
Short Communication:
HIV-1 Variants That Use Mouse CCR5 Reveal

Critical Interactions of gp120’s V3 Crown
with CCR5 Extracellular Loop 1

Emily J. Platt, James P. Durnin,* and David Kabat

Abstract

The CCR5 coreceptor amino terminus and extracellular (ECL) loops 1 and 2 have been implicated in HIV-1
infections, with species differences in these regions inhibiting zoonoses. Interactions of gp120 with CD4 and
CCR5 reduce constraints on metastable envelope subunit gp41, enabling gp41 conformational changes needed
for infection. We previously selected HIV-1JRCSF variants that efficiently use CCR5(D18) with a deleted amino
terminus or CCR5(HHMH) with ECL2 from an NIH/Swiss mouse. Unexpectedly, the adaptive gp120 mutations
were nearly identical, suggesting that they function by weakening gp120’s grip on gp41 and/or by increasing
interactions with ECL1. To analyze this and further wean HIV-1 from human CCR5, we selected variants using
CCR5(HMMH) with murine ECL1 and 2 sequences. HIV-1JRCSF mutations adaptive for CCR5(D18) and
CCR5(HHMH) were generally maladaptive for CCR5(HMMH), whereas the converse was true for
CCR5(HMMH) adaptations. The HIV-1JRCSF variant adapted to CCR5(HMMH) also weakly used intact NIH/
Swiss mouse CCR5. Our results strongly suggest that HIV-1JRCSF makes functionally critical contacts with
human ECL1 and that adaptation to murine ECL1 requires multiple mutations in the crown of gp120’s V3 loop.

HIV-1 entry requires interactions of gp120-gp41 enve-
lope glycoproteins with cell surface CD4 and coreceptors

that normally function as G-protein-coupled chemokine recep-
tors.1–6 Transmitted viruses use CCR5 as coreceptor, whereas
variants employing CXCR4 often form during disease pro-
gression.7–9 Coreceptor shifts require mutations in the V3 loop
of gp120, and V3 mutations also adapt HIV-1 to other factors
that limit entry including coreceptor antagonists and suboptimal
concentrations of CD4 or coreceptors.9,19

CCR5’s amino terminus (Nt) and extracellular loop (ECL)
1 and 2 regions contribute to coreceptor activity.20–31 Affi-
nities of sCD4-gp120 complexes for CCR5 are weakened by
Nt and ECL2 mutations.22,24–26,32–37 Tyrosine sulfates in Nt
enhance infection and sCD4-gp120 binding,26,34,35,38 and
tyrosine sulfated Nt peptide binds to the base of gp120
V3.33,37 Additionally, antibodies to ECL2 block entry.36,39–41

Studies of chimeric human CCR5s with substitutions from
murine CCR5 or other chemokine receptors also suggest
involvement of Nt and ECL1 and 2.21,23,24,27,30,42 African
green monkeys (AGMs) have been endemically infected by

SIVAGM at high prevalence for millennia and their CCR5s
contain many polymorphisms at functionally important sites
in Nt, ECL1, and ECL2.27,43,44

Damaging mutations in CCR5 can be overcome by adap-
tive mutations in HIV-1JRCSF gp120 centered in V3.14–16,44,45

Surprisingly, as described previously and summarized below,
mutations adaptive for CCR5(D18) with a deleted Nt or
CCR5(HHMH) with ECL2 from NIH/Swiss mice were
overlapping, with S298N and F313L in V3 and elimination of
an N-glycan at N403 (by substitutions N403K,S or T405N,A)
in V4 being common.45 These common mutations increased
syncytia formation and susceptibilities to sCD4 inactivation
and reduced the activation energy barrier that restricts gp41
refolding, thereby enabling weak coreceptors to function
efficiently.45 Conceivably, these common mutations might
strengthen gp120 interactions with ECL1, thereby compen-
sating for reduced reliance on Nt and ECL2.

