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G protein-coupled receptor CCRS is the main coreceptor for macrophage-tropic human immunodeficiency
virus type 1 (HIV-1), and various small-molecule CCR5 antagonists are being developed to treat HIV-1
infection. It has been reported that such CCRS antagonists, including TAK-779, bind to a putative binding
pocket formed by transmembrane domains (TMs) 1, 2, 3 and 7 of CCRS, indicating the importance of the
conformational changes of the TMs during virus entry. In this report, using a single-round infection assay with
human CCRS and its substitution mutants, we demonstrated that a new CCRS antagonist, TAK-220, shares the
putative interacting amino acid residues Asn252 and Leu255 in TM6 with TAK-779 but also requires the
distinct residues Gly163 and I1e198 in TMs 4 and 5, respectively, for its inhibitory effect. We suggested that,
together with molecular models of the interactions between the drugs and CCRS, the inhibitory activity of
TAK-220 could involve direct interactions with amino acid residues in TMs 4, 5, and 6 in addition to those in
the previously postulated binding pocket. The possible interaction of drugs with additional regions of the CCR5
molecule would help to develop a new small-molecule CCR5 antagonist.

Shortly after the identification of the human CD4 glycopro-
tein as the primary receptor for human immunodeficiency virus
type 1 (HIV-1) (17, 29, 32, 36), it became apparent that CD4
was not sufficient to mediate infection (1, 16, 18-21, 27-29, 34).
HIV-1 attachment is mediated by the interaction of the viral
envelope glycoprotein gp120 and its receptor CD4 on target
cells. This binding induces a conformational change in gp120
that exposes a binding site for a coreceptor, usually of either
the chemokine receptor CCR5 or CXCR4 (5, 51). Despite the
significant success achieved with antiretroviral combination
therapies, the emergence of resistant viruses and the lack of
patient compliance stemming from adverse side effects and
complex regimens have resulted in many therapeutic failures
(50). Therefore, the development of better-tolerated antiret-
roviral agents that function through novel mechanisms and
lack cross-resistance to the existing drugs is essential for the
future management of HIV infections.

The interaction of CCR5 with viral gpl20 is critical for
membrane fusion and virus entry because a blockade of such
binding can inhibit HIV-1 infection efficiently (42). Viral gly-
coprotein and its receptor proteins are exposed at the viral and
cell surfaces, respectively, and thus compounds that inhibit
viral entry do not require high membrane permeability. In
addition, coreceptors are encoded by cellular genes and so are
not susceptible to mutations that would cause resistance to
antiviral drugs. Therefore, virus entry is a promising target for
the development of novel therapeutics (24), and a new gener-
ation of inhibitors of HIV-1 replication, based on the blockade
of virus entry, is now in clinical trials and in various stages of
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development (10, 23, 30, 37, 40, 41, 45). These include (i)
small-molecule CCRS5 antagonists (TAK-779 [3], UK-427857
[9], SCH-D [4], and AK602 [35]) or a CXCR4 antagonist
(AMDO70 [44]), (ii) chemokine analogues with modified ami-
no-termini (11), (iii) the receptor mimic, soluble CD4 (2), (iv)
peptide fusion inhibitors T20 (31) and T1249 (14), and (v)
neutralizing antibodies that bind gp120 or gp41 (13). Small-
molecule CCRS5 antagonists such as SCH-C (8, 25),
UK-427857 (43), SCH-D (43), and AK602 (38) have been
shown to cause viral load reductions after administration to
HIV-1-infected individuals in phase Ila clinical trials (26).

Studies with SCH-C, the chemically related AD101, and the
chemically unrelated TAK-779 have shown that all these
CCRS antagonists block the binding of gp120 to CCRS5 (22,
49). The binding sites for SCH-C, AD101, and TAK-779 have
been mapped to a pocket formed between transmembrane
domains (TMs) 1, 2, 3, and 7 of CCR5 (22, 49), and the
importance of putative structural changes in these TMs in-
duced by the binding of drugs was proposed (22, 49). However,
additional analysis of CCRS structure supported the involve-
ment of TMS residue in the conformational change of the
CCRS receptor upon the binding of CCRS5 antagonist SCH-C
(8). The mechanisms of this and other changes in CCRS struc-
ture induced by small-molecule CCRS antagonists and their
effects on virus entry remain to be elucidated.

