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The V3 loop of the simian immunodeficiency virus (SIV) envelope protein (Env) largely determines inter-
actions with viral coreceptors. To define amino acids in V3 that are critical for coreceptor engagement, we
functionally characterized Env variants with amino acid substitutions at position 324 in V3, which has
previously been shown to impact SIV cell tropism. These changes modulated CCR5 engagement and, in some
cases, allowed the efficient usage of CCR5 in the absence of CD4. The tested amino acid substitutions had
highly differential effects on viral infectivity. Eleven of sixteen substitutions disrupted entry via CCR5 or the
alternative coreceptor GPR15. Nevertheless, most of these variants replicated in the macaque T-cell line 221-89
and some also replicated in rhesus macaque peripheral blood monocytes, suggesting that efficient usage of
CCR5 and GPR15 on cell lines is not a prerequisite for SIV replication in primary cells. Four variants showed
enhanced entry into the macaque sMagi reporter cell line. However, sMagi cells did not express appreciable
amounts of CCR5 and GPR15 mRNA, and entry into these cells was not efficiently blocked by a small-molecule
CCR5 antagonist, suggesting that sMagi cells express as-yet-unidentified entry cofactors. In summary, we
found that a single amino acid at position 324 in the SIV Env V3 loop can modulate both the efficiency and the
types of coreceptors engaged by Env and allow for CD4-independent fusion in some cases.

Infection of rhesus macaques with simian immunodeficiency
virus (SIVmac) induces an immunodeficiency syndrome com-
parable to AIDS in human patients, although with a more
rapid onset (24). Because of the similarities in disease mani-
festations the infection of macaques with SIV has evolved into
one of the most commonly used animal models for human
immunodeficiency (HIV) infection in humans. HIV and SIV
infection of target cells is mediated by multiple interactions of
the viral envelope protein (Env) with the CD4 receptor and a
coreceptor (3, 32, 40, 54). All HIV type 1 (HIV-1) strains
described to date use the chemokine receptors CCR5 and/or
CXCR4 as coreceptors for entry. CCR5 serves also as the
major entry cofactor for SIV (7, 14, 26, 29). However, most
SIV strains do not enter cells efficiently via CXCR4 (7, 14, 26,
29). In addition to the major coreceptors, many SIV- and
HIV-2 strains can also use the alternative coreceptors GPR15
and CXCR6/STRL33 with high efficiency (11, 15, 35, 38). We
have shown that SIVmac239 uses human but not rhesus ma-
caque CXCR6/STRL33 for efficient entry, indicating that this
receptor may not be important for SIV replication in rhesus
macaques (41, 51).

With rare exceptions, all HIV-1 strains require CD4 for
entry. Many HIV-2 and SIV strains, however, can infect target

cells independently of CD4 via direct interactions with CCR5
or CXCR4 (16, 18, 46, 47). These viruses are thought to harbor
partially triggered Envs, which contain multiple amino acid
substitutions compared to the CD4-dependent wild-type (wt)
virus, leading to the exposure of epitopes that mediate direct
binding to a coreceptor (19). As a consequence, CD4-indepen-
dent viruses can more efficiently infect target cells, such as
macaque macrophages, that express low levels of CD4 (2, 34).
However, they also exhibit high sensitivity to neutralizing an-
tibodies, which likely recognize epitopes important for core-
ceptor engagement (17, 27, 30, 44).

The third variable loop (V3 loop) in the HIV Env is the
major determinant of coreceptor choice (22, 36, 52, 60). The
SIV V3 loop, which shares relatively little sequence homology
with its HIV-1 counterpart (Fig. 1A), is also important for viral
tropism, although amino acids outside V3 can also determine
coreceptor usage (14, 20, 25). A positive net charge of the V3
loop has been associated with CXCR4 usage by HIV-1 (4,
8–10, 20, 23, 53) but does not confer CXCR4 usage to SIV
(31). Single amino acid exchanges in the HIV V3 loop can
cause a switch from CXCR4 to CCR5 usage and vice versa
(10), indicating that specific amino acid residues can impact
coreceptor engagement. We previously found that amino acid
substitution I324L impaired SIVmac replication in peripheral
blood mononuclear cells (PBMC) and CEMx174 cells but still
allowed viral spread in the macaque T-cell line 221-89 (25).
Thus, single amino acid exchanges that affect usage of specific
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SIV coreceptors can provide a powerful tool to study their
importance for viral replication in vivo (42).

In the present study we more thoroughly investigated the
impact of amino acid substitutions at position 324, since this
position in the V3 loop appears to play an important role in
mediating Env-coreceptor interactions. We show that amino
acid 324 can determine CCR5 and GPR15 usage, as well as
entry via an unidentified receptor on sMagi reporter cells.
Moreover, some amino acid changes at position 324 imparted
efficient CCR5 usage in the absence of CD4. Our data suggest
an important role of amino acid residue 324 in coreceptor
choice, cell tropism, and CD4-independent cell fusion.

MATERIALS AND METHODS

Construction of 324 variants. The codons for the amino acids 321 and 324 in
the SIVmac239 V3 loop were randomly mutagenized by using overlap-extension
PCR. The fragments were gel purified and inserted into a SIVmac239 proviral
clone as described previously (42). Sequence analysis was used to identify the
introduced changes and to verify that the PCR-amplified sequences did not
contain undesired mutations.