A major goal of our investigation has been to wean
HIV-1JRCSF from dependency on human CCR5 by adapting it
in incremental stages for utilization of NIH/Swiss mouse
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CCR5. In addition, this approach provides evidence con-
cerning the interactions of specific gp120 amino acids with
sites in CCR5. To investigate these issues, we used previous
methods.14–17,27,44–46 We made CCR5(HMMH) by substitut-
ing the MscI–BsaBI fragment from the cDNA of NIH/Swiss
mouse CCR5 for the corresponding human sequence (Fig. 1A),
and used the HI-J clone of HeLa-CD4 cells to derive subclones
with distinct cell surface CCR5(HMMH) amounts measured
using monoclonal antibody 3A9 to human Nt.47

Human and mouse CCR5 sequences differ in Nt, ECL1,
and ECL2, but are identical in ECL3 except for conservative
N-to-T and V-to-A substitutions at the TM6-ECL3 and
ECL3-TM7 junctions (Fig. 1B). We initially assumed that
HIV-1JRCSF variants adapted to CCR5(HHMH) with murine
ECL2 and CCR5(G163R) that disrupts gp120 binding and
occurs at the TM4/ECL2 junction36 would be partially

adapted to CCR5(HMMH). However, these variants could
not use CCR5(HMMH) at low or medium concentrations
although they weakly used a high concentration (e.g.,
*86,000/cell) (Fig. 1C), confirming that HIV-1s use cor-
eceptors in a concentration-dependent manner.16,44,45 JC.53
cells, which contain a supersaturating number (*130,000/
cell) of human CCR5 and are infected efficiently by all HIV-1
variants, were used to normalize titers of our virus prepara-
tions. These results suggested that HIV-1JRCSF mutations
adaptive for CCR5(G163R) and CCR5(HHMH) were not
partially adapted to use CCR5(HMMH) and might be mala-
daptive for use of murine ECL1.

Isolation of adapted variants occurs optimally when the
initial virus replicates weakly in the cells used for selection.
Accordingly, we used the HeLa-CD4/CCR5(HMMH) clone
with *86,000 coreceptors/cell and the HIV-1JRCSF(G163R)-

FIG. 1. Construction and coreceptor activity of CCR5(HMMH). (A) Schematic diagram. The region shaded black
includes ECL1 and 2 and contains CCR5 sequences from NIH/Swiss mice. The lines emanating from cysteine residues
indicate disulfide bonds linking ECL1 to ECL2, and the amino terminus (Nt) to ECL3. (B) Clustal alignment of human and
mouse CCR5 sequences. TM domains 1–7 and ECL1, 2, and 3 regions are indicated. Nonconservative sequence differences
are shown in white, and conservative substitutions in dark shading. (C) CCR5(HMMH) is a severely disabled coreceptor for
wild-type HIV-1JRCSF and variants that have been selected to employ human ECL1. HeLa-CD4 cell clones expressing
distinct amounts of CCR5(HMMH) were tested for susceptibilities to infection by HIV-1JRCSF and variants previously
selected for use of CCR5(G163R) or CCR5(HHMH), which contain intact human ECL1 but damaged ECL2s. None of these
viruses used CCR5(HMMH) at low or moderate concentrations and only weakly employed it at high concentration.
Infectivity values were normalized relative to titers in JC.53 cells that express a large excess of wild-type CCR5 (1.3 · 105/
cell). The CCR5(G163R) and CCR5(HHMH) adapted viruses were generated by selection on HeLa-CD4 cells with the
following mutant coreceptor expression levels: CCR5(G163R),1.9 · 104 /cell; CCR5(HHMH)-med, 1.0 · 105/cell;
CCR5(HHMH)-low, 2.0 · 104/cell.44,45 Error bars are SEMs.
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adapted virus that infects these cells *1.5% as efficiently as
JC.53 cells (see Fig. 1C). After five cell passages a virus
emerged (variant A) that we used to select variant B that
replicates efficiently in cells with *10,000 CCR5(HMMH)/
cell. This selection was very difficult and required 15 cell
passages. Figure 2A shows infectivity assays of the A and B
variants and several other HIV-1JRCSF variants previously
adapted to other mutant CCR5s. Interestingly, viruses adap-
ted to CCR5s containing human ECL1 used a high concen-
tration of CCR5(HMMH) inefficiently and were unable to

use low concentrations. Conversely, viruses adapted to
CCR5(HMMH) cannot use CCR5(HHMH) or CCR5(Y14N)
containing human ECL1. Importantly, none of the viruses
uses CXCR4 (Fig. 2A). Figure 2B lists the previously isolated
viruses that we employed in this investigation and identifies
the specific adaptive env mutations that they contained.

