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Attenuated simian immunodeficiency viruses (SIVs) have been described that produce low levels of plasma
virion RNA and exhibit a reduced capacity to cause disease. These viruses are particularly useful in identifying
viral determinants of pathogenesis. In the present study, we show that mutation of a highly conserved tyrosine
(Tyr)-containing motif (Yxxf) in the envelope glycoprotein (Env) cytoplasmic tail (amino acids YRPV at
positions 721 to 724) can profoundly reduce the in vivo pathogenicity of SIVmac239. This domain constitutes
both a potent endocytosis signal that reduces Env expression on infected cells and a sorting signal that directs
Env expression to the basolateral surface of polarized cells. Rhesus macaques were inoculated with SIVmac239
control or SIVmac239 containing either a Tyr-721-to-Ile mutation (SIVmac239Y/I) or a deletion of Tyr-721 and
the preceding glycine (DGY). To assess the in vivo replication competence, all viruses contained a stop codon
in nef that has been shown to revert during in vivo but not in vitro replication. All three control animals
developed high viral loads and disease. One of two animals that received SIVmac239Y/I and two of three
animals that received SIVmac239DGY remained healthy for up to 140 weeks with low to undetectable plasma
viral RNA levels and normal CD41 T-cell percentages. These animals exhibited ongoing viral replication as
determined by detection of viral sequences and culturing of mutant viruses from peripheral blood mononuclear
cells and persistent anti-SIV antibody titers. In one animal that received SIVmac239Y/I, the Ile reverted to a
Tyr and was associated with a high plasma RNA level and disease, while one animal that received
SIVmac239DGY also developed a high viral load that was associated with novel and possibly compensatory
mutations in the TM cytoplasmic domain. In all control and experimental animals, the nef stop codon reverted
to an open reading frame within the first 2 months of inoculation, indicating that the mutant viruses had
replicated well enough to repair this mutation. These findings indicate that the Yxxf signal plays an important
role in SIV pathogenesis. Moreover, because mutations in this motif may attenuate SIV through mechanisms
that are distinct from those caused by mutations in nef, this Tyr-based sorting signal represents a novel target
for future models of SIV and human immunodeficiency virus attenuation that could be useful in new vaccine
strategies.

Infection by human immunodeficiency viruses (HIVs) is
characterized by persistent viral replication that in most indi-
viduals in the absence of treatment leads to a progressive and
irreversible decline in the number of CD41 lymphocytes and
eventually to AIDS (33). Although host immune responses and
genetic factors can influence the level of virus replication (10,
12, 13, 77, 81), viral determinants undoubtedly play key roles in
affecting the development of disease (2, 25, 48, 60). The related
simian immunodeficiency viruses (SIVs) have provided power-
ful animal models to determine the contribution of viral and
host factors to disease progression (53, 92). Interestingly, a

number of SIVs that are markedly attenuated in vivo have
been derived. These viruses characteristically establish low to
undetectable plasma viral RNA levels and cause limited de-
pletion of CD41 lymphocytes (3, 42). Although some attenu-
ated viruses have been reported to cause disease in neonatal
animals (4, 5) and in some adults after prolonged infection (4,
5, 28, 89), they have been extremely useful in identifying viral
determinants for virulence in vivo. Moreover, animals infected
with attenuated SIVs have, in some cases, been protected from
infection and/or disease when challenged intravenously (24) or
mucosally (22, 44, 66, 72) with more pathogenic homologous
(24, 56, 79) or heterologous (15, 103) strains. Thus, these
viruses may provide important clues for determining the na-
ture of protective immunity for SIV and HIV.

Mechanisms responsible for HIV and SIV attenuation in
vivo could be due to (i) intrinsic defects in virus infectivity
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and/or replicative capacity, (ii) reduced cytopathic effects of
viral infection on target cells, and/or (iii) increased suscepti-
bility of the virus to a host immune response. Among the
attenuated viruses studied to date, the best characterized are
those containing mutations in the viral nef gene (42, 46). This
gene encodes a 27-kDa myristoylated protein that has been
associated with a number of biological effects, which include (i)
downregulating CD4 and major histocompatibility complex
class I molecules (1, 17, 19, 21, 37, 39, 59, 75, 85), (ii) aug-
menting virus infectivity (14, 26, 58, 67, 90), and (iii) altering
T-cell signaling pathways and/or development (6, 11, 37, 40, 83,
87, 100, 104). Consequently, Nef could affect viral pathogenesis
through multiple mechanisms (29). In addition, other studies
have demonstrated that Nef-deleted viruses can be rendered
more attenuated by deletions of other accessory genes, such as
vpr, vpx, and vif (30, 44). Another well-characterized SIV vari-
ant, SIVmac1A11, exhibits a markedly attenuated phenotype
that appears to involve determinants in multiple regions of the
genome (63). Interestingly, given the importance of the viral
structural genes for infectivity, it is remarkable that few exam-
ples exist in which specific mutations in these genes are asso-
ciated with reduced pathogenicity. This observation could re-
sult from the high viral mutation rate, creating reversions or
compensatory mutations that can be selected over time to
generate progressively more fit viruses (16, 47, 94). Alterna-
tively, mutations in structural genes may be poorly tolerated
due to their deleterious effects on viral replication. Nonethe-
less, it is reasonable to predict that mutations in important
functional domains of SIV and HIV structural proteins would
have significant consequences for pathogenesis and could, de-
pending on their mechanism of action, be combined with mu-
tations in accessory genes in strategies to produce viruses with
reduced virulence.