Cell culture. J. Overbaugh (Seattle, Wash.) generously provided HeLa-derived
Magi (for multinuclear activation of a galactosidase indicator) reporter cells,
which express human CD4 in conjunction with CCR5 from pigtail macaques or
human GPR15. In addition, sMagi cells were used, which are a derivative of the
CMMT cell line, a rhesus macaque mammary tumor line (5). Magi cells contain
the gene for �-galactosidase under control of the viral long terminal repeat. All
Magi cell lines, as well as 293T and the quail derived QT6 cells, were cultured in
Dulbecco modified Eagle medium, 10% fetal calf serum (FCS), glutamine, and
antibiotics. CEMx174, C8166, and PM-1 cells were maintained in RPMI 1640
medium containing 10% FCS, glutamine, and antibiotics. 221-89 cells (1) were
cultivated in RPMI 1640 medium supplemented with 20% FCS, glutamine, 100
U of interleukin-2 (IL-2)/ml, and antibiotics. PBMC from rhesus macaques were
isolated from whole blood by using lymphocyte separation medium. The freshly
isolated cells were stimulated with 5 �g of phytohemagglutinin/ml and 50 U of
IL-2/ml in RPMI 1640 medium containing 20% FCS, glutamine, and antibiotics
for 3 days. Thereafter, the medium was removed, and the cells were maintained
in RPMI 1640 medium containing 20% FCS, 50 U of IL-2/ml, glutamine, and
antibiotics.

Production of virus stocks and infection of cell lines and PBMC. Virus stocks
were produced by transient transfection of 293T cells as described previously
(26). Briefly, 293T cells were transfected with plasmids containing the entire
SIVmac239 genome by using a CaPO technique. The culture medium was
changed 1 day after transfection, and the culture supernatant was harvested the
following day. Residual cells in the supernatants were pelleted, the supernatants
were passed through 0.45-�m-pore-size filters and stored at �70°C. The content
of viral p27 antigen was quantified by p27 capture enzyme-linked immunosorbent
assay obtained from the AIDS Reagent Program. PM-1, CEMx174, C8166, and
221-89 cells and PBMC were seeded in 48-well dishes and infected with equal
volumes of viral supernatants containing 5 ng of p27 antigen. PBMC were
stimulated for 3 days prior to infection. One day after infection the medium was
changed, and culture supernatants were collected in regular intervals and stored
at �70°C. The extent of viral replication was determined by using a radioactive
reverse transcription (RT) assay as previously described (43). Magi cells were
seeded in 48-well dishes and infected with equal volumes of viral supernatants
containing 50 ng of viral antigen. The medium was removed 1 day after infection
and replaced with fresh Dulbecco modified Eagle medium. Three days after
transfection, the cells were lysed and �-galactosidase activity in the cell lysates
was determined by using a commercially available kit (Tropix).

RT-PCR analysis of coreceptor expression. Total cellular RNA was extracted
from 1.6 � 107 sMAGI cells by using the RNEasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. To remove trace genomic DNA contamina-
tions, the RNA was treated with DNase I (Invitrogen). First-strand cDNA was
synthesized from this RNA with Superscript II RNase H� reverse transcriptase
(Invitrogen) with an oligo(dT) (15) primer (Promega). Reverse transcriptase was
omitted from the cDNA synthesis reaction as a negative control. Coreceptor
DNA was PCR amplified by using 0.5 �l of cDNA as a template and Platinum
Pfx DNA polymerase (Invitrogen) according to the manufacturer’s protocol.

Cell-cell fusion assay. The cell-cell fusion assay was carried out as described
previously (48, 49). Briefly, QT6 effector cells were infected with vaccinia virus
vTF101 and subsequently transfected with Env expression plasmids. vTF101
harbors the gene for T7 polymerase, which drives Env expression in effector cells.
Target cells were transfected with plasmids encoding the viral receptors and
luciferase, the latter is expressed under control of the T7 promoter. One day
after transfection, effector and target cells were mixed and incubated for 8 h at
37°C. The cocultures were lysed, and the luciferase activity in the lysates deter-
mined by using a commercially available kit (Promega).

Entry inhibition by small-molecule coreceptor inhibitors. One day prior to
infection Magi cell lines were seeded in 96-well plates. The cells were preincu-
bated with TAK-779 or AMD 3100 at final concentrations of 5 and 1 �M,
respectively, and infected with equal volumes of viral supernatants containing 4
ng of viral p24 antigen. The medium was changed after an overnight incubation
and the cells lysed 3 days after infection. The �-galactosidase activity in the
lysates was determined by using a commercially available kit (Tropix). Similarly,
221-89 cells were seeded in 96 wells, incubated with TAK-779, and infected with
equal volumes of viral supernatants normalized for equal content of p27 antigen.

