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In contrast to humans, several primate species are believed to have harbored simian immunodeficiency
viruses (SIVs) since ancient times. In particular, the geographically dispersed species of African green
monkeys (AGMs) are all infected with highly diversified SIVagm viruses at high prevalences (greater than 50%
of sexually mature individuals) without evident diseases, implying that the progenitor monkeys were infected
prior to their dispersal. If this is correct, AGMs would be expected to have accumulated frequent resistance-
conferring polymorphisms in host genes that are important for SIV replication. Accordingly, we analyzed the
coding sequences of the CCR5 coreceptors from 26 AGMs (52 alleles) in distinct populations of the four
species. These samples contained 29 nonsynonymous coding changes and only 15 synonymous nucleotide
substitutions, implying intense functional selection. Moreover, 24 of the resulting amino acid substitutions
were tightly clustered in the CCRS amino terminus (D13N in the vervets and Y14N in the tantalus species) or
in the first extracellular loop (Q93R and Q93K in all species). The Y14N substitution was extremely frequent
in the 12 wild-born African tantalus, with 7 monkeys being homozygous for this substitution and 4 being
heterozygous. Although two of these heterozygotes and the only wild-type homozygote were naturally infected
with SIVagm, none of the Y14N homozygotes were naturally infected. A focal infectivity assay for SIVagm
indicated that all five tested SIVagms efficiently use CCRS as a coreceptor and that they also use CXCR6
(STRL33/Bonzo) and GPR15 (BOB) with lower efficiencies but not CXCR4. Interestingly, the D13N, Y14N,
QI3R, and QI3K substitutions in AGM CCRS all strongly inhibited infections by the SIVagm isolates in vitro.
The Y14N substitution eliminates a tyrosine sulfation site that is important for infections and results in partial
N-linked glycosylation (i.e., 60% efficiency) at this position. Nevertheless, the CCR5(Y14N) component that
lacks an N-linked oligosaccharide binds the chemokine MIP-13 with a normal affinity and is fully active in
signal transduction. Similarly, D13N and Q93R substitutions did not interfere with signal transduction. Thus,
the common substitution polymorphisms in AGM CCRS strongly inhibit SIVagm infections while substantially
preserving chemokine signaling. In contrast, polymorphisms of human CCRS are relatively infrequent, and the
amino acid substitutions are randomly situated and generally without effects on coreceptor function. These
results support an ancient coevolution of AGMs and SIVagm viruses and establish AGMs as a highly
informative model for learning about host proteins that play critical roles in immunodeficiency virus infec-
tions.

Although human immunodeficiency virus type 1 (HIV-1)
and HIV-2 have become prevalent only during the last few
decades and probably arose by zoonoses from chimpanzees
(11, 20) and sooty mangabeys (21, 28), respectively, there is
evidence that several primate species have been infected since
ancient times. For example, African green monkeys (AGMs)
consist of four major species, i.e., vervets (Chlorocebus py-
gerythrus), tantalus (C. tantalus), grivets (C. aethiops), and
sabaeus (C. sabaeus), that are geographically segregated and
dispersed throughout Africa (2, 5, 50, 56). All tested popula-
tions are heavily infected (greater than 50% of sexually mature
adults) by distantly related strains of the simian immunodefi-
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ciency virus SIVagm (2, 5, 26, 30-33, 41, 50). These results
have implied that the AGM progenitor population was in-
fected prior to its speciation and geographic dispersal (2, 5, 30,
31). Moreover, the highly evolved endemic infections of AGMs
and sooty mangabeys have not been associated with diseases,
whereas the emergent infections of humans and the experi-
mental transfers of SIVs into naive primate species have re-
sulted in immunodeficiencies (25, 27, 38, 56).

The latter observations are consistent with the hypothesis
that prolonged coevolution of AGMs with SIVagm viruses may
have resulted in selection for mutations in host genes that
control susceptibility to virus-induced immunodeficiency. In-
deed, it is well known that attenuations of infectious diseases
often result from selection for resistance alleles of host genes,
with classic examples being the resistances to malaria con-
ferred by high-frequency polymorphisms for sickle cell hemo-
globin and thalassemia (55, 64). Accordingly, genes that me-
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diate host resistances, including those involved in immune
responses, are generally extraordinarily polymorphic (55). The
resulting diversity of the host species may also select for a
corresponding diversity of the infectious agent, which can fur-
ther decrease the likelihood that any single infection is highly
pathogenic.

There has been great interest in identifying human genes
that cause resistance to HIV-1 infections and to AIDS pro-
gression. A major focus has concerned alleles of the HIV-1
coreceptor CCR5 and other coreceptors or chemokines that
may modulate HIV-1 pathogenesis (24, 29, 35, 42, 45, 47-49,
53, 61, 63, 65). However, since HIV infections are relatively
recent and occur at low frequencies in most populations, the
resistance alleles that have been found evolved independently
of HIV and may have been selected by other infections. For
example, the A32 CCRS5 human resistance allele occurs in
approximately 13% of Caucasians and may have been selected
for resistance to poxvirus (3, 39, 42, 53, 61, 63) or to rtheuma-
toid arthritis (22). It is a null allele, and the encoded protein is
absent from cell surfaces (6, 42, 59, 61). Similarly, amino acid
substitutions in human CCRS occur at low frequencies and at
random positions in the protein, and they have generally not
been shown to cause resistances to HIV-1 infections (3, 6, 10,
66). In contrast, we would anticipate that AGM CCRS poly-
morphisms might occur at relatively high frequencies and that
the prevalent amino acid substitutions would cluster at critical
sites that are required for infections by immunodeficiency vi-
ruses but are of lesser importance for chemokine reception.

To address this, we previously analyzed CCRS5-coding se-
quences derived from five AGMs (37). Four of these AGMs
were heterozygous for nonsynonymous CCRS mutations that
caused amino acid substitutions D13N, Y14N, Q93R, and
Q93K, and one was homozygous for the wild-type allele. These
substitutions all inhibited AGM CCRS5 function as a corecep-
tor for different RS strains of HIV-1. We also found several
substitution mutations in a study of four other AGM CCRS
alleles (51). We have now extended these analyses by studying
the CCR5-coding sequences of 26 AGM DNAs (52 alleles),
including samples from different species living in Africa. The
latter monkeys had known histories, and some were naturally
or experimentally infected with SIVagm. Moreover, we devel-
oped a focal infectivity assay for quantitatively determining
titers of SIVagm infections, and we used it to study the core-
ceptor requirements and effects of AGM CCRS polymor-
phisms on these infections. In addition, we quantitatively an-
alyzed signal transduction by the wild-type and mutant CCRS
proteins. Our results support the hypothesis that CCR5 sub-
stitution polymorphisms are prevalent in AGMs and that they
have resulted from prolonged selection pressures caused by the
large reservoirs of SIVagm and by the countervailing pressure
to preserve chemokine-dependent CCRS signaling activity. An
important corollary is that AGMs are likely to contain a re-
pository of mechanistically informative polymorphisms in dif-
ferent genes that are critical for infections and pathogenesis of
immunodeficiency viruses.

