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HIV-1 Gag protein interaction with cyclophilin A (CypA) is crit-
ical for viral fitness. Among the amino acid substitutions identified
in Gag noncleavage sites in HIV-1 variants resistant to protease
inhibitors, H219Q (Gatanaga, H., Suzuki, Y., Tsang, H., Yoshimura,
K., Kavlick, M. F., Nagashima, K., Gorelick, R.]., Mardy, S., Tang, C,,
Summers, M. F., and Mitsuya, H. (2002) J. Biol. Chem. 277, 5952
5961) and H219P substitutions in the viral CypA binding loop con-
fer the greatest replication advantage to HIV-1. These substitutions
represent polymorphic amino acid residues. We found that the rep-
lication advantage conferred by these substitutions was far greater
in CypA-rich MT-2 and H9 cells than in Jurkat cells and peripheral
blood mononuclear cells (PBM), both of which contained less CypA.
High intracellular CypA content in H9 and MT-2 cells, resulting in
excessive CypA levels in virions, limited wild-type HIV-1 (HIV-
1y replication and H219Q introduction into HIV-1 (HIV-
l1210q)s reduced CypA incorporation of HIV-1, and potentiated
viral replication. H219Q introduction also restored the otherwise
compromised replication of HIV-15,,,, in PBM, although the CypA
content in HIV-1p,;54/p2204 Was comparable with that in HIV-
1pggaar Suggesting that H219Q affected the conformation of the
CypA-binding motif, rendering HIV-1 replicative in a low CypA
environment. Structural modeling analyses revealed that although
hydrogen bonds are lost with H219Q and H219P substitutions, no
significant distortion of the CypA binding loop of Gag occurred.
The loop conformation of HIV-1;,,,, was found highly distorted,
although H219Q introduction to HIV-1,,,,, restored the confor-
mation of the loop close to that of HIV-1y. The present data sug-
gested that the effect of CypA on HIV-1 replicative ability is bimodal
(both high and low CypA content limits HIV-1 replication), that the
conformation of the CypA binding region of Gag is important for
viral fitness, and that the function of CypA is to maintain the
conformation.
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Combination antiretroviral therapy has brought about improved
quality of life and extended survival in patients with HIV-1® infection.
However, the emergence of HIV-1 variants resistant to anti-HIV-1 ther-
apeutic agents, including reverse transcriptase inhibitors and protease
inhibitors (PIs), has limited the efficacy of chemotherapy (1). HIV-1
develops resistance mainly by substituting amino acids in the target viral
enzyme or component; however, recent studies have revealed that cer-
tain polymorphic amino acid residues also contribute to the viral resist-
ance (2, 3). We recently found that multiple amino acid substitutions
emerged in noncleavage sites of the Gag protein, which were associated
with the development of HIV-1 resistance against PIs (4). Among such
amino acid substitutions, H219Q, occurring in the cyclophilin A (CypA)
binding loop in the p24 Gag protein, conferred the greatest replication
advantage on HIV-1 (4). CypA binds to p24 Gag protein, resulting in the
packaging of ~200 copies of CypA into each HIV-1 virion (5, 6), and is
thought to perform an essential role early in the HIV-1 replication cycle
(7, 8), perhaps by destabilizing the capsid (p24 Gag protein) shell during
viral entry and uncoating (9) and/or by performing an additional chap-
eron function, facilitating correct capsid condensation during viral mat-
uration (10, 11).

In the present study, we asked how H219Q and H219P substitutions
occurring within the viral CypA binding loop conferred replication
advantage to HIV-1, and we examined whether these substitutions
affected the conformation and interaction of p24 Gag protein and CypA
during HIV-1 propagation in various host cells. We also attempted to
better understand the functional role of CypA in HIV-1 replication. To
that end, we determined the virological and biochemical properties of a
variety of recombinant infectious clones and their CypA contents. We
also carried out molecular modeling analyses of the wild-type and
mutated p24 Gag complex with CypA. The data demonstrate that both
H219Q and H219P enhance HIV-1 replication by reducing viral CypA
contents in daughter virions as produced in CypA-rich cells, but not in
cells that has a low CypA content. We suggest that the effect of CypA on
HIV-1 replicative ability is bimodal, both high and low contents of CypA
limit HIV-1 replication. The data also suggest that the conformation of
p24 Gag is strongly correlated with viral fitness.

EXPERIMENTAL PROCEDURES

Antiviral Agents—Three Pls, KNI-272, JE-2147, and UIC-94003,
were synthesized as described previously (12—16). Three newly synthe-
sized Pls, UIC-00041, UIC-00142, and UIC-00145 (Fig. 1), were also

3The abbreviations used are: HIV-1, human immunodeficiency virus, type 1; PBM,
peripheral blood mononuclear cell; CHRA, competitive HIV-1 replication assay; CypA,
cyclophilin A; P, protease inhibitor; PHA, phytohemagglutinin; CsA, cyclosporin A;
CA, capsid; WT, wild type.
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UIC-00041 0,

UIC-00142

UIC-00145

FIGURE 1. Structures of UIC-00041, UIC-00142, and UIC-00145.

synthesized by Ghosh and Hussain,* and the procedures for the synthe-
sis will be published elsewhere.

Generation of HIV-1 Variants Resistant to PIs—The wild-type infec-
tious clone, HIV-1ygr, produced by COS-7 cells transfected with pHIV-
Ipe.3 Was propagated in human CD4™ MT-2 or H9 cells in the pres-
ence of increasing concentrations of an antiretroviral agent as described
previously (4, 14, 16). Briefly, MT-2 or H9 cells (5 X 10°) were exposed
to wild-type HIV-1,,;4.5 and cultured in the presence of each PI at
initial concentrations of 0.0005-0.03 uM. When the virus began to
propagate in the presence of the drug, the drug concentration was
increased. This selection was carried out for a total of 27— 80 passages.
For the generation of JE-2147-resistant virus, an infectious clone carry-
ing 184V substitution in the protease (HIV-1;g4) was employed instead
of HIV-1y (14). Proviral DNA in the lysates of HIV-1-infected cells of
the last passage was sequenced as indicated (4).

Generation of Recombinant HIV-1 Clones—To generate HIV-1
clones carrying the desired mutations, the site-directed mutagenesis
was performed, and the mutation-containing genomic fragments thus
obtained were introduced to pHIV-1,y s,,.. as described previously (4).
An infectious clone containing P222A mutation in Gag was generated
using a plasmid kindly provided by Drs. D. Braaten and J. Luban (5).
Each recombinant plasmid was transfected into COS-7 cells, and the
obtained infectious virions were harvested 48 h after transfection and
stored at —80 °C until use {(4).

Replication Kinetic Assay—MT-2, H9, Jurkat cells (10°), or phytohe-
magglutinin-stimulated peripheral blood mononuclear cells (PHA-
PBM: 5 X 10% were exposed to each infectious virus preparation (500
blue-cell-forming units defined in the MAGI assay) (17) for 12 h,
washed twice with phosphate-buffered saline, and cultured in 5 ml of
complete medium in the presence or absence of cyclosporin A (CsA).
Culture supernatants (200 ul) were harvested every other day or every 4
days, and p24 Gag amounts were determined using a commercially
available radioimmunoassay kit (PerkinElmer Life Sciences). An
enzyme-linked immunosorbent assay kit (Beckman Instruments, Ful-
lerton, CA) was also used for the determination of p24 Gag amounts as
needed.

Competitive HIV-1 Replication Assay Using PHA-PBM—In order to
compare the replication rates of infectious HIV-1 clones, the competi-

4 A.K. Ghosh and K, A. Hussain, personal communication,
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tive HIV-1 replication assay (CHRA) was performed as described pre-
viously (18) with some modifications. In brief, PHA-PBMs (5 X 10°)
were exposed to various mixtures of the paired infectious clones to be
examined for their replicative ability and were cultured for the indicated
times. Every 7 days, the supernatants of the virus co-culture were trans-
ferred to freshly prepared uninfected PHA-PBM cultures. DNA purified
from the cells harvested at each passage was subjected to direct DNA
sequencing of the HIV-1 genome, and viral population changes were
evaluated based on relative peak heights in the electropherogram (18).

Western Blot Analysis—For the analysis of cellular CypA contents,
MT-2 cells, H9 cells, Jurkat cells, or PHA-PBMs were lysed with lysis
buffer (4), and the amounts of lysates were normalized with cell num-
bers or total protein contents using a bicinchoninic acid protein assay
kit (Pierce). For the analysis of virion-associated CypA, the culture
supernatants of chronically HIV-1-infected H9 or Jurkat cells were cen-
trifuged and passed through a 0.22-pum pore-size filter to remove cellu-
lar debris; the filtrates were normalized with p24 contents measured
with radioimmunoassay and were ultracentrifuged to pellet virions (4).
The pelleted virions were lysed in lysis buffer. The resultant samples
were processed with SDS-polyacrylamide gradient gels, and CypA was
visualized by SuperSignalWestPico (Pierce) using anti-CypA antiserum
(Biomol, Plymouth Meeting, PA). An anti-p24 Gag antiserum
(Advanced Biotechnologies, Inc., Columbia, MD) served as a control to
ensure that appropriate amounts of the samples were loaded. The signal
density of CypA and p24 Gag was analyzed on a Windows computer by
using the Image] Program (developed at National Institutes of Health,
rsb.info.nih.gov/ij/) as published previously (19).

Molecular Modeling of the p24c, ,5,-CypA Complex with p24 Amino
Acid Substitutions—The crystal structure of human CypA that was
bound to the amino-terminal domain of p24 Gag (capsid residues 1-151
(CA,5,), Protein Data Bank code 1AK4) (9) was analyzed to determine
the changes with H219Q or H219P substitution. There were two CA-
CypA complexes in the structure. Chain A of CypA and chain D of CA
form one complex and were retained for the calculation. Identical
results should be obtained with the other complex (chain B of CypA and
chain C of CA) because the conformations of both CypA and CA in
these complexes are quite similar. Structural modifications, visualiza-
tion, and analysis were performed utilizing the Maestro interface from
Schrédinger (Maestro 7.0, Schrédinger, LLC, New York). OPLS2003
force field (20) as implemented in MacroModel 9.0 (MacroModel, ver-
sion 9.0, Schrodinger, LLC, New York) was used for minimizing
mutated structures and for carrying out molecular dynamics calcula-
tions. OPLS2003 uses an enhanced version of the widely used OPLS-AA
force field and has improved parameters for peptides. It was verified that
the force field had high quality bond stretching, bending, and torsional
parameters. Charges were taken from the force field. Molecular dynam-
ics calculations were carried out on the wild-type complex and on the
mutated structures. The structures were initially minimized for 2500
iterations. A constant temperature of 300 K and SHAKE constraints for
bonds to hydrogens were used. The GB/SA continuum solvation model,
with water as the solvent, was used (21). While calculating nonbonded
interactions, cut-off distances of 8 and 20 A were used for van der Waals
and electrostatic interactions, respectively. Using a time step of 2 fs, the
structures were equilibrated for 20 ps, and the simulation was carried
out for 1 ns. Structures were monitored at intervals of every 50 ps.
Calculations were carried out on an SGI Origin 3400 computer plat-
form. For the wild type and for each mutant structure, 1-ns molecular
dynamics calculation takes about 11 days under the stated conditions on
this high performance computational platform.
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TABLE1

Mutations in Cyclophilin A Binding Loop of p24

Amino acid substitutions identified in the protease and p24 Gag protein of HIV-1 variants selected against Pl
Amnino acid substitutions listed are based on the amino acid sequences deduced from the nucleotide sequence of the protease-encoding and the entire Gag-encoding genes

of each HIV-1 selected against an indicated P1.

Amino acid substitutions identified in

PI Strain Cell Passage Protease p24
KNI-272 HIV-1;.45° MT-2 27 V321/M461/V821/184V H219Q
KNI-272 HIV-1, HS 55 V321/L33F/K451/F53L/A71V/184V H219Q
APV HIV-1y MT-2 31 L10E/V32L/M461/154M/A71V/I84Y H215Q
JE-2147 HIV-1,1 4 5 1eav” MT-2 33 M461/147V/V821/184V H219Q
UIC-94003 HIV-1,,, .~ MT-2 62 L10F/A285/M461/150V/A71V QI99H/H219Q
UIC-00041 HIV-1 MT-2 73 K431/L63P/V821 M2001/H219P
UIC-00142 HIV-1yp, 5 MT-2 84 L10F/V321/M461/184V H219Q
UIC-00145 HIV-14,, 4 MT-2 80 L10F/V321/M461/147A/K55N H219Q

@ Pl-resistant HIV-1 variants described previously (4) are shown.