FIG. 1. (A) Alignment of V3 sequences. An alignment of the V3
sequences of HIV-1 JR-FL (top) and SIVmac239 (bottom) is shown;
the arrow indicates amino acid I324. (B) Env expression and virion
incorporation. The following SIVmac239 proviral genomes were tran-
siently transfected into 293T cells: mock (lane 1), �Env (lane 2), wt
(lane 3), 316Env (lane 4), I324S Env (lane 5), I324V Env (lane 6),
I324L Env (lane 7), I324Y Env (lane 8), and I324H Env (lane 9). The
transfected cells were lysed and Env expression in lysates was detected
by Western blot with the DA6 monoclonal antibody (13) (top panel).
Alternatively, viral supernatants normalized for equal amounts of p27
antigen were pelleted, lysed, and Env (middle panel) or p27 (lower
panel) incorporation was assessed in parallel by Western blot analysis
with DA6 (Env staining) or serum from SIVmac-infected rhesus ma-
caques (p27 staining).
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The inhibitor was replenished during the culture, and reverse transcriptase ac-
tivity in culture supernatants was assessed as described above.

Western blot analysis of Env expression. 293T cells were transiently trans-
fected in T-25 flasks, the medium was changed 12 to 16 h after transfection and
cells were harvested 48 h after transfection. The cells were rinsed with phos-
phate-buffered saline and lysed in sodium dodecyl sulfate sample buffer. Expres-
sion of Env in lysates was detected by immunoblotting with DA6 anti-Env
antibody (13) at a dilution of 1:2,000. Virion incorporation of Env and p27
antigen was assessed by pelleting equal volumes of viral supernatants normalized
for p27 content by enzyme-linked immunosorbent assay. The pelleted virus
particles were lysed as described above, and Env and p27-antigen were detected
by immunoblotting with DA6 or serum from SIV-infected macaques (p27-stain-
ing) at a 1:2,000 dilution.

RESULTS

Generation and characterization of viral variants with sin-
gle amino acid substitutions at position 324. The amino acid
residue isoleucine 324 in the SIVmac239 V3 loop has previ-
ously been shown to impact cell tropism and was therefore
selected for detailed analysis (25). Notably, 23 of 29 HIV-1 V3
sequences (79%) analyzed in a previous study (39) also con-
tained an isoleucine at the corresponding position, suggesting
that this residue is to some degree conserved between HIV-1
and SIV and therefore likely to be important for Env function
(Fig. 1A). The codon for amino acid 324 in a SIVmac239
proviral clone was randomly mutagenized, and coreceptor us-
age of the resulting viral variants was analyzed by infection of
different Magi cell lines (Table 1). CCR5 and GPR15 usage
was investigated by infection of HeLa cell-derived Magi cell
lines stably expressing human CD4 in conjunction with CCR5
from macaques or GPR15 of human origin. Entry of the wt
virus into these cells was readily detectable, whereas parental
CD4-positive, coreceptor-negative Magi cells did not support
SIV infection (Table 1 and data not shown). Infection of the
rhesus macaque-derived simian Magi (sMagi) cell line was also
analyzed. This macaque mammary tumor cell line was engi-
neered to stably express human CD4 and is readily infectable

by SIV and some HIV-2 strains (5). However, it is unknown
which coreceptor(s) mediates viral entry.

Replication of the 324 variants was also assessed in rhesus
macaque (rh) PBMC and cell lines known to be permissive for
SIVmac239. The coreceptor expression pattern of these cell
lines has been characterized in previous studies. The human
T/B hybrid cell line CEMx174 and the human T-cell line C8166
express CXCR4 and GPR15 but not CCR5 (11, 15, 26),
whereas rhPBMC, 221-89, and PM-1 cells express CCR5 (S.
Pöhlmann and R. W. Doms, unpublished data) (15, 28), prob-
ably in conjunction with alternative cofactors.

Random mutagenesis of amino acid 324 yields viral variants
with marked differences in coreceptor utilization and cell tro-
pism. We investigated the impact of substitutions at amino
acid position 324 on viral entry and replication. Random mu-
tagenesis of this amino acid yielded 15 viral variants. The
effects of these amino acid substitutions on virus entry and
replication were highly differential and resulted in the identi-
fication of five functional groups (Table 1). The viral variants
summarized in group I harbor amino acid changes that either
severely diminished or abolished replication in all cell lines
tested and reduced entry into reporter cells close to back-
ground levels (Table 1). Group II contained a single variant,
I324V, which exhibited similar activity as the wt virus (Table
1).

Replication-competent viral variants that entered CCR5,
GPR15, or sMagi cells with �10% of wt efficiency form func-
tional groups III and IV (Table 1). The amino acid changes
I324C, -E (borderline in replication), and -Y, comprising group
III, surprisingly preserved the ability to replicate in macaque
PBMC and 221-89 cells (Table 1); however, I324Y replication
was limited to PBMC from one of the four donor animals
tested. Conversely, the amino acid substitutions I324H, -N, -P,
and -W, comprising group IV, abolished replication in ma-
caque PBMC but still allowed efficient viral spread in 221-89