MATERIALS AND METHODS

Cells and viruses. AGM cell lines CV-1, BS-C-1, and Vero were from the
American Type Culture Collection (Manassas, Va.). BS-C-1 and Vero cells were
maintained in minimum essential medium (MEM) with 10% fetal bovine serum
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(FBS) and 0.1 mM MEM nonessential amino acids (Life Technologies, Inc.,
Grand Island, N.Y.). HeLa-CD4 (clone HI-J) cells were previously described
(33). CV-1-CD4 (clone CB.14) cells were generated by transduction with the
SFF-CD4 retroviral vector and limiting-dilution cloning as previously described
for HeLa-CD4 cells (33). HeLa and CV-1 cells were grown in Dulbecco MEM
(DMEM) supplemented with 10% FBS (Life Technologies). Molt4-8 cells in-
fected with STVagm strains from vervets (strains 12, Cpa266, and Cpa27) (12, 34)
were obtained from the AIDS Research and Reference Reagent Program, Di-
vision of AIDS, National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH) (contributed by Ronald Desrosiers).
Molt4-8 cells were grown in RPMI 1640 medium supplemented with 10% FBS
(Life Technologies). Supernatants were harvested every 3 or 4 days over a period
of 2 weeks in culture and filtered through a 0.45-pm-pore-size filter. The grivet
SIVagm strain gri-1 (19) and the sabaeus STVagm strain sab-2 (2) were obtained
as cell-free-virus-containing tissue culture supernatants (AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH [contributed by
Jonathan Allan]), which were incubated with approximately 2 X 10° uninfected
Molt 4-8 cells (AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH [contributed by Ronald Desrosiers]) for 2 h at 37°C, washed,
and placed into culture. Supernatants from the infected Molt4-8 cells were then
harvested as described above.

AGM genomic DNA. We analyzed DNAs from peripheral blood mononuclear
cells (PBMC) of the four AGM species and from the three AGM cell lines (CV-1
[ATCC CCL-70], BS-C-1 [ATCC CCL-26], and Vero [ATCC CCL-81]). The
genomic DNA samples from sabaeus monkeys 9308, 9310, 9312, and 9314 and
vervet monkeys 6243, 9648, and 9649 were kindly provided by Jonathan Allan
(Department of Virology and Immunology, Southwest Foundation for Biomed-
ical Research, San Antonio, Tex.). PBMC were isolated from our other sabaeus
monkeys that were wild born in Senegal (Table 1). One was uninfected, two were
naturally infected, and one was experimentally infected by wild-type virus
SIVagm.sab92018 according to a previously described protocol (14). PBMC were
also isolated from 12 tantalus AGMs wild born in distinct geographic regions of
the Central African Republic. One was uninfected, three were naturally infected
by SIVagm.tan, and eight were experimentally infected (Table 1). Experimental
infection of tantalus B87 by intravenous inoculation of SIVagm.tanB14 (50) was
previously described (52). The other seven tantalus monkeys were similarly
infected either by SIVagm.tanB14 (tantalus B85, B126, B127, and B143) or by
three other wild-type STVagm viruses (tantalus B111, B133, and B142). Genomic
DNAs were prepared by standard methods (4).

Sequence analysis of CCR5-coding regions. Two approximately 600-bp PCR
products were generated by amplifying the genomic DNA with the Pfu proof-
reading thermostable DNA polymerase (Stratagene, La Jolla, Calif.). Conditions
for the PCRs were as previously described (37). Briefly, Pfu was used according
to the manufacturer’s recommendations in 100-pl reaction mixtures, with 500 ng
of genomic DNA as a template. An initial denaturing step of 95°C for 45 s was
followed by 25 cycles of 95°C for 45 s, 55°C for 45 s, and 72°C for 2.5 min; this
was followed by a final extension step of 72°C for 10 min. The 5’ half of the
CCRS5-coding region was amplified with the primers CCRSF (5’ cggcggggatecG
GGTGGAACAAGATGGATTATC 3') and AGMR (5" ACTGTATGGAAAA
TGAGAGCTGC 3'). The 3" half was amplified with the primers AGMF2 (5’
CTCCCAAGAATCATCTTTACCAG 3') and CCR5R (5" gecgeectegagCCAC
TTGAGTCCGTGTCACAAG 3'), where the lowercase letters indicate 5 ex-
tensions which are not derived from CCRS sequences. The PCR products were
then purified by agarose gel electrophoresis and gel extraction using a Qiaquick
gel extraction kit (Qiagen Inc., Valencia, Calif.). Purified PCR products (20 ng)
were sequenced in both directions using the same primers used for the PCRs by
automated fluorescent dye-terminator sequencing in the Microbiology and Mo-
lecular Immunology Core Facility at Oregon Health Sciences University on a 377
DNA sequencer (PE Applied Biosystems, Foster City, Calif.). Because the PCR
products overlap, this analysis allowed for the sequence of the entire CCRS-
coding region to be determined from both strands for all except the 5" and 3’
ends of approximately 20 bp, which were determined from only one strand. For
DNA samples from CV-1 cells, the cloning of the full-length CCR5-coding
sequences was as previously described (37). In this study the full-length coding
region was amplified from sample 6243 using the CCRSF and CCR5R primers.
These ~1.1-kb PCR products were subcloned into pBluescript II (KS+) (Strat-
agene) and sequenced as previously described (37). For both the CV-1 and 6243
DNA samples, the analysis of the full-length alleles confirmed the sequencing of
the 600-bp PCR products and allowed for determination of the linkage of the
polymorphisms in these monkeys. The PCR and sequencing results reported in
this study were unambiguous and reproducible.

