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Summary

The C-C chemokine receptor 5 (CCR5), a member of G-protein-coupled receptors, serves as a co-
receptor for human immunodeficiency virus type 1 (HIV-1). In the present study, we examined the
interactions between CCR5 and novel CCR5 inhibitors containing the spirodiketopiperazine (SDP)
scaffold, AK530 and AK317, both of which were lodged in the hydrophobic cavity located between
the upper transmembrane domain and the second extracellular loop (ECL2) of CCR5. Although
substantial differences existed between the two inhibitors: AK530 had 10-fold greater CCR5-binding
affinity (Kp: 1.4 nM) than AK317 (16.7 nM), their antiviral potency was virtually identical (1Csq:
2.1and 1.5 nM, respectively). Molecular dynamics simulations for inhibitor-unbound CCR5 showed
hydrogen bond interactions among transmembrane residues Y108, E283, and Y251, which were
crucial for HIV-1-gp120/sCD4 complex binding and HIV-1 fusion. Indeed, AK530 and AK317,
when bound to CCR5, disrupted these inter-helix hydrogen bond interactions, a salient molecular
mechanism enabling allosteric inhibition. Mutagenesis and structural analysis showed that ECL2
consists of a part of the hydrophobic cavity for both inhibitors, although AK317 is more tightly
engaged with ECL2 than AK530, explaining their similar anti-HIV-1 potency despite the difference
in Kp values. We also found that amino acid residues in the B-hairpin structural motif of ECL2 are
critical for HIV-1-elicited fusion and the binding of the SDP-based inhibitors to CCR5. The direct
ECL2-engaging property of the inhibitors likely produces an ECL2 conformation, which HIV-1
gp120 cannot bind to, but also prohibits HIV-1 from utilizing the "inhibitor-bound" CCRS5 for cellular
entry, amechanism of HIV-1"s resistance to CCR5 inhibitors. The data should not only help delineate
the dynamics of CCR5 following inhibitor binding but also aid in designing CCRS5 inhibitors that
are more potent against HIV-1 and prevent or delay the emergence of resistant HIV-1 variants.
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Introduction

C-C chemokine receptor 5 (CCR5) is a member of G protein-coupled, seven-transmembrane
segment receptors (GPCRs), which comprise the largest superfamily of proteins in the body.
11n 1996, it was revealed that CCR5 represents 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
infection by HIV-1 that uses CCR5 as a co-receptor (R5-HIV- 1) =5 The second extracellular
loop (ECL2) of GPCRs is known to play a critical role in ligand binding and ensuing signal
transduction. The ECL2 of CCR5 is also thought to play an important role in CCR5 interactions
with HIV-1 envelope. To date, scores of newly deS|gned and synthesized CCR5 inhibitors have
been reported to be potent against R5-HIV-1, 6-15 and one such inhibitor, maraviroc,11; 19
has recently been approved by the US Food and Drug Administration (FDA) for treatment of
HIV-1-infected individuals who do not respond to any existing antiretroviral regimens.

HIV-1-gp120 interacts with CCR5 following its binding to CD4, and such an interaction is
thought to involve the VV3 regron of %p120 and the N-terminus and extracellular loops (ECLS)
of CCR5.16:17 Recent reports have determined the orientation and location of CCR5
inhibitors within CCR5 and shown that those inhibitors are all located in a hydrophobic cavity
formed by the transmembrane domains of CCRS5. In fact, earlier reports demonstrated that
mutations in the extracellular loops did not have any effect on the binding of CCR5 inhibitors
SCH-C and TAK-779.19; 22, 23 Taking these observations together, the binding sites in CCR5
for CCR5 inhibitors distinctly differ from the binding sites in CCR5 for HIV-1 gp120, strongly
suggesting that CCRS5 inhibitors block the interactions of CCR5 with HIV-1 gp120 through
eliciting allosteric changes in ECL structures. 9,22;23