TABLE 1. Analysis of SIVmac239 variants with substitutions of isoleucine 324a

aa exchange
Mean coreceptor usage � SD Replicationb

Group
R5mne GPR15hu sMagi rhPBMC 221-89 CEMx174 C8166 PM-1

I 100 100 100 �� �� �� �� �� wt
K 0.5 � 0.1 2.0 � 0.5 1.4 � 0.2 � � � � � I
R 0.8 � 0.3 0.6 � 0.3 1.2 � 0.9 � �, dd � � � I
S 0.4 � 0.1 1.7 � 0.2 1.1 � 0.2 � � � � � I
V 149.5 � 53.4 83.4 � 23.5 134.2 � 38.5 �� �� ��, d ��, d �� II
C 9.9 � 1.5 4.2 � 0.3 3.1 � 0.2 �, d ��, dd ��, d ND �, d III
E 4.1 � 0.8 5.7 � 1.1 7.6 � 1.4 (�) �� � ND �, d III
Y 1.4 � 0.6 0.9 � 0.1 1.7 � 0.7 ��, dc �, d � ��, dd � III
H 2.2 � 0.3 5.2 � 1.2 2.2 � 1.0 � �� � ND ��, d IV
N 1.2 � 0.1 4.6 � 0.5 3.7 � 0.7 � �� � ND �, d IV
P 1.7 � 0.21 4.7 � 0.8 4.1 � 0.5 � �� �, d ND �, d IV
W 1.3 � 0.1 5.5 � 0.9 4.2 � 0.7 � ��, d � ND �, d IV
F 49.5 � 5.4 27.6 � 1.7 193.3 � 47.7 ��, dd ��, d ��, dd ��, dd �, dd V
L 19.1 � 2.6 17.1 � 1.7 260.3 � 6.9 � ��, d � ��, dd (�), dd V
M 11.8 � 1.2 22.1 � 2.6 384.2 � 40.5 � ��, d ��, d ND �, d V
T 33.1 � 3.6 9.5 � 1.9 113.4 � 12.4 ��, dd �� � (�), dd �� V

a The results of a representative experiment are shown; comparable results were obtained in an independent experiment. aa, amino acid. Coreceptor usage and
replication are shown relative to 239wt activity.

b Peak reverse transcriptase activity: 60 to 100%; ��; 30 to 60%, �; 10 to 30%, (�), �10%, �; d, peak in reverse transcriptase activity 3 to 6 days delayed; dd, peak
in reverse transcriptase activity more than 6 days delayed; ND, not done.

c Result obtained with PBMC from one of four donor animals tested.
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cells (Table 1). The readily detectable replication of the vari-
ants of group III and IV in PBMC or immortalized T cells
suggest that the efficiency of CCR5 usage in infectivity assays
does not necessarily predict the efficiency of SIV spread in
macaque T cells. Group V comprises variants that exhibited
reduced entry into CCR5- or GPR15-expressing cells but in-
fected sMagi cells more efficiently than the wt virus (Table 1).
For instance, entry of the I324L variant into CCR5- or GPR15-
expressing Magi cells was at least 80% reduced compared to
the wt virus, and replication of this variant was limited to
221-89 and C8166 cells (Table 1). However, the I324L variant
infected sMagi cells more efficiently than the wt virus, suggest-
ing that entry was mediated by one of the known alternative
coreceptors or an as-yet-unidentified coreceptor.

Finally, we assessed whether amino acid changes at position
324 impact Env processing and virion incorporation. To this
end, 293T cells were transfected with proviral genomes of viral
variants representing all functional groups, and Env expression
and virion incorporation were assessed as described in Mate-
rials and Methods. With the exception of I324S, all glycopro-
teins tested were expressed efficiently in transfected cells and
were incorporated with roughly comparable efficiencies into
viral particles (Fig. 1B). Only small amounts of uncleaved
I324S glycoprotein were observed in cell lysates, and no Env
was detected in I324S virions despite normal p27 content,
indicating that the I324S mutation inhibited Env processing
(Fig. 1B). These results suggest that the amino acid substitu-
tions summarized in functional group I might affect Env ex-
pression and thereby render viral particles noninfectious. No
evidence was obtained, however, that the amino acid changes
summarized in functional groups II, III, IV, and V significantly
impact Env expression, indicating that their effects on infection
and replication truly reflect alterations in Env function.

Amino acid exchanges at position 324 in SIV Env modulate
CCR5 engagement. The variants I324Y, I324H, and I324L,
which represent functional groups III, IV, and V, were unable
to use CCR5 efficiently in infectivity assays but still showed
robust replication in certain cell lines (Table 1). We analyzed
whether these mutations impact CCR5 engagement in a vac-
cinia virus-based cell-cell fusion assay (Fig. 2A) (48). The env
genes of 239wt and the I324Y, I324H, and I324L variants were
cloned into pcDNA3 and transiently expressed on quail QT6
cells. The Env-expressing cells were mixed with QT6 cells tran-
siently expressing CD4 and CCR5, and fusion of effector and
target cells was quantified. Under these conditions the I324Y
and I324H Envs mediated fusion via CCR5 with similar effi-
ciencies compared to 239wt, whereas the I324L mutation di-
minished fusion to ca. 20% relative to 239wt (Fig. 2A). Thus,
these V3 mutations greatly diminished CCR5 usage in the
context of virion-associated Env but had a less-profound effect
on CCR5 usage in a sensitive cell-cell fusion assay, in which
high levels of Env and coreceptor are expressed.

To investigate whether the 239wt Env and the V3 variants
used CCR5 differently, we tested their ability to use chimeras
between the CCR5 and CCR2 receptors (49) as coreceptors
for fusion (Fig. 2B). Although CCR5 is the major SIV core-
ceptor, the structurally related CCR2 cannot be used by SIV
Env for efficient membrane fusion. The exchange of the first
and third extracellular loops between CCR5 and CCR2 (chi-
mera 5252) did not significantly impact engagement of this

receptor by the wt and the mutant Envs, whereas the exchange
of the second variable loop (chimera 5525) greatly diminished
fusion of all Envs tested. In contrast, the introduction of the
second extracellular loop of CCR5 into the CCR2 receptor was
sufficient for engagement of this receptor by 239wt Env but not
by the I324Y, I324H, and I324L Envs. Thus, the V3 variants
seem to use CCR5 differently than the wt Env, being more
susceptible to perturbations in CCR5 sequence and/or
structure.