Interestingly, variant B also efficiently used CCR5(HMMM),
which differs from mouse CCR5 only in Nt,27 and weakly used
intact murine CCR5 in HEK293T cells that had been co-
transfected with expression vectors for CD4 and CCR5s (Fig.

FIG. 2. Characterization of HIV-1JRCSF variants adapted for use of CCR5(HMMH). (A) Use of CCR5(HMMH) and other
mutant coreceptors by diverse viral isolates. Wild-type HIV-1JRCSF and variants adapted to use high (A) or low concen-
trations of CCR5(HMMH) (B) were titered in cells expressing different coreceptors. The variants adapted to
CCR5(HMMH) used this coreceptor efficiently, in contrast to all viruses adapted to CCR5s with intact human ECL1 [ i.e.,
wild-type CCR5, CCR5(HHMH), CCR5(G163R), and CCR5(Y14N)]. Conversely, variants adapted to mouse ECL1 cannot
use coreceptors with human ECL1. None of the variants employs CXCR4. Titers normalized relative to JC.53 cells are
averages of two to three experiments with error bars SEM. (B) Adaptive mutations in the previously isolated viruses used in
(A). The adaptive mutations for viruses able to use the CCR5(G163R), CCR5(HHMH)-low, and CCR5(D18) coreceptors
are listed. The CCR5(HHMH)-low-Ad virus was generated by first passaging CCR5(G163R)-Ad virus on CCR5(HHMH)-
med cells, and the variant virus (adaptive mutations: F313L, N403S, A428T) that emerged was then selected on
CCR5(HHMH)-low cells.45 Mutations shared between CCR5(HHMH)-low-Ad and CCR5(D18) adapted viruses are high-
lighted in yellow. The CCR5(D18)-Ad virus was created by passaging CCR5(Y14N)-Ad virus on CCR5(D18) cells
[6.3 · 104 CCR5(D18)/cell]. Adaptive mutations in the CCR5(Y14N)-Ad virus are S298N, N300Y, and F313L.15,44 The
N300Y mutation enhances CCR5(D18) use specifically,15,45 while mutations at residue I307 appear to enhance use of
disparate mutant coreceptors [i.e., CCR5(D18) and CCR5(HMMH)]. (C) Mouse CCR5 use by adapted viruses. 293T cells
were transiently cotransfected with expression vectors for CD4 and either human CCR5, mouse CCR5, or the previously
described chimera CCR5(HMMM) containing only human Nt. The relative infectivities are averages of three experiments
with error bars the SEMs. (D) Syncytia-forming abilities of variants adapted to use high (A) or low (B) concentrations of
CCR5(HMMH) compared to wild-type HIV-1JRCSF (low syncytia formation) and the variant adapted to CCR5(HHMH)
(high syncytia formation). Syncytia were scored by counting the number of nuclei in 100 infected foci in JC.53 cultures.
Error bars are SEMs. (E) Ability of adapted viruses to infect HeLa-CD4((18) cells lacking Nt in the presence of different
concentrations of the soluble tyrosine sulfated Nt peptide. Infectivity values normalized relative to JC.53 cells. Unlike the
variant adapted to CCR5(HHMH), which uses Nt peptide efficiently, the variants adapted to CCR5(HMMH) cannot infect in
these conditions.
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2C). In contrast, other tested viruses lacked this capability. The
A and B variants were also less syncytium inducing in JC.53
cells than the highly fusogenic variant with S298N, F313L, and
N403S that was adapted for efficient use of CCR5(HHMH)
(Fig. 2D). In contrast to the latter virus, the A and B variants
were also unable to infect HeLa-CD4/CCR5(D18) cells in the
presence of the tyrosine sulfated Nt peptide (Fig. 2E). This
suggests that CCR5(HMMH) adaptations did not enhance viral
reliance on human Nt. Although gp120 adaptations to damaged

CCR5 Nt and ECL2 substantially overlap (see Fig. 2B) and
neither of these regions is essential, HIV-1 infection evidently
requires specific interactions with ECL1.

