percent yield of cores for each mutant virus
as follows: SIV p27 in core fractions/total SIV p27 in all fractions.

Protein quantification and Western blots. 293T cells were transfected with 10
pg of full-length proviral plasmid DNA by the calcium phosphate method (In-
vitrogen). Forty-eight hours later, the cell supernatants were collected and the
cells were lysed for 20 min with a solution containing 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and protease
inhibitors (Roche). The cell lysates were centrifuged for 20 min at 16,000 X g,
and the soluble fraction was separated from the insoluble pellet. A SIV core
antigen assay (Coulter) was used to quantify the concentration of SIV p27 in the
supernatants and soluble cell lysates. Supernatants and soluble cell lysates were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes for Western blotting. An anti-SIVmac
p27 monoclonal antibody (55-2F12) was obtained from Niels Pederson through
the AIDS Research and Reference Reagent Program, Division of AIDS, Na-
tional Institute of Allergy and Infectious Diseases, NIH (16). The primary de-
tection antibody 55-2F12 (anti-SIVmac p27) and anti-HSP-90 (BD Biosciences,
San Diego, Calif.) were used at a 1:2,000 dilution and were detected with a
SuperSignal West Pico mouse IgG detection kit (Pierce, Rockford, IlL.).

Virus sequencing. Virus sequence analyses of 500-bp regions of gag were
performed as described below. Viruses were isolated from cell-free supernatants
by use of a viral RNA isolation kit (Qiagen, Valencia, Calif.). The positions of the
oligonucleotide primers are numbered according to the SIV isolate 239 complete
proviral genome and flanking sequence (accession no. M33262). Viral sequences
were amplified with a OneStep RT-PCR kit (Qiagen) and the primers gag-fwd
(5'-CTTTCGGTCTTAGCTCCATTAGTGCC-3'; nt 1233 to 1258) and gag-rev
(5"-TGTCTGTTCTGCTCTTAAGCTTTTGTAG-3"; nt 1955 to 1982). RT-PCR
products were purified in agarose gels, the 749-bp fragment was TA cloned into
the pCR4-TOPO sequencing vector (Invitrogen), and individual transformed
colonies were subjected to T7/SP6 dideoxy sequencing with the oligonucleotide
gag-seq (5'-CTTTCGGTCTTAGCTCCATTAGTG-3'; nt 1233 to 1256).

CTL assays. Functional CTL assays were performed as previously described
(42). Lymphocytes were isolated from monkey peripheral blood by Ficoll-dia-
trizoate gradient centrifugation. Cultures were started with 4 X 10° peripheral
blood lymphocytes (PBL) per ml in RPMI 1640 containing 12% fetal calf serum,
antibiotics, and 1 uM wild-type p11C, C-M peptide. On day 3 of culture, 20 U of
recombinant interleukin-2 per ml was added. On days 12 to 17 of culture, the
lymphocytes were assessed as effector cells in a standard 4-h *'Cr-release CTL
assay. Target cells were major histocompatibility complex (MHC) class I-defi-
cient Mamu-A*01 transfectants of either the B-lymphoblastoid cell line C1R (42)
or the cell line 721.221, kindly provided by D. I. Watkins (Wisconsin National
Primate Research Center, Madison, Wis.), that had been incubated for 1.5 h or
overnight with the peptide at various concentrations as well as with 75 to 100 wCi
of sodium [>!Cr|chromate. After being washed, 1,000 to 2,000 target cells per
well were added to 96-well U-bottomed plates. Effectors were added at various
effector-to-target cell ratios in a final volume of 200 pl of RPMI 1640 with 12%
fetal calf serum and were incubated for 4 h at 37°C. Next, 50 pl of the super-
natant was added to 200 pl of scintillation fluid, and the mixture was analyzed in
a 1450 Microbeta liquid scintillation counter. All experimental wells were set up
in duplicate, and maximal release and spontaneous release wells were set up in
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FIG. 1. Sequence alignment of the p11C, C-M region from various
retrovirus capsid proteins. Consensus SIV and HIV sequences were
obtained from the Los Alamos HIV Sequence Database (http:/www
.hiv.lanl.gov), and the additional protein sequences of other retrovi-
ruses were obtained from the National Center for Biotechnology In-
formation Entrez database. Sequences were aligned with DNAStar
MegAlign by the ClustalW method and were visualized with BOX-
SHADE (http://www.ch.embnet.org/software/BOX_form.html). Black
shading indicates sequence identity; gray shading indicates sequence
similarity. The following viruses were used: FIV, feline immunodefi-
ciency virus (accession no. P16087); EIAV, equine infectious anemia
virus (accession no. AAK21105); ovine lentivirus (accession no.
NP_041249); Visna virus (accession no. NP_040839); BIV, bovine im-
munodeficiency virus (accession no. NP_040562); Jembrana disease
virus (accession no. NP_042684); HTLV-1, human T-lymphotropic
virus type 1 (accession no. NP_057862); HTLV-2 (accession no.
P03346); STLV-3, simian T-lymphotropic virus type 3 (accession no.
AAO62100); MLV, murine leukemia virus (accession no. P29167).