Env proteins that bind to CCR5 efficiently are less suscep-
tible to inhibition by small-molecule CCR5 inhibitors than Env
variants that elicit relatively weak binding to CCR5 (45).
Therefore, the differential CCR5 utilization by the 239wt,
I324Y, and I324H Envs might result in differential susceptibil-
ities to the small-molecule CCR5 inhibitor TAK-779. We ad-
dressed this question by assessing replication of the respective
viral variants in 221-89 cells in the presence of the indicated
concentrations of TAK-779. 221-89 cells express CCR5 (Pöhl-
mann and Doms, unpublished), probably in conjunction with
alternative cofactors. Generally, the addition of TAK-779 had
only moderate effects on viral replication; in fact, the addition
of drug seemed to increase virion production to some extent
(Fig. 2C). At a concentration of 50 �M, TAK-779 delayed peak
replication of the 239wt virus and the I324H variant but not of
the I324Y variant (Fig. 2C). In contrast, the same concentra-
tion of TAK-779 reduced cell-cell fusion with target cells,
which only express the CD4 and CCR5 receptors, between 10
(239wt) and 100-fold (I324Y) (data not shown). Thus, either
replication of the I324Y variant in 221-89 T cells does not
significantly depend on CCR5 or ligand binding to CCR5 on
cell lines does not adequately reflect ligand interaction with
CCR5 on T cells.

Amino acid 324 can confer CD4-independent cell-cell fu-
sion. SIVmac239 requires CD4 for the infection of target cells.
During the course of SIV infection of macaques viral variants
can arise that infect cells expressing low levels or no CD4 that
do not typically support efficient virus infection (2, 33, 34). The
ability to directly engage CCR5 in the absence of CD4 and to
infect macrophages in vitro has been associated with specific
amino acid changes in the viral Env protein (33, 44). We
addressed the question of whether amino acid changes at po-
sition 324 modulate the requirement of CD4 for cell-cell fu-
sion. Fusion via rhesus macaque and human CCR5 was as-
sessed in the presence or absence of CD4 (Fig. 3). Although
the 239wt Env required both CD4 and CCR5 for optimal
fusion, the CD4-independent 316 Env mediated efficient fu-
sion in the absence of CD4. In agreement with previous results,
316 used CCR5 of rhesus macaque origin more efficiently for
CD4-independent fusion than human CCR5. The I324Y and
I324H Envs were also capable of using CCR5 for efficient
fusion in the absence of CD4, with rhesus macaque CCR5
allowing higher levels of fusion than did human CCR5 (Fig. 3).
In contrast, fusion mediated by the I324L Env was generally
more CD4 dependent. No efficient cell-cell fusion was mea-
sured when control effector cells were transfected with
pcDNA3, confirming that fusion was indeed driven by the Env
proteins tested. Finally, we investigated whether CD4-indepen-
dent fusion of the 324 Env variants correlated with efficient
infection of primary macrophages by the respective viral vari-
ants. Both the I324H and I324Y variants did not infect human
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macrophages appreciably (data not shown). Infection of the
I324L variant was detectable; however, replication of the
I324L variant in rhesus macaque macrophages was inefficient
compared to the macrophage-tropic 316 variant (data not
shown). Thus, some amino acid substitutions at position 324
can confer CD4 independent fusion; however, they are not
sufficient to allow efficient replication in macrophages.

Evidence that entry into sMagi reporter cells is mediated by
as-yet-unidentified cofactors. To further explore the effects of
amino acid exchanges at position 324 on coreceptor engage-
ment, we investigated the determinants of SIV entry into
sMagi cells a derivative of a rhesus macaque mammary tumor
cell line (CMMT) engineered to express human CD4 (5). The
I324L variant, as well as the other variants summarized in
functional group V, did not replicate in rhPBMC nor use
CCR5 or GPR15 efficiently in infectivity experiments but in-
fected sMagi reporter cells with higher efficiency than the wt
virus (Table 1).

We first explored whether entry into sMagi cells depends on
CCR5 or CXCR4. HeLa cell-derived P4R5 Magi cells, which
express human CD4, CCR5, and CXCR4, and sMagi cells were
infected with SIVmac239wt, the SIVmac239 I324L variant, and
the X4-tropic HIV-1 clone NL4-3 in the presence or absence of
small-molecule coreceptor inhibitors (Fig. 4A). TAK-779 blocks
entry via CCR5 and AMD3100 inhibits infection via CXCR4.
SIVmac239 entered P4R5 cells with high efficiency, whereas entry
of the I324L variant was 	15-fold reduced. The infection of both
viruses was abolished by TAK-779, whereas AMD3100 had no
appreciable impact on infection efficiency. Finally, AMD3100 but
not TAK-779 efficiently blocked NL4-3 entry into P4R5 cells (Fig.
4A). In contrast to the results obtained with P4R5 cells, the I324L
variant entered sMagi cells more efficiently than the wt virus, and
the entry of both viruses was not efficiently blocked by TAK-779
or AMD3100. In agreement with published data, the infection of
sMagi cells with HIV-1 NL4-3 did not result in appreciable in-
duction of reporter gene activity (5).