The gp120-gp41 sequences of env cDNA clones from
adapted viruses A and B are summarized in Table 1. Im-
portantly, mutations adaptive for CCR5s with human ECL1
but damaged Nt or ECL2 were absent in CCR5(HMMH)-
adapted variants except for the N-glycan loss mutation
N403D in V4 in a proportion of A and B gp120s. The V3

Table 1. Adaptive Envelope Mutations in HIV-1JRCSF Isolates Grown on HeLa-CD4 Cells

Expressing CCR5(HMMH)

Env clonea,b A217T I305V I307L R311G G317E N403D A524T

Variant 1 - - + - - + -
Ac 2 - - + - - + -

3 - - + - + - -
4 - - + - + - -
5 - - + - - + -
6 - - + - - + -
7 - - + - + - -
8 - - + - - - -
9 - - + - - + -

Variant 10 - + + - + - -
Bd 11 - - + + - + -

12 + + + - + - +
13 + + + - + - -

aEntire envelope genes, encoding gp120/gp41, were obtained by PCR of genomic DNA harvested from infected cells and individual
clones were then sequenced.

bWe have used HIV-1JRCSF numbering. The corresponding HIV-1HXBc2 numbering for the adapted envelope mutations is 219T, 307V,
309L, 314G, 320E, 411D, and 532T.

cEnvelope clones isolated from variant A virus-infected HeLa-CD4 cells expressing large amounts of CCR5(HMMH).
dEnvelope clones isolated from variant B virus-infected HeLa-CD4 cells expressing low amounts of CCR5(HMMH).

FIG. 3. Locations of the CCR5(HMMH)-adaptive mutations in the monomeric and trimeric crystal structures of gp120.
(A) Monomeric gp120. Adaptive mutations were modeled onto the crystal structure of monomeric gp120 bound to sCD4
[Protein Data Bank (PDB) accession number 2B4C].11 In this sCD4 liganded structure, the V3 loop projects away from the
virus toward the cell surface. Gray, CD4; yellow, gp120; blue, V3. All envelopes cloned from adapted viruses had the I307L
mutation (green) and CCR5(HMMH)-low adapted viruses had additional mutations of G317E and I305V (red spheres) or
R311G and N403D ( purple spheres), while CCR5(HMMH)-high adapted viruses had I307L and G317E or N403D. The
image is oriented with the target cell membrane below. (B) Trimeric gp120. The CCR5(HMMH) adaptive mutations were
modeled onto the crystal structure of the soluble cleaved trimeric envelope in complex with the neutralizing antibody
PGT122 (PDB accession number 4NCO).50 In this structure, V3, along with V1/V2, overlays the portion of the virus that
faces the cell. Gray, external portion of gp41; yellow, gp120; light cyan, V1/V2; blue, V3. Visible gaps in the image due to
missing or ambiguous electron density are filled in with dashed lines. The color coding for the adaptive mutations is as in
(B), and the image is oriented with the target cell membrane above. The figure was generated using the PyMOL Molecular
Graphics System (Version 1.2r1, Schrödinger).
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mutation F313I in the initially employed CCR5(G163R)-adapted
virus also reverted during adaptation to CCR5(HMMH). The A
and B viruses both contain two viral populations, all having the
I307L V3 substitution. The highly adapted B viruses also contain
I305V plus G317E in V3 or R311G in V3 plus N403D in V4.
These mutations suggest that loss of positive charge (R311G) or
gain of negative charge (G317E) in V3 is adaptive for mouse
ECL1 and maladaptive for human ECL1. Unlike our previously
isolated N-glycan loss mutations (N403K,S or T405N,A),
N403D also adds a negative charge. These charge differences
may be important because murine ECL1 is positively charged
(Fig. 1B) and because electrostatic interactions strongly influ-
ence coreceptor choice.18,48,49