quadruplicate. Maximal release was calculated by incubating labeled targets with
1% Triton X-100, and spontaneous release was calculated by incubating labeled
targets with medium alone. Specific lysis was calculated as follows: [(experimen-
tal release — spontaneous release)/(maximal release — spontaneous release)] X
100. For all experiments, the specific lysis of targets incubated without peptide
was <4%.

RESULTS

Retroviral sequence alignment of the capsid region encod-
ing the p11C, C-M CTL epitope. The p11C, C-M-specific CTL
response is immunodominant in SIV- and SHIV-infected
Mamu-A*01" rhesus monkeys. As such, this epitope-specific
immune response should exert significant selective pressure on
replicating viruses in these animals. However, viral mutations
in this epitope appear to be rare and, when they occur, are
associated with a flanking mutation. This observation suggests
that the p11C, C-M region of the viral capsid may tolerate very
little sequence variation. To explore this possibility, we first
evaluated the known sequences of the p11C, C-M region of the
capsid proteins of SIVs and other retroviruses. We aligned
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full-length Gag protein sequences from consensus SIVs, con-
sensus HIVs, and 10 additional retroviruses (Fig. 1). Four of
the six consensus SIV Gag sequences show complete conser-
vation of the p11C, C-M epitope, while SIVtan shares seven of
the nine residues and SIVIst shares four of the nine residues.
The consensus HIV-1 Gag sequences show conservation of five
of the nine p11C, C-M epitope residues, and the consensus
HIV-2 Gag sequences show complete conservation of the
pl1C, C-M epitope. An alignment of the Gag sequences of 10
more distantly related retroviruses with the consensus SIVmac
sequence showed significant sequence identity or similarity.
This sequence similarity of the p11C, C-M CTL epitope among
related retroviruses suggests that the epitope is located in a
structurally important region of the capsid protein.

p11C, C-M epitope mutations impair Gag protein expres-
sion and virion release. We then sought to determine why
mutations in this dominant epitope are infrequent. To this end,
we constructed a series of SIVs with alanine point mutations at
each residue of the epitope. SIVs were also constructed for
these studies with substitutions in the p11C, C-M epitope con-
sistent with those changes seen in HIV-1 viruses, with the
reasoning that these changes should be quite conservative. To
assess the effects of these mutations on particular steps in the
viral life cycle, we measured (i) Gag protein expression and
virion release, (ii) virus production, (iii) core stability, and (iv)
replication kinetics (Table 2).

We first explored the effects of various single amino acid
substitutions in the p11C, C-M epitope on Gag protein expres-
sion. We transfected 293T cells with full-length proviral plas-
mids and 48 h later assessed Gag p27 expression in the super-
natants (Fig. 2A) and soluble cell lysates (Fig. 2B). Cells
transfected with wild-type SIVmac239 proviral DNA had
readily detectable levels of Gag p27 expression in both the
supernatants and cell lysates (Fig. 2A and B). Alanine substi-
tutions at positions 1, 4, and 8 (C46A, Y49A, and Q53A) as
well as HIV-1-like substitutions at positions 6 and 8 (I51L and
Q53T) of the p11C, C-M epitope did not significantly alter Gag
p27 expression in either the supernatants or cell lysates (Fig.
2A and B). An alanine substitution at position 2 (T47A) and an
HIV-1-like substitution at position 4 (Y49Q) of the p11C, C-M

TABLE 2. Effects of p11C, C-M epitope point mutations on

SIV viability”
] Gag Virion Virus' Co'rz'z o
Virus expression release production stability Infectivity