In the present study we evaluated the in vivo effects of
mutations in a highly conserved tyrosine (Tyr)-dependent sort-
ing motif in the SIV Env cytoplasmic tail. For SIV and HIV,
this Yxxf motif (where Y is a Tyr, x is any amino acid, and f
is an amino acid with a bulky hydrophobic side chain) (61, 69,
84) has been shown in vitro to constitute both a potent endo-
cytosis signal (8, 74, 78, 82) and a basolateral sorting signal (27,
54, 55). These signals are analogous to those in cellular pro-
teins that are constitutively endocytosed from the plasma
membrane, where binding of the Yxxf to m2 chains of AP2
adapter complexes recruits cell surface proteins into clathrin-
coated pits (7, 8, 74). Interactions with other adapter proteins,
AP1 in particular, probably underlie the ability of this motif to
direct Env expression to the basolateral surface of polarized
cells (27, 54, 55). We (82) and others (7, 27, 78) have demon-
strated that this membrane-proximal motif can modulate the
surface expression of Env on infected cells by recruiting Env
glycoproteins that are not incorporated into virions into clath-
rin-coated pits. We have proposed that this motif could func-
tion in vivo to reduce the susceptibility of infected cells to host
immune responses (62). Alternatively, the basolateral function
of this signal could influence pathogenesis by facilitating cell-
to-cell infection and/or directing the spread of virus to key
anatomic areas (27). Here we report that disruption of the
membrane-proximal Yxxf motif in the pathogenic molecular
clone SIVmac239 results in viruses that are able to replicate in
vitro but are markedly attenuated in their ability to sustain high

viral loads in vivo. These novel findings indicate the impor-
tance of this highly conserved Env sorting signal in SIV (and
probably HIV) pathogenesis. Mutations in this signal could be
useful in complementary strategies to attenuate SIV and HIV
through mechanisms independent of those mediated by viral
accessory genes.

MATERIALS AND METHODS

Construction of recombinant viruses. SIVmac239/nef-stop containing muta-
tions in the Yxxf motif, where Y is at amino acid position 721 of the SIVmac239
sequence, were produced using pVP-1 and pVP-2 plasmids as previously de-
scribed (50). The mutagenesis primers were 59-TTAAGGCAGGGGATTAGG
CCAGTGTTCC-39 for the Y721I mutation and 59-TTAAGGCAGAGGCCAG
TGTTCTC-39 for the DGY mutation (Fig. 1). To produce viruses, pVP-1 and
pVP-2 were codigested with SphI, ligated with T4 ligase, linearized with ApaI,
and electroporated into CEMx174 cells. Virus was harvested when cytopathic
effects were observed, and the stocks were quantified by measuring reverse
transcriptase activity (50).

Infection of macaques. Eight juvenile rhesus macaques (Macaca macaca),
seronegative for antibodies to SIV, simian T-cell leukemia virus, simian type D
retroviruses, and herpesvirus type B, were used in this study. Macaques were
housed in isolation facilities at the University of Alabama at Birmingham in
accordance with institutional and Animal Welfare Act guidelines. Before inoc-
ulation of virus or collection of blood samples, the macaques were anesthetized
by intramuscular injection of ketamine hydrochloride (10 mg/kg), weighed, and
examined for lymphadenopathy or other signs of disease. The macaques were
randomly placed in three groups and inoculated intravenously with approxi-
mately 1,000 50% tissue culture infective doses of either SIVmac239/nef-stop
(three macaques) or one of two SIVmac239/nef-stop env mutant viruses: two
macaques were inoculated with the Y721I cytoplasmic tail mutant, and three
macaques were inoculated with the DGY mutant. After virus inoculation, blood
samples were collected from each animal at regular intervals for hematologic
analysis, to isolate and quantify virus, and for serologic assays. The macaques
were euthanized when moribund, and complete necropsies were performed.

In vitro replication of virus. Macaque peripheral blood mononuclear cells
(PBMC) were separated from whole blood by centrifugation through lymphocyte
separation medium and then stimulated with concanavalin A at 106 cells/ml in
RPMI 1640 medium containing antibiotics and 10% fetal bovine serum (10%
medium). After 3 days, the PBMC were washed and aliquots of 107 cells were
infected for 2 h with 1,000 to 3,000 50% tissue culture infective doses of the
different virus strains before being washed and placed in 10% medium containing
8 U of interleukin-2/ml. Viral stocks were titrated by limiting dilution and
infection of CEMx174 cells. Every 4 to 5 days, approximately 30% of the culture
medium was removed, assayed for reverse transcriptase activity, and replaced
with fresh medium.

Detection and quantification of virus. To isolate virus, macaque PBMC were
cultured with phytohemagglutinin-stimulated normal human PBMC; culture su-
pernatants were tested every 4 to 5 days for reverse transcriptase activity using
standard procedures. The cultures were monitored 6 to 7 weeks before being
identified as virus negative. Two assays were used to quantify plasma virion
RNA: a branched-DNA (bDNA) signal amplification assay specific for SIV
(performed at Chiron, now Bayer Corp.) was used with plasma containing hep-
arin, and a subset of EDTA-treated plasma samples were assayed using a real-
time reverse transcription-PCR (RT-PCR) assay (93). The results of the two
assays were comparable.

FIG. 1. Partial amino acid sequences of the membrane-spanning
and cytoplasmic domains of SIVmac239 and Tyr-721 mutants. Tyr-721
is indicated by the arrow. Residues that are critical to the formation of
the endocytosis signal include Gly-720, Tyr-721, and Val-724 (8, 9).
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Serum antibodies. Titers of antibodies specific for SIVmac239 were deter-
mined on serum samples after twofold serial dilutions using a highly cross-
reactive HIV-2 enzyme immunoassay kit (Sanofi Pasteur Diagnostics, Seattle,
Wash.). A CEMx174 cell-killing assay was used to determine neutralizing-anti-
body titers against either H9 cell line-adapted SIVmac251 or SIVmac239/nef-
open grown in rhesus macaque PBMC (68).

Flow cytometry. To monitor changes in lymphocyte subsets, EDTA-treated
blood samples were stained by a whole-blood lysis procedure with fluorochrome-
labeled mouse anti-human monoclonal antibodies with high cross-reactivity to
macaque cell surface antigens. All antibodies, reagents, and the FACS-STAR
flow cytometer on which the analyses were performed were purchased from
Becton Dickinson (Mountain View, Calif.). Lymphocytes were gated according
to forward-scatter–versus–side-scatter characteristics, with negative cell popula-
tions excluded after identification with isotype-matched control antibodies.