RESULTS

Amino Acid Substitutions Identified in p24 Gag Protein in HIV-1
Variants Resistant to PI—We have reported previously that several
amino acid substitutions were seen in common in the Gag protein at
noncleavage sites among HIV-1 variants that acquired in vitro a high
multitude of resistance to PIs such as APV, JE-2147, KNI-272, and UIC-
94003 (4). In an attempt to corroborate and extend our previous obser-
vations and to determine how often such amino acid substitutions
develop in the Gag protein, we examined four more HIV-1 variants that
were selected in vitro against various PIs, including three novel Pls,
UIC-00041, UIC-00142, and UIC-00145. Table 1 depicts the properties
of eight Pl-resistant HIV-1 variants (including four HIV-1 variants
reported previously). Seven of the eight variants were selected against
Pls in MT-2 cells, although one variant was selected in H9 cells. The
strains used were HIV-1,,q4 5 and HIV-1, ,;, and 3~ 6-amino acid sub-
stitutions were identified in the protease. It was noted that all eight
variants had in common an amino acid substitution at position 219 in
p24 Gag protein, seven variants had H219Q substitution and one had
H219P substitution. The His*® residue is located within the CypA bind-
ing loop and is thought to play a role in the p24 Gag interactions with
CypA through a hydrogen bond and hydrophobic contact(s) (9). It is
worth noting that when HIV-1,,;; , 5 Was propagated in the absence of
PI in MT-2 cells, the virus also acquired H219Q, V218M, or A224V
mutation by passage 10 (4). It should be noted that two amino acids,
Val?*® and Ala®**, are also located within the CypA binding loop of the
p24 Gag protein and are also known to interact with CypA through
hydrophobic contacts (9). These data, taken together, strongly suggest
that the amino acids interacting with CypA, in particular His®*®, are
prone to undergo substitutions under certain circumstances and are
associated with viral replication fitness. Indeed, in the HIV Sequence
Compendium 2000 (22), of 88 different HIV-1 strains, 65 had histidine
at the position 219, whereas 13 had glutamine, and 4 had proline at the
position 219, indicating that both GIn*** and Pro*'? represent polymor-
phicamino acid residues. Hence, the present data suggest that these two
polymorphic amino acids are associated with viral fitness and possibly
to the acquisition of resistance to certain Pls.

Effects of Gag Mutations at Position 219 on HIV-1 Replication—In
order to examine the effects of the Gag mutation at position 219 on
HIV-1 replication, we generated two infectious HIV-1 clones, HIV-
Lim19q and HIV-1p,,4p, and we assessed their virologic properties. In
MT-2 cells, HIV-1, 1, o rapidly replicated compared with the wild-type
HIV-Lyrgus-219) (Fig. 24), in agreement with our previous observation
(4). HIV-1,15;0q also replicated more rapidly than HIV-1y,r in HO cells
(Fig. 2B). HIV-134,4p replicated as rapidly as HIV-1yy,;0q, suggesting
that the amino acid at position 219 is critical for the replication fitness of
HIV-1. When we examined the fitness of the three infectious clones
(HIV-1yr, HIV-13150, and HIV-1,,0p) in CD4™ Jurkat cells and

W
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PHA-PBM, there was no significant difference seen in their replication
fitness (Fig. 2, C and D).

Competitive HIV-1 Replication Assays for H219Q Mutation in
PHA-PBM—As shown above, although HIV-1,;5,5¢ exhibited a greater
replication capability when propagated in MT-2 and H9 cells compared
with HIV-1y,, there was no apparent difference in the replication pro-
files of HIV-1,5; 5o and HIV-1y;1 as propagated in PHA-PBM (Fig. 2, 4,
B and D). In order to evaluate the possible biological relevance of the
replication kinetic data generated by using immortalized and long term
cultured MT-2 and H9 cells, we conducted a modified competitive
HIV-1 replication assay (CHRA) (18), in which freshly prepared PHA-
PBM served as host cells. HIV-1,4,, 5, readily and uniformly overgrew
HIV-1y in CHRA regardless of three different ratios of paired clones
used in the assay (Fig. 2, E~G). These data indicated that the H219Q
substitution conferred replication advantages on HIV-1 when propa-
gated in immortalized CD4™ T cells as well as PHA-PBM. It should be
noted, however, that the replication advantage of HIV-1 acquired with
the H219Q substitution was limited in PHA-PBM and was detected
only when assessed with CHRA.

MT-2 and H9 Cells Contain Greater Amounts of CypA—The Gag
mutations H219Q and H219P conferred significant replication advan-
tage on HIV-1 as propagated in MT-2 cells and H9 cells, but such advan-
tage was limited in PHA-PBM. Considering that His*'? is [ocated within
the CypA binding loop and that HIV-1 replication is known to be
affected by intracellular CypA contents (6, 7), we examined intracellular
CypA content in each cell preparation by using Western blot analysis.
As shown in Fig. 3, 4 and B, the CypA contents in 10* MT-2 (relative
density, 100%) and 10* H9 cells (79.6%) appeared to be greater than
those in 5 X 10% Jurkat cells (55.4%) and 5 X 10* PHA-PBM (42.9%),
suggesting that MT-2 and H9 cells contained 6 ~12 times as much CypA
per cell as Jurkat cells and PHA-PBM. As normalized with total cellular
protein amounts, the CypA content in 1 pg of MT-2 and H9 cellular
protein preparations was comparable with that in 2—4 pg of Jurkat
protein preparations and that in 4 ug of PHA-PBM protein, suggesting
that the former two cell preparations contained 2-4-fold greater
amounts of CypA per cellular protein than the latter two cell prepara-
tions. These data showed that MT-2 and H9 cells have greater CypA
amounts than Jurkat T cells and PHA-PBM.

Decreased CypA Incorporation into HIV-1,,54 Virions—Consider-
ing that the data from crystal structure analyses by Gamble et al (9) of
p24 Gag protein complexed with CypA showing that His**® binds to
Asn™ and GIn*"? of CypA through a hydrogen bond and hydrophobic
contact(s), respectively, we postulated that H219Q and H219P substi-
tutions cancel or weaken such hydrogen bonds, resulting in the reduc-
tion of p24 binding to CypA and of CypA incorporation into daughter
virions, leading to increased HIV-1 replication in CypA-rich MT-2 and
H9 cells. We then examined the virion-associated CypA amounts in
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FIGURE 2. Replication kinetics of HIV-Tyyy, HV-Ty215q, and HIV-1,5, 5 MT-2 celfs, HO cells, Jurkat cells, and PHA-PBM (A-D, respectively) were exposed to each HIV-1 clone and
cultured for the indicated numbers of passage. Virus replication was monitored by measuring the amounts of p24 Gag protein produced in the culture supernatants. The data shown
representgeometricmeans (* 15.D.) of thresindependent experiments. Replication profiles of HIV-1,,r and HIV-1,;,,4q in PHA-PBMwere examined using CHRA (E-G). Two infectious
HIV-1 clones to be compared for their fitness were mixed and propagated in PHA-PBM. The cell-free supernatant was transferred to fresh PHA-PBMevery 7 days. The ratios of HIV-1,,¢
and HIV-1,19q at the initiation of the assay were 50:50, 67:33, and 90:10 (E-G, respectively). High molecular weight DNA extracted from infected cells at the end of each passage was
subjected to nucleotide sequencing, and the proportions of His and Gin at position 219 in Gag protein were determined.

three infectious HIV-1 clones containing HIV-1ypr, HIV-1y5100, and
HIV-1;45,0p employing Western blotting analysis using anti-p24 Gag
and anti-CypA antisera. The culture supernatants of chronically HIV-
1-infected H9 cells were prepared to contain the same amount of p24.
The virions in each supernatant thus prepared were pelleted by ultra-
centrifugation and subsequently subjected to SDS-PAGE. Direct
sequencing of cellular DNA confirmed that no unintended mutations
developed during the culture. As shown in Fig. 3C-1-3, the experiment was
performed three times. Percent densities of the CypA signal relative to each
p24 Gag signal (making each signal 100%) were 11.1,7.38, and 6.01% (Fig.
3C-1);6.99,4.99,and 4.71% (Fig. 3C-2),and 18.1,12.0,and 11.2% (Fig. 3C-3)
for HIV-1yr/H9, HIV-15,00/H9, and HIV-1,4,,5,/HY, respectively.
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These data demonstrated that H219Q and H219P substitutions increased
HIV-1 replication in CypA-rich cells, which was associated with the sub-
stantial reduction of CypA. incorporation into daughter virions.

p24 Gag Binding to CypA Affects HIV-1 Replication Kinetics—Yin et
al. (23) have reported that the addition of CsA (0.5 uM) reduces CypA
incorporation into daughter virions and increases replication rates of
HIV-1,5105 in HY cells, suggesting that excessively high intracellular
CypA contents may reduce HIV-1 replication rates. We then examined
the effects of CsA on the replication rates of HIV-1y (Fig. 4, A-D) and
HIV-1y45;0q (Fig. 4, E~H) in four different cell preparations.

In MT-2 and H9 cells, 0.5 uM CsA increased the replication rate of
HIV-1yr, whereas at a higher concentration (2.5 M) its replication rate
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FIGURE 3. MT-2 and H9 cells contain greater amounts of CypA than Jurkat cells and
PHA-PBM, and HIV-1,,,0q and HIV-1,,,,p virlons contain reduced amounts of
Cyph than HIV-1y,; virlons. MT-2 cells, H9 cells, Jurkat cells, and PHA-PBM were lysed
with lysis buffer, and the samples loaded were normalized by cell numbers or total
protein contents. CypA was visualized with Western blotting analysis using anti-CypA
antiserum (A and B). Percent CypA signal densities in 5 X 10* MT-2 cells, 5 X 10%H9 cells,
1 X 10%H9 cells, 5 X 10* Jurkat cells, and 5 X 10 PHA-PBM were 340.1,387.4,79.6, 55.4,
and 42.9%, respectively, as compared with thatin 1 X 10% MT-2 cells (serving as a stand-
ard to be 100%) (A). Percent CypA signal densitiesin 1 ug of H9 cells, 1 ug of Jurkat cells,
1 g of PBM, 2 g of Jurkat cells, 2 ug of PBMs, 4 ug of Jurkat cells, and 4 g of PBMs were
155.2, 70.6,35.0, 131.1,59.5, 2583, and 126.0%, respectively, as compared with thatin 1
g of MT-2 cells (serving as a standard to be 100%) (B). HIV-1 virions in the culture
suparnatants of chronically HIV-1-infected H9 cells were pelleted and subjected to West-
ern blotting analysis for the determination of virion-associated CypA amounts using
anti-p24 Gag and anti-CypA antisera. This experiment was performed three times (C-7-
3). Percent densities of the CypA signal relative to each p24 Gag signal (making each p24
signal 100%) were 11.1,7.38,and 6.01%in (-1;6.99,4.99,and 4.71%in ¢-Z;and 18.1, 120,
and 11.2%in (-3 for HIV-1,,1/H9, HIV-1,,5,00/H9, and HIV-1,,45p/HS, respectively.

was reduced (Fig. 4, A and B), in agreement with the data by Yin et al.
(23). In contrast, in Jurkat cells no increase in replication rate was seen,
but rather CsA decreased HIV-1y,; replication in a dose-dependent
manner (Fig. 4C). In PHA-PBM, CsA significantly decreased the repli-
cation rate of HIV-1yr, and with 2.5 and 10 uM CsA, HIV-1y only
poorly replicated (Fig. 4D). These data suggest that CsA (0.5 uM) can
potentiate HIV-1y,t replication only in CypA-rich host cells. We fur-
ther examined the effects of CsA on the replication of HIV-1;,,04
under the same conditions. In MT-2 and H9 cells (Fig. 4, E and F), no
replication enhancement was seen with CsA added, but rather a
reduced replication rate was observed in the presence of 0.5, 2.5, and 10
M CsA. In Jurkat cells and PHA-PBM, the addition of CsA reduced the
replication rate of HIV-1yy, o as seen with HIV-1yy (Fig. 4, G and H).

Taken together, the data suggest that the high intracellular CypA
content in MT-2 and H9 cells was prohibitive to the replication of HIV-
1y and that an appropriate concentration of CsA enhanced HIV-1y+
replication in CypA-rich cells by reduction of CypA incorporation into
virions. In case of HIV-1,,;00, however, H219Q already had reduced
CypA incorporation into virions, and no enhanced replication was seen
even in CypA-rich cells.

