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STEFAN PÖHLMANN,1 BENHUR LEE,2 SILKE MEISTER,1 MANDY KRUMBIEGEL,1
GEORGE LESLIE,2 ROBERT W. DOMS,2 AND FRANK KIRCHHOFF1*
Institute for Clinical and Molecular Virology, University of Erlangen-Nürnberg, 91054 Erlangen, Germany,1
and Department of Pathology and Laboratory Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania 191042
Received 5 January 2000/Accepted 7 March 2000

which uses CCR2B (14). Interestingly, many red-capped mangabeys lack CCR5 due to a naturally occurring polymorphism.
In addition to CCR5, a variety of chemokine and orphan
receptors, such as CCR8, GPR15, STRL33, GPR1, ChemR23,
and APJ, have been proposed as alternative coreceptors for
SIV (3, 16, 20, 28, 29, 31, 38, 46, 47, 65, 66). Of these, GPR15
(also named BOB) and STRL33 (also named Bonzo) may be
of particular importance in the SIV/macaque model, because
both are used nearly as efficiently as CCR5 by many SIV
isolates (20, 28, 31). STRL33 was identified as an entry cofactor by two independent approaches: degenerate PCR from a
tumor-infiltrating cell line (TIL 9) (46) and a functional-expression screening assay for SIV entry cofactors (20). Efficient
utilization of STRL33 by HIV-1 is rare and usually only observed at high expression levels (59, 67, 69–71). Interestingly, however, in a case of vertical mother-child transmission of HIV-1, viral isolates from the infant as well as from
the mother efficiently used STRL33 for entry (70, 71). The
CCR5-, CXCR4-, and STRL33-tropic maternal isolate infected STRL33⫹, CCR5⫺ peripheral blood lymphocytes in the
presence of a CXCR4 antagonist, suggesting that STRL33 can
mediate HIV-1 entry into primary cells (66a). HIV-2 isolates
obtained from patients diagnosed with AIDS frequently and
efficiently utilize a broad range of coreceptors, including both
STRL33 and GPR15 (13, 54, 57). Blocking experiments suggest that coreceptors other than CCR5 or CXCR4 can mediate
HIV-2 replication in primary cells, and it has been proposed
that an expanded coreceptor tropism of HIV-2 might correlate
with increased pathogenesis (57).
Both GPR15 and STRL33 are expressed by primary cells
and in lymphoid tissues and could contribute to viral spread in
vivo (20, 66a). The accumulated in vitro data suggest that
GPR15 and STRL33 might play a more important role in the
pathogenesis of SIV and HIV-2 than in that of HIV-1. Studies
on their in vivo relevance, however, are limited. Apparently,

Simian immunodeficiency virus (SIV) from captive rhesus
macaques (SIVmac) and human immunodeficiency virus type 2
(HIV-2) show a high degree of genetic homology to SIV in
naturally infected sooty mangabeys (SIVsm), suggesting that
both originated from SIVsm by cross-species transmission (35,
36). SIV and HIV-2 show many similarities to HIV-1, the
etiologic agent of AIDS (11, 49). SIVsm causes a persistent but
asymptomatic infection in its natural African host (55). HIV-2
is pathogenic in humans, but infected individuals exhibit long
clinical latency periods and progress slowly toward AIDS (18,
49). In contrast, SIVmac-infected rhesus macaques frequently develop an AIDS-like disease within the first year after infection (17, 40, 45). Therefore, infection of macaques with
SIVmac represents the most commonly used animal model for
the study of AIDS pathogenesis, therapy, and vaccine development (21, 39).
Entry of both HIV and SIV into target cells usually involves
the binding of the external envelope glycoprotein (gp120) to
the cellular CD4 receptor molecule and subsequent interactions with seven transmembrane-spanning G-protein-coupled
chemokine receptors (7TM GPCRs), which mediate fusion
between the viral and host cell membrane (reviewed in references 8, 9, 22, 51, and 68). CCR5 and CXCR4 are the major
HIV-1 coreceptors (2, 15, 19, 23, 24, 34). HIV-2 isolates are
less restricted to CXCR4 and CCR5 and frequently utilize
additional coreceptors (13, 54, 57). In contrast to both HIV-1
and HIV-2, SIV isolates use CCR5 but usually not CXCR4 for
viral entry (12, 13, 37, 41, 48), although macaque- and mangabey-derived CXCR4 is fully functional for HIV-1 entry (12).