These V3 mutations cluster in the structures of sCD4-
gp120 monomers11 and gp120-gp41 trimers50 (Fig. 3). Im-
portantly, the V3 substitutions controlling ECL1 usage occur
in gp120’s V3 crown. The conservative V3 substitutions
I305V and I307L occur in a conserved hydrophobic cluster
that influences the orientation and packing of V3. Mutation
R311G alters the highly conserved GPGR consensus se-
quence in the crown tip of V3.51 The N403D N-glycan loss
mutation is situated near positive charges in the V3 base of
the unliganded trimer structure. Although some B variant
clones contained mutations in C2 (A217T) and in the gp41
fusion peptide (A524T), they occur in regions not known to
interact with CCR5 and were not present in a coherent pattern
in the B clones. Consequently, we presume they may have
been caused by genetic drift during the prolonged selection
process. In contrast, the other A and B virus mutations were
located specifically in gp120 sites previously shown to in-
teract with CCR5.15,16,45

These experiments suggest that the gp120 mutations adap-
tive for both CCR5(HHMH) and CCR5(D18) (i.e., S298N,
F313L, and N-glycan loss at N403) (Fig. 2B) make the virus
more reliant on human ECL1 and consequently less tolerant
of mutations in this region. Previous mutagenic studies also
strongly imply that CCR5 ECL1 plays an important role
in HIV-1JRCSF entry.27 Thus, the gp120 V3 loop mutations
that were adaptive for CCR5(HHMH), CCR5(D18), and
CCR5(G163R), which contain human ECL1, were maladap-
tive for use of murine ECL1. Conversely, the A and B
CCR5(HMMH) HIV-1JRCSF variants adapted for murine ECL1
were maladapted for use of human ECL1.

Whereas gp120 mutations adaptive for CCR5s with dam-
aged Nt or ECL2 are substantially identical, implying that
gp120 interactions with these regions cooperate in a common
process, we conclude that gp120 interactions with CCR5
ECL1 have a functionally different role that is essential for
infection. We propose that binding steps involving Nt and
ECL2 precede the ECL1-dependent entry process that in-
volves its interactions with the gp120 V3 crown. This inter-
pretation is concordant with previous evidence of Cormier
et al.37

Acknowledgments

This research was supported by NIH grant CA67358 from
the National Cancer Institute. We thank S. Kozak and L.
Schwanemann for technical assistance. Author contributions:
E.J.P. and D.K. planned the overall project, discussed ex-
perimental results, and wrote the article. E.J.P. planned and
performed all experiments and collaborated with J.P.D. in

constructing the CCR5(HMMH) chimeric coreceptor and
generating cell clones.

Author Disclosure Statement

No competing financial interests exist.

References

1. Alkhatib G, Combadiere C, Broder CC, et al.: CC CKR5:
A RANTES, MIP-1alpha, MIP-1beta receptor as a fusion
cofactor for macrophage-tropic HIV-1. Science 1996;
272(5270):1955–1958.

2. Berson JF, Long D, Doranz BJ, et al.: A seven-trans-
membrane domain receptor involved in fusion and entry of
T-cell-tropic human immunodeficiency virus type 1 strains.
J Virol 1996;70(9):6288–6295.

3. Choe H, Farzan M, Sun Y, et al.: The beta-chemokine
receptors CCR3 and CCR5 facilitate infection by primary
HIV-1 isolates. Cell 1996;85(7):1135–1148.

4. Deng H, Liu R, Ellmeier W, et al.: Identification of a major
co-receptor for primary isolates of HIV-1. Nature 1996;
381(6584):661–666.

5. Dragic T, Litwin V, Allaway GP, et al.: HIV-1 entry into
CD4+ cells is mediated by the chemokine receptor CC-
CKR-5. Nature 1996;381(6584):667–673.