In this study, we analyzed the TMs of CCRS in terms of the
inhibitory activity on virus entry by the new small-molecule
CCRS antagonist TAK-220 (26) and the structurally unrelated
TAK-779. Mutational analysis revealed that amino acid resi-
dues Asn252 and Leu255 in TM6 were involved in the inhib-
itory activity of both TAK-220 and TAK-779. On the other
hand, substitution mutations at Gly163 and Ile198 in TM4 and
TMS, respectively, affected the activity of TAK-220 but not of
TAK-779. From these data, we postulated a molecular model
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in which TAK-220 interacts with amino acid residues in TMs 4,
5, and 6 in addition to those in the previously defined binding
pocket formed by TMs 1, 2, 3, and 7. These findings explain the
high inhibitory activity of TAK-220 on HIV-1 infection and will
provide valuable information for the development of a small-
molecule CCRS antagonist.

MATERIALS AND METHODS

Cells and culture conditions. 293T cells (293T/17; ATCC CRL 11268) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich
Corp., St. Louis, MO) supplemented with 10% heat-inactivated fetal bovine
serum (ICN Biomedicals, Inc., Aurola, OH), 100 U/ml penicillin, and 100 pg/ml
streptomycin (D10). U87-CD4 cells (AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, National Institutes of Health) were main-
tained in D10 supplemented with 300 pg/ml G418.

Plasmids CCR5 and mutagenesis of the CCR5 coding sequence. The human
CCRS5 (huCCRS5) ¢cDNA was amplified by PCR from a human spleen cDNA
library (Toyobo, Osaka) and subcloned into the pcDNA3.1 expression vector
(Stratagene, La Jolla, CA) between the BamHI and Xbal sites. The nucleotide
sequence of the coding region of amplified huCCRS was completely matched to
that of the already published huCCRS5 (GenBank accession number,
XM_030397). Point mutants of huCCR5 in pcDNA3.1 were constructed by
PCR-site-directed mutagenesis using specific primers. For the murine-type mu-
tations in the second extracellular loop (ECL2), the following primer pairs were
used: 5'-TCAATTCTGGAAGAGTTTCCAGACATTAA-3" and 5'-TTAATGT
CTGGAAACTCTTCCAGAATTGA-3' for N192S, 5'-CCAGACATTAAAGA
TGGTCATCTTGGGGC-3" and 5'-GCCCCAAGATGACCATCTTTAATGTC
TGG-3' for I198M, and 5'-ACACACTCAGTATTATTTCTGGAAGAATT-3’
and 5'-AATTCTTCCAGAAATAATACTGAGTGTGT-3’ for Y184H, S185T,
and Q188Y. Underlines indicate the codons for mutated amino acids. The
constructs were sequenced to verify the presence of the correct mutations.

Generation of the recombinant viruses. pNL4-3-Luc*-Env™ Rev™ is similar to
the HIV-1 luciferase reporter vector described by Chen et al. (15). To construct
the vector, a stop codon was introduced near the 5’ end of env using an oligo-
nucleotide in the Kpnl site (nucleotide [nt] 6343) of proviral clone pNL4-3, and
the gag-pol coding region was deleted by removing nucleotides from the Spel site
(nt 1507) through the EcoRI site (nt 5743). The firefly luciferase gene was then
inserted into the nef gene by removing the BamHI (nt 8021) to Xhol (nt 8443)
fragment. Envelope (Env)-defective recombinant HIV-1 pseudotype particles
(HIV-1-luciferase reporter virus) capable of single-round infection and bearing
the firefly luciferase gene were generated by cotransfecting 0.2 g pNL4-3-
Luc*-Env_ Rev™, 0.4 png Env expression vector for the HIV-1 JR-FL Env pro-
tein, 0.6 pg Gag/Pol expression vector, and 0.8 pg Rev expression vector into
293T cells using six-well plates, Lipofectamine, and Lipofectamine PLUS reagent
(Invitrogen Corp., Carlsbad, CA). Cells were harvested 48 h posttransfection.
Viral supernatants were collected by centrifugation at 3,500 rpm with a TOMY
TS-38LB rotor (TOMY, Japan) at 4°C for 10 min and frozen at —80°C until used.
The amount of virus present in the supernatants was quantified by measuring
p24&°¢ using a commercial enzyme-linked immunosorbent assay (HIV-1 p24
antigen ELISA kit, RETRO-TEK, ZeptoMetrix Corp., Buffalo, NY).