(%) (%) (%)
Wild type +++ 100 100 100 +
C46A +++ 84 102 126 +
T47A ++ 97 7 84 +
P48A + 93 26 48 -
Y49A +++ 82 59 11 -
DS0A + 84 36 13 -
IS1A + 102 17 7 -
N52A + 136 21 0 -
QS53A +++ 101 98 139 +
MS5S4A + 76 17 5 -
Y49Q ++ 97 26 42 -
IS1L +++ 93 6 135 -
Q53T +++ 112 20 124 +

“ Comparisons to the wild-type virus were made by normalizing the values in
the assays and establishing the values for the wild-type virus as 100%.
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FIG. 2. Mutations in the p11C, C-M epitope decrease protein expression but do not affect virion release. (A and B) 293T cells were transfected
with 10 pg of full-length proviral plasmid DNA containing the indicated Gag point mutations. Forty-eight hours later, supernatants (A) and cell
lysates (B) were analyzed by Western blotting. (C) Virion release efficiencies were calculated as the total amounts of Gag in the supernatants
divided by the total amounts of Gag in both cell lysates and supernatants, as determined for the gels shown in panels A and B. The values used
for these calculations were arbitrary intensity units per square millimeter that were derived by using Quantity One image analysis software.

epitope resulted in a moderate reduction in Gag protein ex-
pression in the supernatants but did not affect Gag p27 expres-
sion in the soluble cell lysates. Importantly, alanine substitu-
tions at positions 3, 5, 6, 7, and 9 (P48A, DS0A, I51A, N52A,
and M54A) of the p11C, C-M epitope reduced the levels of
Gag p27 expression to near background levels in both the
supernatants and soluble cell lysates. To ensure that equal
quantities of samples were loaded into the gel, we normalized
the supernatants to the total protein concentration (data not
shown) and blotted soluble cell lysates with anti-HSP-90 (Fig.
2B). Thus, while some single amino acid substitutions in the
Gag p11C, C-M epitope were tolerated, mutations of residues
2,3,5,6,7, and 9 resulted in significant decreases in Gag p27
expression.

We next assessed the effects of these mutations on virion

release. We performed a densitometric analysis of the gels
shown in Fig. 2A and B and calculated the relative release
efficiency as the total amount of Gag protein expression in the
supernatants (Fig. 2A) divided by the total amount of Gag
protein expression in both the supernatants and the soluble cell
lysates (Fig. 2A and B). We observed no substantial differences
in virus release efficiency between cells that were transfected
with the wild-type proviral plasmid and those that were trans-
fected with p11C, C-M epitope mutant proviral plasmids (Fig.
2C). These results are consistent with the fact that the deter-
minants of virus budding are localized to the Gag p6 and not
the Gag p27 protein (5, 22, 46). Therefore, while mutations to
the p11C, C-M epitope reduced Gag protein expression, the
observed reduction was comparable in both supernatants and
cell lysates (Fig. 2A and B). This finding suggests that these
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FIG. 3. Mutations in the pl11C, C-M epitope decrease virus pro-
duction. 293T cells were transfected with 10 pg of full-length proviral
SIVmac239 plasmid DNA (A and B) or single-round SIV.GFP plas-
mid DNA (C) containing the indicated Gag point mutations. Forty-
eight hours later, the supernatants were harvested and filtered through
a 0.45-um-pore-size filter. Cell-free supernatants were analyzed for
virus production by a colorimetric RT assay (A) and SIV p27 ELISA
(B and C). The values illustrated are the means * standard errors of
duplicates.

amino acid substitutions do not result in decrements in virus
particle release.

Gag p11C, C-M epitope mutations result in decreased virus
production. We then examined the effects of these p11C, C-M
mutations on virus production. We transfected 293T cells with
wild-type or p11C, C-M epitope mutant proviral plasmids and
assessed virus production (Fig. 3A and B). Cells transfected
with wild-type SIVmac239 proviral plasmid DNA produced
readily detectable levels of virus, as measured by both RT
activity and p27 expression. Cells transfected with proviral
plasmid DNAs encoding alanine substitutions at positions 1
and 8 of the pl11C, C-M epitope (C46A and Q53A) produced
virus at levels comparable to that of the wild-type proviral
plasmid DNA, as measured by both RT activity and p27 ex-
pression. However, cells transfected with proviral plasmid
DNAs encoding p11C, C-M epitope alanine substitutions at
positions 2, 3, 4, 5, 6, 7, and 9 (T47A, P48A, Y49A, D50A,
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IS1A, N52A, and M54A) as well as HIV-1-like mutations at
positions 4, 6, and 8 (Y49Q, I51L, and Q53T) produced sig-
nificantly lower levels of virus, as measured by RT activity.