Coreceptor expression vectors. The plasmid encoding CXCR4 cDNA
(pcDNA3-LESTR) was provided by Marcal Loetscher (Theodor Kocher Insti-
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TABLE 1. CCRS polymorphisms and natural histories of AGMs used in this investigation
AGM. Sample Origin® Polymorphisms and linkages (where determined)” Infection status

subspecies

Tantalus B57 CAR A278G (Q93R), G618A Naturally infected
B83 CAR T40A (Y14N), T660C Naturally infected
B85 CAR T52A (Y14N), G696A Experimentally infected
B87 CAR T40A (Y14N)x Experimentally infected
B111 CAR T40A (Y14N)= Experimentally infected
B126 CAR T40A (Y14N) Experimentally infected
B127 CAR T40A (Y14N), G439A (V147M) Experimentally infected
B129 CAR T40A (Y14N)x Uninfected
B132 CAR T40A (Y14N)= Experimentally infected
B141 CAR T40A (Y14N), C678T Naturally infected
B142 CAR T40A (Y14N)= Experimentally infected
B143 CAR T40A (Y14N)x Experimentally infected

Sabaeus D92017 Senegal None Naturally infected
D9Y4005 Senegal T84C Naturally infected
D96010 Senegal T84Cx, A160G (N57S), A487G (R163G) Experimentally infected
D96029 Senegal None Uninfected
9308 Colony T84C Uninfected
9310 Colony T84C Uninfected
9312 Colony T84C, A278G (QI93R) Uninfected
9314 Colony T84C Uninfected

Vervet 6243¢ Colony G37A (D13N), T112A (S38T)-C277A (Q93K) Uninfected
9648 Colony None Uninfected
9649 Colony None Uninfected
Vero Unknown T84C Uninfected

Grivet BS-C-1 Unknown T84C, C277A (Q93K) Uninfected

Unknown CV-1¢ Unknown T40A (Y14N)-G1056C (L352F), T300C Uninfected

“ Monkeys from the Central African Republic (CAR) and from Senegal were captured in distinct geographic regions between 1988 and 1995, and they did not derive
from a single breeding troop. Several monkey DNAs were obtained from virus-free primate colonies maintained in the United States or the Caribbean. The geographic
origins of the monkeys used to derive the BS-C-1 and CV-1 cell lines are unknown.

> Nucleotide substitutions were determined as described in Materials and Methods. Each substitution is reported as the wild-type nucleotide followed by the base
number starting from the A in the ATG start codon followed by the substituted base. Nonsynonymous substitutions are followed by parentheses showing the predicted
amino acid change. Amino acid substitutions are numbered by the codon starting from the ATG start codon. All substitutions were heterozygous (i.e., both the wild-type
and mutant bases were seen in electropherograms from that sample), except those marked with an asterisk, which were homozygous. Where linkage was determined,
the linked substitutions are connected by a dash.

¢ Linkage of the nucleotide substitutions in these genomic DNA samples was determined by cloning of the entire CCR5-coding sequence from both alleles. In all
cases, the nucleotide substitutions identified by direct sequencing of the PCR products were identical to those found in the cloned CCR5-coding sequences. For sample
Vervet 6243, the T112A (S38T) and C277A (Q93K) substitutions were found to be on one allele, whereas the G37A (D13N) substitution was found on the other allele.
As previously reported (37), there were two alleles identified from the CV-1 cell line, one which contained the T300C substitution relative to the consensus AGM

nucleotide sequence and one which contained the T40A (Y14N) and G1056C (L352F) substitutions.

tute, University of Bern, Bern, Switzerland). pcDNA3 expression vectors con-
taining human, NIH/Swiss mouse, wild-type AGM, AGM(D13N), AGM(Q93R),
and AGM(Y14N, L352F) CCR5-coding sequences were previously described
(37). pcDNA3-AGM(S38T, Q93K) was constructed by subcloning the
AGM(S38T, Q93K) (from AGM sample 6243 [see above]) coding sequence from
pBluescript IT (KS+)-AGM(S38T, Q93R) into pcDNA3 (Invitrogen, Carlsbad,
Calif.) using the BamHI and Xhol restriction sites flanking the CCR5-coding
region. The AGM(S38T)-coding sequence was generated by splicing the BarmHI-
to-Mscl fragment from pBluescript IT (KS+)-AGM(S38T, Q93K) into pBlue-
script IT (KS+)-wild-type AGM digested with the same enzymes. Likewise, the
AGM(Q93K)-coding sequence was generated by splicing the MscI-to-BglII frag-
ment from pBluescript IT (KS+)-AGM(S38T, Q93K) into pBluescript IT (KS+)-
wild-type AGM digested with the same enzymes. The resulting AGM(S38T) and
AGM(Q93K) CCRS5-coding sequences were then subcloned into pcDNA3 using
the BamHI and Xhol restriction sites flanking the CCR5-coding region. The
pcDNA3-CXCR6 and pcDNA3-BOB plasmids were generated by PCR ampli-
fication of the human CXCRG6 (46)- and BOB-coding sequences from pBABE-
Bonzo and pPBABE-BOB vectors (AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, NIAID, NIH [contributed by Dan Littman]) using
primers specific to these coreceptors and containing BarnHI and X#ol restriction
sites flanking the coding region. The resulting PCR products were then sub-
cloned into pcDNA3 as described above.

Coreceptor activity assays. Coreceptor activity assays using SIVagm virus
isolates were performed by the immunoperoxidase focal infectivity method es-

sentially as described previously for HIV-1 (9, 37). Briefly, coreceptors were
transiently expressed in HeLa-CD4 (clone HI-J) or CV-1-CD4 (clone CB.14)
cells by transfection by the calcium phosphate method as previously described
(37). At 48 h after transfection, cells were seeded at 2 X 10* cells/well in 24-well
cluster plates. The cells were infected 24 h after seeding by incubating the cells
with various dilutions of the SIVagm stocks in DMEM supplemented with 0.1%
FBS in the presence of 8 wg of DEAE-dextran per ml for 2 h at 37°C, after which
time the cells were fed with DMEM supplemented with 10% FBS. Seventy-two
hours later, cells were fixed and stained as previously described for HIV-1 (9),
except that a 1:1,000 dilution of the pooled heat-inactivated sera from four
SIVagm-seropositive. AGMs (kindly provided by Ronald C. Desrosiers, New
England Regional Primate Research Center) was used as the primary antibody
and a horseradish peroxidase-conjugated goat anti-monkey immunoglobulin G
antibody which cross-reacted with AGM immunoglobulin G (Sigma, St. Louis,
Mo.) was used as the second antibody. Controls with no SIVagm and with serial
dilutions of STVagm stocks showed that the resulting immunoperoxidase staining
was specific to SIVagm infections (results not shown).