Env pseudotype assay of HIV-1 infection. The infection assay with HIV-1-
luciferase reporter virus was performed as follows. U87-CD4 cells were seeded in
24-well plates (0.5 X 10° cells/well to 0.6 X 10° cells/well) in D10 and transfected
with plasmids to express wild-type or mutant CCRS and luciferase derived from
Renilla reniformis using Lipofectamine 2000 reagent (Invitrogen Corp., Carlsbad,
CA). The next day, transfected cells were infected with HIV-1-luciferase reporter
virus (10 to 20 ng of p24°2#) in a total volume of 250 pl with or without CCRS
antagonists. After 2 h, cells were washed twice with phosphate-buffered saline
(PBS) and then 1 ml D10 was added to the wells. After 2 d of additional culture,
cells were washed with PBS and resuspended with 200 wl of the lysis buffer
packaged in the commercially available Dual-Luciferase assay kit (Promega,
Madison, WI) as described below to isolate total cytoplasmic cellular proteins.
The cell suspension was shaken gently at room temperature for 5 min. The
supernatant fraction was recovered by centrifugation at 14,000 rpm in a
KUBOTA RA-50J rotor (KUBOTA, Japan) at 4°C for 5 min. Luciferase activity
in 10 pl lysates was assayed using the Dual-Luciferase assay system and a
luminometer (Lumat LB6501; Berthold, Wildbad, Germany). The transfection
efficiency of CCR5s was normalized against cotransfected luciferase derived
from Renilla reniformis. The entry of Env-pseudotyped HIV-1 reporter viruses
into the transfected U87-CD4 cells in the presence and absence of CCR5 an-
tagonists was determined by quantifying firefly luciferase expression. Luciferase
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activity was directly proportional to viral entry, as confirmed by serial dilution of
the input virus in the absence of antagonists (data not shown). Total protein
concentrations were determined with the Coomassie Plus protein assay reagent
kit (Pierce Biotechnology, Rockford, IL).

Modeling of huCCR5-ligand complexes. Amino acid sequences of huCCRS
and bovine rhodopsin were aligned by Clustal W (48) with some manual adjust-
ments. According to the alignment, a homology model of huCCRS was con-
structed based on the bovine rhodopsin crystal structure (Protein Data Bank
code, 1F88 [6]) by using the SCWRL program (12). Only the TMs were modeled,
and the conformations of the conserved residues were fixed to the crystal struc-
ture. After some manual adjustments to remove large steric hindrances, the
whole structure was subjected to energy minimization over 500 steps with the
steepest descent minimizer and then 3,000 steps with the conjugate gradient
minimizer to a maximum gradient of 0.1 kcal/mol-1A-1, using the Discover-
CVFF force field (version 2.98, Accelrys Inc., San Diego, CA). During the
minimization procedure, the following conditions were adopted. The dielectric
constant was set to 4r, where r is the distance between two interacting atoms. The
backbone atoms were tethered with a force constant of 300 kcal/A2 to prevent a
large movement from the initial positions.

The initial structures of TAK-220 and TAK-779 were constructed with Insight
II (version 2000.1, Accelrys Inc., San Diego, CA) and subjected to energy min-
imization with Discover. Each of the structures was manually docked into the
huCCR5 model considering the interactions between the amine moiety of the
ligand and Glu283 as well as the interactions between the aromatic moiety of the
ligand and the hydrophobic pocket of the receptor that consists of residues of
TM3, TMS, and TM6, including 1le198. The complex structures were energy
minimized, as mentioned above, to obtain the final models.