The unique exception is SIV from red-capped mangabeys,
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It has been established that many simian immunodeficiency virus (SIV) isolates utilize the orphan receptors
GPR15 and STRL33 about as efficiently as the chemokine receptor CCR5 for entry into target cells. Most studies were performed, however, with coreceptors of human origin. We found that SIV from captive rhesus
macaques (SIVmac) can utilize both human and simian CCR5 and GPR15 with comparable efficiencies. Strikingly, however, only human STRL33 (huSTRL33), not rhesus macaque STRL33 (rhSTRL33), functioned efficiently as an entry cofactor for a variety of isolates of SIVmac and SIV from sooty mangabeys. A single amino
acid substitution of S30R in huSTRL33 impaired coreceptor activity, and the reverse change in rhSTRL33 greatly increased coreceptor activity. In comparison, species-specific sequence variations in N-terminal tyrosines in
STRL33 had only moderate effects on SIV entry. These results show that a serine residue located just outside
of the cellular membrane in the N terminus of STRL33 is critical for SIV coreceptor function. Interestingly,
STRL33 derived from sooty mangabeys, a natural host of SIV, also contained a serine at the corresponding
position and was used efficiently as an entry cofactor. These results suggest that STRL33 is not a relevant coreceptor in the SIV/macaque model but may play a role in SIV replication and transmission in naturally infected sooty mangabeys.
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MATERIALS AND METHODS
Coreceptor expression vectors. pBabe-puro vectors expressing human and
rhesus macaque CCR5 were provided by Nathaniel Landau and Preston Marx
through the AIDS Research and Reference Program, Division of AIDS, National Institute of Allergy and Infectious Diseases. Expression vectors for human
GPR15 and STRL33 were kindly provided by Dan Littman (Skirball Institute for
Molecular Medicine, New York, N.Y.). Vectors expressing rhesus macaque
GPR15 were generated as described previously (60). To generate plasmids expressing rhSTRL33, RNA was isolated from rhesus macaque peripheral blood
mononuclear cells (PBMC) or the herpesvirus saimiri-transformed rhesus macaque T-cell line 221 (1). cDNA was prepared using an avian myeloblastosis virus
reverse transcriptase-based cDNA synthesis kit (Boehringer Mannheim). Primers used for PCR amplification of STRL33 were p5STRL33-comp (5⬘-CCGGA
TCCGGTGTTCATCAGAACAGACACCATG-3⬘) and p3STRL33-comp (5⬘CCGAATTCTTTCGAAACCCTGGCAAGGCCT-3⬘). The indicated BamHI
and EcoRI restriction sites (underlined) were used for cloning into the pBABEpuro expression vector. The rhSTRL33 amino acid sequences derived from 221
cells and rhesus macaque PBMC were identical to each other and to GenBank
sequence AF124380.
smSTRL33 was amplified by PCR from PBMC-derived genomic DNA from
three mangabeys using primers p5outSTRL33 (5⬘-CCAAATATAATTCCTGG
GTTCTGACTC-3⬘) and p3outSTRL33 (5⬘-GCCATGCCTTGCAAATTCCAG
AGCAG-3⬘). The resulting 1.1-kb amplification products were cloned into the
TA cloning vector pCR2.1 (Invitrogen, Carlsbad, Calif.). DNA fragments were
excised by EcoRI digestion and cloned into the EcoRI site of the pBABE-puro
expression vector. Clones harboring the insert in the correct orientation were
identified by restriction analysis. Sequence analysis revealed that clones derived
from all animals contained identical inserts representing intact smSTRL33 open
reading frames.
Mutagenesis of STRL33. Most STRL33 mutants were generated by PCR
mutagenesis using oligonucleotides which introduced nucleotide changes close to
the 5⬘ end and added an AU-1 tag to the 3⬘ end of the STRL33 coding sequence.