FIG. 2. Amino acid substitutions at position 324 modulate CCR5 engagement. (A) Usage of wt CCR5 for cell-cell fusion. Effector cells were
transiently transfected with the indicated Env expression plasmids and infected with vaccinia virus encoding T7 polymerase. Target cells were
transfected with rhesus macaque CD4, human CCR5, and an expression plasmid encoding luciferase under control of the T7 promoter. Effector
and target cells were mixed, and luciferase production, indicating cell-cell fusion, was quantified. The average � the standard error of the mean
(SEM) of three independent experiments carried out in triplicates is shown. (B) Usage of CCR5/CCR2 chimeric receptors for cell-cell fusion. The
fusion assay was carried out as described above; however, the indicated CCR5/CCR2 chimeras were used as coreceptors. The average � the SEM
of four independent experiments carried out in triplicates is presented. (C) Impact of CCR5 inhibition on replication in T cells. The macaque T-cell
line 221-89 was incubated with the indicated concentrations of the small-molecule inhibitor TAK-779 and infected with 5 ng of either SIVmac239wt
or the I324Y and I324H variants. Inhibitor was replenished during cultivation, and reverse transcriptase activity in the culture supernatants was
assessed. The average � the SEM of three experiments performed in parallel is indicated.
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To further characterize the role of CCR5 in the SIV infec-
tion of sMagi cells, we performed inhibition studies with dif-
ferent doses of TAK-779 (Fig. 4B). Blocking of sMagi infection
was compared to the inhibition of infection of HeLa cell-
derived rhCCR5 Magi cells, which express human CD4 in
conjunction with pigtailed macaque CCR5. The amino acid
sequences of pigtailed and rhesus macaque CCR5 are identi-
cal. Whereas nanomolar concentrations of TAK-779 efficiently
blocked rhCCR5 Magi infection by 239wt and the I324L vari-
ant, infection of sMagi cells was not readily reduced by
the same concentrations of inhibitor (Fig. 4B). However, at
the highest concentration examined, TAK-779 reduced infec-
tion by the I324L variant 	10-fold but enhanced entry of
SIVmac239 	2-fold, suggesting that both viruses enter sMagi
cells via different receptors or engage the same receptor
differentially.

RT-PCR analysis was performed to investigate whether
sMagi cells express known SIV coreceptors. Total RNA from
sMagi cells was prepared, DNase treated, and diluted as
shown, and coreceptor sequences were PCR amplified (Fig.
5A). No signal was detected when primers specific for APJ,
CCR8, CXCR4, and GPR15 were used, although these prim-

FIG. 3. Amino acid 324 can confer CD4-independent cell fusion.
The ability of 239wt Env and the I324Y, I324H, and I324L Envs to
mediate fusion via human and rhesus macaque CCR5 in the presence
or absence of rhesus macaque CD4 was assessed in a cell-cell fusion
assay as described in the legend to Fig. 2. The results from a repre-
sentative experiment carried out in triplicate is shown, with error bars
indicating the standard deviation. Comparable results were obtained in
two different experiments.

FIG. 4. Coreceptor determinants for SIV entry into sMagi cells. (A) Inhibition of infection by small-molecule inhibitors. P4R5 reporter cells
expressing human CD4, CCR5, and CXCR4 and sMagi cells were infected with the indicated p24/p27-normalized virus stocks in the presence or
absence (Mock) of the CCR5 inhibitor TAK-779 (5 �M) or the CXCR4 inhibitor AMD3100 (1 �M). The �-galactosidase activity as a readout for
infection was determined 3 days later. The results of a representative experiment are shown, and similar results were obtained in an independent
experiment. (B) Inhibition of entry into sMagi cells by different concentrations of TAK-779. rhCCR5 Magi cells, which express human CD4,
together with pigtailed macaque CCR5, and sMagi cells were infected as described above. Similar results were obtained in an independent
experiment.
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ers efficiently amplified the coreceptor sequences when plas-
mid DNA was used as a template (data not shown). A faint
signal was detected for CCR5, suggesting that sMagi cells
might express small amounts of this receptor (Fig. 5A). In
contrast, a strong signal for GPR1 was observed even at the
highest template dilution, suggesting that the sMagi cells ex-
press high levels of GPR1. Amplification of CXCR6/STRL33
also yielded readily detectable bands; however, their intensity
diminished upon template dilution.

Finally, we investigated whether entry via CCR5, CXCR6/
STRL33, and GPR1 could account for the efficient infection of
sMagi cells by the I324L variant. The indicated coreceptors of
rhesus macaque origin, along with human CD4, were cotrans-
fected into 293T cells, and the cells were infected with repli-
cation-competent luciferase reporter viruses. Infection of
CD4- and CCR5-expressing target cells by the wt virus was
highly efficient (
30,000 counts/s [luciferase activity]), whereas
CD4-transfected control cells were resistant to infection (5
counts/s [luciferase activity]) (Fig. 5B). Compared to entry of
239wt into CD4- and CCR5-expressing cells, the I324L variant
infected target cells expressing CD4 and one of the indicated
coreceptors with at least fivefold reduced efficiency (Fig. 5B).
Thus, CCR5, CXCR6/STRL33, and GPR1 are unlikely to me-

diate the highly efficient entry of the I324L variant into sMagi
cells.