Flow cytometry. HeLa-CD4 (clone HI-J) cells and HEK293T cells were tran-
siently transfected as described above with the pcDNA3-CCRS5 expression vec-
tors. Cells were reseeded into new flasks at 24 h posttransfection and were
removed 24 h later with 8 mM EDTA-150 mM NaCl (pH 8.0). Approximately
5 X 10° cells were resuspended in 100 pl of DMEM containing 10% FBS and
0.125 pg of phycoerythrin (PE)-conjugated mouse anti-human CCR5 monoclo-
nal antibody (clone 3A9; B-D PharMingen, San Diego, Calif.). Clone 3A9 was
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used to detect AGM CCRS because it cross-reacts with rhesus CCR5 (60) and
with AGM CCRS. Cells were incubated with the 3A9 conjugate for 30 min at
37°C, washed three times with DMEM containing 10% FBS, and resuspended in
the same medium lacking phenol red. The live stained cells were then analyzed
for PE fluorescence using a FACScan flow cytometer (BD Immunocytochemistry
Systems, San Jose, Calif.). The gating was set so that only 0.4% of the mock-
transfected cells were in the positive window, and we recorded the fluorescence
intensity of each cell. Based on the results with both cell types, we concluded that
within each experiment the transfection efficiencies for all pcDNA3-CCRS ex-
pression vectors were the same within experimental error. Although not a sig-
nificant issue in this analysis, CCR5 mutants that are expressed relatively poorly
on cell surfaces or that bind the 3A9 antibody weakly can appear to have been
transfected less efficiently by this analytical method.

Signal transduction assays. For expression of cRNA in Xenopus laevis oocytes,
cRNAs encoding the CCRS receptor and the GBy K-channel Kir 3.1 were
transcribed in vitro with T7 RNA polymerase from the oocyte expression vector
as previously described (43). Collagenase-treated, defolliculated stage IV or V
oocytes were injected with 50 ng of cRNA and were incubated at 18°C with
oocyte Ringer solution ND96 (5 mM HEPES [pH 7.5], 96 mM NaCl, 2 mM KCl,
1.8 mM CaCl,, 1 mM MgCl,). Experiments were performed at 25°C 3 to 4 days
after injection. Potassium currents were measured by two-electrode voltage
clamping using a Geneclamp 500 amplifier (Axon Instruments, Foster City,
Calif.). Current-voltage protocols were performed with the pClamp 6.0 program
(Axon Instruments) run on an IBM-compatible PC interfaced with a Digidata
1200 A/D. Microelectrodes were filled with 3 mM KCI (resistances were <2.5
MQ), and recordings from voltage-clamped oocytes held at —30 mV were per-
formed with constant perfusion of ND96 containing 100 mM KCl in the presence
and absence of different concentrations of ligand. Raw current recordings and
current-voltage data were prepared and exported by the pClamp 6.0 software
(Axon Instruments). Imported data were analyzed on a Macintosh PowerPC
using the analysis software. Data are presented as mean values * standard errors
of the means (SEM). Dose-response curves were fitted to the Michaelis-Menten
equation by least squares, and 50% effective concentrations (ECs,s) were cal-
culated.

RESULTS

Polymorphisms in the CCR5 genes of AGM species. To
identify polymorphisms in the CCRS5 genes of AGMs and their
possible roles in natural transmission of SIVagm viruses, we
analyzed the CCRS5-coding sequences of 23 AGMs and three
cell lines (CV-1, BS-C-1, and Vero) (see Materials and Meth-
ods). Based on its high frequency in these samples and its
presence in all four AGM species, we defined a consensus
CCRS nucleic acid sequence, which we consider to be the
common wild-type sequence of AGMs. It differs from the pre-
viously reported CCRS clone 2 allele of CV-1 cells (37) by only
one synonymous nucleotide substitution, T300C. The corre-
sponding wild-type CCRS protein was encoded by at least 23 of
the 52 alleles analyzed in this investigation. Figure 1 shows a
synopsis of the nucleotide polymorphisms detected in these
samples relative to the consensus nucleotide sequence,
mapped onto a topological model of the wild-type AGM CCRS
amino acid sequence. Table 1 summarizes the properties of
each monkey, including its species, its geographic origin, its
specific polymorphism(s), and its infection status.

Overall, these results indicate a very high frequency of
CCRS5 substitution polymorphisms in these AGM DNAs. Spe-
cifically, the 52 CCRS alleles that were sequenced contained 29
nonsynonymous substitutions and 15 synonymous nucleotide
substitutions. Moreover, 24 of the 29 nonsynonymous substi-
tutions caused amino acid sequence changes that were clus-
tered at positions 13 and 14 in the amino-terminal region or
position 93 in extracellular loop 1 (ECL1) of the CCRS pro-
tein.

The polymorphism of T for A at nucleotide 40 of the coding
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sequence (T40A), which causes a Y14N substitution in the
CCRS protein, was the most common substitution observed in
this analysis (Fig. 1). This polymorphism occurred exclusively
in the 12 tantalus monkeys, which included 7 Y14N homozy-
gotes, 4 heterozygotes, and only 1 wild-type Y14 homozygote.
In addition, the CV-1 cell line, which may have derived from a
tantalus monkey, was heterozygous for this substitution. These
results indicate a substantial dispersal of the Y14N substitution
in tantalus monkeys from different locales throughout the Cen-
tral African Republic.

The tantalus monkey (B57) that was homozygous for the
wild-type Y14 sequence was heterozygous for a different nu-
cleotide substitution, A278G, which causes a Q93R amino acid
substitution in the ECL1 region of CCRS. This same substitu-
tion in the absence of any other coding change was also de-
tected in a heterozygous sabaeus monkey, suggesting that it
may be common in different AGM species. Interestingly, an
alternative Q93K polymorphism at this same position was
present in heterozygous form in the BS-C-1 cell line of grivet
origin and in linkage to an S38T substitution in a vervet. Thus,
substitutions of Q93 by the basic amino acid R or K were found
in all four AGM species.

The vervet mentioned above, which was heterozygous for an
allele that encoded Q93K and S38T substitutions, had a D13N
coding change in its other CCRS5 allele. Although this substi-
tution was found only once in the four vervet DNAs used in
our analysis, it was independently reported in DNA from an-
other vervet (16), suggesting that it may be common in this
species.

A synonymous nucleotide substitution relative to the AGM
CCRS consensus nucleotide sequence, T84C, was found fre-
quently in CCRS alleles from sabaeus monkeys. This synony-
mous substitution also occurred in heterozygous BS-C-1 cells
from a grivet and in heterozygous Vero cells from a vervet.
Thus, although it is most prevalent in sabaeus monkeys, T84C
also occurs in other AGM species. Additional synonymous and
nonsynonymous nucleotide substitutions occurred in single
AGM DNA alleles and are indicated in Fig. 1 and Table 1.
These relatively infrequent changes were randomly located
throughout the CCRS5-coding sequence.