The R31S change in rhSTRL33 and the S30R change in huSTRL33 were introduced by overlap extension PCR. For rhSTRL33, the 5⬘ PCR fragment was
generated using p5STRL33-comp and p3rhBZ-RS (5⬘-TTGCTGAACTGCAG
GAAGT-3⬘) and the 3⬘ PCR fragment was generated using p5rhBZ-RS (5⬘-TT
CCTGCAGTTCAGCAAGGTCTTTCTGCC-3⬘) and p3STRL33AU1 (5⬘-CCG
AATTCCTAATGTATCTGTAGGTGTCTAACTGGAACATGCTGGTGGC
C-3⬘). Both fragments were gel purified and used as the template in a second
PCR with p5STRL33-comp and p3STRL33AU1. The S30R mutation was introduced using the same approach, except that oligonucleotides corresponding to
the huSTRL33 sequence were used. All PCR-derived fragments were sequenced
to ensure that only the intended changes were present.
Virus stocks. Generation of virus stocks was performed by the calcium phosphate method essentially as described previously (19). Briefly, 293T cells were
transfected with 10 g of the full-length proviral SIVmac239 harboring the
luciferase gene in place of nef or cotransfected with 10 ng of an env-defective
reporter virus (41, 66a) and 5 g of envelope expression vectors. After overnight
incubation the medium was changed and virus was harvested 24 h later. Viral
stocks were aliquoted and frozen at ⫺80°C, and p27 antigen concentrations of
viral stocks were quantitated with an SIV p27 antigen capture enzyme-linked
immunosorbent assay kit obtained through the National Institutes of Health
AIDS Research and Reference Reagent Program.
Cell culture. 293T cells were grown in Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum (FCS) and antibiotics. 221 cells were
maintained in RPMI 1640 medium containing 20% FCS, 100 U of interleukin2/ml, and antibiotics as described previously (1).

Entry assays. To determine coreceptor activity of the STRL33 mutants, 293T
cells were transiently cotransfected with CD4 and coreceptor expression plasmids. After overnight incubation the medium was changed and the cells were
seeded in 48-well dishes. The following day, cells were infected with 50 ng of
luciferase reporter virus (41, 60) in a total volume of 0.5 ml. At 3 days after
infection cells were lysed, and the luciferase activities in 20-l cell lysate samples
were determined using a commercially available kit (Promega). For infection
with green fluorescent protein (GFP) reporter viruses (Sharron et al., submitted), 293T cells were seeded in 12-well dishes. After overnight incubation, cells
were cotransfected with CD4 and coreceptor expression plasmids. The following
day, cells were infected with GFP reporter virus containing 100 ng of p27 antigen
in a total volume of 1 ml. Three days after infection cells were detached from the
plates, washed and fixed with 2% paraformaldehyde and the percentage of
GFP-positive cells was analyzed by fluorescence-activated cell sorting (FACS).
Western blot analysis. 293T cells were cotransfected with 10 g of STRL33
vectors containing a C-terminal AU1 tag. After overnight incubation the medium
was replaced by fresh Dulbecco modified Eagle medium. Cells were harvested
48 h after transfection and lysed with lysis buffer (0.5% Nonidet P-40, 0.15 M
NaCl, 50 mM HEPES buffer [pH 7.5]) containing 10 mM NaF and 1 mM
phenylmethylsulfonyl fluoride (Sigma Chemicals, St. Louis, Mo.). Expression of
STRL33 in cleared lysates was analyzed by immunoblotting. Proteins were detected with a 1:10,000 dilution of anti-AU1 antibody (Babco, Richmond, Calif.).
Epitope mapping. The STRL33-specific monoclonal antibody (MAb) 699
(mouse anti-STRL33 clone 56811; R&D Systems, Minneapolis, Minn.) was generated as described previously (43, 66a). For epitope mapping 293T cells were
seeded in 12-well dishes and transiently transfected with the various STRL33
expression vectors on the following day. At 18 h after transfection, cells were
detached from the plate with 5 mM EDTA and stained with phycoerythrinconjugated anti-STRL33 MAb 699 (66a). FACS analysis was performed essentially as described previously (44, 66a).