PCR amplification and sequence analyses. Nested PCR of portions of the env
TM and nef genes was performed with 1 mg of DNA from macaque PBMC
obtained at various times after infection. Fragments of 393 and 310 bp, respec-
tively, of the env TM were amplified with the following sets of primers: outer,
239env-I (59-TAGAGGAGG-CACAAATTCAACAAG-39) (bases 8823 to 8846)
and 239env-II (59-TGCTGAATAGCCAA-GTCAAGAG-39) (bases 9215 to
9194); and inner, 239env-III (59-GAATTACAAAAGTTG-AATAGCTGGG-39)
(bases 8861 to 8885) and 239env-IV (59-AATGAATATATTCTATCTG-CCAA
GG-39) (bases 9170 to 9146). For the nef gene, fragments of 505 and 389 bp were
amplified with the following sets of primers: outer, 239nef-I (59-CTCTTAGGA
GAGGT-GGAAGATGG-39) (bases 9423 to 9445) and 239nef-IV (59-GAGCT
GGATGCATTAAATAA-TGCTC-39) (bases 9927 to 9903); and inner, 239nef-
II (59-TTGAGCTCACTCTCTTGTGA-GGG-39) (bases 9480 to 9502) and
239nef-III (59-GGGACTAATTTCCATAGCCAGCC-39) (bases 9868 to 9846).
The positions of all primers are those of SIVmac239. PCR products were puri-
fied, cloned into the PCR vector (TA cloning kit; Invitrogen, San Diego, Calif.),
and transfected into competent Escherichia coli cells. DNA from selected clones
was prepared and sequenced using the Sequenase version 2 kit (U.S. Biochemi-
cals, Cleveland, Ohio). PCR of the env TM cytoplasmic tail was also performed
using the outside primers listed above on genomic DNA from cultures in which
cell-free viruses had been serially passaged six times in CEMx174 cells.

Competition studies of viral fitness. (i) Preparation of infected-cell and virus
stocks. Infectious virions were produced by calcium phosphate transfection of
HEK293T cells. The 59 and 39 hemigenomes of SIVmac239 (or specific mutant
derivatives) were linearized with SphI, purified by phenol-chloroform extraction,
and resuspended in water prior to transfection (50). At 24 h posttransfection, the
supernatant was clarified by centrifugation, filtered through a 0.2-mm-pore-size
filter, and incubated with 4 3 106 CEMx174 cells in the presence of Polybrene (8
mg/ml) for 6 h at 37°C. The cultures were washed once with phosphate-buffered
saline and maintained by adding fresh cells and/or medium as appropriate.

(ii) Fitness assay. For the competitions between SIVmac239 and SIVmac239-
DGY, infected CEMx174 cultures were established with the respective virus
strains. Different ratios of infected cells from each culture were mixed with
uninfected CEMx174 cells, and uininfected cells were added daily. For analysis
of DNA, 106 cells were lysed in 500 ml of PCR lysis buffer (0.001% sodium
dodecyl sulfate, 0.001% Triton X-100, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA)
with proteinase K (1 mg/ml), incubated at 58°C for 1 h, and heat inactivated at
95°C for 10 min. A 25-ml sample was for PCR amplification of env regions with
primers oJD11 and oJD13 (sequences are given in Table 1). A 5-ml volume of
reaction products was analyzed on a 3.5% MetaPhor agarose gel. For fluores-
cence resonance energy transfer (FRET) analysis, the cell lysates were further
cleaned by phenol-chloroform extraction and resuspended in 500 ml of distilled
water. Fluorescent PCR was performed with the LightCycler (Roche Molecular
Biochemicals) as specified by the manufacturer, with FRET probes purchased

from GenSet Oligos. Briefly, the 20-ml PCR mixes contained 2 ml of cell lysate,
0.2 mM M1 probe, 0.4 mM A1 probe, 0.3 mM oJD32 primer, 0.3 mM oJD33
primer, 3 mM MgCl2, and 2 ml of DNA-Hybridization Probe Master Mix (Roche
Molecular Biochemicals). The lysates were subjected to 50 cycles of amplification
(95°C for 0 s, 52°C for 10 s, 72°C for 21 s) followed by melting-curve analysis. To
generate the melting curves, fluorescence was monitored continuously as the
reaction temperature was increased from 43 to 95°C at a rate of 0.1°C/s.

For competitions between SIVmac239DGY and SIVmac239Y/I and between
SIVmac239DGY and SIV-7-14, infected cells, mixed cultures, and lysates were
prepared as described above. The same primers, probes, and reaction mix were
used for the SIVmac239DGY-versus-SIVmac239Y/I competition. For SIVmac-
239DGY versus SIV-7-14, the M1 and A1 probes were replaced with A2 and M2
probes, respectively, and 0.32 ml of the TaqStart anti-Taq polymerase antibody
(Sigma) was added. For this competition the amplification parameters were
altered (95°C for 0 s, 56°C for 5 s, and 72°C for 21 s).

RESULTS

Derivation and characterization of SIVs with mutations in
the Yxxf sorting motif. To evaluate the effects of the con-
served Yxxf motif in an in vivo model, we constructed two
mutants using a pathogenic molecular clone SIVmac239 (46)
(Fig. 1). In one mutant, designated SIVmac239Y/I, the critical
Tyr in the motif (YRPV) was changed to an isoleucine (Ile) by
mutating two nucleotides in env codon 721 (TAT3ATT). In a
second mutant, designated SIVmac239DGY, the Tyr and the
preceding glycine (Gly) were removed by deleting the six nu-
cleotides coding for these amino acids. Previous studies from
our laboratory (9) and by Boge et al. (8) have shown that both
Gly-720 and Tyr-721 are critical for the formation of a func-
tional endocytosis signal. To monitor the replication compe-
tence of these viruses in vivo, we elected to use as the parental
virus a SIVmac239 clone that contained a stop codon in nef at
position 92. As shown previously, this premature termination
codon characteristically reverts to an open reading frame
within 2 to 4 weeks of inoculation of rhesus macaques, and
within 1 year the majority of infected animals develop high
viral loads, decreased numbers of CD41 cells, and clinical
AIDS (46). As a result of the rapid reversion of this nef point
mutation, the clinical course of animals infected with this clone
and the course of animals infected with SIVmac239 with an
intact nef open reading frame are identical (46).