Coreceptor dependencies of STVagm infections. To evaluate
the coreceptor requirements of SIVagm isolates, we adapted a
focal infectivity assay (9) in which dilutions of the viruses were
incubated with CD4-positive adherent cell cultures, followed
72 h later by immunoperoxidase staining using pooled sera
from SIVagm-infected AGMs. As shown by the representative
data in Table 2, the five tested SIVagm isolates showed
strongly stained discrete foci of infection in monolayer cultures
of HeLa-CD4 cells that had been previously transiently trans-
fected with the pcDNA3-human CCRS5 expression vector.
However, in contrast to previous studies using RS strains of
HIV-1, the background levels of infection in the control cul-
tures transfected with vector alone were significant, ranging
from approximately 3 to 6% for Cpa27 to approximately 91%
for the sab-2 isolate of SIVagm.

These results raised the possibility that the SIVagm isolates
might use not only CCRS5 but also, to different extents, alter-
native coreceptors such as CXCR4 (18) or CXCR6 (13, 46)
that are known to be expressed in HeLa cells (13, 18). Similar
to the case for HeLa cells, we found substantial background
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FIG. 1. Summary of nucleotide substitutions in the coding regions of 26 AGM genomic DNA samples. Genomic DNA samples were sequenced
as described in Materials and Methods. The origins of the 26 AGM samples were as follows: 3 AGM cell lines and 3 vervet, 8 sabaeus, and 12
tantalus AGMs. The electropherograms from the automated sequencing were examined manually for polymorphic nucleotides. Heterozygous
bases were readily apparent by this method. The nucleotide sequence changes relative to the AGM wild-type sequence that were found in these
samples are mapped onto a topological model of the amino acid coding sequence of wild-type AGM CCRS. If a codon contained a nonsynonymous
change, it is highlighted in black. Synonymous nucleotide substitutions are highlighted in gray. Next to each amino acid for which polymorphic
nucleotide substitutions were observed is listed the nucleotide substitution relative to the wild-type sequence (e.g., T40A). For nonsynonymous
substitutions, the predicted amino acid change that results is listed in parentheses. Below this is listed the number of alleles from each source of

genomic DNA in which this substitution was found.

levels of SIVagm infections in US7MG-CD4 cells (results not
shown), which also express CXCR6 (13), but not in the AGM
cell line CV-1-CD4 (Table 3). Although the latter cells pro-
vided a zero background system to identify the coreceptor
dependencies of the SIVagm isolates, the foci of infection in
these CV-1-CD4 cultures were slightly dispersed and were very
difficult to count accurately due to the patterns of cell growth
and migration in the monolayers. Consequently, we were able
only to semiquantitatively measure viral titers in the control
and coreceptor-expressing CV-1-CD4 cultures. As shown by
the data in Table 3, this analysis demonstrated that the five
tested SIVagm isolates, including sab-2, all use CCRS effi-
ciently and CXCR6 with lower efficiency and that three of the
five isolates also used GPR15 with low efficiency under the
conditions of this assay. However, these viruses were com-
pletely unable to use CXCR4. Thus, it seems unlikely that the
CXCR4 present in HeLa-CD4 cells acts as a coreceptor for
SIVagm isolates. A qualification to these conclusions is that

TABLE 2. Focal infectivity assay of SIVagm isolates in human
HeLa-CD4 cells transfected with human CCRS

Titer (foci/well)”
SIVagm isolate”

Human CCRS transfected Mock transfected

gri-1 633 42
Cpa226 111 10
Cpa27 685 19
Strain 12 1,170 204
sab-2 598 547

¢ SIVagm isolates were from grivet (gri-1), vervet (Cpa226, Cpa27, and strain
12), or sabacus (sab-2) AGM subspecies.

b Titers were determined by immunoperoxidase staining and microscopic in-
spection of foci of infected cells as described in Materials and Methods. Numbers
represent foci from one well of a 24-well cluster plate seeded with 2 X 10*
HeLa-CD4 (clone HI-J) cells that had been transfected with either pcDNA3-
hCCRS5 or pcDNA3 (mock transfected) 24 h prior to infection. The results shown
are for a single representative experiment. The average backgrounds for the
three experiments represented graphically in Fig. 2 were as follows: gri-1, 14%;
Cpa226, 10%; Cpa27, 6%; and strain 12, 18%. As expected, the background
percentages varied somewhat in different experiments due to differences in
transfection efficiencies.
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TABLE 3. Utilization of different coreceptors by SIVagm
isolates in CV-1-CD4 cells

Relative infectivity in cells transfected with the

SIVagm following coreceptor”:
isolate”

CCRS5 CXCR6 GPR15(BOB) CXCR4 mock
gri-1 ++ + - - -
Cpa226 ++++ + - - -
Cpa27 ++++ +++ + - -
Strain 12 ++++ ++ + - -
sab-2 ++++ ++ + - -

“ SIVagm isolates were from grivet (gri-1), vervet (Cpa226, Cpa27, and strain
12), or sabaeus (sab-2) AGM subspecies.

" The assay was performed as described for HeLa-CD#4 cells in Table 2. Titers
in the CV-1-CD4 (clone CB.14) monolayer cultures were scored approximately,
for reasons described in the text. Each + represents approximately a threefold
increase in the titer. The background infectivity of these viruses in mock-tran-
fected CV-1-CD4 cells was zero. The same CXCR4 expression vector was bio-
logically active when assayed with X4 strains of HIV-1.

the coreceptors analyzed for Tables 2 and 3 were the human
proteins.

To address the latter issue and to initially evaluate effects of
AGM CCRS5 polymorphisms on SIVagm infections, we used
the quantitative focal infectivity assay in HeLa-CD4 cells to
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compare human and mouse CCRS5s with several of the full-
length CCRS alleles that we had isolated from AGMs. The
background titers obtained in the mock-transfected cultures
were subtracted from the data for each assay, and the results
were normalized relative to the titers obtained using human
CCRS as a standard. In these assays, we used the four SIVagm
isolates gri-1, Cpa226, Cpa27, and strain 12 but were unable to
use sab-2 because of its very high background level of infec-
tivity in HeLa-CD4 cells (Table 2). As shown by the results in
Fig. 2, these SIVagm isolates used wild-type AGM CCRS with
approximately the same efficiency as human CCRS (P = 0.3
[n = 12] as determined by the paired-comparisons ¢ test). In
contrast, we previously showed that HIV-1 isolates use wild-
type AGM CCRS only inefficiently due to the G163R differ-
ence between the human and AGM proteins (62). Thus, the
SIVagm viruses interact differently with CCRS than does
HIV-1 and are adapted to efficiently employ wild-type AGM
CCRS. In addition, these results clearly show that all of the
SIVagm isolates were severely inhibited in their utilization of
the naturally occurring CCRS variant alleles AGM(Y14N,
L352F) and AGM(Q93R), compared to wild-type AGM or
human CCRS5s (P = 0.001; n = 12). In other studies we have
shown that the rare L352F substitution, which affects the in-
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(=] o
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F=Y
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AGM(Y14N,L352F)