Nucleotide sequence accession number. The smSTRL33 nucleotide sequence
has been assigned GenBank accession no. AF237559.

RESULTS
SIVmac efficiently infects cells expressing huSTRL33 but
not rhSTRL33. SIVmac239 is a well-characterized pathogenic
molecular clone (40, 62) which has been used in many studies
on the pathogenesis of primate lentiviruses and on vaccine
development. It has been previously shown that SIVmac239
enters efficiently into macrophages but produces only very
small amounts of progeny virus (52, 53). SIVmac239 uses both
macaque and human CCR5 (12, 41, 48) and human-derived
GPR15 and STRL33 (20, 28, 31). To investigate if the coreceptor tropism of SIVmac239 is species dependent, 293T cells
were cotransfected with expression plasmids for CD4 and entry
cofactor CCR5, GPR15, or STRL33 of both human and rhesus
macaque origin. Subsequently, the cells were infected with
replication-competent SIVmac239 carrying the luciferase reporter gene in place of the nef gene. A chimeric SIV with the
env gene of an amphotropic murine leukemia virus named
MuSIV-Luc (63) served as a positive control. MuSIV-Luc efficiently infected cells independently of CD4 or coreceptor
expression (Fig. 1 and data not shown). In contrast, no luciferase activities were detected after infection with env-defective
SIVmac239. SIVmac239 entered efficiently into cells expressing both human- and rhesus macaque-derived CCR5 and
GPR15 (Fig. 1). Entry efficiencies observed with huSTRL33
were comparable to those observed with CCR5 and GPR15.
Unexpectedly, however, about 13-fold-reduced entry levels
were measured with cells expressing rhSTRL33 (Fig. 1).
The failure of rhSTRL33 to support efficient SIV infection
could be due to structural differences between the rhesus macaque and human receptors or to inefficient expression of
rhSTRL33. Therefore, we investigated if expression levels contributed to the different entry efficiencies. Since our antihuSTRL33-specific MAb does not cross-react with rhSTRL33
(66a), an AU1 tag was added to the C termini of the human
and rhesus macaque proteins. We found that the AU1 tag did
not impair the ability of huSTRL33 to function as an entry
cofactor for SIVmac239 (Fig. 2A). However, similar to the
results obtained with untagged rhSTRL33, about 25-fold-
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utilization of GPR15 in addition to CCR5 does not provide a
major advantage for SIV replication in vivo (61).
Most of the studies on SIV entry were performed with 7TM
GPCRs of human origin. It has been shown, however, that
SIVmac utilizes rhesus CCR5 more efficiently than human
CCR5 in the absence of CD4 (30). In the present study we
investigated whether SIV coreceptor function of GPR15 and
STRL33 is species dependent. We show that SIVmac efficiently utilizes human-derived and rhesus macaque-derived
CCR5 and GPR15. Unexpectedly, however, human STRL33
(huSTRL33) was used with much higher efficiency as an entry
cofactor than rhesus macaque STRL33 (rhSTRL33). This striking result implies that utilization of STRL33 does not play an
important role in SIVmac replication in infected rhesus macaques. In contrast, sooty mangabey STRL33 (smSTRL33) was
used efficiently by both SIVmac and SIVsm isolates, suggesting
that it may be a relevant coreceptor in naturally infected sooty
mangabeys.
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lower entry efficiencies were observed with AU1-tagged
rhSTRL33. Western blot analysis revealed that huSTRL33 and
rhSTRL33 proteins were expressed with comparable efficiencies (Fig. 2B). Therefore, species-specific differences rather
than expression levels accounted for the failure of rhSTRL33
to support efficient SIV infection.
Variations in the N terminus of STRL33 determine SIVmac
coreceptor function. It was unexpected that SIVmac239 was
impaired in the utilization of STRL33 derived from its host,
the rhesus macaque, but was capable of using huSTRL33 for
efficient entry. Sequence alignments revealed that huSTRL33
and rhSTRL33 show 94% amino acid identity. As shown in Fig.