Effects of H219Q and P222A Substitutions on HIV-1 Replication—An
amino acid substitution at position 222 from Pro to Ala (P222A) has
been shown to substantially decrease the binding of p24 Gag protein to
CypA and the CypA incorporation into daughter virions, causing
reduced HIV-1 replication in Jurkat cells (6). As shown in Fig. 5, A and
B, as examined in MT-2 and H9 cells, HIV-1,,; . 5 carrying P222A
(HIV-1p,,,4) had a relatively low replication rate compared with HIV-
1y in both host cells. However, with the introduction of both H219Q
and P222A substitutions, HIV-1y45,00/pa224 2cquired faster replication
rate; it replicated more rapidly than HIV-1y in MT-2 cells and com-
parably in H9 cells. In contrast, as examined in Jurkat cells, HIV-15,,,,
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showed a substantially decreased replication rate (Fig. 5C). In PHA-
PBM, HIV-1p,,,, Was virtually replication-incompetent (Fig. 5D). As
expected, with the H219Q substitution added, HIV-1,45;5qp9004 exhib-
ited an improved replication rate, which, however, yet remained below
that of HIV-1y both in Jurkat cells and PHA-PBM (Fig. 5, C and D).

These data suggested either that the added H219Q substitution
enabled HIV-1p,,,4 to incorporate more CypA into daughter virions or
that H219Q altered or restored a conformation of the CypA binding
domain of p24 Gag protein, thereby rendering the virus replication-
competent without increasing CypA content.

H219Q Substitution Improves HIV-1p,,,, Fitness without Increasing
CypA Content—In order to ask whether H219Q improved the other-
wise compromised CypA incorporation caused by the P222A substitu-
tion into virions or H219Q rendered HIV-1;,,,, replication-competent
without increasing CypA content, we examined the virion-associated
CypA amounts by employing Western blotting analysis.

As can be seen in Fig. 5E-1--3, as HIV-1 virions in the culture super-
natants of chronically HIV-1-infected H9 or Jurkat cells were pelleted
and subjected to Western blotting analysis for the determination of
virion-associated CypA amounts using anti-p24 Gag and anti-CypA
antisera, the percent densities of the CypA signal relative to each p24
Gag signal (making each p24 signal 100%) were 33.8, 8.03, 6.92, and
6.48% in Fig. 5E-1;26.3,14.1,6.93, and 6.19% in Fig. 5E-2; and 16.8, 6.48,
572, and 5.51% in Fig. 5E-3 for HIV-1y/H9, HIV-1y/Jurkat, HIV-
lpoaoa/H9, and HIV-1500/pa20a/HY, respectively, although HIV-
Lyp1sqrpazea had a greater replication rate compared with HIV-15,5,,
(Fig. 5, A-E).

These data demonstrated that HIV-1y produced by Jurkat cells and
HIV-1p,0,, produced by H9 cells contained approximately less than half
and approximately one-fourth of the CypA amount detected in HIV-
1y produced by H9 cells, respectively. The data strongly suggested
that H219Q altered the conformation of the CypA binding domain of
p24 Gag protein without affecting the CypA incorporation into HIV-
lpoma Virions, thus rendering HIV-1p,,,, replication relatively inde-
pendent of CypA. It is possible that H219Q substitution not only
decreased the incorporation of CypA into HIV-1 but also altered the
conformation of Gag protein, thus leading to increased HIV-1 replica-
tion especially when HIV-1 is produced in CypA-rich cells. The latter
effect of H219Q substitution is apparently viable in the presence of
P222A substitution because increased HIV-1y45) o/paoa replication was
seen without significant changes in CypA content in virions (Fig. 5,
A-E).

Molecular Modeling of the p24 Gag CA,5,-CypA Complex with
H219Q or H219P—We finally carried out molecular modeling studies to
better understand the following two aspects: the reason for less viral
incorporation of CypA with H219Q, H219P, and P222A substitutions,
and the rescue of viral replication with the H219Q/P222A double muta-
tion. The crystal structure determined by Gamble et al (9) revealed the
sequence-specific interactions of p24 Gag (CA,5,) with CypA (Fig. 64).
Those interactions include seven hydrogen bonds between residues 219
and 223 (excluding the bonds mediated through bridging water mole-
cules) and various hydrophobic contacts, all of which appear to stabilize
the interactions between p24 Gag and CypA (Fig. 6B). Our molecular
dynamics calculations for 1 ns show valuable insights to the changes in
interaction between wild-type and mutated p24 Gag and CypA. Initially,
the change in conformation of the wild-type structure as well as the
fluctuation of the hydrogen bonds between CA and CypA at intervals of
50 ps up to 1 ns was analyzed. The backbone conformation essentially
remains the same even though there is loss of the hydrogen bonds
between His** and Asn”’¢,,, during this dynamics calculation. The
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FIGURE 4. Effects of CsA on HV-1,,y and HIV-1,,5, o replication in varlous cell cultures. MT-2 cells, H9 cells, Jurkat cells, and PHA-PBMs (A-D, respectively) were exposed to
HIV-T,,y and cultured in the presence or absence of 0.5, 2.5, or 10 ua CsA. MT-2 cells, H9 cells, Jurkat cells, and PHA-PBMs (E-H, respectively) were also exposed to HIV-1y5,4q and
cultured in the presence or absence of 0.5, 2.5, or 10 usm CsA. Virus replication was monitored with the amounts of p24 produced in the culture supernatants. The data shown represent

geometric means (* 1 5.D) of three independent experiments.

hydrogen bonds between Pro®*? and Arg™c s, Gly** -Asn' %, and
Ala®-GIn®¢,, are the most invariant. Theses data suggest that the
backbone conformation of the CypA binding region of p24 Gag is main-
tained with the mutation at position 219. For the mutated structures,
the loop conformations at the end of 1 ns of molecular dynamics calcu-
lation were compared with the wild-type crystal structure. The
weighted root mean square differences of the structures were calculated
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after a best fit of residues from Val™® to Ala®**. The root mean square
differences of CA ;0 from the wild-type CA, 5, was only 0.99 A. Even
though there is loss of hydrogen bond interactions with H219Q substi-
tution, the loop conformations that depend on the overall conforma-
tional contact between CA and CypA do not undergo significant change
(Fig. 6, C and D). The loss of the hydrogen bond between residue 219 of
CA and CypA reduces the strong interaction between CA and CypA

‘m

VOLUME 281 - NUMBER 2-JANUARY 13, 2006

2002 ‘92 Areniged uo g AINN OLOWVINNY T8 B10°3ql mmm woy pepeojumoq



The Journgl of Biological Chemistry

Mutations in Cyclophilin A Binding Loop of p24

1004
10}
2L o HIV-L,
? __O_Hw‘lmlm
= —&— HIV-lppas
o o HlV-lipgopana
104
1= [} 3, A 4 i
2 6 10 Days post-infection
E-1 o B2 o E3 =N
= T en
& S % o X 5 5
o E L & o = = § o5 & &
TS % O 3 S I3 % 9
=% § & £=2 %% < q g
EE &8 8§ EES§§ =5 8 &
T T TR = == T T T
1
ZPEEE B2BRR ZZZE
TEIZIE T E oD I
<—p24

FIGURE 5. Replication kinetics of HIV-1yyr, HIV-T 12100 HIV¥-Tp2224, and HIV-15100/p2224 20dd virlon-asseciated CypA amounts in various HIV-1 preparations. MT-2 cells, H9
cells, Jurkat cells, and PHA-PBMs (A-D, respectively) were exposed to each HIV-1 clone and cultured. Virus replication was monitored with the amount of p24 produced in the culture
supernatants. The data shown represent geometric means (= 15.D.) of three independent experiments. HIV-1 virions in the culture supernatants of chronically HIV-1-infected H9 or
Jurkat cells were pelleted and subjected to Western blotting analysis for the determination of virion-associated CypA amounts using anti-p24 Gag and anti-CypA antisera. This
experiment was performed three times (E-1-3). Percent densities of the CypA signal relative to each p24 Gag signal (making each p24 signal 100%) were 33.8, 8.03,6.92,and 6.48%
in E-1;26.3, 14.1,6.93, and 6,19% in F-2; and 16.8, 6.48, 5.72, and 5.51% in £-3 for HIV-1,/H9, HIV-1r/durkat, HIV-15250,/H9, and HIV-1,51 002224/ H9, respectively.

and ina CypA-rich environment helps in improving viral replication. As
shown in Fig. 74, in the ribbon diagram of CAp,,,, superimposed on
that of CAygp, CApygna causes a significant distortion of the loop struc-
ture. The value of weighted root mean square deviation of the structure
of CApygga from CAyy structure is 3.16 A. In comparison, as can be
seenin the ribbon diagrams of the structures of the CypA binding region
of various mutant CA species (Fig. 7B), generated with 1-ns dynamics
calculations and superimposed on the structure of CAyr, H219Q and
H219P substitutions do not significantly affect the conformation of the
CypA binding region of CAy.

JANUARY 13, 2006-VOLUME 281 +-NUMBER 2

Effects of H219Q and P222A Substitutions on the Conformation of the
CypA Binding Loop—TIt is of note that P222A not only results in less
CypA incorporation but the significant change in loop conformation is
probably responsible for reduction in viral replication. That the loop
conformation is responsible for viral fitness is further evidenced by anal-
ysis of the structures with concurrent H219Q and P222A substitutions.
These two concurrent substitutions recovered the distortion of the loop
conformation that was associated with P222A mutation alone (Fig. 7A4).
Fig, 7B illustrates that the conformations of the CypA binding region of
CAyr and mutant CA species structurally resemble each other. The
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FIGURE 6. Loss of hydrogen bonds in CA,5,-
CypA complex with H219Q or H219P substitu-
tion. A, there are two p24 Gag CA,5,-CypA com-
plexes in the asymmetric unit (9). 8, in the area of
the CypA binding loop shown there are seven
hyd;ogen bonds, which are between l;iizsz“’-
Asn” o on AlRP0-GIN®3 ., Ala®0-Gly"2. .,
Glym—z’/p\sn‘”cyp,\, Pro“zc—y/irgsscyp,x {two hycc\irpo-
gen bonds), and e??-Trp'?', . These hydro-
gen bonds along with hydrophobic contacts are
responsible for maintaining the optimum relative
conformations of p24 and CypA. G H219Q substi-
tution results in the loss of the following three
hydrogen bond interactions: GIn?'-Asn”'c, A
Ala?-Gly? o and 1e?-Tip'?'c . and
causes a significant conformational change of the
contact region of the CypA binding loop (see D). D,
changes in the complex configurations with
H219Q substitution. Note that in the mutated
structure GIn®'? (wire) is located far apart from C.

Asn”? cypa (wire), although in the wild-type struc- 3
ture His?'? (stick) forms a tight hydrogen bond *

with Asn”" ¢ o (stick). CAyr is shown by a green - ,}%# f} -

CAy210qis shown by a red tube and the complexed 7 )
CypA by a pink tube. The loss of hydrogen bonds / !
results in reduced CypA incorporation, but there © %fi’ .
persists sufficient interaction so that there are o
minimal alterations in the conformation of the
CypA binding loop of CAys,.

ribbonand the complexed CypAby ayellow ribbon; é{"

Gre3 -
p121
P-222

Asn-71
'

His-219
va-218

i L Aso-71
é His-219
S

FIGURE 7. Loop conformations of CAyy and CAuyr. A, ribbon diagram of CApaza (purple) superimposed on that of CAyy (red). CApyaaa causes a significant distortion of the loop
structure. The value of weighted root mean square deviation of the structure of CAp,,,4 from CAy; structure is 3.16 A, B, ribbon diagrams of the structures of the CypA binding region
of various CAy,y, generated with 1-ns dynamics calculations, are superimposed on the structure of CAyr. CAyyy is shown in red, CAypreq in yellow, CAyqgp in Blue, CAunysazmpazza in
magenta, and CApoyzp/a224¢ I Cyan. Residues 218-223 of CAyr are shown as red sticks. The values of weighted root mean square deviation of CAuzi0q: CAnz19p CAr1saupaazar 8N
CApyzoasazzae Structures from CAyy structure are 0.99, 1.77, 1.24, and 1.48 A, respectively. H219Q and H219P substitutions do not significantly affect the conformation of the CypA
binding region of CA,y7. Note that the conformations of the CypA binding region of CA,; and mutant CA species structurally resemble each other. Also note that CAyz1ga/p2224 20d
CApjaza/a224x have the conformation of the CypA binding loop region restored close to that of CA,y in comparison with CApjza.

values of weighted root mean square deviation of CAypy1000 CAjinyops
and CA g1 5/paz2a Structures from CAv structure were 0.99, 1.77, and
1.24 A, respectively. Thus, it was thought that the restoration of the
distorted conformation of the CypA binding loop caused by H219Q and
P222A substitutions were presumably responsible for the improved
replication compared with HIV-1p,,, 5, particularly in PHA-PBM where
CypA contents are significantly less in comparison with MT-2 and H9
cells (Fig. 3 and Fig. 5, A-D).