Detection of the surface receptor expression by FACS analysis. 293T cells (2.5
% 10°) were transfected using Lipofectamine and PLUS reagents with 1 pg of
expression plasmid for wild-type CCR5 or mutant constructs and allowed to
express for 36 h. Prior to antibody staining, transfected cells were lifted with
DMEM and washed twice with fluorescence-activated cell sorter (FACS) stain-
ing buffer (PBS containing 5% bovine serum albumin). Cells were resuspended
in 100 pl of the FACS staining buffer containing 5 wl of phycoerythrin-conju-
gated monoclonal anti-human CCRS5 (3A9; PharMingen, San Diego, CA) and
allowed to incubate on ice for 30 min. After washing once with 1 ml of the FACS
staining buffer, FACS analysis was performed with a Becton Dickinson FACScan
flow cytometer using CellQuest software (Becton Dickinson, San Jose, CA). Live
cells stained with phycoerythrin-conjugated anti-mouse immunoglobulin G
(PharMingen, San Diego, CA) were gated by light scatter, and 50,000 cells were
acquired for each receptor.

Statistical analysis. Data are means and standard errors of the mean (SEM)
and were used to perform statistical analyses by the Student’s ¢ test for impaired
observations. A P value of <0.01 or <0.05 was considered significant. Fifty
percent inhibitory concentrations were calculated using the SAS system proce-
dure NLIN, which produces least squares estimates of the parameters of a
nonlinear model (logistic model).

Reagents. The newly designed nonpeptidic molecule TAK-220, 1-acetyl-N-
[3-[4-(4-carbamoylbenzyl)-1-piperidyl|propyl]-N-(3-chloro-4-methylphenyl)piperi-
dine-4-carboxamide (M, = 553.14),and TAK-779, (N,N-dimethyl-N-(4-[[[2-(4-methyl-
phenyl)-6,7-dihydro-5H-benzocycloheptan-8-yljcarbonylJamino|benzyl)tetrahydro-
2H-pyran-4-aminium chloride (M, = 531.13) (Fig. 7), were synthesized by Takeda
Pharmaceutical Company Ltd.

RESULTS

Inhibitory effects of TAK-220 on huCCRS5 mutated to
muCCR5 sequence. A new CCRS antagonist, TAK-220,
strongly inhibits the replication of CCR5-using (RS5) HIV-1
clinical isolates with 50% inhibitory concentrations (ICsgs)
ranging from 0.55 to 1.7 nM in peripheral blood mononuclear
cells from healthy donors (47). TAK-220 also inhibits the reg-
ulated on activation, normal T-cell expressed and secreted
(RANTES) binding to huCCRS5 with an ICy, of 3.5 nM (47).
However, the drug was eventually inactive on the inhibition of
RANTES binding to the mouse CCRS5 (muCCRS5) molecule
(ICsy > 10,000 nM; data not shown). These results suggested
that species-specific sensitivity of TAK-220 to CCRS resulted
from the difference in amino acid sequences between huCCRS
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FIG. 1. Schematic representation of the huCCRS5 and mutated
amino acid residues. The extracellular face is above the membrane,
which is indicated by solid lines, whereas the intracellular face is below
the membrane. The model is based on the Billick et al. and Paterlini
studies (8, 39). Gray circles denote residues that are substituted by Ala.
Black circles denote the different amino acid residues between
huCCR5 and muCCRS sequences.

and muCCRS. Therefore, to identify the target sites of TAK-
220, we introduced substitution mutations in huCCRS so that
amino acid residues specific for huCCRS were converted to
those of muCCRS5 (Fig. 1).

At first, we focused on the amino acid sequence in ECL2 and
its vicinity, since it was demonstrated that TAK-220 strongly
inhibited the binding of a monoclonal antibody, 45531.111,
which recognizes the carboxyl-terminal half of ECL2, including
Tyr184 to Phel89 (33, 47). Furthermore, the ECL2s of human
and mouse CCRS differ by only six amino acids, five of which
are located in this region. Accordingly, a stretch of carboxyl-
terminal amino acids in ECL2 of huCCRS was replaced by that
of muCCRS, resulting in mutants ECL2m1 and ECL2m2. The
former mutant included five substitutions (Y184H, S185T,
Q188Y, N192S, and 1198M), and the latter mutant retained the
first four substitutions except I1le198, which was located in the
extracellular boundary of TMS5.