Using virus stocks generated by electroporation of CEMx-
174 cells, the replication competence of SIVmac239Y/I and
SIVmac239DGY was compared to that of wild-type SIVmac-
239 in CEMx174 cells and PBMC from rhesus macaques (Fig.
2). Both mutants were infectious and yielded growth curves
similar to that of wild-type SIVmac239. The stability of the
mutations during in vitro propagation was also determined by
multiple serial passages of these viruses in CEMx174 cells,
followed by amplification and sequencing of env genes from
genomic DNA. After as many as six passages in CEMx174
cells, the mutations introduced into SIVmac239Y/I and
SIVmac239DGY remained intact and no new mutations were
observed in the membrane-spanning domain or elsewhere in
the TM cytoplasmic tail (data not shown). Thus, mutations that
abrogated this Tyr-based sorting signal were stable in vitro and
resulted in viruses that were replication competent in macaque
PBMC and a human lymphoid cell line.

Inoculation of rhesus macaques with Tyr mutants. The virus
stocks of the wild-type and mutant SIVs generated by electro-
poration of CEMx174 cells were used to inoculate rhesus ma-
caques intravenously. Two animals received SIVmac239Y/I,

TABLE 1. Primers and probes used in this study

Primer or probe Sequencea

oJD11 primer .........59-ttggtttgaccttgcttcttgg-39
oJD13 primer .........59-ggaaataagagggtggggaagag-39
oJD32 primer .........59-cttggggatgtgcgtttag-39
oJD33 primer .........59-agaggcgtatcagttggcg-39
A1 probe.................59-(RED 640)-cttccccaccctcttatttccagca-PO4-39
M1 probe ................59-caggggtataggccagtgttc-(fluorescein)-39
A2 probe.................59-(RED 640)-tatttccagcagacccatatccaacag-PO4-39
M2 probe ................59-gtgttctcttccccaccctc-(fluorescein)-39

a Bold type indicates the site of mutation.
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three received SIVmac239DGY, and three received wild-type
SIVmac239. After inoculation, plasma viral RNA levels, per-
centages of CD41 T cells, platelet counts, and antibody re-
sponses to viral antigens were monitored every 2 to 4 weeks.
Among the three animals (K7K, N7K, and N2V) that received
wild-type SIVmac239 containing the Nef point mutation, viral
RNA levels in plasma peaked between 1.7 3 105 and 2.7 3 107

copies/ml during the first month of infection (Fig. 3). This
acute phase was followed by establishment of viral “set points”
that ranged between approximately 5 3 104 and 1 3 106 RNA
copies/ml. All three animals exhibited declines in CD41 T-cell
percentages and platelet counts and were euthanized at weeks
70, 73, and 81 with weight loss and clinical features of immu-
nodeficiency (Table 2).

Markedly different outcomes were observed for the two an-
imals (VF3 and N8G) that received SIVmac239Y/I. Both ex-
hibited peak viral loads of approximately 105 RNA copies/ml
followed by a decline. In animal VF3, viral RNA levels subse-
quently rose to nearly 107 copies/ml and the percentages of
CD41 cells and platelet numbers progressively decreased (Fig.

3). This animal was euthanized at week 89 with wasting, pneu-
monia, and glomerulonephritis, which are all characteristic of
severe immunodeficiency (Table 2). In contrast, after the ini-
tial peak of viremia, N8G showed a progressive decline in
plasma viral RNA levels to below the limits of detection by the
bDNA assay (,104 copies/ml) or a more sensitive quantitative
competitive RT-PCR assay (,300 copies/ml) performed on
selected samples (93). N8G also exhibited stable percentages
of CD41 T cells and numbers of platelets.

Differences in pathogenicity were noted among the three
animals (WD1, AGP, and 2AJ) that received SIVmac239DGY.
In WD1 and AGP, peak viral levels of 5.5 3 104 and 1.2 3 104

RNA copies/ml, respectively, were observed. Both of these
animals have remained healthy with low or undetectable levels
of RNA by the bDNA or the QC RT-PCR assay (Fig. 3) and
have maintained normal hematologic values. Interestingly, the
remaining animal (2AJ) exhibited a high peak level of 4.8 3
105 RNA copies/ml and an elevated viral set point of approx-
imately 2 3 105 RNA copies/ml of plasma. This animal subse-
quently experienced a progressive increase in viral load to
2.8 3 106 RNA copies/ml and a progressive decline in CD41 T
cells and platelets and was euthanized at week 77 due to
AIDS-defining conditions. In addition to levels of cell-free
virus in plasma, the frequency with which virus is isolated from
PBMC of SIV-infected macaques can be a direct reflection of
the viral burden (41). Virus was isolated on 100% of attempts
from the three macaques infected with the wild-type SIV-
mac239 as well as from macaque VF3, infected with the
SIVmac239Y/I mutant. Likewise, 95.7% of virus isolation at-
tempts were successful for macaque 2AJ, infected with the
SIVmac239DGY mutant. That the last two animals were the
only two mutant-virus recipients that maintained high plasma
viral RNA levels and died of AIDS is consistent with the
frequencies of virus isolation. In contrast, virus was successfully
isolated from PBMC from the three surviving macaques in only
24, 33, and 40% of attempts.

Thus, of the five animals that received viruses with mutations
in the Yxxf motif, one of two animals infected with SIVmac-
239Y/I and two of three animals infected with SIVmac239-
DGY had clinical courses characterized by low to undetectable
viral loads, stable CD41 T-cell percentages, and no symptoms
of disease. Similar to other published reports for SIV and HIV,
the viral load was predictive of the clinical outcome (41, 47, 65,
73, 88, 101). After the initial peak of viremia, all five animals in
which viral loads ultimately stabilized at .105 viral RNA cop-
ies/ml later developed immunodeficiency and other character-
istics of SIV-related disease.