As noted above, when HIV-1,,; , 5 was propagated in the absence of
Plin MT-2 cells, the virus also acquired A224V mutation by passage 10
(4). It should be noted that Ala***is also located within the CypA bind-
ing loop of p24 Gag protein and is also known to interact with CypA
through hydrophobic contacts (9). Therefore, we also examined the
highly intriguing findings by Braaten and co-workers (24) that the addi-
tion of A224E substitution rescued the replication of an otherwise
poorly replicating HIV-1;,,,, without increasing the level of viral CypA
incorporation that had been reduced by P222A substitution. As shown
in Fig. 7B, the loop conformation, with the two amino acid substitutions,
is restored closely to that of the wild-type conformation. The values of
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weighted root mean square deviation of CApyy,a/a004r Structure from
CAygp structure was 1.48 A. This observation should corroborate our
observation that the conformation of the CypA binding region of capsid
is critical for viral fitness.

DISCUSSION

It should be noted that certain polymorphic amino acid residues seen
in HIV-1 strains are associated with HIV-1 drug resistance (2, 3). It is
also known that certain drug resistance-conferring amino acid substi-
tutions found in one subtype HIV-1 isolated from patients under ther-
apy may be detected in HIV-1 of other subtypes from individuals having
received no therapy (25, 26). Moreover, a recent study by Colson et al.
(27) has revealed that HIV-2 strains harbor specific patterns of natural
polymorphism and resistance. It is particularly of note that out of 88
different HIV-1 strains compiled in the HIV Sequence Compendium
2000 (22), 65 had histidine at position 219, whereas13 had glutamine,
and 4 had proline. Hence, as studied in this work both GIn*? and Pro**®
represent polymorphic amino acid residues, and it is thought that these
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two polymorphic amino acids are associated with the acquisition of
resistance to certain Pls,

In the present study, we found that the two substitutions H219Q and
H219P were closely associated with replication advantages when prop-
agated in CypA-rich MT-2 and H9 cells. The same advantage was seen
in PHA-PBM containing a smaller amount of CypA, but only in alim-
ited fashion (Fig. 2 and Fig, 3, A and B). We also found that these sub-
stitutions reduced CypA incorporation into virions (Fig. 3C), which is
compatible with previous reports by two groups (28, 29). It was there-
fore postulated that MT-2 and H9 cells contained high CypA amounts,
thereby compromising HIV-1y,y replication. However, H219Q and
H219P substitutions apparently reduced the viral interaction with
CypA, resulting in enhanced HIV-1 replication (Figs. 2 and 3). Most
interestingly, when HIV-1;1,, 5o Was exposed to CsA (0.5 pup), its repli-
cation was suppressed, unlike that of HIV-1y,, and the higher CsA
concentration (2.5 puM) further suppressed HIV-1yy, o replication in all
the cell preparations examined (Fig. 4). It is noteworthy that Braaten et
al. (5) reported that virion-associated CypA amounts were reduced by
50 and 75% when HIV-1 was propagated in the presence of 0.5 and 2.5
uM CsA, respectively. Although the exact role of CypA in HIV-1 repli-
cation is as yet unclear, CypA seems to play a critical role early in the
HIV-1 replication cycle (5, 8, 30) by destabilizing the capsid (p24)-cap-
sid interactions, thereby promoting disassembly of the viral core (9). An
excessive depletion of CypA may tighten capsid-capsid binding, thereby
interfering with virion uncoating and reducing HIV-1 replication rates,
although such a sequel is speculative at present. On the other hand,
higher amounts of CypA may greatly destabilize capsid-capsid interac-
tions, thereby rendering the virion core unstable and likewise decrease
HIV-1 replication (23). Thus, it was thought that the CsA-induced HIV-
Lizisq replication reduction in MT-2 and H9 cells was because of an
excessive depletion of CypA. It is also of note that our observation that
CsA potentiated HIV-1y, replication in MT-2 and H9 cells, although it
failed to boost HIV-1,4,¢ replication, makes our view more plausible
that H219Q substitution is directly responsible for the increased viral
replication and the reduction of CypA content in daughter virions.

The presence of Pro at position 222 in p24 Gag protein has been
shown to be a primary determinant of CypA binding (9), and its substi-
tution to Ala (P222A) decreases viral CypA incorporation, causing
reduced HIV-1 replication in Jurkat cells (5, 6). In this regard, HIV-
1pgsa Was originally reported to have a severely compromised infectiv-
ity in Jurkat cells (5, 6), but it was later reported that CypA-rich H9 and
CEM cells could support the replication of HIV-1p,55, (23, 31). In the
present study, we also found that the P222A substitution reduced CypA
incorporation by HIV-1 by ~75% (Fig. 5E) and significantly reduced
HIV-1 replication in Jurkat cells and PHA-PBM, which contained rela-
tively low CypA amounts (Fig, 3, 4 and B). We presumed that the intro-
duction of H219Q substitution, which decreases p24 Gag protein bind-
ing to CypA (Fig. 3C), to HIV-1p,,,, would further decrease viral CypA
incorporation and thereby replication. It was intriguing that the H219Q
substitution added to HIV-1,,,,, potentiated HIV-1 replication as
examined in all the cell preparations used (Fig. 5, A~D). These data
suggest either that the added H219Q substitution enabled HIV-1p,5,,
to incorporate more CypA into daughter virions or altered a conforma-
tion of the CypA binding domain of p24 Gag protein, thereby rendering
the virus relatively independent of CypA. In fact, the virus-associated
CypA amount in HIV-1;15;50,p2224 Was less than or comparable with
that in HIV-1py,., (Fig. 5E). It is worth noting that a substitution at
position 224 of p24 Gag protein from Ala to Glu (A224E) recovers the
compromised replication of HIV-1p,,,, in Jurkat cells but does not alter
the viral CypA incorporation (24). It is also worth noting that even

JANUARY 13, 2006-VOLUME 281-NUMBER 2

Mutations in Cyclophilin A Binding Loop of p24

though all the amino acid substitutions examined here decreased viral
CypA incorporation, only P222A substitution decreased viral replica-
tion. We showed that the loop conformation of the CypA binding
region of CAyg, CApprsay and CApyysp Was quite similar to each
other, whereas the conformation of CAp,,  sustained the most dis-
tortion (Fig. 7, A and B). It should be noted that CAyy,100/pa904 2nd
CApogoasanar (24) not only improve viral replication over CApjop
but also restored their conformation (Fig. 5, A~D, and Fig. 7, A and
B). We postulate that the conformation of the CypA binding region
of CA,, is strongly correlated with viral fitness, and the functional role
of CypA is to maintain the conformation of CA, for viral replication.

It should be noted that HIV-1 infection of simian cells is restricted at
an early post-entry step by the presence of simian TRIM5«: (tripartite
motif 5e) (32). In this respect, replacement of HIV-1 capsid protein with
simian immunodeficiency virus capsid sequence significantly reduced
the simian TRIM5a-mediated restrictions, demonstrating that the cap-
sid protein of HIV-1 is a critical viral determinant for susceptibility to
post-entry restriction in simian cells (33). Most interestingly, H219Q
substitution of HIV-1 capsid is reported to be associated with the reduc-
tion of simian TRIM5a-mediated restriction (34, 35), suggesting that
conformational change of CypA binding loop by H219Q, as we
described in this work, might reduce the recognition by simian
TRIM5a. It is also possible that the effects of H219Q observed in this
study involve alterations of the interaction of TRIM5a and/or TRIM5e
cofactors with the HIV-1 capsid. It is noteworthy that human TRIM5e,
which has been shown to partly restrict HIV-1 infection (32), may be
contributing to the effects on HIV-1 replication that occur when CypA
is not able to bind the capsid protein of HIV-1 (36).

In summary, our study suggests that the H219Q substitution
increases HIV-1 replication through (i) maintaining the loop conforma-
tion of CypA binding region and (ii) providing favorable conditions for
viral replication by reducing viral CypA incorporation. The present data
also show that the replication of HIV-1 with CAyj550/pa024 2nd that
with CApygonsazear s studied elsewhere (24), were restored as com-
pared with the otherwise compromised replication of HIV-1 with
CApaoa by restoring the loop conformation without increasing CypA
content. We believe that an optimal concentration of CypA, which is
neither excessively high nor excessively low, is critical for viral fitness
and that the functional role of CypA is to maintain the conformation of
Ay
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We have characterized the structural and molecular interactions
of CC-chemokine receptor 5 (CCR5) with three CCR5 inhibitors
active against R5 human immunodeficiency virus type 1 (HIV-1)
including the potent in vitro and in vivo CCRS5 inhibitor aplaviroc
(AVC). The data obtained with saturation binding assays and struc-
tural analyses delineated the key interactions responsible for the
binding of CCR5 inhibitors with CCR5 and illustrated that their
binding site is located in a predominantly lipophilic pocket in the
interface of extracellular loops and within the upper transmem-
brane (TM) domain of CCR5. Mutations in the CCRS5 binding sites
of AVC decreased gp120 binding to CCR5 and the susceptibility to
HIV-1 infection, although mutations in TM4 and TM5 that also
decreased gp120 binding and HIV-1 infectivity had less effects on
the binding of CC-chemokines, suggesting that CCR5 inhibition
targeting appropriate regions might render the inhibition highly
HIV-1-specific while preserving the CC chemokine-CCRS5 interac-
tions. The present data delineating residue by residue interactions
of CCR5 with CCR5 inhibitors should not only help design more
potent and more HIV-1-specific CCR5 inhibitors, but also give new
insights into the dynamics of CC-chemokine-CCR5 interactions
and the mechanisms of CCR5 involvement in the process of cellular
entry of HIV-1.

Highly active antiretroviral therapy has brought about a major impact
on the acquired immunodeficiency syndrome (AIDS) epidemics in
industrially advanced nations (1, 2), however, eradication of HIV-12
appears to be currently impossible mainly because of the viral reservoirs
remaining in blood and infected tissues (3). Successful antiviral drugs, in
theory, exert their virus-specific effects by interacting with viral com-
ponents such as viral genes or their transcripts without disturbing cel-
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lular metabolisms or functions (2). However, at present, no antiretrovi-
ral drugs or agents have been demonstrated to be completely specific for
HIV-1 and devoid of toxicity or side effects in the therapy of AIDS (4).
Limitations of antiviral therapy of AIDS are exacerbated by complicated
regimens, emergence of drug-resistant HIV-1 variants (1), and a num-
ber of inherent adverse effects (5).

Thus, identification of new antiretroviral drugs that have unique
mechanisms of action and produce no or least minimal side effects
remains an important therapeutic objective (2, 4). CCR5 is a member of
the G protein-coupled, seven-transmembrane segment receptors,
which comprise the largest superfamily of proteins in the body (6). In
1996, it was revealed that CCRS serves as one of the two essential co-
receptors for HIV-1 entry to human CD4" cells, thereby serving as an
attractive target for possible intervention of HIV-1 infection (7-10).
Aplaviroc (AVC; AK602/ONO4128/873140; Fig. 1), a novel spirodike-
topiperazine derivative, represents a CCR5 inhibitor that specifically
binds to human CCR5 with a high affinity, greatly blocks HIV-1-gp120/
CCR5 binding, and exerts potent activity against a wide spectrum of
laboratory and primary R5-HIV-1 isolates including multidrug-resist-
ant HIV-1,pr (ICs, values of 0.2—0.6 nM) (11). AVC, despite its much
greater anti-HIV-1 activity than other previously published CCR5
inhibitors including TAK-779 and SCH-C (Fig. 1), preserves RANTES
and macrophage inflammatory protein-18 binding to CCR5™ cells and
their functions, whereas TAK-779 and SCH-C fully block the CC-che-
mokines/CCRS5 interactions (11). AVC reportedly has an extensive and
prolonged CCR5 occupancy as examined in phytohemagglutinin-acti-
vated peripheral blood mononuclear cells (f, ~ 9 h) (12) and in circu-
lating lymphocytes in HIV-1-negative and HIV-1-positive individuals
(ty, of 69152 h depending on different AVC doses) (37). In a random-
ized, placebo-controlled short-term monotherapy trial in patients with
AIDS including those who were drug-experienced, AVC demonstrated
potent antiretroviral activity and brought about significant reduction in
HIV-1 viremia (by ~1.7 log) in AIDS patients (38).