6. Feng Y, Broder CC, Kennedy PE, and Berger EA: HIV-1
entry cofactor: Functional cDNA cloning of a seven-
transmembrane, G protein-coupled receptor. Science 1996;
272(5263):872–877.

7. Dean M, Carrington M, Winkler C, et al.: Genetic re-
striction of HIV-1 infection and progression to AIDS by a
deletion allele of the CKR5 structural gene. Hemophilia
Growth and Development Study, Multicenter AIDS Cohort
Study, Multicenter Hemophilia Cohort Study, San Fran-
cisco City Cohort, ALIVE Study. Science 1996;273(5283):
1856–1862.

8. Liu R, Paxton WA, Choe S, et al.: Homozygous defect in
HIV-1 coreceptor accounts for resistance of some multiply-
exposed individuals to HIV-1 infection. Cell 1996;86(3):
367–377.

9. Speck RF, Wehrly K, Platt EJ, et al.: Selective employment
of chemokine receptors as human immunodeficiency virus
type 1 coreceptors determined by individual amino acids
within the envelope V3 loop. J Virol 1997;71(9):7136–
7139.

10. Hartley O, Klasse PJ, Sattentau QJ, and Moore JP: V3:
HIV’s switch-hitter. AIDS Res Hum Retroviruses 2005;
21(2):171–189.

11. Huang CC, Tang M, Zhang MY, et al.: Structure of a V3-
containing HIV-1 gp120 core. Science 2005;310(5750):
1025–1028.

12. Kuhmann SE, Pugach P, Kunstman KJ, et al.: Genetic and
phenotypic analyses of human immunodeficiency virus
type 1 escape from a small-molecule CCR5 inhibitor.
J Virol 2004;78(6):2790–2807.

13. Marozsan AJ, Kuhmann SE, Morgan T, et al.: Genera-
tion and properties of a human immunodeficiency virus
type 1 isolate resistant to the small molecule CCR5 in-
hibitor, SCH-417690 (SCH-D). Virology 2005;338(1):
182–199.

14. Platt EJ, Durnin JP, and Kabat D: Kinetic factors control
efficiencies of cell entry, efficacies of entry inhibitors, and
mechanisms of adaptation of human immunodeficiency
virus. J Virol 2005;79(7):4347–4356.

996 PLATT, DURNIN, AND KABAT



15. Platt EJ, Kuhmann SE, Rose PP, and Kabat D: Adaptive
mutations in the V3 loop of gp120 enhance fusogenicity of
human immunodeficiency virus type 1 and enable use of a
CCR5 coreceptor that lacks the amino-terminal sulfated
region. J Virol 2001;75(24):12266–12278.

16. Platt EJ, Shea DM, Rose PP, and Kabat D: Variants of
human immunodeficiency virus type 1 that efficiently use
CCR5 lacking the tyrosine-sulfated amino terminus have
adaptive mutations in gp120, including loss of a functional
N-glycan. J Virol 2005;79(7):4357–4368.

17. Platt EJ, Wehrly K, Kuhmann SE, et al.: Effects of CCR5
and CD4 cell surface concentrations on infections by
macrophagetropic isolates of human immunodeficiency
virus type 1. J Virol 1998;72(4):2855–2864.

18. Kalinina OV, Pfeifer N, and Lengauer T: Modelling binding
between CCR5 and CXCR4 receptors and their ligands
suggests the surface electrostatic potential of the co-receptor
to be a key player in the HIV-1 tropism. Retrovirology
2013;10:130.

19. Roche M, Salimi H, Duncan R, et al.: A common mechanism
of clinical HIV-1 resistance to the CCR5 antagonist mar-
aviroc despite divergent resistance levels and lack of com-
mon gp120 resistance mutations. Retrovirology 2013;10:43.

20. Atchison RE, Gosling J, Monteclaro FS, et al.: Multiple
extracellular elements of CCR5 and HIV-1 entry: Dissocia-
tion from response to chemokines. Science 1996;274(5294):
1924–1926.