. gri-1
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AGM(Q93R) Mouse

CCRS5 construct transfected

FIG. 2. SIVagm infections of HeLa-CD4 cells expressing wild-type AGM, AGM(Y14N, L352F), AGM(Q93R), and NIH/Swiss mouse CCRS5s.
HeLa-CD4 cells (clone HI-J) were transiently transfected with the pcDNA3 expression vectors for the CCR5 proteins indicated, as well as for
human CCRS. The number of infected foci above the mock-transfected background number was determined for each CCRS and for human CCRS.
The percent human CCRS titer for each virus isolate was then calculated as 100 X [(number of foci in each well) — (number of foci in the same
experiment in mock-transfected cells)]/[(number of foci in the same experiment in cells transfected with human CCR5) — (number of foci in the
same experiment in mock-transfected cells)]. Results are the means from three independent experiments, and the error bars represent the SEM.
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FIG. 3. SIVagm (Cpa226) infections of HeLLa-CD4 cells expressing AGM CCRSs with naturally occurring amino acid substitutions. HeLa-CD4
cells (clone HI-J) were transiently transfected with the pcDNA3 expression vectors for the CCRS proteins indicated, as well as for human CCRS.
The percentage of the human CCRS titer for each assay was then calculated as described in the legend to Fig. 2. Results are the means from six

independent experiments, and the error bars represent the SEM.

tracellular carboxyl-terminal region of CCRS, has no effect on
these infectivity assays (37). Moreover, we have previously
shown that coreceptors are overexpressed in these transient-
transfection assays and that weak coreceptors become much
more efficient when they are overexpressed (36). We conclude
that the Y14N and Q93R substitutions in AGM CCRS severely
attenuate infections by all of the SIVagm strains that we em-
ployed.

A more comprehensive analysis of the effects of AGM
CCRS polymorphisms on SIVagm infections was subsequently
done with the Cpa226 virus. The results in Fig. 3 are the
composite data from multiple (n = 6) assays of the AGM
CCRS variants indicated. The results support the conclusions
described above and suggest that all of the substitutions in the
amino-terminal region of AGM CCRS (i.e., Y14N and D13N)
and in ECL1 (Q93R and Q93K) strongly inhibit SIVagm
Cpa226 infections, whereas the rare substitution S38T has no
effect. In this context, it is notable that human CCRS5 differs
from wild-type AGM CCRS in containing N rather than D at
position 13. Moreover, mutagenesis studies have suggested
that the D13N substitution in macaque CCRS severely inhibits
CD4-independent binding of SIVmac gp120 (44) and inhibits
CD4-independent infection of SIVmac (16). However, the ef-
fect of the D13N substitution clearly depends on the overall

CCRS context, because the AGM(D13N) CCRS5 mutant is
severely attenuated for SIVagm infection, whereas wild-type
human CCRS contains N13 but is a highly efficient coreceptor
for tested SIVagm isolates. Similarly, the Q93R mutation has
a severely inhibitory effect on RS HIV-1 infections in the con-
text of AGM CCRS but not in the context of human CCRS
(reference 37 and data not shown). These results support other
evidence that attenuations in viral interactions with one region
of CCRS can be compensated for by enhancements in inter-
actions with other regions (E. Platt, S. Kuhmann, and D. Ka-
bat, unpublished data).

In studies using HeLa-CD4 and HEK293T cells, we found
that all of the CCRS expression vectors described above were
transfected with equal efficiencies within experimental error, as
indicated by the percentages of cells that stained with the 3A9
monoclonal antibody. These percentages were approximately 5
to 6% for the HeLLa-CD4 cells and 90 to 95% for the HEK293T
cells. In addition, the flow cytometry results indicated that the
levels of CCRS cell surface expression in the populations of
transfected cells were also approximately the same for all
CCRSs with the exception of the AGM CCRS5(S38T) and
AGM CCR5(S38T, Q93K) proteins, which appeared to be
expressed on cell surfaces at levels that were only 50 to 60% as
high as those for the other CCRS5s (data not shown). These
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results suggested that the S38T mutation inhibits processing of
CCRS to cell surfaces or binding of the 3A9 antibody. In either
case, these studies clearly established that the effects of the
mutations on CCRS5 coreceptor activities in Fig. 2 and 3 were
not caused by differences in transfection efficiencies or in pro-
cessing of the CCRS5s to cell surfaces. Indeed, the only mutant
that appeared to be expressed on cell surfaces with reduced
efficiency, AGM CCR5(S38T), was as active as human and
wild-type AGM CCRS5s in mediating SIVagm infections. Ad-
ditional evidence concerning expression of these CCRS5s on
cell surfaces is shown below; also see references 36, 37, and 62.

Effects of AGM CCRS polymorphisms on natural and ex-
perimental SIVagm infections. Table 1 summarizes our evi-
dence concerning the infection status of the monkeys used in
this investigation. Some of the AGMs were naturally infected,
and some of the seronegative monkeys were experimentally
infected after their capture in different regions of Senegal or
the Central African Republic. Interestingly, among the tanta-
lus the naturally infected monkeys included one Q93R hetero-
zygote that lacked any Y14 substitution (Tan B57) and two of
the four Y14N heterozygotes (Tan B83 and Tan B141). In
contrast, none of the seven Y14N tantalus homozygotes was
naturally infected at the time of capture, although several were
later experimentally infected. These experimentally infected
monkeys are all seropositive and appear to contain continu-
ously replicating SIVagm viruses, suggesting that the viruses
may have become adapted to the severe Y14N lesion. This
distribution of the natural infections in the 12 tantalus mon-
keys would be expected to occur at random with a low prob-
ability (P = 0.02), implying that monkeys homozygous for
CCRS5(Y14N) are probably resistant to natural transmission of
SIVagm. However, analyses of additional tantalus monkeys
caught in the wild will be necessary to definitively evaluate this
hypothesis and to determine the degree of resistance to infec-
tion and to viral replication.

Biochemical effects of the CCR5(Y14N) mutation. Previous
evidence has established that tyrosine sulfation occurs at the
Y3, Y10, Y14, and Y15 positions, which are common to human
and AGM CCRSs, and that these sulfations are important for
HIV-1 infections (17). Thus, Y-to-A substitutions at these sites
severely inhibit coreceptor activity (36, 58). Although the
Y14A mutation was not individually analyzed, simultaneous
Y-to-A mutations at several of these tyrosines also severely
attenuated chemokine-dependent signal transduction (17). In
addition, as illustrated in Fig. 1, the CCR5(Y14N) mutation
converts a YYT sequence common to human and AGM
CCRSs into an NYT consensus sequence for potential
N-linked glycosylation. Consistent with this, we have previously
shown that the CCR5(Y14N) mutation results in incomplete
N-linked glycosylation of human CCRS, with approximately
60% of the molecules acquiring this modification (36). Inter-
estingly, however, the remaining 40% of CCR5(Y14N) mole-
cules that lacked this N-linked oligosaccharide bound '*°I-
labeled MIP-1B with the same affinity as wild-type CCRS (36).