Because muCCRS was reported to be unable to support the
infection of macrophage-tropic HIV-1 (7), we first examined
the infectivity of recombinant HIV-1-luciferase reporter virus
with the expression of mutated huCCRS5. As shown in Fig. 2,
cell surface expressions of both ECL2 m1 and ECL2 m2 were
comparable to that of wild-type huCCRS in 293T cells (Fig.
2B). For the FACS analysis, wild-type and mutant huCCRS5s
were expressed in 293T cells instead of the U87-CD4 cells that
were used for infection assay because U87-CD4 cells were too
adhesive to be removed from culture dishes without trypsin
treatment. These two mutants could support recombinant virus
infection (virus infectivity was higher than 70% of that of
wild-type huCCRS), indicating that insensitivity of muCCRS to
macrophage-tropic HIV-1 was not due to the differences in
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FIG. 2. Entry of pseudotyped reporter viruses into U87-CD4 ex-
pressing mouse-type mutated huCCRS or wild-type (wt) huCCRS.
(A) U87-CD4 cells transiently expressing wild-type huCCRS or
huCCR5 mutants were infected with HIV-1;; g Env-pseudotyped
reporter viruses. Luciferase activity (in relative light units [RLU]) was
measured 48 h postinfection using a dual luciferase assay kit and
standardized against wild-type huCCRS and huCCRS5 mutant expres-
sion levels with Renilla reniformis luciferase activity. The coreceptor
activity of each mutant, expressed as a percentage of wild-type core-
ceptor activity, is calculated by using the following formula: (mutant
luciferase RLU/wt luciferase RLU) X 100%. Data are shown as aver-
age = SEM from multiple experiments, and the number of experi-
ments is indicated in parentheses. (B) Cell surface expressions of
wild-type huCCRS and huCCR5 mutants on 293T cells are repre-
sented. FACS analysis was performed as described in Materials and
Methods. A shaded area indicates the expression of wild-type huCCRS5
and lines indicate huCCRS mutants. The amino acid substitutions for
ECL2m1 were Y184H, S185T, Q188Y, N192S, and I198M, and the
substitutions for ECL2m2 were Y184H, S185T, Q188Y, and N192S.

amino acid sequences between huCCRS and muCCRS in
ECL2 and its vicinity (Fig. 2A).

We next examined the infectivity of recombinant HIV-1-
luciferase reporter virus on target cells expressing these mu-
tants in the presence of CCRS5 antagonists. As shown in Fig. 3,
both TAK-220 and TAK-779 inhibited recombinant virus in-
fection to target cells expressing wild-type huCCRS in a dose-
dependent manner. ICsys estimated from the inhibition curve
were 7.7 nM for TAK-220 and 17 nM for TAK-779. When the
ECL2m1 mutant was expressed, TAK-220 was almost com-
pletely unable to inhibit virus entry, whereas it inhibited infec-
tion to cells with the ECL2m2 mutant. Thus, this suggested
that I1e198 has an important role for the inhibitory activity of
TAK-220. Consistent with this result, the alanine substitution
at I1e198 (I198A) abolished the inhibitory effect of TAK-220
(Fig. 4).

In contrast, both ECL2m1 and ECL2m2 mutants were sen-
sitive to the inhibitory effect of TAK-779, and the infectivity of



VoL. 49, 2005

120
N -[ [ No antagonist
[ [ Tak-220
100}
i l B TAK-779
S 8of
> [
€ 60| F
m =
g - *k
S 40f - **
E * %
20 F
of

(28) (5) (5) (18)(5) (21)(9) (15)(6) (7)(16)
0 2 5 10 20 40
Inhibitor (nM)