These findings were confirmed by transferring the pl11C,
C-M epitope mutations into a single-round SIV.GFP plasmid
and assessing virus production after the transfection of 293T
cells (Fig. 3C). As observed with the STVmac239 proviral plas-
mids, cells transfected with proviral plasmid DNAs encoding
alanine substitutions at positions 1 and 8 of the p11C, C-M
epitope (C46A and Q53A) as well as the HIV-1-like mutation
at position 6 (I51L) produced virus at levels comparable to that
of the wild-type SIV.GFP plasmid DNA, as measured by p27
expression. Moreover, cells transfected with proviral plasmid
DNAs encoding alanine substitutions at positions 2, 3, 4, 5, 6,
7,and 9 (T47A, P48A, Y49A, D50A, I5S1A, N52A, and M54A)
as well as HIV-1-like mutations at positions 4 and 8 (Y49Q and
Q53T) produced significantly lower levels of virus, as measured
by p27 expression.

The relative magnitudes of RT activity and Gag p27 expres-
sion were similar for nearly all of the mutant viruses. However,
two of the mutant viruses (I51L and Q53T) showed elevated
Gag p27 levels compared to their levels of RT activity, sug-
gesting that the mutant viral particles produced by these cells
may contain lower than normal quantities of RT and may
therefore not be infectious. Therefore, alanine mutations at
positions 2, 3, 4, 5, 6, 7, and 9, as well as an HIV-1-like
mutation at position 4, of the p11C, C-M epitope decrease the
level of virus production.

Capsid point mutations in the p11C, C-M epitope alter core
stability. The formation of an optimally stable core is critical
for HIV-1 replication, since cores that dissociate too quickly or
too slowly have been shown to be associated with reduced viral
infectivity (11). To determine if point mutations in the p11C,
C-M epitope alter core stability, we evaluated the mutant vi-
ruses by using a core stability assay (11). We first examined the
properties of wild-type SIVmac239 cores with this assay. Virus
pellets that were concentrated and purified by ultracentrifuga-
tion through a 20% sucrose cushion were layered onto a linear
30 to 70% sucrose gradient. Upon ultracentrifugation, virions
entered into the linear sucrose gradient and sedimented at a
density of 1.15 to 1.18 g/ml (Fig. 4A), a density that is similar
to that of HIV-1 and other retroviruses (11). When concen-
trated wild-type SIVmac239 was ultracentrifuged through a
layer of 0.5% NP-40 on top of the linear 30 to 70% sucrose
gradient, the lipid bilayer was removed and mature cores sedi-
mented at a density of 1.20 to 1.23 g/ml (Fig. 4B), a density
distinct from that of intact virions.

To explore the effect of single amino acid mutations in the
pl1C, C-M epitope on core stability, we subjected wild-type
and mutant SIVs to the same procedure and calculated core
yields by determining the amounts of capsid protein in the
dense core fractions as percentages of the total capsid protein
in the gradient. Similar to that observed for HIV-1, the yield of
cores for wild-type SIVmac239 was approximately 20% (Fig.
4C). Alanine substitutions at positions 1 and 8 of the pl11C,
C-M epitope (C46A and Q53A) as well as HIV-1-like substi-
tutions at positions 6 and 8 (IS1L and Q53T) resulted in in-
creased core yields of 25, 27, 27, and 24%, respectively. How-
ever, alanine substitutions at positions 2, 3, 4, 5, 6, 7, and 9
(C46A, T47A, P48A, Y49A, D50A, IS1A, N52A, and M54A)
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FIG. 4. p11C, C-M epitope mutations alter SIV core stability. 293T
cells were transfected with 10 pg of full-length proviral plasmid DNA
containing the indicated Gag point mutations. Forty-eight hours later,
the viruses were harvested and pelleted through a 20% sucrose cush-
ion. The wild-type virus was layered onto 30 to 70% linear sucrose
gradients with (B) and without (A) a layer of 0.5% NP-40. After
ultracentrifugation at 100,000 X g for 20 h at 16°C, 1-ml fractions were
collected from the top of the gradient and analyzed by p27 ELISA
(filled columns). The density of each fraction was determined by re-
fractometry (open diamonds). (C) Wild-type and mutant viruses were
concentrated and ultracentrifuged through a 0.5% NP-40 layer into a
linear 30 to 70% sucrose gradient. Percent yield of cores, percentage of
p27 detected in the core fraction, as determined in panel B. The values
illustrated in panel C are means * standard deviations of three exper-
iments. WT, wild type.