3 the extracellular sequences of both orphan receptors differ at
seven amino acid positions close to the N terminus and in a
single residue in each of the three extracellular loops. As a first
step to elucidate which specific amino acid variations were
responsible for the species specificity of STRL33 coreceptor
usage, we generated two AU1-tagged recombinants between
huSTRL33 and rhSTRL33 (Fig. 4A). Exchanging the first 64
amino acids of huSTRL33 for the corresponding rhesus macaque-derived sequences impaired coreceptor function. The
reciprocal construct, in which the N-terminal 64 amino acids of
huSTRL33 were introduced into rhSTRL33, conferred full
activity to rhSTRL33 (Fig. 4B). Western blot analysis revealed
that both chimeric proteins were expressed equally well (data
not shown). Thus, sequence variations close to the N terminus
of STRL33 determined coreceptor activity.
Amino acid variation S31R determines STRL33 function as
an SIV entry cofactor. The N-terminal region of STRL33
which determines coreceptor function contains seven amino
acid variations between the human and rhesus macaque orphan receptors (Fig. 3). Among these are substitutions in several tyrosine residues (H4Y, Y6H, H7Y, and Y10D). It has
been previously shown that N-terminal tyrosines are important
for CCR5 coreceptor function (32, 33).
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To map the specific amino acid residues that determined
SIV coreceptor activity, a variety of AU1-tagged mutants
of both rhSTRL33 and huSTRL33 were analyzed (Fig. 5).
Changes of Y4H, H6Y, Y7H, D10Y, L13●, and S14N in
rhSTRL33 did not significantly increase its functional activity
as an SIV coreceptor (Fig. 5, upper panel). In contrast, the
R31S substitution resulted in entry efficiencies comparable to
those observed with huSTRL33. The reverse substitutions in
huSTRL33 confirmed the importance of the S31R substitution
for coreceptor function: changes of H4Y, Y6H, H7Y, and
Y10D had only moderate effects, whereas the S30R mutation resulted in about 20-fold-reduced activity, comparable
to that with rhSTRL33 (Fig. 5, lower panel). Western blot
analysis revealed that, with the exception of the inactive ⌬Nter
huSTRL33 variant, all mutated coreceptors were expressed
with comparable efficiencies (data not shown). Thus, the R31S
substitution located just outside of the first transmembrane
domain (Fig. 3) determined the differential coreceptor activities of huSTRL33 and rhSTRL33.
Several additional SIV envelopes were tested to exclude the
possibility that the inefficient usage of rhSTRL33 as a coreceptor is specific for the SIVmac239 molecular clone. SIVmac316
is a derivative of SIVmac239 that replicates with high efficiency in alveolar macrophages (52, 53). It has been shown that
macrophage- and T-cell-tropic SIV isolates interact differently with CCR5 (26). Consistent with the results obtained with
SIVmac239, luciferase reporter viruses pseudotyped with the
SIVmac316 envelope entered cells expressing huSTRL33 with
higher efficiency than that with which they entered cells expressing rhSTRL33 (data not shown). Similar results were obtained with GFP reporter viruses pseudotyped with envelopes
from SIVmacBK28, which was derived from SIVmac251 after
propagation on the human T-cell line H9 (56); SIVsm⌬B670
cl.3, from transplacentally infected macaque infants (4); and
the neurovirulent SIVmac17E/Fr strain (5, 27). The absolute
number of GFP-positive cells coexpressing CD4 and huSTRL33
varied from 11.6% (SIVmacBK28) to 2.9% (SIVsm⌬B670 cl.3)

FIG. 2. Different SIV entry efficiencies are not due to inefficient expression
of rhSTRL33. (A) 293T cells were cotransfected with CD4 and expression constructs for wild-type and AU1-tagged huSTRL33 and rhSTRL33. SIVmac239
entry was determined as described in the legend to Fig. 1. The results represent
average values of three independent infections. (B) 293T cells were transfected
with vectors expressing AU1-tagged huSTRL33 or rhSTRL33. Protein expression was verified by Western blot analysis as described in Materials and Methods.
Control, cell extracts derived from mock-transfected 293T cells.