FIG. 3. Dose-dependent entry inhibition by TAK-220 and TAK-
779. A pseudotyped reporter virus infection assay was performed as
described in the legend of Fig. 2A except for the addition of CCRS
antagonists (TAK-220 or TAK-779) at indicated concentrations. Data
are shown as average = SEM from multiple experiments, and the
number of experiments is indicated in parentheses. Asterisks indicate
a statistically significant decrease relative to virus entry without CCRS
antagonists (*, P <0.05; **, P <0.01; Student’s ¢ test).
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FIG. 4. Effects of mouse-type mutations in huCCRS5 on entry inhi-
bition of pseudotyped reporter virus by TAK-220 and TAK-779. U87-
CD#4 cells transiently expressing wild-type huCCRS or huCCRS mu-
tants were infected as described in Fig. 2A except for the presence or
absence of CCRS antagonists (TAK-220 or TAK-779) at the concen-
trations indicated. Results are expressed as in Fig. 3.
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FIG. 5. Entry of reporter viruses into U87-CD4 cells expressing Ala
substituted huCCRS. (A) Infection of pseudotyped reporter viruses to
U87-CD4 cells transiently expressing wild-type huCCRS or huCCR5
mutants and measurement of the luciferase activity were the same as
described in Fig. 2A. Results are expressed as in Fig. 3. (B) Cell surface
expression of wild-type huCCRS and Ala substituted huCCRS5s on
293T cells is shown. FACS analysis was performed as described in
Materials and Methods, and other details are the same as for Fig. 2B.
PE, phycoerythrin.

cells expressing the 1198 A mutant, whose expression on the cell
surface was similar to that of the wild type (Fig. 2B), was also
abrogated by TAK-779.

In addition to the difference at Ile198, muCCRS5 contained
Glul63 instead of Gly163 in TM4 of huCCRS. This was inter-
esting to note because the insensitivity of African green mon-
key CCRS to HIV-1 infection was attributed to an amino acid
difference at this position (46). Therefore, mouse-type substi-
tution at Gly163 (G163E) was introduced in huCCRS and the
effect of CCRS5 antagonists was examined. As shown in Fig. 2,
G163E mutation did not result in the loss of either infectivity
(Fig. 2A) or cell surface expression (Fig. 2B). However, the
mutation abolished the inhibitory effect of TAK-220 but did
not affect that of TAK-779 (Fig. 4). Taken together, the data
obtained by mouse-type substitution mutation indicated that
TAK-779 and TAK-220 may interact with huCCRS5 molecules
through distinct amino acid residues and that those in TM4
and TMS may be involved in the inhibitory activity of TAK-
220.

Inhibitory effects of TAK-220 and TAK-779 on huCCRS with
alanine (Ala) substitutions in TMs. Systematic Ala-scanning
mutagenesis in TMs of huCCRS revealed that small-molecule
CCRS antagonists could access a putative binding pocket
formed by TMs 1, 2, 3, and 7 (22). However, the data presented



4712 NISHIKAWA ET AL.

180

160

140

120

100

80

Viral entry (%)

60

40

20

LI B S B B N B e B N S S B R B S S S e B B S B B e e e e e e e |

ANTIMICROB. AGENTS CHEMOTHER.

[—1] No antagonist
[ 1AK-220 10 nM
I TAK-779 40 nM

—%

Hk *

M @@ @ @)

F166A  T195A N252A

(3) (4) (4) (4) (4) (2) (7) (7) (7) (4)(4)(4)
L255A

(7)Y (7) (7) (8) (7) (7) (10)12)11)

N258A  T259A M279A  E283A E283Q

™ 4 T™M 5

™ 6

™7

FIG. 6. Effects of Ala substitutions in huCCRS5 on entry inhibition of pseudotyped reporter virus by TAK-220 and TAK-779. U87-CD4 cells
transiently expressing wild-type huCCRS5 or huCCR5 mutants were infected as described in Fig. 2A except for the presence or absence of CCRS
antagonists (TAK-220 or TAK-779) at the concentrations indicated. Luciferase activity was measured as described in Fig. 2A. Results are expressed

as in Fig. 3.

above strongly suggested the involvement of other TMs, such
as TMs 4 and 5, in the binding of TAK-220. Therefore, Ala
substitutions were introduced into the same amino acid resi-
dues as previously analyzed (22) in TMs 4, 5, 6, and 7 of the
huCCRS construct (Fig. 1).