Inthe present study, we examined the profile of binding to and inter-
actions with CCR5 of three CCR5 inhibitors, AVC, SCH-C, and TAK-
779. We also conducted structural analyses of the interactions of CCR5
inhibitors with CCR5, using homology modeling, robust structure
refinement, and docking. Notably, the molecular modeling analyses
were combined and fine-tuned with the results of the saturation binding
assay using a panel of mutant CCR5-expressing cells and [*H]CCR5
inhibitors and the resultant configurations and orientations of inhibi-
tors docked within the hydrophobic cavity of CCR5 yielded structure-
activity predictions and interpretations consistent with the observed
experimental data. The present approach of combining the site-directed
mutagenesis-based data and molecular modeling should represent a
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FIGURE 1. Structures of AVC, TAK-779, and SCH-C.

valuable strategy for gaining structural insights for membrane-bound
proteins for which x-ray crystal structures are not as yet available. The
present data delineating residue by residue interactions of CCR5 with
CCR5 inhibitors should not only help design more potent and more
HIV-1-specific CCR5 inhibitors, but also give new insights into the
dynamics of CC-chemokine-CCR5 interactions and the mechanisms of
CCR5 involvement in the process of cellular entry of HIV-1.

EXPERIMENTAL PROCEDURES

Reagents—A CCRS inhibitor, AVC, was designed and synthesized as
previously published (11). Two other CCR5 inhibitors, TAK-779 and
SCH-351125 (SCH-C), were synthesized based on the previously pub-
lished structures (13, 14) (Fig. 1). These three CCR5 inhibitors were
tritiated by reductive amination with sodium triacetoxyborotritide (15),
methylation with [*H]methyliodide, and/or heterogeneous catalytic
exchange with tritium gas (16). Two **I-labeled chemokines (macro-
phage inflammatory protein-la (MIP-1a) and regulated upon activa-
tion, normal T cell expressed and secreted (RANTES)) were purchased
from Amersham Biosciences and ***I-labeled macrophage inflamma-
tory protein-18 (MIP-18) was purchased from PerkinElmer Life Sci-
ences, Inc. Their corresponding unlabeled chemokines were purchased
from PeproTech Inc. (Rocky Hill, NJ). Recombinant HIV-1y;, gp120
(rgp120) and human soluble CD4 (sCD4) were purchased from
Immuno Diagnostics, Inc. (Woburn, MA).

Cells and Viruses—The Chinese hamster ovary (CHO) cells overex-
pressing CCRS (17) were maintained in Ham’s F-12 medium (Invitro-
gen) supplemented with 10% fetal calf serum (FCS: JRH Biosciences,
Lenaza, KS) and 50 units/ml penicillin and 50 pg/ml streptomycin in
the presence of 5 ug/ml blasticidin S hydrochloride. The HeLa-CD4-
LTR-B-galactosidase indicator cell line expressing human CCR5
(CCR5"MAGI (multinuclear activation of galactosidase indicator)
cells) (18) was a kind gift from Dr. Yosuke Maeda, Kumamoto Univer-
sity Graduate School of Medical and Pharmaceutical Sciences, Japan.
CCR5*MAGI cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FCS, 200 ug/ml G418, 100
pg/ml hygromycin B, and 100 pug/ml zeomycin. The U373-MAGI cell
line was obtained from the AIDS Research and Reference Reagent Pro-
gram, NIAID, National Institutes of Health (Bethesda, MD). U373-
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MAGI cells were maintained in Dulbecco’s modified Eagle's medium
supplemented with 10% FCS, 200 pg/ml G418, and 100 pg/ml hygro-
mycin B. An R5-HIV-1 strain, HIV-1,,, , was employed for the determi-
nation of the susceptibility of mutant CCR5 (CCR5p)-expressing cells
to the infectivity of HIV-1.

Generation of Wild-type and CCRS,-overexpressing Cells—A
mammalian expression vector pZeoSV2 (Invitrogen) carrying the
human wild-type CCRS (CCRSy) gene (pZeoSV-CCR5) (18) was a
kind gift from Dr. Yosuke Maeda. A variety of plasmids carrying a
mutant CCRS-encoding gene were generated using the site-directed
mutagenesis technique employing the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) as described by the manufac-
turer. Mutations introduced into the CCR5 gene were introduced
through: (i) substitution of an amino acid(s) or (ii) deletion of an amino
acid(s) at selected amino acid positions of CCR5. A mutation from Gly
to Arg at position 163, where the corresponding amino acid in simian
CCRS5 is Arg, was also introduced. This G163R substitution has been
reported to reduce the binding of R5-HIV-1-gp120 to human CCR5 and
the susceptibility to HIV-1 (19). All these plasmids were confirmed to
contain only the desired mutation(s) by nucleotide sequencing.

CHO cells (or U373-MAGI cells) were transfected with a plasmid
containing the CCRSy,-encoding gene or a plasmid carrying a
CCRSy;-encoding gene using Lipofectamine (Invitrogen); the transfec-
tants were magnetically sorted, following treatment with an anti-CCR5
monoclonal antibody (2D7 or 3A9; BD Pharmingen, San Diego, CA),
using Dynabeads M-450 coupled to goat anti-mouse IgG (Dynal A.S,,
Oslo, Norway); and the cells were cloned using the limiting dilution
technique.

Determination of CCRS Expression Levels in CHO and U373-MAGI
Cells—CCR5 expression levels of the various clones described above
were determined using three indicators: (i) maximal amounts of
[PHJAVC bound to cells (B, ); (ii) mean florescence intensity values
when stained with monoclonal antibody (mAb) 3A9; and (iii) mean
florescence intensity values when stained with mAb 2D7. The antigenic
epitope for 2D7 is located distant from that for 3A9 (20) and 3A9 does
not compete with AVC binding to CCR5 (data not shown). The expres-
sion levels were expressed as % control (CCR5y-expressing cells as
control), and the highest value obtained was chosen as the estimated
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CCRS5 expression level. There were no clones that had low values in all
three indicators, thus sustaining that the current method used for the
CCRS5 expression levels was thought to be legitimate, CD4 and CCR5
expression levels were also determined using the quantitative fluores-
cence-activated cell sorting assay system (Quantum Simply Cellular Kit;
Sigma) using 3A9 and 2D7 (12). For the HIV-1 susceptibility assay,
U373-MAGI clones that expressed CD4 molecules ranging 10-25 X
10* antigen-binding sites were selected. CCR5,,r-expressing CHO cells
were maintained in Hamn’s F-12 medium containing 10% FCS and 100
pg/ml zeomycin. CCR5yyp- and CCR5yy-expressing U373-MAGI cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% FCS, 200 pg/ml G418, 100 pg/ml hygromycin B, and 100
pg/ml zeomycin.

Saturation Binding Assay Using *H-Labeled CCRS Inhibitors—Satu-
ration binding assay using *H-labeled CCRS5 inhibitors was conducted
and the K, values of CCRS inhibitors in CCR5gg-, or CCR5yp-express-
ing CHO cells were calculated as previously described (11).

Radiolabeled Inhibitor Binding/Competition Studies—CCR5ygr-ex-
pressing cells (1.5 X 10°) were plated onto 48-well microculture plates,
incubated for 24 h, rinsed, exposed to [PHJAVC, [*H]SCH-C, or
[PH]T AK-779 for 15 min at room temperature, subsequently exposed to
various concentrations of unlabeled CCR5 inhibitors, incubated for 30
min, thoroughly washed, lysed, and the radioactivity in the lysates was
counted. All experiments were performed in duplicate. The amounts of
each *H-labeled CCR5 inhibitor bound to the cells are shown as mean %
control values. Standard deviation values are indicated with the vertical
lines. To obtain control values, the experiment was also performed
without the addition of unlabeled CCRS5 inhibitors.

Determination of CC-chemokine- and HIV-1 Gp120 Binding Affinity
to CCRS5yrand CCRS,,,—Binding profiles of chemokines to CCR5r-
or CCR5,-expressing cells were determined using '*I-labeled che-
mokines as previously reported (11) with minor modifications. In brief,
CCR5yp- or CCR5,4r-expressing cells (1.5 X 10°) were plated onto
48-well microculture plates, incubated for 24 h, rinsed, exposed to 5 nM
151 MIP-1a, ***I-MIP-18, or **I-RANTES at room temperature for
1 h, thoroughly washed with phosphate-buffered saline, lysed with 0.5
ml of 1 N NaOH, and the radioactivity in the lysates counted. The non-
specific binding of the labeled chemokine to the cells was determined
based on the radioactivity detected in the wells plated with the same
number of CCR5-negative CHO (CHO-K1) cells exposed to an equal
amount of **I-labeled chemokine. Determination of the binding pro-
files of HIV-1-rgp120 to CCR5yr or CCR5y was also conducted.
Briefly, CCR5*CHO cells were exposed to rgp120 (5 pg/ml) and sCD4
(5 pg/ml: biotinylated using EZ-link sulfo-NHS-SS-biotin (Pierce)) for
1 h at 37 °C. Cells were washed and binding of the rgp120-sCD4 com-
plex to CCR5"CHO cells was determined using phycoerythrin-conju-
gated streptavidin (SA-PE: BD Pharmingen). Nonspecific binding was
determined based on the mean florescence intensity of SA-PE with
sCD4 but without rgp120. Because CCR5 expression levels vary among
CCRS clones, the % binding (occupancy) values for **I-chemokines and
rgp120 were normalized using the following formula: % binding (occu-
pancy) = 100 X (amount of **I-chemokine or rgpl20 bound to
CCRS5,p/amount of ***I-chemokine or rgp120 bound to CCR5) X
(number of CCR5yr/number of CCR5, ), where numbers of CCR5yor
and CCR5, 4y are expressed as B, (cpm) or mean florescence intensity
values as described above.

Determination of HIV-1 Susceptibility of CCRSy,7- and CCRS €%~
pressing Cells—The susceptibility of CCR5yr- and CCR5y,r-express-
ing cells to the infection by an R5-HIV-1 strain, HIV-15,,, was deter-
mined as previously described (22). In brief, target cells (CCR5y- or

12690 JOURNAL OF BIOLOGICAL CHEMISTRY

CCR5, p-expressing U373-MAGI cells; 10%/well) were plated onto
96-well flat microtiter culture plates, inoculated with 100 TCIDs, of
HIV-1g,, on the following day, cultured for 4872 h, stained with 400
wg/ml of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal),
and all blue cells were counted. All experiments were performed in
triplicate. For testing each CCR5y-expressing cell preparation, multi-
ple (5 to 13) clones were examined. In each set of experiments,
CCR5y-clone 1 was included and served as a standard. Percent infec-
tion in CCR5y- and CCR5,p-expressing cells was determined using
the following formula: % Infection = 100 X (mean blue cell number ina
well)/(mean blue cell number in a well of CCR5,¢-clone 1).

Structural Modeling of the Interactions of CCRS Inhibitors with Wild-
type and Mutant CCR5 Species—An initial structural model of CCR5
was defined with homology modeling using the crystal structure of
bovine rhodopsin as a template (23). This resulted in the initial place-
ment of the helices and side chains. The CCR5-inhibitor complex struc-
tures were defined with an iterative optimization of CCR5 and inhibitor
structures in the presence of each other, using software tools from
Schrodinger (Schrédinger, LLC, New York), as described below. The
conformational flexibility of both CCR5 and the inhibitors were taken
into account. The molecular structures of AVC, SCH-C, and TAK-779,
without the presence of counter-ions and solvents, were obtained by
minimization using the MMFF94 force field (24). For each minimized
inhibitor configuration, a set of low energy structures was generated
by performing a Monte Carlo sampling of their conformations. Thus
obtained structures were used as starting structures for docking cal-
culations where their conformations were further refined.