as well as the HIV-1 like mutation at position 4 (Y49Q) of the
p11C, C-M epitope significantly reduced core yields, to 16, 9, 2,
2,1, 0, 1, and 8%, respectively. Therefore, while mutations to
the p11C, C-M epitope did not alter the gradient profiles of
these mutant cores (data not shown), mutations at residues 2,
3,4,5,6,7, and 9 affected the stability of these cores.

Gag pl11C, C-M epitope mutations affect viral replication.
Because mutations of all of the Gag p11C, C-M epitope resi-
dues except for those at positions 1 and 8 resulted in decreased
core stability, protein expression, and virus production, we
sought to determine the effects of these abnormalities on the
replication of the virus. CEMx174 cells were infected with

J. VIROL.

these STVmac239 mutants, and the supernatants were analyzed
for Gag p27 expression and RT activity (Fig. 5A to D). Cells
infected with wild-type SIVmac239 exhibited a peak in Gag
p27 production and RT activity on day 7 of culture. Cells
infected with a virus containing alanine at position 1 of the
pl1C, C-M epitope also exhibited a peak in Gag p27 expres-
sion and RT activity on day 7. Cells infected with viruses
containing either an alanine or HIV-1-like substitution at po-
sition 8 of the p11C, C-M epitope displayed a peak in Gag p27
expression and RT activity on day 14. Cells infected with vi-
ruses containing alanine at position 2 or 7 (T47A and N52A)
exhibited a peak in Gag p27 expression and RT activity on days
21 and 35, respectively. The Gag p27 protein was detected in
supernatants of cells infected with the position 4 (Y49A)
epitope mutation only on day 21, and the level of Gag p27 was
>3 log lower in the cultures than in the supernatants of cells
infected with the wild-type virus. RT activity was never de-
tected in the supernatants of these infected cells. Importantly,
cells infected with viruses containing p11C, C-M alanine sub-
stitutions at positions 3, 5, 6, 7, and 9 (P48A, D50A, I51A,
N52A, and M54A) as well as HIV-1-like mutations at positions
4 and 6 (Y49Q and I51L) never generated the Gag p27 protein
or RT activity. Therefore, alanine substitutions and HIV-1-like
mutations at positions 2, 3, 4, 5, 6, 7, 8, and 9 of the Gag p11C,
C-M epitope appeared to impair viral replication.

Stability of epitope mutations in replicating virus. Having
demonstrated that mutation of each of the residues of the
p11C, C-M epitope except for that at position 1 affects at least
one step in the replication of SIVmac239, we sought to deter-
mine the stability of each introduced mutation in a replicating
virus. We sequenced the virus produced in each of the cultures
at the time of the peak of Gag p27 and RT production to
determine if compensatory or reversion mutations were ac-
quired that facilitated virus replication (Fig. SD). Since viruses
with p11C, C-M epitope mutations at positions 3, 4, 5, 6, and
9 did not replicate, no viruses from the supernatants of these
infected cells were available for sequencing. The sequence of
the virus obtained from the culture of cells infected with the
position 7 p11C, C-M epitope substitution (N52A) on day 35
revealed only wild-type virus. This suggests that mutation at
position 7 of the p11C, C-M epitope significantly decreased
viral fitness and that reversion to the wild-type sequence was
required for viral replication. A mutation at position 2 (T47A)
of the epitope required additional compensatory mutations or
reversion back to the wild-type sequence to yield replication-
competent virus. In fact, the virus sequenced from the culture
established with the T47A mutant on day 21 revealed four
different virus species. Three of the seven sequenced clones
were wild-type virus, two contained the T47A mutation in
addition to an isoleucine-to-valine substitution at position 26,
one contained an additional leucine-to-serine substitution at
position 25, and one contained the T47A mutation alone. The
fact that the majority of the sequenced clones either were
wild-type virus or contained additional compensatory muta-
tions supports the observation that mutations at position 2 of
the p11C, C-M epitope impair viral fitness (12, 38, 43). Viruses
that were sequenced from cells infected with position 1 or 8
epitope mutations revealed the presence of only those p11C,
C-M epitope mutations. The fact that we observed neither
sequence reversion nor the emergence of additional extra-
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FIG. 5. Mutations in the p11C, C-M epitope decrease the SIV replication rate. Five micrograms of p239SpSp5’ containing the noted gag point
mutations and 5 pg of p239Sp3’ were digested, extracted with phenol-chloroform, ethanol precipitated, ligated together, and transfected into
CEMx174 cells by the DEAE-dextran method. Cell-free supernatants were monitored for the SIV p27 antigen (A and B) and for RT activity (C
and D). The values illustrated are means * standard deviations of triplicates. (E) Sequence analysis of five to eight clones determined at the peak
of viral replication for viruses that replicated (WT [wild type], C46A, T47A, N52A, Q53A, and Q53T). The deduced amino acid sequences for 60
amino acids are shown. The Mamu-A*01-restricted p11C, C-M epitope is bracketed by vertical lines. Amino acids that differ from the wild type
are shown in bold and underlined. Numbers in parentheses indicate the number of mutant clones divided by the total number of clones analyzed