Mutant huCCR5 molecules with Ala substitution, F166A
(TM4), T195A (TMS5), N252A (TM6), L255A (TM6), N258A
(TM6), T259A (TM6), M279A (TM7), and E283A (TM7),
were tested. All of these mutants were expressed at the same
level as that of wild-type huCCRS (Fig. 5B) and were con-
firmed to have little or no effect on recombinant HIV-1-lucif-
erase reporter virus infection (Fig. 5A) and then were analyzed
for the inhibitory activity of TAK-220 and TAK-779.

The F166A mutation in TM4, T195A in TM5, N258A and
T259A in TM6, and M279A in TM7 had little effect on anti-
viral activity of both TAK-220 and TAK-779, and both drugs
inhibited virus infection at a degree comparable to that of
wild-type huCCRS (Fig. 6). On the other hand, N252A and
L255A mutations in TM6 and E283A in TM7 completely im-
paired the inhibitory activity of both inhibitors (Fig. 6). These
data strongly supported the hypothesis that both TAK-220 and
TAK-779 interacted with the same amino acid residues to
inhibit entry of RS HIV-1 to target cells. Especially, E283 has
been postulated as a key anchor amino acid residue whose
acidic moiety is involved in electrostatic interaction with the
ammonium group of various small-molecule CCRS antagonists
(22, 49). In fact, when the acidic moiety of E283 was converted
to glutamine (E283Q), inhibitory activity of both TAK-220 and
TAK-779 was abolished (Fig. 6).

Distinct interaction of TAK-220 and TAK-779 with huCCRS
in molecular modeling. From the results outlined above, dis-
tinct features of TAK-220 in the context of binding to CCR5
were revealed. Mutations in TM4 (G163E) and TM5 (I198A)
demonstrated the involvement of different amino acid residues
in the binding of TAK-220 and TAK-779, whereas Ala substi-
tutions in TM6 (N252A and L255A) and TM7 (E283A) indi-
cated overlapping amino acid residues between the binding
sites for TAK-220 and TAK-779. To confirm this notion, mo-
lecular models of TAK-220-huCCRS and TAK-779-huCCRS
complexes were constructed as described in Materials and
Methods. As shown in Fig. 7, TAK-220 and TAK-779 occupy
the same binding pocket surrounded by the TM with E283 in
TM?7 as an anchor residue and were located near the key
residues (N252 and L255) in TM6 suggested by mutagenesis
studies.

In contrast, the model predicted that TAK-220 extends its
chain to a cavity composed of TM4 and TMS to get closer to
Gly163 and I1e198 than TAK-779 does. The interaction be-
tween TAK-220 and Gly163 in TM4 might not be direct, but
the distance should be close enough to affect binding when the
glycine residue was converted to glutamic acid.

DISCUSSION

In this study, we showed that TAK-220, a new small-mole-
cule CCRS5 antagonist, interacted with overlapping sites but
also distinct sites from those of already reported inhibitors
such as TAK-779 and AD101 (22, 49).
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FIG. 7. Molecular models of TAK-220-huCCRS5 and TAK-779-huCCRS5 complexes and chemical structures of the antagonists. The binding
pocket viewed from the extracellular side of the receptor is shown for each complex. The key binding-site residues are represented by
Corey-Pauling-Koltun (CPK) models with residue names. Main chain atoms are colored green, and acidic, basic, hydrophilic, and hydrophobic side
chains are colored red, cyan, magenta, and yellow, respectively. TAK-220 and TAK-779 are color-coded for each atom (white for carbon, red for

oxygen, and cyan for nitrogen).

TAK-220 was initially characterized by the ability to inhibit
bindings of ECL2 specific anti-CCRS monoclonal antibody
45531.111 and RANTES to CCRS5-expressing cells (47). We
performed the present study to elucidate how TAK-220 inter-
feres with the HIV-1 envelope glycoprotein gp120 binding to
coreceptor CCRS to inhibit the fusion/entry of HIV-1. For this
purpose, we carried out the mapping studies using a panel of
point mutants of huCCRS.