The protonation states of CCRS5 residues were assigned, and residues
more than 20 A from the active site were neutralized. In an attempt to
place an inhibitor within CCRS, initially the active site was artificially
enlarged by mutating Tyr*, Cys'”®, Glu®?, and Met®®” to Ala. The van
der Waals radii of inhibitor atoms were scaled by a factor of 0.70 to
reduce steric clashes and docked into CCR5. After obtaining an initial
set of CCR5-inhibitor complexes, residues 108, 178, 283, and 287 were
mutated back from Ala to their original states. CCR5 atoms within 15 A
of an initially placed inhibitor were subsequently refined. It was
achieved by using the rotamer library of Xiang and Honig (25) and
optimizing each side chain one at a time holding all other side chains
fixed, After convergence, all side chains were simultaneously energy
minimized using the OPLS-AA force field (26) to remove any remaining
clashes. The inhibitors were docked again and scored to estimate their
relative affinity. The docked complexes with higher scores were visually
examined along with the mutational data to select the best possible
CCR5-inhibitor complex.

Mutated CCR5 structures were defined using the wild-type CCR5
structure and optimized using the OPLS2003 force field. Charges were
taken from the force field. The minimization was carried out until the
gradient was below 0.2 kJ/A-mol. Resulting minimized structures were
used as starting structures for obtaining docked complexes of mutated
CCR5with inhibitors using the protocol described above. Visualization,
structural refinement, and docking were performed using Maestro 7.0,
MacroModel 9.0, Prime 1.2, Glide 3.5, and IFD script from Schrédinger,
LLC (New York). The extra precision mode of Glide, which has higher
penalties for unfavorable and unphysical interactions, was used (27).
Computations were carried out on a multiprocessor SGI Origin 3400
computer platform.

A probe radius of 1.4 A with Connolly surfaces generated was used to
define binding site cavities using the method of Exner et al. (28) as
implemented in the MOLCAD tool in Sybyl 7.0 (Tripos, Inc.,, St. Louis,

VOLUME 281-NUMBER 18-MAY 5, 2006

—176—

2002 ‘92 Arenige- uo gi AINN OLONYINN e B10°0af mmm woj pepeojumeq



The Journdl of Biological Chemistry

Interactions of CCR5 Inhibitors with CCR5

TABLE 1
Binding affinity of CCR5 inhibitors to mutant CCR5s
Mutant CCR5 overexpressed Kp, value® e b
on CHO cells Aplaviroc SCH-C TAK-779 Gp120/sCD4 binding
nat % control

Wild type 29+ 1.0 160 = 1.5 30.2 = 7.6 100 *+ 13.3
D11A NH, terminus 3.0 £ 0.6 124 £ 2.0 24.5 + 3.7 354 = 4.7
Y37A ™M1 79+ 09 >200 98.9 = 11.5 354 = 37
Y108A 19.8 & 4.4° 11.8 1.1 >200 132+ 1.0
F112L 40 *26 30.0 £ 64 33.0 £ 72

F112Y ™3 68+ 11 358 =76 28.5 = 3.1 111 £ 69
F113A 13.3 £23 438 * 6.3 327 * 33

F113Y 86 =34 453 + 121 324 % 3.0

G163A TM4-ECL2? 8.0+ 42 25.0 = 8.2 24.0 £ 5.9

G163R } >200 46.3 + 16.5 88.3 + 22,9 34.]1 * 5.4
R168A 13.2 =33 21.0 = 8.1 43.0 £ 4.7

K171A/E172A 28+01 348 = 6.8 30.5 = 0.7 29.6 2.2
C178A >200 27.1 + 44 345+ 35 20.9 + 1.0
S180A 57 *12 31.8 * 144 182 = 32

$180T ECL2 1.5+ 0.6 254 * 6.8 41.0 = 3.8 101 = 15.0
S180F 13.9 = 1.7 165 2.2 250 * 3.5 51.6 £ 1.1
Y184A/S185A 2.0+ 0.8 213+ 50 28.0 = 2.5
Y184A/S185A/Q186A/Y187A 2.0+ 06 149 * 0.6 323+ 58

Q186A/Y187A 2.8+ 05 147 + 8.8 352+ 58

Q188A 66+ 1.4 238+ 1.5 37.9 £ 2.5

WKNF190del >200 49.2 = 1.7 80.1 + 16,7

K191A >200 26.5+7.1 350 * 3.8 457 £ 0.6
K191R ECL2-TM5 9.0 £5.6 34.1 +19.1 47.1 + 8.8

K191N 142 %11 358 + 9.2 351+ 93

K197A TMS 9.2 =43 168 =29 147 + 1.1

1198A } 24.6 = 4.8 52.4 % 3.0 549 * 6.9 51.7 %= 3.0
Y251A TM6 365 =95 21.5 + 8.6 43.0 = 45 14.5 = 0.7
E283A >200 >200 >200 43+ 0.6
M287A } ™7 68+ 23 28.0 9.1 39.8 = 7.5 104 + 3.9
M287E 14.8 = 1.7 322 +4.2 53.1 £ 37 22.0 £ 08

# K, values were determined using saturation binding assays (“Experimental Procedures”).

& Gp120/sCD4 binding affinity to CCR5,4y is shown by % control (see “Experimental Procedures” for reference); the data are also shown in Fig. 84.

° K values more than 3-fold compared to that with CCR5 - are shown inbold. All K, values were determined on multiple occasions (twice to 6 times). Considering the standard
deviation for the wild type and other mutations, a 3-fold difference was seen to be statistically significant.

4 ECL, extracellular loop.

MO). Lipophilic potential was mapped onto the cavities using parame-
ters from Viswanadhan et a/, (29).

RESULTS

Site-directed Mutagenesis of CCRS and Binding Affinity of CCRS
Inhibitors—We have previously reported (11) that AVC competitively
blocked the binding of a monoclonal antibody, 45531, which is known to
be specific against the C-terminal half (or domain B) of the second
extracellular loop (ECL2B) of CCR5 (21), whereas AVC failed to block
or only partially blocked the binding of two other monoclonal antibod-
ies, 2D7 and 45523, specific for CCR5 but not for its ECL2B. When we
examined three additional monoclonal antibodies, 3A9 and 45502 (both
specific for NH, terminus) and 45549 (multidomain reactive) (20, 21),
none of these antibodies were replaced by AVC (data not shown). These
data suggest that the potent inhibitory activity of AVC against R5 HIV-1
infection stems from its binding to ECL2B and/or its vicinity with high
affinity.

In an attempt to delineate the CCR5 binding profile of the three
CCR5 inhibitors, we generated a variety of CCR5 mutant-overexpress-
ing (CCR5,,7) CHO cells and determined the K, values of each inhibi-
tor to mutant CCR5 species using the saturation binding assay with
tritiated inhibitors. When we determined the Kj, value of AVC with
respect to a CCR5 mutant carrying an Asp to Ala substitution at posi-
tion 11 of the amino terminus domain (CCR5p,,,), the value was 3.0
nM, virtually identical to the K, value with wild-type CCR5 (CCR5
Table 1), indicating that the D11A substitution did not affect the bind-
ing of AVC to CCR5. The K, value of AVC with respect to CCR5y4;4
was moderately greater with 7.9 nm (2.7-fold compared with the K,
value with regard to CCR5y1). On the other hand, those of TAK-779
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and SCH-C to CCR5y;;, were 98.9 nM (3.3-fold compared with the K,
with regard to CCR5y) and >200 nM (>12.5-fold), respectively, in
agreement with the previous reports in which both TAK-779 and
SCH-C apparently failed to bind, probably explaining that these inhib-
itors failed to block HIV-1 infection of CCR5y4, ,-expressing cells (30,
31). These data suggest that the binding of TAK-779 and SCH-C to
CCR5y,y is more dependent on interactions with Tyr37 than that of
AVC. We also generated a series of CCR5-overexpressing CHO cells
carrying a mutation(s) at a selected amino acid position(s). As shown in
Table 1, the mutations that substantially (more than 3-fold compared
with AVC binding to CCR5y,) affected the K, values of AVC were as
follows: Y108A and F113A in the third transmembrane domain (TM3)
of CCR5; R168A and S180E in ECL2; K191R and K191N of the interface
of ECL2B and TM5; K197A and 1198A of TM5; Y251A of TM6; and
M287E of TM7. The mutations that greatly diminished the binding of
AVC (values of >200 nM) to CCR5 were as follows: G163R, C178A,
WKNF190del, K191A, and E283A. It is worthwhile to interject that
Lys' in ECL2 is reported to be critical for the binding of RANTES,
MIP-1e, and MIP-18 to CCR5 (32, 33), whereas Cys'”® is presumed to
form a disulfide bond with Cys*® of ECL1 and to be critical for the
conformation of CCRS5 (34). Mutations that substantially affected the
binding of TAK-779 and SCH-C to CCR5 were as follows: Y37A,
Y108A, and E283A for TAK-779; and Y37A, WKNF190del, [1984, and
E283A for SCH-C. It is noteworthy that the number of mutations that
affected the binding of AVC was notably greater than those of TAK-779
and SCH-C. Thus, the CCR5 binding modes of AVC, TAK-779, and
SCH-C apparently share some similar features but also have some dis-
tinct differences.
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Structural Analysis Locates Aplaviroc in the Interface of ECL and TM
Dowmains—In the present study, a three-dimensional model of human
CCR5-CCR5 inhibitor complex was defined by combining the results of
site-directed mutagenesis-based analyses (Table 1) and molecular mod-
eling that involved structure refinement and simultaneous docking of
inhibitors to an initial structure of CCR5 based on the crystal structure
of bovine rthodopsin (23). Fig. 2 illustrates the three-dimensional model

FIGURE 2. Hydrophoblc cavitles identified within CCRS. Six hydrophabic cavities are
identified within human CCRS5, defined using MOLCAD (Sybyl 7.0). Note the largest
hydrophobic cavity (red arowhead) that is likely to accommodate a molecule of the size
of AVC and other CCR5 inhibitors and isin the region implicated to have greatest effects
on K, values (see mutagenesis-based results in Table 1).

A

FIGURE 3. Hydrogen bond networks within
CCRS critical for AVC binding to CCRS. The struc-
ture of the CCR5-AVC complex was defined with
iterative structural refinement using docking and
homology modeling. Only polar hydrogen atoms
are shown. Panel A, an intrarnolecular hydrogen
bond network comprised of Gly'6%, Ser'®®, Lys'%?,
and Thr'%% is seen, Gly'* is located in TM4, Ser®°
in ECL2, and Lys'®! and Thr'®S in TMS. The struc-
tural analyses illustrate the presence of intermo-
lecular hydrogen bonds of AVC with residues
Cys'7®, Ser'®0, Lys*®", and Thr'®* of CCRS. Panel 8,
an intramolecular hydrogen bond network is seen
involving Tyr?, Glu2®3, Met?®7, and Tyr' %8, Tyr37 is
located in TM1, Tyr'®® in TM3, and Glu?®? and
Met?%7 in TM7. Glu?®3 forms hydrogen bond inter-
actions with the hydroxymethyl of AVC, Intramo-
lecular hydrogen bonds are shown in pink, and the
intermolecular hydrogen bonds in green. Note
that the hydrogen bond networks spanning mui-
tiple domains should maintain the optimal shape
of the cavity for the binding of AVC {Fig. 4,Aand B).
Panel C, the predicted van der Waals contact
between AVC and CCR5 residues Lys'®" and lle'®®.
AVCis shown in green spheres, whereas Lys'®" and

lle'® in magenta.

C178 5180

O~
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of CCR5 that has a seven-transmembrane helical structure. Six hydro-
phobic cavities were identified in the extracellular, transmembrane, and
intracellular domains of CCR5. Among them, a hydrophobic cavity to
which CCRS5 inhibitors highly likely to bind was identified based on its
size and location (red arrowhead in Fig. 2). This cavity is the largest one
among the six that can accommodate a molecule of the size of AVC and
other CCR5 inhibitors and is in the region implicated to have the great-
est effect on K, values with amino acid substitutions introduced in
CCR5 among the six hydrophobic cavities identified. It should be noted,
however, that the conformations of CCR5 without an inhibitor and
CCR5 with the inhibitor can be substantially different from each other,
because significant conformational changes would be expected to fol-
low ligand binding to CCR5. Nevertheless, it is intriguing to note that
this largest cavity corresponds to the binding site for the retinal ligand in
bovine rhodopsin; given the propensity of this pocket to bind fairly large
ligands such as the CCR5 inhibitors, it is possible that this binding cavity
could accommodate some as-yet uncharacterized ligands produced in
the body during the normal function of CCRS, potentially even some
with regulatory roles.