for each mutant.

epitopic mutations suggests that at least some mutations at
positions 1 and 8 (C46A, Q53A, and Q53T) of the p11C, C-M
epitope are structurally tolerated and can yield replication-
competent viruses. Therefore, mutating the p11C, C-M epi-
tope at any position other than position 1 or 8 appears to have
a significant fitness cost for the virus, and compensatory mu-
tations or reversion to the wild-type sequence is required for
the generation of replication-competent virus.

Position 1 and position 8 mutations are recognized by Gag
p11C, C-M-specific CTL. Viral escape from the p11C, C-M-
specific CTL response occurs predominantly at position 2 of

the epitope and only occasionally at position 1 in vivo (1-3, 7,
9, 33). While the only viable p11C, C-M substitutions that we
observed were at positions 1 and 8 of the epitope, these specific
mutations at these residues of the virus have not been docu-
mented in vivo (1-3, 7, 10, 33). We reasoned that for successful
viral escape from CTL to occur, mutations to the CTL epitope
must be tolerated by the virus. Moreover, a selective advantage
must exist for a mutant virus to become predominant in the
viral quasispecies. An absence of recognition by wild-type
epitope-specific CTL confers such a selective advantage. Since
mutations at positions 1 and 8 of the p11C, C-M epitope were
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FIG. 6. The p11C, C-M epitope of replication-competent mutant SIVs is recognized by epitope-specific CTL. PBL from a SIVmac251-infected,
Mamu-A*01" rhesus monkey were stimulated in vitro with the SIV Gag p11C, C-M peptide. On day 17 of culture, the lymphocytes were assessed
as effector cells in a standard 4-h *'Cr-release CTL assay. The target cells were 721.221 cells stably expressing the Mamu-A*01 molecule that had
been incubated for 1.5 h with the indicated peptides at concentrations of 1, 10, 100, and 1,000 pM.

viable but are not observed in vivo, we hypothesized that these
mutant epitopes may be recognized by pl11C, C-M-specific
CTL. To explore this possibility, we stimulated PBL from a
Mamu-A*01" SIV-infected monkey with the wild-type p11C,
C-M peptide and 17 days later tested the ability of these cells
to recognize target cells pulsed with the wild-type or position 1
or 8 (C46A, Q53A, and Q53T) mutant peptide in a standard
31Cr release assay. Target cells pulsed with the wild-type p11C,
C-M peptide or the C46A, Q54A, or Q54T mutant peptide
were comparably recognized and lysed at multiple peptide
concentrations and multiple effector-to-target ratios (Fig. 6).
Therefore, because they are still recognized by p11C, C-M-
specific CTL, viruses with amino acid substitutions at position
1 or 8 (C46A, Q53A, and Q53T) of the p11C, C-M epitope do
not have a selective advantage over the wild-type virus.