Previous studies on the interaction between huCCRS5 and
CCRS antagonists implicated that some conformational
changes in the TMs were required in the process of HIV-1
entry (8, 49). In addition, based on the result shown in Fig. 4,
we focused on TMs 4, 5, and 6 and analyzed the effects of point
mutations in these regions on the inhibitory activity of TAK-
779 and TAK-220.

Mutational analysis in our study revealed that Ala substitu-
tions at Asn252 and Leu255 in TM6 induced resistance to both
TAK-220 and TAK-779. This result strongly suggested the
interaction of these amino acid residues with CCRS5 antago-
nists. However, a model previously proposed by Dragic et al.
(22), in which TAK-779 binds to the cavity formed by TMs 1,

2, 3, and 7, excluded TM6 as well as TM4 and TMS5 from the
binding sites for TAK-779. This conclusion was partially based
on the result that the inhibitory effect of TAK-779 on viral
entry was not observed in cells expressing huCCRS with mu-
tations at Asn252 and Leu255 in TM6. The reason for this
discrepancy is unclear, but it could be due to a difference in the
concentration of drugs used in the assay. Because we used a
lower concentration of drugs to avoid the binding saturation
for both the wild type and the mutant (40 nM for TAK-779 and
10 to 20 nM for TAK-220; 200 nM for TAK-779 in reference
22), a decrease in the sensitivity to drugs could become more
evident. In fact, when an excess amount of drugs (100 nM) was
applied in our recombinant virus entry assay, both drugs ex-
hibited the inhibitory effect on the virus infection to cells ex-
pressing these mutants (N252A and L255A) (data not shown).
Furthermore, consistent with our result, the extensive com-
puter analysis of the binding of TAK-779 to huCCRS actually
predicted the interaction of these two amino acid residues
(Asn252 and Leu255) in TM6 with TAK-779 (39).

On the other hand, the substitutions at Gly163 and I1e198 in
TM4 and TMS, respectively, abolished the sensitivity to TAK-



4714 NISHIKAWA ET AL.

220 but not to TAK-779. Such an extended specificity for
inhibitory activity was also reported in the case of another
drug, SCH-C, with the Ile198 mutations, although it was at-
tributed to an indirect effect of drug binding (8). In our com-
puter-assisted model, however, TAK-220 could be located in
the vicinity of these two residues in TM4 and TMS. This in-
teraction was also predicted in the molecular model by Pater-
lini (39). Therefore, it is likely that TAK-220 interacts with the
region of amino acid residues, including Gly163 and Ile198, as
shown in Fig. 7A, to prevent conformational changes necessary
for viral fusion/entry, resulting in the antiviral effect. Further
analysis with additional mutants, however, would be required
to distinguish between conformational effects of mutants on
the binding pocket versus direct effects on the binding site.

Nevertheless, it would be reasonable to speculate that the
involvement of additional amino acid residues in the binding of
TAK-220 to huCCRS should enhance the affinity of the drug to
the binding pocket of the coreceptor molecule. In fact, inhib-
itory activity of TAK-220 on huCCRS5-mediated HIV-1 infec-
tion appears to be higher than that of TAK-779 (26).

Although there are available regimens consisting of antiret-
roviral combination therapies, the need for new classes of
antiretroviral drugs has become apparent from the spreading
of resistant viruses and the long-term toxicity (50). In this
respect, since coreceptors for virus entry are encoded by cel-
lular genes and are not susceptible to mutations that would
cause resistance to antiviral drugs, CCRS antagonists which
target the different parts of the entry process should be quite
useful for multiple-drug combination therapy with other anti-
retroviral drugs. The results that TAK-220 and a chemically
unrelated TAK-779 recognize the overlapping but not identical
residues in the binding pocket of huCCRS predicts additional
compounds with different binding specificities. Further analysis
of the putative conformational changes in the TMs during the
fusion/entry process will provide valuable information for the
development of CCRS antagonists with a distinct mode of
binding.
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