Antibody responses in infected macaques. It was possible
that the attenuated course of infection in the three animals
that received mutant viruses but survived resulted from differ-
ences in host humoral immune responses. To test this hypoth-
esis, serum antibody titers and the ability of antibodies to
neutralize SIV were measured by enzyme-linked immunosor-
bent assay (ELISA) and a CEMx174 cell-killing assay, respec-
tively. Within 4 weeks after inoculation, antibodies to SIV were
detected in sera from all animals (Fig. 4A to C). Also within 4
weeks, all eight macaques had antibodies capable of neutral-
izing H9-adapted SIVmac251; however, until week 16 none
had antibodies that neutralized the parental SIVmac239 grown
in rhesus PBMC (Fig. 4D). Without exception, the highest

FIG. 2. Growth curves of SIVmac239 and Tyr-721 mutants. Stocks
of SIVmac239, SIVmac239Y/I, and SIVmac239DGY were normalized
for RT activity and used to infect CEMx174 cells (A) or phytohemag-
glutinin-stimulated PBMC from rhesus macaques (B). Viral replica-
tion was quantified by serial determination of RT activity in culture
supernatants. The experiments were performed twice for CEMx174
and three times for PBMC.
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titers in both the ELISA and neutralization assays were gen-
erated in the animals that had the highest viral loads and
succumbed to disease. Thus, these results show that the failure
of animals to develop disease was not due to a more efficient
overall humoral immune response. However, despite the low
to undetectable levels of plasma viral RNA in the surviving
macaques, N8G, WD1, and AGP, these animals maintained
antibody titers ranging from 1:25,600 to 1:102,400 for up to 139
weeks after inoculation, indicating ongoing viral replication
(Fig. 4).

Molecular analysis of Env. To determine the stability of the
Y721I and DGY mutations in the inoculated animals, partial
env sequences encompassing the TM membrane-spanning do-

main and the entire cytoplasmic domain were amplified by nested
PCR from peripheral blood cellular DNA. In animals that re-
ceived wild-type SIVmac239, only sporadic mutations were ob-
served in clones from PBMC obtained 12 and 26 weeks after
inoculation (Fig. 5A); no mutations involved the YRPV signal.
Mutation of an Arg to a Gly at codon 751 in the cytoplasmic tail
was observed consistently, however, indicating selection pressure
at this position. The mutation also encodes a Lys-to-Arg substi-
tution at codon 81 in Rev. Although the significance of this
mutation is unclear, an identical change has been reported in
other studies of SIVmac239 in rhesus macaques (34). None-
theless, the lack of any mutations in the YRPV signal is con-
sistent with the highly conserved nature of this domain (50, 62).

FIG. 4. Humoral immune responses of macaques infected with SIVmac239 and Tyr-721 mutants. (A to C) Serum antibody titers after infection
of macaques with SIVmac239 (A), SIVmac239Y/I (B), or SIVmac239DGY (C) are shown. The titers are expressed as the reciprocal of the highest
dilution of serum yielding a value above the cutoff for the ELISA. (D) Neutralizing-antibody titers against H9-adapted SIVmac251 and SIVmac239
grown in rhesus PBMC are shown for serum samples collected 16 weeks after infection.

TABLE 2. Status of macaques infected with SIVmac239 and Tyr-721 mutants

Virus Animal Outcome
(wk)a Clinical courseb

SIVmac239 N2V Died (81) Weight loss, lymphadenopathy, B-cell leukemia, splenomegaly
K7K Died (70) Weight loss, pneumonia
N7K Died (73) Weight loss, diarrhea

SIVmac239Y/I VF3 Died (89) Weight loss, pneumonia, glomerulonephritis
N8G Alive (139) No disease

SIVmac239DGY WD1 Alive (120) No disease
AGP Alive (120) No disease
2AJ Died (77) Weight loss, lymphadenopathy, pneumonia, pulmonary arteriopathy

a Outcome is shown as the number of weeks after inoculation when an animal died or at the end of the study.
b The clinical course is shown for animals inoculated with wild-type SIVmac239 and SIVmac239 containing Y721I and the DGY mutation in the Env cytoplasmic

domain. Weight loss indicates a loss of .10% of body weight.
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Of the two animals that received SIVmac239Y/I, clones
from animal N8G, which remained healthy with a low viral
load, showed persistence of the Y721I mutation in env se-
quences for up to 80 weeks (Fig. 5B). No other consistent
changes in these clones were seen, although the R751G mu-
tation, noted in the SIVmac239-inoculated animals, was
present sporadically in clones from early time points. Interest-

ingly, in animal VF3, which developed a high viral load and
immunodeficiency, the mutation to Ile at position 721 had
reverted to a Tyr in some clones obtained at 12 weeks after
inoculation (Fig. 5B). Among 12 clones analyzed at this time,
an Ile was present in 5 while a Tyr was present in 4. Remark-
ably, three clones exhibited a Phe at this position (codon TTT),
probably reflecting a transitional intermediate as the Ile codon

FIG. 5. Molecular evolution of SIVs recovered from animals infected with the SIVmac239 and Tyr-721 mutants. Peripheral blood DNA from
rhesus macaques infected with SIVmac239 (A), SIVmac239Y/I (B), or SIVmac239DGY (C) was extracted, amplified by PCR, cloned, and
sequenced. Partial amino acid sequences of Env in cells from individual animals infected with each virus are shown. For panels B and C, the
sequence of the mutant virus used for inoculation is shown relative to SIVmac239. Wk, weeks following inoculation; C, code designation for
individual clones. Amino acid identity to SIVmac239 is indicated by a dash, deletions are indicated by a dot, and a stop codon (found only in week
14, clone 4, from AGP) is shown by an asterisk. In each panel, the YRPV sorting signal is underlined.
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(ATT) reverted to a Tyr (TAT). We have showed previously
that a Phe at this position can constitute a weak endocytosis
signal in a reporter construct containing an SIVmac TM tail
(82). As seen in the SIVmac239-infected animals, the R751G
mutation was also found in the majority of clones from VF3.
By 36 weeks and until its death at week 89, all sequences from
VF3 contained a Tyr reversion at codon 721.

Among animals receiving SIVmac239DGY, viral sequences
from both WD1 and AGP continued to show the GY deletion
without other mutations for up to 56 and 52 weeks, respec-
tively. However, although the DGY mutation persisted in all
clones from animal 2AJ, which developed a high viral load and
immunodeficiency, other mutations were noted, including
Y696H in the membrane-spanning domain and a S727P and
R746K in the cytoplasmic domain (Fig. 5C). Additional spo-
radic mutations seen in more than three clones included
P723S, T789N, and H831L (data not shown), as well as the
R751G mutation observed in other animals.