DISCUSSION

We investigated the impact of multiple changes at a single
amino acid position in the V3 loop of SIVmac239 on CD4
dependency, coreceptor choice, mode of coreceptor engage-
ment, and cellular tropism. Our analysis focused on amino acid
324, a residue we had previously found to impact viral tropism
(25). Analysis of viral variants harboring changes at this posi-
tion revealed that residue 324 can not only determine cellular
tropism by modulating coreceptor choice but can also impart
efficient coreceptor usage in the absence of the primary recep-
tor CD4. Moreover, our findings suggest that as-yet-unidenti-
fied coreceptors can allow efficient SIV entry into some cell
lines. Such coreceptors might facilitate SIV infection of certain
tissues in vivo. Thus, we demonstrate that the SIVmac V3 loop,
similar to its counterpart in HIV-1 Env, plays a critical role in
Env-coreceptor interactions and that V3 sequences can medi-
ate CD4-independent coreceptor engagement, a function pre-
viously believed to require amino acid exchanges in multiple
domains of SIVmac239 Env (33).

FIG. 5. Coreceptor expression in sMagi cells and coreceptor usage of the I324L variant. (A) Analysis of coreceptor expression in sMagi cells.
Total RNA was prepared from sMagi cells, DNase treated, diluted as indicated, and subjected to RT-PCR analysis with primers specific for the
indicated coreceptors. (B) Coreceptor usage of the I324L variant. 293T cells were transiently cotransfected with human CD4 and the indicated
coreceptors of rhesus macaque origin. The transfected cells were infected with 50 ng of the indicated luciferase reporter viruses and luciferase
activity quantified. The results are shown relative to SIVmac239 entry via CD4 and CCR5 and similar results were obtained in an independent
experiment.
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Random mutagenesis of position 324 yielded SIV variants
that differed widely in replicative capacity, infectivity, and co-
receptor choice. In contrast, mutagenesis of position 321,
which is known to modulate usage of GPR15 (42), yielded
either viral variants with reduced GPR15 usage or variants
with wt properties (data not shown). These findings, along with
previous studies (25), suggest that whereas single amino acid
changes in SIVmac V3 frequently impact cellular tropism and
choice of alternative coreceptors, only a few can dramatically
alter CCR5 usage, highlighting the robust interaction of Env
with CCR5. Thus, the multiple effects of the 324 exchanges on
CCR5 and CD4 engagement indicate that this amino acid
resides in a position critical for Env interaction with viral
receptors.

Notably, not all mutations that strongly reduced usage of
macaque CCR5 in an infectivity assay abolished replication in
primary cells. Thus, entry of variants I324C and Y into a
CCR5-expressing cell line was at least 90% reduced compared
to the wt virus, but both variants still replicated to some extent
in PBMC. These data suggest that the Env CCR5 interaction
tolerates perturbations to some degree without severe reduc-
tion of viral spread in primary cells. A similar result has been
documented for an HIV-1 variant resistant to a small-molecule
CCR5 inhibitor (59). This virus replicates efficiently in PBMC
in a CCR5-dependent fashion; however, entry into a CCR5
expressing CD4-positive cell line is severely reduced. Alterna-
tively, the I324C and Y variants might engage alternative co-
factors for replication in PBMC. Notably, spread of the I324Y
variant in the T-cell line 221-89, which was derived from her-
pesvirus saimiri immortalized macaque PBMC, was not
blocked by a small-molecule CCR5 inhibitor, suggesting use of
alternative cofactors. Indeed, SIVmac spread in CCR5-nega-
tive human PBMC has been observed and SIVrcm uses CCR2
for efficient CCR5-independent replication in vivo (6, 61).

The dramatic reduction of CCR5 usage by I324C and I324Y
variants in infectivity assays is contrasted by the efficient usage
of CCR5 in a cell-cell fusion assay. However, important dif-
ferences exist between these two assays. For one, Env and
coreceptor are overexpressed in the fusion assay, with the
vaccinia virus-driven Env expression being considerably more
efficient than Env expressed under control of the cytomegalo-
virus promoter (B. A. Puffer, S. Pöhlmann, and R. W. Doms,
unpublished observations). Second, the interacting surfaces in
the fusion assay are much larger than in the infectivity assay.
Thus, the fusion assay is the more robust system, allowing the
demonstration of relatively inefficient interactions. Under
these conditions I324C and I324Y Env engage CCR5 with
almost wt efficiency, suggesting that the interaction with CCR5
might be altered but not abolished and that the defect intro-
duced by the mutations can be overcome under optimized
conditions. In contrast, CCR5 usage by the I324L Env was
clearly reduced in both infectivity and fusion assays, suggesting
that the subtle change from I to L is sufficient to profoundly
alter Env engagement of CCR5. Indeed, usage of chimeras
between the CCR2 and CCR5 receptors in fusion experiments
revealed differential coreceptor engagement by the wt Env and
the 324 variants. Thus, the presence of the second extracellular
loop of CCR5 was sufficient to allow 239 Env wt-driven fusion,
whereas fusion by the I324 variants required both the CCR5 N
terminus and the second extracellular loop. These observations

indicate that the substitutions at position 324 not only modu-
late the efficiency of CCR5 engagement but also modulate the
way Env interacts with CCR5. A similar finding has been doc-
umented for HIV-1, in which a single amino acid change in the
V3 loop determined which domains of CCR5 were required
for membrane fusion (21).