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FIG. 1. SIVmac239 does not use rhSTRL33 for efficient entry. 293T cells
were cotransfected with plasmids expressing human or macaque CD4 and the
indicated entry cofactors of human and rhesus macaque origin. At 1 day posttransfection the cells were detached from the plates, seeded in 48-well dishes,
and infected in triplicate with intact luciferase reporter viruses containing 50 ng
of p27 antigen. Luciferase activities in the cellular extracts were measured at 3
days postinfection. Error bars give standard deviations from average values
measured in three independent infections. Similar results were obtained in three
additional experiments. As controls the transfected cells were infected with
envelope-deleted SIVmac239 (⌬env) or with a chimeric SIV containing the
murine leukemia virus glycoprotein (MuSIV) (63). Luciferase values obtained
with rhSTRL33 (1,885 ⫾ 61) were about 13-fold lower than those obtained with
huSTRL33 (24,043 ⫾ 2,993).

INEFFICIENT USAGE OF rhSTRL33 BY SIV
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to 0.8% (SIVmac17E/F). For all three envelopes the number
of GFP-positive cells was 10- to 50-fold lower after transfection
with rhSTRL33 (Fig. 6). Similar to the results obtained with
SIVmac239 (Fig. 5), changes of H4Y, Y6H, H7Y, and Y10D
close to the N terminus of huSTRL33 reduced coreceptor
function only two- to fourfold (hu-mutNter; Fig. 6). In comparison, the S30R mutation in huSTRL33 had strongly disruptive effects and, conversely, the single R31S substitution in
rhSTRL33 imparted coreceptor activity that was equivalent
to that observed with huSTRL33 (Fig. 6). SIVsm⌬B670 cl.3
and SIVmac17E/F entered cells transfected with the huNter/
rhCter-STRL33 construct about two- to threefold more efficiently than cells transfected with the huSTRL33 expression
vector. This indicates that variations in the three extracellular
domains also contribute to STRL33 function as an SIV coreceptor. Nonetheless, the serine residue located just outside of
the first transmembrane domain was clearly identified as the
key residue for STRL33 coreceptor activity. We previously
reported on the expression and coreceptor activity of STRL33
on human peripheral blood lymphocytes using a MAb against
huSTRL33 (66a). We found that MAb 699 was unable to recognize rhSTRL33 and to block viral infection via huSTRL33
(66a). FACS analysis revealed that the epitope of MAb 699
maps to the N terminus of STRL33 but does not include the
serine residue crucial for STRL33’s coreceptor activity (data
not shown). This likely accounts for its inability to block infection via huSTRL33. Since this MAb does not react in Western
blot analysis, it probably recognizes a discontinuous or conformational epitope present in the N terminus of cell surfaceassociated huSTRL33.
smSTRL33 is efficiently used as an SIV coreceptor. Both
HIV-2 and SIVmac originate from sooty mangabeys naturally infected in west Africa (35, 36). To investigate whether
STRL33 might play a role in SIV replication in mangabeys,
we amplified the STRL33 open reading frame from three
different animals by PCR. The predicted smSTRL33 amino
acid sequence differed at a total of 19 positions (H4Y, Y6H,
H7Y, Y10D, G11E, ●13F, S14N, E22K, V97I, S105T, I109V,
T152I, S153C, G182R, A187E, M246T, M251V, F253L,
M272I) from the huSTRL33 sequence. Overall, the N-terminal
region of smSTRL33 showed higher sequence similarity to
rhSTRL33 than to huSTRL33. For example, the location of

N-terminal tyrosines was well conserved between STRL33
derived from both monkey species (Fig. 7A). Similar to
huSTRL33, however, smSTRL33 contained a serine at amino
acid position 31 (Fig. 7A). Functional analysis revealed that
luciferase reporter viruses pseudotyped with the SIVmac239,
SIVmac316, and SIVsm⌬B670 cl.3 envelopes entered cells
expressing smSTRL33 or huSTRL33 with comparable efficiencies (Fig. 7B). The coreceptor activity of smSTRL33 indicates that it may be a relevant entry cofactor in naturally
infected mangabeys and further supports the critical role of the
serine residue for STRL33 coreceptor function.