To further investigate this issue, we compared chemokine-
induced signal transduction by the wild-type and mutant
CCRSs. This was done using a sensitive signal transduction
assay in which the CCRS5s were coexpressed in Xenopus oo-
cytes with the Kir 2.1 Gg,-coupled potassium channel, which
enables signal transduction through heterotrimeric G protein-
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FIG. 4. Effects of substitutions at amino acids 14 and 93 on activa-
tion of CCRS signal transduction by MIP-1ae and MIP-1B. X. laevis
oocysts were injected with cRNA for CCRS (see Materials and Meth-
ods). Inward currents were measured by two-electrode voltage clamp
analyses 3 to 4 days later. (A) Activation of wild-type human CCR5
(circles) by Mip-1B was compared to the corresponding activation of
Y14N human CCRS (squares). (B) Activation of wild-type AGM 2
CCRS (circles) by Mipl-a was compared to activation of Q93R AGM
CCRS (squares). Inward potassium currents were measured at —80
mYV during voltage pulses in three or four oocytes. Error bars represent
the SEM. The EC;gs of activation were as follows: wild-type human
CCRS5, 17.3 £10.9 nM MIP-18; Y14N human CCRS, 8 = 2.8 nM
MIP-1B; wild-type AGM CCRS, 4.8 = 3.0 nM MIP-1a; Q93R AGM
CCRS, 10.2 = 1.8 nM MIP-1a

coupled receptors to be monitored by two-electrode voltage
clamp recording (43). As shown in Fig. 4A, the chemokine
concentration dependencies (ECss) for activations of wild-
type and Y14N mutant versions of human CCRS5s were not
significantly different. However, in agreement with our evi-
dence that only 40% of the CCR5(Y14N) is unglycosylated and
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able to bind '*’I-labeled MIP-1, the quantity of signaling was
approximately 40% as high for CCR5(Y14N) as for wild-type
CCRS. This evidence suggests that the CCR5(Y14N) mole-
cules that lack an N-linked oligosaccharide are fully active in
MIP-1B binding and in signal transduction. Thus, the unglyco-
sylated asparagine side chain at position 14 severely inhibits
infections while preserving substantial chemokine receptor
function. Similarly, Fig. 4B shows that wild-type and Q93R
mutant AGM CCRS5s have very similar signal transduction
properties. Since wild-type human and AGM CCRS5s contain
N13 and D13 residues, respectively, and are both active in
chemokine-mediated signaling (Fig. 4) (62), this sequence dif-
ference also does not significantly perturb signal transduction
in this assay system.

DISCUSSION

These results substantiate previous preliminary evidence
which suggested that nonsynonymous substitution polymor-
phisms might occur relatively frequently in AGM CCRS5 genes
and that these polymorphisms might often cause amino acid
substitutions at the critical sites required for infections by im-
munodeficiency viruses (37). Thus, in a previous analysis of
DNAs derived from five AGMs, we found heterozygosity for
linked Y14N and L352F substitutions in CV-1 cells, heterozy-
gosity for a D13N substitution in vervet 6243, heterozygosity
for a QI93R substitution in sabaeus 9312, heterozygosity for a
Q93K substitution in BS-C-1 cells derived from a grivet, and
homozygosity for the wild-type allele in Vero cells from a
vervet (37). Furthermore, the D13N substitution was also de-
tected in another vervet (16). The two AGM monkeys used in
our previous study were derived from populations that became
established in the Caribbean islands in the 17th to 18th cen-
turies, and it was unclear whether those samples would be
representative of outbred African AGMs. Consequently, in the
present investigation we supplemented our earlier data by an-
alyzing DNASs from 21 additional AGMs, most of which were
tantalus and sabaeus monkeys that were wild born and inde-
pendently captured between 1988 and 1995 in at least three
distinct regions of the Central African Republic or in distinct
regions of Senegal (see additional information concerning
monkey origins in Table 1). As summarized in Fig. 1 and Table
1, the composite data from the 26 AGM DNAs (52 CCRS
alleles) include 29 nonsynonymous nucleotide substitutions, of
which 24 are predicted to cause tightly clustered D13N or
Y14N substitutions in the CCRS amino terminus or Q93R and
QO93K substitutions in ECL1. Thus, the overall frequency of
nonsynonymous substitutions in these alleles is 0.56 per allele.
A high frequency of nonsynonymous substitutions was also
detected by other methods in our previous study of four AGM
CCRS alleles (51).

Although data concerning polymorphisms in human CCR5-
coding sequences have been somewhat variable in different
studies (3, 10, 66), a relatively comprehensive analysis of the
CCRS5-coding regions of 50 DNA samples from each of five
ethnic groups implied that the frequency of nonsynonymous
substitutions is in the range of approximately 0.07 to 0.16 per
allele in these groups (3). In Caucasians the A32 CCRS5 dele-
tion allele has a null phenotype and occurs at a frequency of
approximately 0.05 to 0.13 (3, 42, 53, 59, 61, 63). Moreover, the
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ratio of nonsynonymous to synonymous nucleotide sequence
changes has been approximately 1.0 throughout evolution of
the CCR5-coding region of primates (54), whereas it is approx-
imately 1.9 for the AGM sequences in our study. Considered
together, this evidence supports the hypothesis that the AGM
CCRS5-coding sequences have evolved under relatively intense
selection pressure caused by the high-frequency SIVagm infec-
tions (greater than 50% of sexually mature adults [26, 31, 41,
50]) that occur in the AGM subspecies.

A corollary of this hypothesis that is supported by this in-
vestigation is that the AGM substitution polymorphisms would
be expected to frequently modify critical sites required for
SIVagm infections. Accordingly, the D13N, Y14N, Q93R, and
Q93K substitutions in AGM CCRS all strongly inhibit infec-
tions by SIVagm isolates within the context of AGM CCRS as
indicated by our focal infectivity assay for these viruses (Fig. 2
and 3). As determined using the 3A9 monoclonal antibody,
none of these mutations altered cell surface expression of the
CCRS proteins in human cells. Moreover, these mutations did
not substantially perturb cell surface expression or chemokine-
stimulated signaling by these CCRS5s in Xenopus oocytes (Fig.
4). Consequently, we conclude that these mutations specifically
inhibit coreceptor activities of AGM CCRSs. In contrast, the
nonsynonymous substitutions found in human CCRS are ran-
domly situated throughout the protein (3, 6, 10, 66). Moreover,
extensive alanine scanning mutagenesis studies of human
CCRS5 have demonstrated that very few substitutions cause
significant losses of coreceptor function (15, 23, 58). Thus, the
AGM CCRS substitutions not only are comparatively frequent
but also are exceptionally informative concerning the critical
sites required for immunodeficiency virus infections.