21. Bieniasz PD, Fridell RA, Aramori I, et al.: HIV-1-induced
cell fusion is mediated by multiple regions within both
the viral envelope and the CCR-5 co-receptor. EMBO J
1997;16(10):2599–2609.

22. Blanpain C, Doranz BJ, Vakili J, et al.: Multiple charged and
aromatic residues in CCR5 amino-terminal domain are in-
volved in high affinity binding of both chemokines and HIV-1
Env protein. J Biol Chem 1999;274(49):34719–34727.

23. Doranz BJ, Lu ZH, Rucker J, et al.: Two distinct CCR5
domains can mediate coreceptor usage by human immu-
nodeficiency virus type 1. J Virol 1997;71(9):6305–6314.

24. Dragic T: An overview of the determinants of CCR5 and
CXCR4 co-receptor function. J Gen Virol 2001;82(Pt 8):
1807–1814.

25. Dragic T, Trkola A, Lin SW, et al.: Amino-terminal sub-
stitutions in the CCR5 coreceptor impair gp120 binding and
human immunodeficiency virus type 1 entry. J Virol 1998;
72(1):279–285.

26. Farzan M, Mirzabekov T, Kolchinsky P, et al.: Tyrosine
sulfation of the amino terminus of CCR5 facilitates HIV-1
entry. Cell 1999;96(5):667–676.

27. Kuhmann SE, Platt EJ, Kozak SL, and Kabat D: Poly-
morphisms in the CCR5 genes of African green monkeys
and mice implicate specific amino acids in infections by
simian and human immunodeficiency viruses. J Virol 1997;
71(11):8642–8656.

28. Picard L, Simmons G, Power CA, et al.: Multiple extra-
cellular domains of CCR-5 contribute to human immuno-
deficiency virus type 1 entry and fusion. J Virol 1997;71(7):
5003–5011.

29. Ross TM, Bieniasz PD, and Cullen BR: Multiple residues
contribute to the inability of murine CCR-5 to function as a
coreceptor for macrophage-tropic human immunodefi-
ciency virus type 1 isolates. J Virol 1998;72(3):1918–1924.

30. Rucker J, Samson M, Doranz BJ, et al.: Regions in beta-
chemokine receptors CCR5 and CCR2b that determine
HIV-1 cofactor specificity. Cell 1996;87(3):437–446.

31. Wu L, Gerard NP, Wyatt R, et al.: CD4-induced interaction
of primary HIV-1 gp120 glycoproteins with the chemokine
receptor CCR-5. Nature 1996;384(6605):179–183.

32. Brower ET, Schon A, Klein JC, and Freire E: Binding
thermodynamics of the N-terminal peptide of the CCR5
coreceptor to HIV-1 envelope glycoprotein gp120. Bio-
chemistry 2009;48(4):779–785.

33. Cormier EG and Dragic T: The crown and stem of the V3
loop play distinct roles in human immunodeficiency virus
type 1 envelope glycoprotein interactions with the CCR5
coreceptor. J Virol 2002;76(17):8953–8957.

34. Farzan M, Choe H, Vaca L, et al.: A tyrosine-rich region
in the N terminus of CCR5 is important for human
immunodeficiency virus type 1 entry and mediates an as-
sociation between gp120 and CCR5. J Virol 1998;72(2):
1160–1164.

35. Farzan M, Vasilieva N, Schnitzler CE, et al.: A tyrosine-
sulfated peptide based on the N terminus of CCR5 interacts
with a CD4-enhanced epitope of the HIV-1 gp120 envelope
glycoprotein and inhibits HIV-1 entry. J Biol Chem 2000;
275(43):33516–33521.

36. Siciliano SJ, Kuhmann SE, Weng Y, et al.: A critical site in
the core of the CCR5 chemokine receptor required for
binding and infectivity of human immunodeficiency virus
type 1. J Biol Chem 1999;274(4):1905–1913.