Therefore, in the two animals that received Y/I viruses,
reversion of the mutation at position 721 was associated with a
high viral load and disease while persistence of the Ile was
associated with a markedly attenuated clinical course. In the
three animals that received the DGY mutant virus, all main-
tained the GY deletion, with two exhibiting low viral loads.
The remaining animal developed a high viral load and disease
in association with novel mutations in the TM tail, raising the
possibility that one or more of these changes could have com-
pensated for the DGY mutation.

Evaluation of the Nef termination codon. As noted above, to
monitor the replication competence of viruses in vivo, animals
were inoculated with SIVs that contained a premature termi-
nation codon in nef. We reasoned that if viruses could replicate
in vivo, this codon would be repaired rapidly. Indeed, in all
three control animals that received wild-type SIVmac239, the

nef stop codon (TAA) reverted to an open reading frame by 4
to 8 weeks after inoculation (Table 3). Codons for a variety of
amino acids were seen in this position with Glu (GAA or
GAG) or Gln (CAA) predominating and Lys (AAA), Ser
(TCA), Tyr (TAC), Leu (TTA), and Asp (GAC) observed less
frequently. A stop codon in one of eight clones from animal
N2V was still detectable at 8 weeks after inoculation. In one
(VF3) of the two animals that received SIVmac239Y/I, the nef
stop codon reverted to Glu, Tyr, or Gln in 11 of 11 clones by
2 weeks. In N8G, reversion was observed in 4 of 10 clones at 4
weeks, 6 of 6 clones at 12 weeks, and 7 of 10 clones at 80 weeks.
Among the animals that received the DGY mutant, 11 of 11
clones from 2AJ had reverted to an open reading frame by 2
weeks whereas reversions were seen in clones from both WD1
and AGP at 2 and 8 weeks, respectively. By 44 and 25 weeks,
all the nef clones had reverted in these animals. Thus, although
stop codons in nef were still detected in clones from N8G at
late time points, by 2 to 4 weeks after inoculation all the
animals that remained healthy harbored viruses with clear ev-
idence of correction of the nef termination codon. This finding
indicated that the mutant viruses replicated sufficiently in vivo
to repair nef and, more importantly, that a loss of Nef function
could not account for the attenuated disease course in these
animals.

Evaluation of replication competence in vitro using virus
fitness assays. Given the reduced viral RNA load in three of
five animals that received mutant viruses, it was possible that
the mutations had introduced subtle defects in viral replicative
capacity that were not detectable in the initial growth curve
experiments on PBMCs or CEMx174 cells (Fig. 1). To evaluate
this possibility, viruses were compared in a series of fitness
assays. Wild-type SIVmac239 and viruses containing the Y/I or
DGY mutations were combined in different ratios to establish
starting mixtures for each competition and added to CEMx174

TABLE 3. Evaluation of the nef open reading frame in animals inoculated with Tyr-721 mutantsa

Virus Animal Time
(wk)

Total
no. of
clones

No. of clones with following amino acid encoded by nef codon 92:

Stop
(TAA)

Glu
(GAA)

Ser
(TCA)

Tyr
(TAC)

Gln
(CAA)

Lys
(AAA)

Leu
(TTA)

Glu
(GAG)

Asp
(GAC)

SIVmac239 N2V 8 8 1 1 2 3 1
K7K 8 9 3 1 2 1 2
N7K 4 7 4 1 2

SIVmac239Y/I VF3 2 11 6 3 2
N8G 4 10 6 1 3
N8G 12 6 1 3 2
N8G 44 6 5 1
N8G 56 7 3 2 1 1
N8G 80 10 3 3 4

SIVmac239DGY WD1 2 11 7 2 2
WD1 44 11 9 1 1
WD1 56 2 1 1
AGP 4 9 9
AGP 8 10 3 3 4
AGP 25 5 2 3
AGP 52 5 1 4
2AJ 2 11 10 1

a DNA from peripheral blood lymphocytes of the animals indicated was amplified using nested primers that flanked the premature termination codon in nef at
position 92 that was present in all viruses during the initial infection. Fragments were cloned into pCDNA and sequenced. Codon 92 and the predicted amino acids
are shown at the indicated weeks postinoculation. nef reverted to an open reading frame in wild-type SIVmac239 and the Y/I and DGY mutants, although persistence
of the stop codon was seen in some clones for animal N8G at 56 and 80 weeks.
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cells. Cultures were replenished with uninfected cells (usually
every 2 to 3 days) and maintained for 4 to 5 weeks. Total
cellular DNA was isolated at various time points for analysis.

Initially, wild-type SIVmac239 was mixed with SIVmac239
DGY at a starting ratio of ;1:10. Serial DNA samples were
evaluated by PCR amplification of the region of env that
included the DGY mutation and analyzed by agarose gel
electrophoresis. The 6-nucleotide deletion present in
SIVmac239DGY yielded a fragment with higher electro-
phoretic mobility than that from the wild-type virus. As shown
in Fig. 6A, although SIVmac239DGY was the predominant
virus at early time points, by day 23 it was substantially re-
placed by wild-type viruses and by day 35 only SIVmac239
could be detected. No reversion of the DGY mutation was
observed when SIVmac239DGY was passaged alone (data not
shown). Therefore, in the context of this fitness assay, the DGY
mutation did introduce a replication defect in SIVmac239.

For subsequent experiments, we used an alternative PCR-
based assay in which the products were amplified by primers
spanning the mutation site and then subjected to FRET over a
range of temperatures by using pairs of fluorescently labeled
probes, one of which overlapped the mutation site (see Mate-

rials and Methods). In this analysis, the differential fluores-
cence, shown as a melting curve, reflected the proportional
amounts of each amplified DNA species in the sample. When
the same samples used in Fig. 6A were analyzed, the relative
proportion of wild-type SIVmac239 (exhibiting a higher Tm) to
SIVmac239DGY (exhibiting a lower Tm) increased over time
until only SIVmac239 was detected on day 35 (Fig. 6B). Thus,
this result corresponded precisely to that determined by gel
analysis and validated the use of this technique for subsequent
fitness assays.