Based on the set of the K, values of AVC in relation to various mutant
CCR5 species overexpressed on CHO cells (Table 1), structural analysis
of AVC-CCRS interactions was conducted, which suggested that a
series of intramolecular and intermolecular hydrogen bonds occur,
which should stabilize the CCR5-AVC complex. We identified a signif-
icant network of hydrogen bonds among four amino acid residues:
Gly™®, Ser*®®, Lys'®*, and Thr'®® (Fig. 34). Gly*®® is located in TM4,
Ser**® in ECL2, and Lys'®* and Thr'®® in TM5. Another network of
hydrogen bonds was identified among another four amino acid residues:
Tyr™, Glu®, Met®, and Tyr'®® (Fig. 3B). Tyr” is located in TM1,
Tyr*® in TM3, and Glu®®*? and Met*®” in TM7. These hydrogen bond
networks spanning multiple domains appear to maintain the optimal
shape of the cavity for the binding of AVC. Indeed, further analysis of
the cavity also revealed that the ECL regions have some hydrophilic
characters (Fig. 44, red arrowhead), whereas the rest of the cavity is
mostly lipophilic (Fig. 44). The carboxyl and hydroxymethyl of AVC
interact with the hydrophilic regions of CCR5. The rest of AVC inter-

B

K191
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B

FIGURE 4, The configuration of aplaviroc within CCRS. Panel A, AVC lodged within the binding cavity of CCRS. The CCR5 cavity was defined with its lipophilic potential using

MOLCAD. The region near the extracellular domain has some hydrophilic character (red arrowhead), whereas the rest of the cavity is mostly lipophilic. The carboxy! and hydroxym-
ethyl of AVC interact with the hydrophilic regions of CCR5, whereas the rest of AVC interacts with the lipophilic regions of CCRS. Panel 8, a docked structure of AVC (tube
representation) bound to CCR5, illustrating the relative location of AVC within CCRS. important binding site residues of CCR5 are shown in wires. Polar hydrogens are only shown. Note
that TM1, 2, and 3 are toward the viewer from the plane and TM6 and 7 are away from the viewer behind the plane.

A B C
K191
’ 1
ci78 S‘fﬁ: L Ties K191
gé‘; < g"?
E283 3+ } yos1 . 37
; h ~ g
va7, . ; {40
, 198
s < Y108
. M287

FIGURE 5. Interactions of SCH-C with CCRS residues. Panel A, the configuration of SCH-C (shown in CPK) obtained with mutagenesis-based data (Table 1) combined with structural
analyses. CCRS residue orientations (shown in tubes) vary from that in Fig. 4 because conformational flexibility of receptors during docking of each inhibitor was taken into account.
Panel B, Tyr*” forms hydrogen bonding interactions with SCH-C, and hence Y37A mutation reduces the binding affinity of SCH-C with CCRS5. Note the location of Tyr'°® and compare
its corresponding location for the complex with TAK-779. SCH-C is shown in tubes and CCR5 residues in wires. Only polar hydrogens are shown in panels A and B. The molecules are
colored by atom types (carbon, gray; oxygen, red; nitrogen, blue; hydrogen, cyan; sulfur, yellow; and bromine, green). Panel C, van der Waals interactions of SCH-C (green) with Lys'?"

and lle'®® (magenta). There is tight hydrophobic binding of SCH-C with le%%, Unlike AVC, Lys'®! does not form significant interactions with SCH-C,

acts with the lipophilic region of CCR5 (Fig. 4, A and B). It is of note that
AVC has a molecular weight of 614.2, larger than TAK-779 (M, 531.1)
and SCH-C (M, 557.5), has a substantial hydrophobic contact and fits
well inside the large binding cavity within CCR5 as shown in Fig. 44.
AVC also forms hydrogen bonds with Cys'”%, Ser*®, Lys***, and Thr'*®
(Fig. 3, A and B). It is presumed that these interactions with residues in
multiple ECLs and the interface of extracellular and transmembrane
domains are responsible for the tight binding of AVC to CCR5.
Amino Acid Substitutions Are Likely to Cause Substantial Conforma-
tional Changes in ECLs—Substitutions of amino acid residues, which
are involved in hydrogen bonding, appear to directly and indirectly dis-
rupt the hydrogen bond networks observed (Fig. 3, A and B). For exam-
ple, Gly*®*, located in TM4, does not interact directly with AVC, but is
responsible for maintaining the shape of the binding cavity by its hydro-
gen bond interactions with Ser'®® and Lys'™* (Fig. 34). Thus, the shape
of the cavity is most likely altered with G163R substitution, and thereby
AVC could lose critical interactions with ECL2 and TM5. In contrast, it
was found that G163R exerts minimal effects on the binding of either
SCH-C or TAK-779 to CCR5 (Table 1), potentially because these two
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inhibitors do not have direct hydrogen bond interactions with the ECL
or ECL-TM interface.

As mentioned above, the carboxyl of AVC forms hydrogen bonds
with Lys'®! and Ser'®® (Fig. 34). The loss of binding with K191A substi-
tution (Table 1) is likely because of the loss of the hydrogen bond with
AVC aswell as the altered shape of the cavity, which was confirmed by
structural analysis of the CCR5y;4,,-AVC complex. Neither SCH-C
nor TAK-779 forms hydrogen bonds with Lys'®* (Fig. 5, A and B, and
Fig. 64), hence it is thought that K191A substitution does not signifi-
cantly affect the binding affinity of SCH-C or TAK-779 (Table 1). Ile’®®
located in TM5 has hydrophobic interactions with AVC (Fig. 3C).
SCH-C and TAK-779 were predicted to have hydrogen bond interac-
tions with Tyr® located in TM1 (Fig. 5, 4 and B, and Fig. 6, 4 and B),
whereas there appear to be no such interactions with AVC (Fig. 3B).
This is consistent with the observation that Y37A substitution drasti-
cally changed the binding affinity of SCH-C and TAK-779 to CCR5
(Table 1). 1le'®® forms a hydrophobic contact with SCH-C (Fig. 5C),
although not much with TAK-779, which well explains the reason
1198A reduces the K, value of SCH-C with CCR5 but not that of TAK-
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FIGURE 6. Interactions of TAK-779 with CCRS
residues. Panel A, the configuration of TAK-779
within the CCR5 binding pocket. Panel B, Tyr®”
forms a hydrogen bonding interaction with TAK-
779. Note the orientation of Tyr'®® in comparison
to the complex of CCR5 with SCH-C. Tyr'®® forms
77 and hydrogen bond interactions with
TAK-779 and represents a critical residue in agree-
ment with the mutagenesis-based resuits (Table
1). Only polar hydrogens are shown. The mole-
cules are colored by atom types (carbon, gray; oxy-
gen, red; nitrogen, blue; hydrogen, cyan; sulfur,
yellow).

120 3H-Aplaviroc binding
100
o 80
=
o
L 60
4 ;
40 40
FIGURE 7. Interactions between CCRS inhibitors
20 20 in relation to CCRS. CCR5,;-CHO cells were
exposed to [PHJAVC (3 nm; panels A and B),
[ - 0 4 ) + ; [*HISCH-C (3 nm; panel Q), or PHITAK-779 (10 nm;
0 0.001 0.1 10 0 1 10 100 panel D), for 15 min, followed by the exposure to
SCH-C (uM) TAK-779 (pM) various concentrations (from 1 nm to 62.5 jum) of
unlabeled SCH-C {panel A}, TAK-779 (panel B}, or
AVC (panels C and D) for 30 min. The cells were
c then thoroughly washed, lysed, and the radioac-
_— tivity of the lysates counted. All experiments were
T o -
120 3H-SCH-C binding 120 H-TAK779 binding performed in duplicate and the data shown are
mean values = 5.D. The amounts of the [*HICCR5
100 inhibitor bound to the cells are shown as mean %
control values (each control value was obtained
S 80+ without an indicated unlabeled CCRS inhibitor).
?’, 60
S
40 4
20 4
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Aplaviroc {uM)

779 with CCR5 (Table 1). It is also of note that AVC has direct interac-
tions with residues in the extracellular domain and its proximity (Cys*”®,
Ser'®, and Lys'™*) (Fig. 3, A and B), which should strongly affect the
conformation of extracellular loops in comparison to SCH-C and TAK-
779, both of which failed to directly interact with the amino acid resi-
dues in the extracellular domain. The interaction of HIV-1-gp120 with
ECLs is thought to be critical for the establishment of infection, there-
fore, one can assume that the binding of AVC to CCR5 should result in
a significant loss of interactions with gp120, which could explain the
significantly greater effect of AVC in blocking viral infectivity, com-
pared with SCH-C and TAK-779. Thus, the data above suggest that the
binding pockets are in the same general area within CCR5, however, the
binding interactions of the three inhibitors with CCR5 residues sub-
stantially differ from each other, in particular between AVC and other
two inhibitors.

Interactions between CCRS Inhibitors in Relation to Their Binding to
CCR5—All three CCR5 inhibitors examined in this study possess the
properties of allosteric antagonists of CCR5, whereas AVC exerts only
partial inhibition of the binding to CCR5 and physiological function of
1251 RANTES in comparison to TAK-779 and SCH-C (11). Moreover,
although the binding pocket for these inhibitors are all located in the
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same hydrophobic cavity within CCR5, their binding profiles substan-
tially differ from each other as discussed above. Therefore, we analyzed
the interactions of the three inhibitors in relation to CCR5yp. When
CCR54r-CHO cells were exposed to [PH]JAVC (3 nm) for 15 min, fol-
lowed by the addition of various concentrations (1 nM to 10 uM) of
unlabeled SCH-C, [PHJAVC binding to CCR5 was reduced only mod-
erately, by up to 32% (Fig. 74). When the interaction between [PHJAVC
and unlabeled TAK-779 (0.625-62.5 M) was examined, {*H]AVC bind-
ing to CCR5 was not significantly replaced by unlabeled TAK-779 (Fig.
7B). On the contrary, when [PH]SCH-C was added first and then unla-
beled AVC was added, the binding of [*H]SCH-C to CCR5y--CHO
cells was significantly blocked (Fig. 7C). These data suggest that AVC
effectively replaces [*H]SCH-C and binds to CCR5y. The binding of
[PH]JTAK-779 was likewise blocked by the addition of unlabeled AVC,
although the extent of replacement by AVC waslesser as compared with
the case of [PH]SCH-C (Fig. 7D).

Role of Amino Acid Residues of CCRS with Which Aplaviroc Is Asso-
ciated in HIV-1 Infection and CC-chemokine Binding—In an attempt to
define the biological and virological roles of amino acid residues, with
which AVCis associated in this binding to CCR5, we selected 15 mutant
CCR5-overexpressing CHO cells and examined profiles of sCD4/gp120
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FIGURE 8. Effects of amino acld substitutions In CCR5 on sCD4/ap120 binding, HIV
infection, and CC-chemokine binding. Panel A, profiles of the binding of sCD4/
gp120yy,; complex to various CCR5,,; species overexpressing CHO cells. All values were
normalized with the CCR5 expression level of each CCR5,y compared with that of
CCRSyr {see “Experimental Procedures”). Pane! B, profiles of the binding of '2%I-RANTES,
1251-MIP-1¢, and '25}-MIP-18 to various CCRS,,-expressing CHO cell preparations. All
values were normalized with the CCRS expression level of each CCR5,,; compared with
that of CCRSy. All assays were performed in duplicate or triplicate. Panel C, the suscep-
tibility of various CCRSy-overexpressing U373-MAG! cells. For testing each CCRSp -
overexpressing cell preparation, multiple clones were examined. In each set of experi-
ments, CCR5r-clone 1 (sofid column) served as a standard (100%).

binding and CC-chemokine (RANTES, MIP-1¢, and MIP-18) binding
profiles. Nine of the 15 mutants were chosen based on the following
reasons. Tyr' was chosen because Tyr'®® is within the aromatic cluster
seen in the proximity of TM2 and TM3 and is reported to play a crucial
role in the CC-chemokine-elicited activation of CCR5 (35). Y37A and
E283A were chosen because Tyr™ and Glu®®? are involved in the bind-
ing of the three inhibitors to CCR5 and have been shown to be highly
conserved in CC-chemokine receptors including CCR5, CCR2B, CCR3,
CCR1, and CCR4 (6). Six more mutants (G163R, C178A, K191A, 11984,
Y251A, and M287E) were also chosen, with which the binding affinity of
AVC was significantly reduced compared with CCR5y,-expressing
cells (>5-fold K}, difference) (Table 1). As shown in Fig. 84, all 9 muta-
tions described above decreased the sCD4/gp120 binding to CCR5
compared with that to CCR5y,r. It was noted that Y1084, Y2514, and
E283A substitutions resulted in the greatest reduction of sCD4/gp120
binding.