DISCUSSION

Almost all of the documented examples of viral escape from
pl11C, C-M-specific CTL are the result of position 2 epitope
mutations that alter peptide binding to the Mamu-A*01 mol-
ecule (2, 3, 7, 35). From a total of 48 SIVsm-, SIVmac-, and
SHIV-89.6P-infected rhesus monkeys that have been carefully
evaluated, 14 animals showed the emergence of p11C, C-M
epitope mutations, with 13 of these animals having mutations
only at position 2 of the epitope. The results of the present
study support these in vivo observations and provide an expla-

nation for this finding. Mutations at positions 3, 4, 5, 6, 7, and
9 of the p11C, C-M epitope had a significant fitness cost for the
virus as a result of decreased Gag protein expression, virus
production, and core stability. In addition, these viruses were
unable to replicate. Therefore, even if viruses with these mu-
tations were to occur in vivo, they could not predominate in the
quasispecies. Only position 1, 2, and 8 p11C, C-M epitope
mutations yielded replication-competent viruses. However,
peptides containing position 1 and 8 mutations were recog-
nized by wild-type p11C, C-M-specific CTL. Therefore, the
only mutation that is both tolerated by the virus and not rec-
ognized by p11C, C-M-specific CTL is the position 2 mutant.
However, additional compensatory mutations are required to
overcome the fitness costs associated with these epitope mu-
tations (12, 38).

Our analysis in the present study was restricted to alanine
substitutions and three other selected substitutions. We chose
to restrict our analysis to these substitutions for two reasons.
First, the use of alanine substitutions is a well-defined ap-
proach to studying the importance of individual amino acids in
CTL recognition. Second, in light of the extensive sequence
conservation between the capsid proteins of SIV and HIV-1,
we reasoned that the three HIV-1-like mutations (Y49Q, I51L,
and Q53T) were likely to be tolerated by the virus. The sub-
stitutions we made ranged from radical (D50A and Y49A) to
conservative (IS1A and Y49Q), with one substitution being
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highly conservative (I51L). While the physicochemical proper-
ties of the amino acid substitutions that we introduced into
Gag had significant fitness costs for the virus, we cannot rule
out the possibility that additional substitutions may exist that
facilitate escape from pl1C, C-M-specific CTL recognition
with no associated fitness cost for the virus.

The Gag p11C, C-M epitope is located in a highly conserved
region of the capsid protein, beginning amino terminal to and
ending within helix 3 (amino acid residues 46 to 54). This
region plays a central role in capsid assembly and early posten-
try events that are critical for the generation of infectious virus
(26, 36, 47). Studies of the HIV-1 capsid crystal structure have
shown that this region of the capsid is essential for the gener-
ation of infectious virus (43, 51) and for capsid maturation and
multimerization (25, 26). More recently, this region has been
shown to interact with host factors that are central to the
uncoating of the capsid after entry into cells (36, 47). Thus, the
pl1C, C-M epitope is located in a structurally and functionally
important region of the capsid protein that cannot tolerate
much sequence variation.

Whether a virus can escape from antigen-specific CTL re-
sponses through particular mutations reflects a balance of fit-
ness costs and the selective advantage for the mutant viruses.
While viral escape from a CTL response can sometimes occur
by mutations that lead to altered epitope processing or CTL
recognition, viral escape from p11C, C-M-specific CTL occurs
exclusively by sequence changes that result in reduced binding
of the epitope peptides to the Mamu-A*01 molecule (2, 3, 6).
An analysis of the Mamu-A*01 peptide binding motif sug-
gested that numerous p11C, C-M epitope mutations alter pep-
tide binding to the Mamu-A*01 molecule and therefore should
facilitate viral escape (45). However, because of the extensive
structural and functional constraints on the sequence of the
p11C, C-M epitope, only a limited number of these mutations
are tolerated in vivo (2, 3, 7, 33). This is in stark contrast to the
equally dominant Mamu-A*01-restricted Tat SL8 epitope, in
which single point mutations are observed at every residue of
the epitope within the first 3 weeks after STVmac239 infection
(D).

CTL responses that recognize structurally constrained
epitopes are associated with long-term survival (12, 19, 27, 30,
35, 38), while CTL responses specific for less-conserved re-
gions of the virus are associated with rapid progression (9, 18,
31, 48-50). STVmac239-infected Mamu-A*01" rhesus monkeys
develop very high-frequency CTL responses against the immu-
nodominant Gag pl11C, C-M epitope (24) and demonstrate
better control of virus replication and delayed disease progres-
sion compared to Mamu-A*01~ animals (9, 30). A major con-
tributing factor to the delayed disease progression observed in
SIVmac239-infected Mamu-A*01"* rhesus monkeys may in fact
be the inability of the virus to accumulate mutations in the
region of the capsid encoding the pl11C, C-M epitope and
thereby to escape recognition by CTL. Thus, CTL responses
directed against structurally conserved epitopes may provide
the largest degree of protection against clinical disease pro-
gression.
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