Experiments were next performed on a derivative of SIVmac-
239DGY, designated 7-14, that contained the Y696H, P723S,
S727P, R746K, R751G, T789N, and H831L mutations. These
mutations had been noted in several env clones from 2AJ, the
SIVmac239DGY-inoculated animal that developed a high vi-
rus load and disease (Fig. 5 and data not shown). Interestingly,
in fitness assays, 7-14 possessed a clear replication advantage
over SIVmac239DGY when these viruses were mixed at an
initial ratio of ;1:3 (Fig. 6C). Therefore, some or all of the env
mutations that were acquired in vivo in 2AJ were able to
improve the replication competence of SIVmac239DGY in
vitro.

FIG. 6. Comparative evaluation of virus replication in competition assays in CEMx174 cells. (A) PCR analysis of SIVmac239 versus
SIVmac239DGY competition. The env region was PCR amplified from cell lysates harvested on the indicated days. The larger band (158 bp)
corresponds to the wild-type virus, and the smaller band (152 bp) corresponds to the mutant virus. (B) FRET analysis of SIVmac239 versus
SIVmac239DGY competition. The samples from panel A were subjected to melting-curve analysis. Plasmid controls 1 and 2 correspond to
SIVmac239 and SIVmac239DGY, respectively. The early, middle, and late time points are days 1, 11, and 35, respectively. (C) FRET analysis of
SIVmac239DGY versus SIV-7-14 competition. Plasmid controls 1 and 2 correspond to SIVmac239DGY and SIV-7-14, respectively. The early,
middle, and late time points are days 4, 7, and 17, respectively. (D) FRET analysis of SIVmac239 versus SIVmac239Y/I competition. Plasmid
control 1 and 2 correspond to SIVmac239 and SIVmac239Y/I, respectively. The early, middle, and late time points are days 7, 17, and 30,
respectively.
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In contrast to SIVmac239DGY, no differences were ob-
served in fitness assays when SIVmac239Y/I was mixed with
wild-type SIVmac239. When approximately a 3:1 ratio of
SIVmac239Y/I to SIVmac239 was added, the same proportion
was present after 28 days (Fig. 6D). Similar results were seen
over a range of input ratios (data not shown). Thus, although
striking in vivo differences were observed between animals
N8G, in which the Y/I mutation was maintained, and VF3, in
which the Ile reverted to a Tyr, no differences in replication
between SIVmac239Y/I and wild-type SIVmac239 were appar-
ent in this in vitro fitness assay.

DISCUSSION

In this study we show that mutation of a highly conserved
sorting motif in the cytoplasmic tail of the SIV Env protein
results in marked in vivo attenuation of a pathogenic molecular
clone. Among five animals inoculated with viruses containing
mutations that abrogated the function of this motif, three of
them exhibited an initial peak of viremia followed by a pro-
found reduction in viral load and have remained healthy for up
to 140 weeks. In one (N8G) of two animals that received
SIVmac239Y/I, the Y721I mutation was maintained and was
associated with an attenuated phenotype, while in the other
animal (VF3) the Ile reverted to a Tyr and was associated with
a high viral load, loss of CD41 cells, and disease. Similarly, two
(AGP and WD1) of the three animals that received
SIVmac239DGY remained healthy, with low to undetectable
plasma viral RNA levels. The third animal (2AJ) developed
high viral RNA levels and disease and exhibited novel and
possibly compensatory mutations that flanked the DGY muta-
tion. The replication competence of SIVmac239Y/I and
SIVmac239DGY was demonstrated in cultured PBMC and
CEMx174 cells. Moreover, these viruses produced initial peaks
of viremia in all animals and corrected a premature stop codon
in nef that has been shown to revert in the setting of active in
vivo but not in vitro replication (49). Although virus fitness
experiments demonstrated a replication defect for SIVmac239-
DGY compared to SIVmac239, no defect was demonstrated
for viruses with a Y/I mutation. In addition, although viral
RNA levels remained low or undetectable in the three animals
showing an attenuated clinical course, all have maintained
antibody titers of .1:10,000, indicating ongoing replication of
the mutant viruses. These findings demonstrate that the Tyr-
dependent Env sorting motif, while dispensable for SIV repli-
cation in vitro, has a marked effect on viral pathogenesis.

Several attenuated SIVs that establish low viral loads and
exhibit reduced pathogenicity in infected animals have been
described (30, 44, 46, 57, 63, 102). However, even when the
determinants for this phenotype were mapped to particular
genes, such as nef, the underlying mechanisms remained un-
clear (23, 75, 91). In most SIV models, the risk of developing
disease can be predicted by plasma viral RNA levels (41, 47,
88, 97, 101). Therefore, any intrinsic defect in virus replication
could result in lower viral loads and decreased pathogenicity.
Alternatively, attenuation in vivo could result from reduced
cytopathicity of virus for infected cells, an inability of the virus
to infect critical target sites, and/or an increased susceptibility
of the virus to host immune responses. For the nef-deleted
viruses, Nef downregulates major histocompatibility complex

class I molecules, thereby reducing the susceptibility of in-
fected cells to killing by virus-specific cytotoxic T lymphocytes
(CTL) (17–19). Given that animals infected with nef-deleted
viruses exhibit potent antiviral CTL activity, it is tempting to
speculate that these viruses are less fit to survive a host cellular
immune response (38, 43). However, Nef also binds cellular
kinases (11, 58, 83) and increases viral infectivity (14, 26, 58,
67, 90), and as a result, nef-deleted viruses could exhibit mul-
tiple defects to account for their reduced virulence.