MAY 5, 2006 -VOLUME 281-NUMBER 18

W

—181—

Interactions of CCR5 Inhibitors with CCR5

We further determined the binding profiles of **I-RANTES, **I-
MIP-1¢, and '*I-MIP-18 to the above 9 mutant CCR5-overexpressing
CHO cell lines (Fig. 8B). In several CHO cell lines, the CC-chemokine
binding profile notably differed from the HIV-gp120/sCD4 complex
binding profile. Whereas both K191A and 1198A substitutions caused
moderate reduction in HIV-gp120/sCD4 complex binding (Fig. 84),
CC-chemokine binding was fairly preserved in CCR5},5¢5-€Xpressing
cells, whereas CC-chemokine binding was almost completely reduced
in CCR5gy0, o-expressing cells. The G163R substitution preserved HIV-
gp120/sCD4 complex binding by 34%, however, CC-chemokine bind-
ing was substantially spared by 68 —83%.

We also employed six additional mutant CCR5-overexpressing CHO
cells, which showed insignificant to minimal changes (less than 3-fold
differences) in their K, values compared with the K, value for wild-type
CCR5 (Table 1). Two substitutions in the extracellular domain of CCRS5,
D11A (NH, terminus) and KE171AA (ECL2), induced substantial
reduction in HIV-gp120/sCD4 complex binding by 65 and 70%, respec-
tively. The F112L, F112Y (both in TM3), S180T (ECL2), and M287A
(TM7) substitutions caused no significant changes in K, values (Table
1) or HIV-gp120/sCD4 complex binding (Fig. 84). These data suggest
that amino acid residues in the proximity of the hydrophobic cavity for
AVC that do not change K, values generally do not affect the HIV-
gp120/sCD4 complex binding to CCR5. These 6 substitutions, however,
caused CC-chemokine binding inhibition at various degrees, suggesting
that the profile of the HIV-gp120/sCD4 complex binding to CCR5 dif-
fers from that of CC-chemokine binding to CCR5.

We finally generated seven clonal populations of CD4*U373-MAGI
cells expressing CCR5 with an amino acid substitution that caused sig-
nificant reduction in the K, values of either of the three CCR5 inhibitors
and examined their susceptibility to HIV-1g,; infection (Fig. 8C). HIV-
1p, effectively infected CCR5y,r-expressing cells, however, the suscep-
tibility to HIV-1g, infection was greatly reduced in CCR5y4,,-
CCR5y; 054~ and CCR5;054-expressing cells and that in CCR5g; gag=r
CCR5¢y78a75 CCR5yp91 4= and CCR5p 04, -expressing cells was more
greatly limited. These data indicate that the mutations examined in this
experiment effectively blocked HIV-1p,, infection, although such
mutations, in particular three mutations (G163R, K191A, and 1198A),
allowed some degree of sCD4/gp120 binding to CCR5™ cells (Fig. 84).

As noted above, the CC-chemokine binding profile notably differed
from the profile of HIV-15,, infection susceptibility in CCR5; 42~ and
CCRS5yy954-expressing cells. Moreover, moderate levels of chemokine
binding were seen in CCR5y, g5~ and CCR5g,qq,-expressing cells,
whereas the least infection occurred in these cells. It should be of note
that when we examined what ensued upon the binding of RANTES to
CCR5¢, 63r-expressing cells, it was found that the level of Ca®* flux that
occurred in those cells was comparable with that in CCR5y,-express-
ing cells following stimulation with RANTES.?

These data, taken together, suggest that the binding affinity of AVC
seen with CCRS5 variants generally paralleled the HIV-gp120/sCD4
complex binding affinity to mutant CCR5s, although it is of note that
further fine-tuned analysis with greater numbers of CCRS mutants is
required for full understanding of the interactions among the HIV-
gp120/sCD4 complex, CC-chemokines, and CCR5 inhibitors. The data
also suggest that certain conformational changes caused by amino acid
substitutions {e.g at Tyr'%, Gly*®3, or lle*® residues of CCR5) might
substantially reduce HIV-1 infection without significantly affecting
physiological CC-chemokine-CCRS5 interactions.

3K.Maeda, H. Nakata, T. Miyakawa, and H. Mitsuuya, unpublished data.

JOURNAL OF BIOLOGICAL CHEMISTRY 12695

2002 ‘92 Areniqe- uo g1 AINN OLOWNYINN 1e 6100 mmm woy pepeojumo(



The Journal of Biological Chemistry

Interactions of CCRS Inhibitors with CCR5

DISCUSSION

In the present study, we examined the structural and molecular inter-
actions between CCR5 and three CCRS5 inhibitors, AVC, SCH-C and
TAK-779. When we exploited site-directed mutagenesis by generating a
panel of mutant CCR5-expressing cells, and determined the K, values
of each CCR5 inhibitor with each mutant CCR5 species, the K, values
compiled corroborated our previous results obtained using the mAb

replacement assay (11). We found that the binding affinity of AVC to:

wild-type CCR5 (CCR5y,r) was the greatest with a K, value of 2.9 nM as
compared with SCH-C and TAK-779 with K, values of 16.0 and 30.2
n, respectively (Table 1). It was also noted that the number of muta-
tions that affected the binding of AVC was greater than in the cases of
TAK-779 and SCH-C (Table 1), Moreover, the amino acid substitutions
with which AVC turned out to have different K, values were mostly
located in the second extracellular loop (ECL2) and its interface with
TM4 (Gly*%®), or TM5 (Lys**). By contrast, with regard to SCH-C and
TAK-779, no substantially different K, values were obtained with
amino acid substitutions in ECL2 (Table 1). The data suggest that not
only the binding interactions but also the molecular size and/or bulki-
ness of AVC are related to the different numbers of K,-affecting muta-
tions and different profile of K, values obtained and that AVC forms
substantial hydrophobic contacts with and fits well inside the hydro-
phobic cavity within CCR5 (Fig. 44). It was also thought that such tight
interactions of AVC with residues in ECLs and the interface of extracel-
lular and transmembrane domains of CCR5 are responsible for the
greater binding affinity of AVC to CCR5 as compared with two other
inhibitors.

[t was intriguing that certain amino acids such as Gly™®* and Lys
formed critical hydrogen bond networks in the interaction of AVC and
CCRS5 (Fig. 3, A and B). It was thought, therefore, that the amino acid
substitutions in such positions dramatically altered the binding affinity
of AVC to CCRS. It is also noteworthy that Cys*” of ECL2 is presumed
to form a putative disulfide bridge with Cys*® of ECL1 and to be critical
for the conformation of CCR5 (34). In the present study, C178A substi-
tution, which should disrupt the putative disulfide bridge and cause
significant conformational changes in both ECL1 and ECL2, nullified
the CCR5 binding affinity of AVC, but not of SCH-C or TAK-779 (Table
1). In this respect, the lesser interactions of SCH-C and TAK-779 with
extracellular domains (Table 1) are likely responsible for the lack of
influence of the C178A substitution on the binding affinity of SCH-C
and TAK-779, corroborating the notion that mutations in ECL2 did not
alter the binding of SCH-C and TAK-779 to CCRS5 (Table 1).

Two events are likely involved in the reduced binding of inhibitors to
CCRS5 with an amino acid substitution(s): (i) the alteration of direct
interaction, if present, between the amino acid residue and the inhibitor
and/or (i) an allosteric effect(s) in which there is a significant confor-
mational change(s) of CCR5 either near or distant from the mutated
residue. In this respect, in the present work, we have shown that multi-
ple hydrogen bond networks are important for the binding of AVC to
CCRS (Fig. 3, A and B). Some residues such as Lys'™ directly interact
with AVC, and hence mutations that lose this direct interaction are very
likely responsible for the loss of binding. The lack of drastic changes in
the binding of SCH-C and TAK-779, which are not predicted to directly
interact with Lys'®, also supports this inference. Gly*®3, however, does
not directly bind to AVC but is a critical part of the Gly'63-Ser*®°-Lys'®*-
Thr'*® hydrogen network (Fig. 34). Our molecular modeling, however,
indicates that arginine at position 163 does not form hydrogen bonds
with Ser'® or Lys*®'. This alteration in the hydrogen bond network
probably changes the shape of the cavity in the ECL2-TM4-TM5 region
(an allosteric effect near the mutated residue) and results in reduced
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binding of AVC to CCR5g,¢ap. Mutation at residue 283 might be an
example of the one causing an allosteric conformational change(s) dis-
tant from the mutated residue. Only AVC is predicted to directly inter-
act with Glu?®2, but a E283A mutation results in significant loss of bind-
ing for all three inhibitors examined. Thus, it is thought that certain
amino acid substitutions reduce the binding of an inhibitor even though
they are not directly interacting with the inhibitor. It is also of note that
mutations at certain residues directly interacting with an inhibitor do
not always cause significant loss of binding if CCRS5 does not undergo a
conformational change(s) or takes an alternate conformation that is not
unfavorable for inhibitor binding.

Because a crystal structure of CCR5 is not available, unlike other
targets for intervention of HIV infection including HIV reverse tran-
scriptase (36), in the present study, in an attempt to conduct structural
analyses of the interactions of CCR5 inhibitors with various mutant
CCR5 species, an initial structural model of CCR5 was generated using
homology modeling based on the crystal structure of bovine rhodopsin
(23). The present approach of combining the site-directed mutagenesis-
based data (Table 1) and molecular modeling should be a valuable strat-
egy for gaining structural insights for membrane-bound proteins for
which x-ray crystal structures are not as yet available. The CCR5-inhib-
itor complex structures were defined by iterative optimization of CCR5
and inhibitor structures. Mutated CCR5 structures were also defined
and optimized based on the wild-type CCR5 structure, and minimized
structures of various CCR5 mutants were used as starting structures for
obtaining docked complexes of mutated CCR5 with inhibitors. It is of
note that in the present study, our modeling study was combined and
fine-tuned with the results of the saturation binding assay using a panel
of mutant CCR5-expressing cells and tritiated CCR5 inhibitors and the
resultant configuration and orientation of inhibitors docked within the
hydrophobic cavity of CCR5 yielded a consistent analysis of the struc-
ture-activity data. The conformations of CCR5 without an inhibitor and
CCR5 bound to an inhibitor are likely to be substantially different from
each other because conformational changes are expected to occur upon
inhibitor binding to CCR5. Thus, the conformational flexibility of both
inhibitors and CCR species were taken into account in our analysis. In
this regard, our ongoing analyses of binding affinity profiles using dif-
ferent *H-labeled CCR5 inhibitors and an expanded panel of mutant
CCR5-expressing cell lines should further illuminate the intramolecular
and intermolecular interactions of CCR5 and CCRS5 inhibitors.

We also examined the binding profile of CCR5 inhibitors when one
inhibitor was added to CCR5-overexpressing cells, followed by the addi-
tion of the second inhibitor (Fig. 7). Interestingly, when AVC first bound
to CCR5 and SCH-C or TAK-779 was subsequently added, both SCH-C
and TAK-779 only partially displaced AVC (Fig. 7, A and B). However,
when SCH-C or TAK-779 first bound to CCR5 and AVC was subse-
quently added, SCH-C and TAK-779 were substantially displaced by
AVC (Fig. 7, C and D). This ineffective displacement of AVC once
bound to CCR5y, by SCH-C and TAK-779 could be explained by the
difference of their K, values (2.9 nM for AVC, 16 nM for SCH-C, and
30.2 nM for TAK-779 as illustrated in Table 1), However, it is of note that
both SCH-C and TAK-779 failed to displace AVC even with very high
concentrations: 3,333-fold (10 uM; Fig. 74) and 20,833-fold (62.5 uM;
Fig. 7B), respectively, greater than the [PHJAVC concentration (3 nM).
Thus, only the difference in K, values among the three inhibitors
unlikely fully explains the failure of AVC replacement by SCH-C and
TAK-779. In this regard, a possible explanation is that AVC induces a
series of significant conformational changes in CCR5 and, upon the
completion of its stable lodging within the hydrophobic cavity within
CCR5yg, the binding and/or entry into CCR5 of the second inhibitor is
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