DISCUSSION
In this study, we show that several SIVmac and SIVsm isolates use huSTRL33 and smSTRL33 as an entry cofactor with
much higher efficiency than they use rhSTRL33. The func-

FIG. 4. Species-specific sequence variations in the N terminus of STRL33
determine SIV coreceptor function. (A) Schematic presentation of the AU1tagged STRL33 recombinants with an huSTRL33 N terminus and a rhSTRL33
C terminus (huN/rhC) and with an rhSTRL33 N terminus and an huSTRL33 C
terminus (rhN/huC). (B) 293T cells were cotransfected with CD4 and expression
constructs for the indicated STRL33 variants. SIVmac239 entry was tested as
described in the legend to Fig. 1. The results represent average values of three
independent infections. Control, cell extracts derived from mock-transfected
293T cells.
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FIG. 3. Schematic presentation of the N-terminal region and the extracellular domains of rhSTRL33. Amino acid variations in huSTRL33 compared to the
rhSTRL33 sequence are indicated. huSTRL33 and rhSTRL33 are 94% identical at the amino acid level, with most differences clustered at the amino terminus (20, 46).
Differences between huSTRL33 and rhSTRL33 are indicated by the shaded residues. The numbers give the amino acid positions in rhSTRL33. Bar, cell membrane.
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tional differences mapped to the N terminus of STRL33, which
differs at seven positions between human and rhesus macaquederived coreceptors: H4Y, Y6H, H7Y, Y10D, ●13L, N14S,
and S31R (Fig. 3). Mutational analysis revealed that the
S31R amino acid variation was of critical importance for
coreceptor activity, irrespective of the SIV isolate tested. In
comparison, sequence variations in N-terminal tyrosine residues between rhSTRL33 and huSTRL33 had only moderate
effects.
huSTRL33 is efficiently used by many SIV isolates derived
from infected rhesus macaques, and it has been suggested that
this entry cofactor might play a role in the pathogenesis of
primate lentiviruses (20, 31). Therefore, it was striking that
rhSTRL33 was used very inefficiently compared to huSTRL33.
Analysis of AU1-tagged orphan receptors revealed that
huSTRL33 and rhSTRL33 were expressed with comparable
efficiencies. Thus, the specific amino acid variations close to
the N terminus of STRL33, and not different expression levels,
determined coreceptor function. The finding that differences in
N-terminal sequences had a dramatic effect on the coreceptor
function of STRL33 is in agreement with previous studies on
CCR5 coreceptor function (6, 25, 32, 61, 64). The N-terminal
regions of SIV and HIV entry cofactors contain several tyrosines and acidic amino acid residues which are involved in
coreceptor activity, and it has been suggested that tyrosine
sulfation of the N terminus of CCR5 is important for HIV-1
entry (32, 33). Similarly to CCR5, both huSTRL33 and
rhSTRL33 contain several acidic residues and two tyrosines
close to the N terminus. The tyrosines are located at positions
6 and 10 in huSTRL33 and at positions 4 and 7 in rhSTRL33
(Fig. 3). These variations in the acidic and tyrosine-rich region,
however, had only moderate effects on coreceptor activity. In
comparison, an S30R substitution in huSTRL33 impaired coreceptor activity and the reverse R31S change in rhSTRL33

greatly increased coreceptor activity. Serine residues are also
present at the N termini of several other coreceptors, and it has
been shown that serine 17 in CCR5 is also important for viral
entry (61). Therefore, serine residues may contribute to the
coreceptor function of several 7TM GPCRs.
Overall, primate coreceptors are highly conserved, and usually the sequences derived from nonhuman primates and the
corresponding human genes show ⱖ94% homology (7, 10, 50).
However, most of the differences are usually found in the N
termini of the 7TM GPCRs. Some N-terminal sequence variations which could potentially influence coreceptor function
are also found in the major HIV and SIV entry cofactors,
CCR5 and CXCR4, derived from different primate species (7,
10, 72). The finding that rhSTRL33 was used much less efficiently than huSTRL33 underlines the importance of using
coreceptors derived from the appropriate species when studying coreceptor tropism of primate lentiviruses. STRL33 derived from humans, sooty mangabeys, and African green monkeys (Cercopithecus aethiopis) contain a serine residue at
position 31, whereas both Macaca mulatta and Macaca nemestrina contain an arginine at the corresponding position (Fig.