Although the viral env gene mediates functions that are
crucial for infectivity, including binding to CD4 and a chemo-
kine receptor and fusion with the cell membrane, there are few
reports of mutations in distinct functional domains of Env that
reduce pathogenicity in vivo. Reitter et al. have recently shown
that SIVmac239 mutants lacking glycosylation sites in the
V1/V2 loops of gp120 were markedly attenuated in vivo, pos-
sibly as a result of their ability to elicit novel humoral immune
responses (76). Interestingly, in SIVs with prematurely trun-
cated cytoplasmic tails, strong selection pressures in vivo
restore a full-length TM (49). For one well-characterized at-
tenuated isolate, SIVmac1A11, reversion of a truncated to a
full-length cytoplasmic tail correlated with increases in viral
load (57). A recent study by Shacklett et al. showed that mul-
tiple stop codons in the TM cytoplasmic tail of SIVmac239
reduced the replicative capacity in vitro and produced a highly
attenuated phenotype in vivo (86). In addition to the Tyr-based
motif evaluated in our study, the TM tail of SIV and HIV
contains other domains that have been implicated in mediating
cytopathic effects (95, 96) and in interacting with the viral
matrix protein (20, 70). Thus, the cytoplasmic domain is likely
to play an important role in virus assembly, replication, and
pathogenesis (7, 31, 35, 36, 71), and in this regard our findings
draw particular attention to the importance of this conserved
Tyr-sorting signal.

A number of mechanisms could account for the striking in
vivo effects of mutations in this TM sorting motif. As noted
previously, this domain functions as a potent endocytosis signal
that mediates clathrin-dependent internalization of Env mol-
ecules (7, 8, 50, 74, 78, 82). As a result, Env glycoproteins that
are not incorporated into budding virions are rapidly internal-
ized and cleared from the plasma membrane (32). SIVs and
HIVs lacking this motif characteristically exhibit a higher
steady-state level of Env on the cell surface (27, 50, 82) and
could be more susceptible to humoral immune responses (7,
27, 62). Indeed, we have shown that cells infected by
SIVmac239Y/I characteristically show three to four times
more Env on the cell surface than do cells infected by wild-type
SIVmac239 (50), and we have seen a similar increase in Env
production in cells infected by SIVmac239DGY (J. A. Hoxie,
unpublished data). Although this latter effect is modest, it is
possible that even a slight increase in the susceptibility of
virus-producing cells to host immune responses could have
significant consequences on net virus production since this
defect is amplified through subsequent rounds of infection.
Alternatively, the ability of this domain to also function as a
basolateral sorting signal could be important in directing virus
infection to crucial target sites, such as gut-associated lym-
phoid tissue, where viral replication is particularly active in
early stages of infection (99). Finally, it is also possible that the
loss of a determinant for directional virus spread could impact
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on the efficiency of cell-to-cell transmission in tissues. Indeed,
the loss of the corresponding Yxxf signal in an HIV-1 TM
recently was shown to be associated with a defect in cell-to-cell
spread in vitro (27).

It remains possible that the subtle defect in the replicative
capacity of SIVmac239DGY contributed to its attenuated in
vivo phenotype. Although intrinsic differences in infection ki-
netics compared to those of wild-type SIVmac239 were not
seen in growth curves generated with PBMC or CEMx174
cells, SIVmac239DGY was less fit in competition assays. The
slightly lower levels of plasma RNA reached during the acute
phase of infection in two of three animals infected with
SIVmac239DGY are consistent with this observation. How-
ever, for SIVmac239Y/I, no differences were detectable with
respect to SIVmac239 in fitness assays, although viruses in the
one animal that maintained this mutation exhibited an atten-
uated phenotype. Although a selection pressure to restore the
Tyr was evident in animal VF3, the finding that this mutation
did not revert in vitro during multiple passages (50; Hoxie,
unpublished) indicates that elimination of this sorting motif
has little or no effect on virus replication, at least under these
conditions. Finally, as noted above, reversion of the nef pre-
mature termination codon was observed in all animals, indi-
cating that there was a sufficient level of replication to restore
this open reading frame. Although it is possible that the atten-
uating effect of mutations in the Yxxf motif is context depen-
dent and applicable only for viruses containing a stop codon in
nef, we consider this possibility unlikely, given that reversion to
a nef open reading frame was observed in all animals within 8
weeks after inoculation. Our data are consistent with the view
that the Yxxf sorting motif in SIV is a crucial determinant of
virus replication in vivo and/or in modulating susceptibility of
virus-producing cells to host immune responses.

It is interesting that animal 2AJ developed a high viral load
despite the continued presence of the DGY mutation. Al-
though it is possible that additional mutations in the 2AJ cy-
toplasmic domain compensated for this effect, none of the
mutations in clones from this animal created an alternate Yxxf
motif. However, it remains possible that one or more of these
new mutations facilitated an interaction with cellular adapter
proteins or other molecules to generate a novel endocytosis
and/or basolateral sorting signal. Alternatively these changes
could have affected other parts of the viral life cycle, a finding
suggested by the improved fitness of a virus that contained the
DGY mutation and the compensatory mutations in a 2AJ clone
(Fig. 6C). Additional in vivo studies are required to determine
if one or more of these mutations is sufficient to account for the
aggressive disease course that was observed in this animal.

Attenuated SIVs have enabled determinants for pathogen-
esis to be identified that could not have been inferred from in
vitro studies. Moreover, as shown by the occurrence of nef-
deleted HIV-1s that are associated with either absent or de-
layed progression to disease, these animal models will probably
have relevance for HIV infection (25, 48, 51). Importantly,
attenuated SIV models have provided the best evidence to
date that protective immune responses can be generated, and
intensive efforts are being undertaken to understand the basis
for this effect (3, 28, 42, 52). The use of an attenuated SIV or
HIV vaccine poses obvious safety concerns and has prompted
the development of second- and third-generation viruses with

multiple defects that impair replication (44). However, while
increasingly attenuated viruses may be safer, theoretically
there appear to be “threshold effects” in that viruses that are
more severely impaired in their ability to replicate in vivo have
not been able to generate protective immunity (44, 64, 80, 98).
Approaches that reduce viral pathogenicity while preserving an
immune response would be highly desirable, and in this regard,
strategies that alter the presentation of viral proteins to the
host immune system could be advantageous. Our findings in-
dicate that the SIV TM cytoplasmic tail, and in particular this
Tyr-based sorting motif, can be an additional target for atten-
uation strategies. Additional studies to determine the mecha-
nism of this effect, its impact on the host immune response, and
the ability of Tyr-721 mutants to generate protective immunity
will be of considerable interest.
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