The 239 Env protein is known to require binding to CD4 for
subsequent coreceptor engagement and membrane fusion (16,
44). In contrast, 316 Env, a derivative of 239 Env, mediates
infection in the absence of CD4 and allows entry into macaque
macrophages, which express very small amounts of CD4 (2, 34,
44). CD4 independence is thought to be associated with in-
creased affinity to CD4, allowing usage of very low levels of
surface CD4, and exposure of the CCR5 binding site, facilitat-
ing binding to CCR5 in the absence of CD4 (2, 34, 44). The
latter feature might be responsible for increased neutralization
sensitivity, a property usually associated with CD4 indepen-
dence (30, 44). Notably, none of the multiple amino acid
changes selected in vivo in the CD4-independent 316 variant
resides in V3. However, there is evidence that the orientation
of the V3 loop in SIVmac239 and 316 Env determines CD4
independence and neutralization efficiency (30). Thus, efficient
CD4-independent membrane fusion mediated by the I324H
and I324Y variants might reflect changes in the V3 orientation
or structure. Indeed, mutations in the tip of HIV-1 V3 have
been found to massively impact V3 structural organization and
Env interactions with CCR5 (21). However, it is unknown if
these changes in V3 lead to CD4 independence of HIV-1.
Despite the efficient CD4-independent CCR5 usage of the
I324H and I324Y Envs, these changes did not confer macro-
phage tropism to the respective viral variants, indicating that
other determinants are required for infection of this cell type.
Further studies are needed to clarify whether the I324H and
I324Y Envs exhibit increased binding to CCR5 in the absence
of CD4 and whether these Envs are more sensitive to neutral-
ization by antibodies.

The rhesus macaque epithelial cell line sMagi was engi-
neered to express human CD4 and allows entry of multiple
HIV-2 and SIV strains but is not permissive for HIV-1 (5). Our
analysis, as well as previous studies, suggests that these cells
express very little if any CCR5 and no CXCR4 (56, 57). Nev-
ertheless, the I324L variant and the 239wt virus infected sMagi
cells efficiently. Notably, entry of I324L, which exhibited clearly
reduced CCR5 usage, was more efficient than infection by the
wt virus, suggesting that entry into these cells is not mediated
by CCR5. Indeed, the CCR5 inhibitor TAK-779 was unable to
block entry of both viruses at a concentration of 5 �M. How-
ever, a very high concentration of 25 �M reduced the entry of
the I324L variant, whereas entry of the wt virus was enhanced.
This finding can be explained in three ways. Both viruses could
enter sMagi cells via the same coreceptor, which is sensitive to
high concentrations of TAK-779, but engage this receptor dif-
ferentially, or the viruses could use different receptors for
entry, with the receptor allowing entry of I324L being blocked
by high concentrations of this inhibitor. TAK-779 has been
shown to bind to CCR2 and inhibit entry of SIVrcm, illustrat-
ing that the compound can engage receptors that are structur-
ally related to CCR5 (12). Alternatively, high doses of TAK-
779 could modulate expression of various receptors or
attachment factors and thereby differentially modulate infec-
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tion by the viruses tested. Clearly, the elusive receptor on
sMagi cells requires further investigation, especially since the
I324T and I324M changes that enhance entry into sMagi cells
can arise in vivo (37, 55, 58) and might be associated with
enhanced SIV replication in the brain (58). Notably, the re-
spective brain-derived SIV isolates do not replicate in
CEMx174 cells, suggesting that the dominant effect of the I324
mutation on coreceptor usage might be preserved in the con-
text of several other mutations in Env associated with SIV
neurotropism (58). Thus, the receptor expressed on sMagi cells
might play a role in SIV infection of neuronal cells, although
the inefficient replication of the I324L variant in PBMC sug-
gests that this receptor might not contribute to SIV spread in
T cells in vivo.

Our findings that the SIVmac V3 loop can control corecep-
tor engagement in the presence or absence of CD4 and that
SIVmac can use unidentified receptors for entry shed light on
Env function and SIV cellular tropism. However, the replace-
ment of I324 with structurally related amino acids did not
result in viral variants with similar functional properties, high-
lighting that the structural basis for the observed viral pheno-
types is unclear. The V3 loop in HIV Env has recently been
shown to share structural motifs with chemokines (50). Thus,
the V3 loop of an R5-tropic virus was shown to contain a
�-hairpin structure also found in the CCR5 ligands MIP-1�
and MIP-1�, whereas the V3 loop of a R4-tropic virus formed
a �-hairpin structure similar to that found in the CXCR4
ligand SDF-1 (50). One could therefore imagine that some
amino acid exchanges at position 324 alter a structural motif
also found in CCR5 ligands and thereby modulate CCR5 en-
gagement. Other substitutions, however, could induce a more
dramatic conformational change, creating a structure shared
with a ligand of an alternative SIV cofactor and thus facilitate
usage of this receptor. Further studies are required to eluci-
date the mechanism behind V3-controlled coreceptor engage-
ment and CD4-independent fusion and to identify the recep-
tors allowing entry of SIVmac into the sMagi cell line.
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