7A). African green monkey SIV (SIVagm) can use huSTRL33
(50), and it is possible that STRL33 is a relevant entry cofactor
of the SIVagm group of primate lentiviruses. SIVmac and
SIVsm do not utilize rhSTRL33 for efficient entry, and the
S31R sequence variation that impaired coreceptor function is
found in both M. mulatta- and M. nemestrina-derived STRL33.
These results suggest that STRL33 is not of major importance
for SIV replication and pathogenicity in experimentally infected macaques. These findings clearly do not rule out the
possibility that STRL33 plays an important role in certain
aspects of SIV and HIV pathogenicity and transmission. Our
results also show that smSTRL33 is an efficient coreceptor for
SIV, indicating that this orphan receptor might contribute to
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FIG. 5. Amino acid substitution of S31R impairs functional activity of rhSTRL33 as an SIVmac239 entry cofactor. Mutational analysis of rhSTRL33 and huSTRL33.
The specific mutations compared to the original rhSTRL33 and huSTRL33 amino acid sequences are shown at the left. Dashes indicate amino acid identity, and dots
indicate gaps. The relative entry efficiencies compared to human STRL33 are shown at the right. Average values from three infections are shown, and comparable
results were obtained with independent virus stocks.
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viral replication in naturally infected mangabeys. Recent results suggest that some HIV-1 isolates might utilize STRL33 as
a coreceptor on primary cells (66a). HIV-1 isolates derived
from a mother-infant pair efficiently used STRL33 (70, 71),

suggesting that this orphan receptor might play a role in vertical HIV-1 transmission. Furthermore, STRL33 was used relatively frequently by lung lymphocyte-derived clones isolated
from one HIV-1-infected patient (67). The exact role of

FIG. 7. smSTRL33 mediates efficient SIV entry. (A) Sequence variations at the N terminus of STRL33 derived from humans (hu), rhesus macaques (rh), sooty
mangabeys (sm), pig tail macaques (ptm), and African green monkeys (agm) (20, 46). Dashes, identity with the human-derived STRL33 sequence; dots, gaps introduced
to optimize the alignment. The position of the serine residue, which is critical for STRL33 coreceptor function, is boxed. (B) Entry of luciferase reporter viruses
pseudotyped with SIVmac239, SIVmac316, and SIVsm⌬B670 cl.3 Env into cells coexpressing CD4 and smSTRL33. Infections were performed as indicated in Materials
and Methods. Entry efficiency is shown relative to that obtained for huSTRL33. Data represent average values obtained for three independent infections. Control, cell
extracts derived from mock-transfected 293T cells infected with pseudotyped luciferase reporter viruses.
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FIG. 6. Serine 31 is critical for STRL33 coreceptor function of several SIV isolates. SIVmacBK28, SIVsm⌬B670 cl.3, and SIVmac17E/F Env-pseudotyped GFP
reporter viruses were used to infect cells coexpressing CD4 and the indicated STRL33 variants. Infection efficiency (percentage of GFP-positive cells) is shown relative
to that obtained for huSTRL33 (100%). Comparable results were obtained in two independent experiments.
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STRL33 in the pathogenesis of primate immunodeficiency viruses, however, remains to be elucidated.
In summary, our findings suggest that STRL33 is not an
important coreceptor in the SIV/macaque model but may play
a role in naturally infected sooty mangabeys. Coreceptor expression levels are important for efficient viral entry (42, 44,
58). Recent findings suggest that STRL33 requires higher expression levels than CCR5 for mediating infection (44, 59,
66a). Importantly, rhSTRL33 was inefficient in mediating SIV
entry even in transiently transfected 293T cells that express
very high STRL33 levels. Recently, it has been shown that
GPR15 coreceptor usage in addition to CCR5 is of limited
relevance for SIV replication in vivo (60). Taken together
these results underline the central importance of CCR5 as a
cofactor for SIV entry. Additional studies are required, however, to clarify if viral replication via these alternative receptors
might induce immunodeficiency when CCR5 and CXCR4 are
efficiently blocked.
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