37. Cormier EG, Tran DN, Yukhayeva L, et al.: Mapping the
determinants of the CCR5 amino-terminal sulfopeptide
interaction with soluble human immunodeficiency virus
type 1 gp120-CD4 complexes. J Virol 2001;75(12):5541–
5549.

38. Farzan M, Chung S, Li W, et al.: Tyrosine-sulfated pep-
tides functionally reconstitute a CCR5 variant lacking a
critical amino-terminal region. J Biol Chem 2002;277(43):
40397–40402.

39. Lee B, Sharron M, Blanpain C, et al.: Epitope mapping of
CCR5 reveals multiple conformational states and distinct
but overlapping structures involved in chemokine and cor-
eceptor function. J Biol Chem 1999;274(14):9617–9626.

40. Olson WC, Rabut GE, Nagashima KA, et al.: Differential
inhibition of human immunodeficiency virus type 1 fusion,
gp120 binding, and CC-chemokine activity by monoclonal
antibodies to CCR5. J Virol 1999;73(5):4145–4155.

41. Wu L, LaRosa G, Kassam N, et al.: Interaction of che-
mokine receptor CCR5 with its ligands: Multiple domains
for HIV-1 gp120 binding and a single domain for chemo-
kine binding. J Exp Med 1997;186(8):1373–1381.

42. Alkhatib G, Ahuja SS, Light D, et al.: CC chemokine re-
ceptor 5-mediated signaling and HIV-1 co-receptor activity
share common structural determinants. Critical residues in
the third extracellular loop support HIV-1 fusion. J Biol
Chem 1997;272(32):19771–19776.

43. Kuhmann SE, Madani N, Diop OM, et al.: Frequent sub-
stitution polymorphisms in African green monkey CCR5
cluster at critical sites for infections by simian immuno-
deficiency virus SIVagm, implying ancient virus-host co-
evolution. J Virol 2001;75(18):8449–8460.

44. Kuhmann SE, Platt EJ, Kozak SL, and Kabat D: Co-
operation of multiple CCR5 coreceptors is required for
infections by human immunodeficiency virus type 1.
J Virol 2000;74(15):7005–7015.

45. Platt EJ, Durnin JP, Shinde U, and Kabat D: An allosteric
rheostat in HIV-1 gp120 reduces CCR5 stoichiometry re-
quired for membrane fusion and overcomes diverse entry
limitations. J Mol Biol 2007;374(1):64–79.

HIV-1 INTERACTIONS WITH CCR5 CORECEPTORS 997



46. Platt EJ, Madani N, Kozak SL, and Kabat D: Infectious
properties of human immunodeficiency virus type 1 mu-
tants with distinct affinities for the CD4 receptor. J Virol
1997;71(2):883–890.

47. Konigs C, Rowley MJ, Thompson P, et al.: Monoclonal
antibody screening of a phage-displayed random peptide
library reveals mimotopes of chemokine receptor CCR5:
Implications for the tertiary structure of the receptor and for
an N-terminal binding site for HIV-1 gp120. Eur J Immunol
2000;30(4):1162–1171.

48. Coetzer M, Cilliers T, Ping LH, et al.: Genetic character-
istics of the V3 region associated with CXCR4 usage in
HIV-1 subtype C isolates. Virology 2006;356(1–2):95–105.

49. Tan Q, Zhu Y, Li J, et al.: Structure of the CCR5 che-
mokine receptor-HIV entry inhibitor maraviroc complex.
Science 2013;341(6152):1387–1390.

50. Julien JP, Cupo A, Sok D, et al.: Crystal structure of a
soluble cleaved HIV-1 envelope trimer. Science 2013;
342(6165):1477–1483.

51. Vranken WF, Budesinsky M, Fant F, et al.: The complete
consensus V3 loop peptide of the envelope protein gp120
of HIV-1 shows pronounced helical character in solution.
FEBS Lett 1995;374(1):117–121.

Address correspondence to:
David Kabat

Department of Biochemistry and Molecular Biology
Oregon Health and Science University

Portland, Oregon 97239-3098

E-mail: kabat@ohsu.edu

998 PLATT, DURNIN, AND KABAT