Further studies will be required to determine whether these
alleles influence transmission or outcome of infections by the
SIVagm viruses found in the same AGM populations as the
mutations. In particular, it is possible that during their coevo-
lution specific SIVagm strains have become adapted to specific
mutations in CCRS, either by altered interactions with CCRS5
or by utilizing another coreceptor, and these adaptations could
conceivably change the pattern of virus transmission or repli-
cation in these monkey populations. In addition, it will be
interesting to learn whether viruses that are present in exper-
imentally infected monkeys carrying these mutant CCRS al-
leles have adapted to the mutations. Presumably, mutations
that attenuate virus interactions with CCRS would selectively
eliminate infections of cells that express low levels of CD4 or
CCRS on their surfaces (36, 57).

We emphasize that the active sites identified in this study are
relevant to the AGM CCRS protein and that somewhat dif-
ferent results can occur when these substitutions are incorpo-
rated into human CCRS. For example, AGM(D13N) CCRS5 is
attenuated as a coreceptor for SIVagm, whereas these same
viruses efficiently use human CCRS, which also contains N at
position 13 (Fig. 2 and 3). Similarly, Q93R and Q93K substi-
tutions strongly inhibit SIVagm (Fig. 2 and 3) or R5 HIV-1
infections (37) in the context of AGM CCRS but have reduced
effects on HIV-1 infections in the context of human CCRS
(data not shown). These results are consistent with other evi-
dence that weakened interactions of immunodeficiency viruses
with one region of CCRS5 can be compensated for by strong
interactions with other sites in the coreceptor (E. Platt, S. E.
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Kuhmann, and D. Kabat, unpublished data). Specifically, we
found that forced passaging of the RS HIV-1 isolate JR-CSF in
HeLa-CD4/CCRS5(Y14N) cultures resulted in outgrowth of
adapted viruses that are less dependent on the amino-terminal
region of CCRS5 and more reliant on increased interactions
with the ECL2 region.

A limitation in our present investigation derives from the
small number of SIVagm isolates that we were able to analyze.
This is a significant issue in all studies, in part because SIVagm
viruses are ancient and separated into four genetic subtypes,
each specific for its natural AGM host (2, 5, 26, 30, 31, 41, 50),
and in part because the available SIVagm strains have all been
isolated following their replication in human Molt4-8 cells (1,
12, 19, 34). These cells, which have been uniquely useful for
growing stocks of SIVagm (1, 12, 19, 34), contain a low con-
centration of CCRS5 (40), and it is conceivable that the viruses
have become altered by this passage (8). However, we believe
that such adaptations must have been limited, because the
SIVagm strains all efficiently utilize wild-type AGM CCRS
(Fig. 2 and 3), which is a poor coreceptor for HIV-1 (37, 62).
A thorough analysis of this issue would require studies of
numerous SIVagm samples derived directly from naturally in-
fected AGMs of distinct species.

Additional studies will also be required to test our prelimi-
nary evidence that tantalus monkeys homozygous for the se-
vere Y14N CCRS substitution may be resistant to natural in-
fections by SIVagm variants that are endemic in their
environment. Although our evidence supports this hypothesis
and is consistent with the prevalence of SIVagm infections
determined in a survey of tantalus monkeys of all ages (50), we
cannot exclude the possibility that naturally occurring SIVagm
strains in tantalus monkey populations might have become
adapted to use CCR5(Y14N) or another cell surface compo-
nent as a coreceptor. The possibility of viral adaptation is
supported by the fact that several of these Y14N homozygous
tantalus monkeys were experimentally infected with SIVagm
after their capture (see Table 1) and have maintained low viral
loads (reference 52 and unpublished results). Similarly, a
SIVrem from a red-capped mangabey homozygous for a par-
tially deleted CCRS5 null allele adapted to this mutation of its
host and exclusively uses the alternative coreceptor CCR2b
(7).

Despite its severely debilitating effect on CCRS coreceptor
activity, the Y14N mutation has only a minor quantitative
effect on its function in chemokine binding (36) and in signal
transduction (Fig. 4). This mutation eliminates a tyrosine sul-
fation site that is critical for coreceptor activity (17) and cre-
ates an NYT sequence that is partially (ca. 60%) modified by
N-linked glycosylation (36). Although these N-glycosylated
CCRS molecules are inactive in both signaling and coreceptor
function, our results imply that the ungylcosylated CCRS
(Y14N) component (i.e., 40% of the total) is fully active in
chemokine binding (62) and in signal transduction (Fig. 4).
Thus, the Y14N substitution appears to cause an ideal combi-
nation of resistance to SIVagm with retention of substantially
normal chemokine signaling. Similarly, the Q93R substitution
has no effect on chemokine signaling by CCRS (Fig. 4), and the
D13 and N13 residues are also both fully compatible with
CCRS chemokine signaling (Fig. 4) (62). These results support
the hypothesis that the AGM CCRS polymorphisms were se-
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lected for their resistance to SIVagm infections and for their
preservation of CCRS signaling.

In summary, our results support previous evidence that
AGMs have been infected at high frequencies by SIVagm
viruses since ancient times (2, 5, 26, 30, 31, 41, 50). As a
consequence of this prolonged virus-host coevolution, the
AGM CCR5-coding sequence has become highly polymorphic,
with relatively frequent nonsynonymous nucleotide substitu-
tions that strongly inhibit coreceptor activity but have only
minor effects on chemokine binding or signaling.

Our study thus provides strong initial evidence for a true
coevolution of SIVs with their natural hosts. The evident con-
sequence of this coevolution is a balance between viruses that
persist at high frequency and hosts that do not progress to
disease. An important corollary of this interpretation is that
AGMs are likely to contain a repository of abundant polymor-
phisms in other genes that have important roles in controlling
infections and in limiting pathogenesis of immunodeficiency
viruses. As in the example of CCRS, these polymorphisms
would be expected to specifically alter the sites that are critical
for the resistance properties of the encoded proteins. From
this perspective, further analyses of AGMs and other endem-
ically infected primates may be exceptionally helpful for iden-
tifying protein targets relevant to disease reduction and for
developing treatments to counteract immunodeficiency vi-
ruses, including HIV-1.
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