We previously reported a small molecule CCR5 inhibitor, aplaviroc (APL), which has a high
affinity to CCR5 (Kp values of 3 nM) and exerts potent activity against a wide spectrum of
R5-HIV-1 isolates, including multi-drug resistant R5-HIV-1 strains. 1424 ppL significantly
reduced viremia in patients with HIV-1 infection as examined in a phase 2a clinical trial in the
United States. However, in phase 2b clinical trials enrolling about 300 patients, four individuals
receiving APL, developed Grade 3 or greater treatment-emergent elevations in ALT, and in
late 2005, the clinical development of APL was terminated. However, using APL as a specific
probe, we further conducted structural analyses of CCRS5 inhibitor interactions with CCRS5,
employing homology modeling, robust structure refinement, and molecular docking based on
the site-directed mutagenesis-based saturation binding assay data of CCR5 inhibitors.22

In the current study, we determined the structural and molecular interactions of two novel
CCRS5 inhibitors, AK530 and AK317 (Fig. 1), both of which contain a novel
spirodiketopiperazine (SDP) scaffold. We found that these two inhibitors lodge in a
hydrophobic cavity located between the upper transmembrane domain and ECL2 of CCR5.
We found substantial differences between the two molecules: AK530 had 10-fold greater
CCR5-binding affinity (Kp: 1.4 nM) than AK317 (16.7 nM), while their antiviral potency was
virtually identical (ICsg: AK530, 2.1 nM; AK317, 1.5 nM). Modeling analysis showed that
AK530 has least interactions with S180 and K191 of ECL2, with which AK317 has a close
association, suggesting that the interaction profile of the inhibitors with ECL2 residues is one
of the important determinants of antiviral potency. We also found that the hairpin motif in the
N-terminal half of ECL2 is critical for HIV-1 envelope-elicited fusion event. The direct ECL2-
engaging property of the inhibitors likely produces an ECL2 conformation, which HIVV-1 gp120
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cannot bind to, but also prohibits or substantially delays the emergence of HIV-1 that utilizes
the "inhibitor-bound™ CCRS for cellular entry, a mechanism of HIV-1’s resistance to CCR5
inhibitors. We also carried out molecular dynamics simulations of inhibitor-unbound CCR5
and compared the conformation with inhibitor-bound CCRS. Critical inter-helix hydrogen
bond interactions and interactions between the helices and ECL2 seen in the unbound CCR5
were lost when transmembrane helix residues rearranged to accommodate AK530 and AK317
in the binding pocket. These observations add considerable insights to the mechanism of
allosteric inhibition of CCR5-gp120 interaction by CCR5 inhibitors.

Structural modeling of unliganded human CCR5

It is thought that the second extracellular loop (ECL2) of human CCR5 (Fig. 2), plays an
important role in the binding of CC-chemokines to CCR5 as well as the binding of HIV-1-
gp120/CD4 complex to CCR5 in the cellular entry of HIV-1.25 26 On the other hand, certain
amino acid residue substitutions such as Y108A, Y251A, and E283A, all of which are located
in the transmembrane domain (Fig. 2a) significantly reduce both HIV-1-gp120/CD4 complex
giznding to CCR5 and HIV-1 susceptibility of CCR5-expressing cells, as previously described.

In the present study, in an attempt to examine the interplays of ECL2 and selected amino acid
residues that consist of the largest hydrophobic cavity within CCR5, which accommodates
small molecule CCRS inhibitors, we generated a homology model of CCR5, without any
ligands bound, using the crystal structure of bovine rhodopsin as a '[emplate.27 In generating
the model, the following structural assignment to CCR5 was made: residues 1 through 26 to
the N-terminus region; residues 27 through 57 to transmembrane region-1 (TM1); residues 58
through 63 to the first cytoplasmic region (C1); residues 64 through 93 to TM2; residues 94
through 96 to first extracellular loop (ECL1); residues 97 through 130 to TM3; residues 131
through 141 to C2; residues 142 through 165 to TM4; residues 166 through 190 to ECL2;
residues 191 through 219 to TM5; residues 220 through 231 to C3; residues 232 through 259
to TM6; residues 260 through 278 to ECL3; residues 279 through 300 to TM7; residues 303
through 312 to the helix region (H8) in the cytoplasmic domain; and residues from 313 as
forming the C-terminus (Fig. 2).

To more effectively sample the conformational space occupied by CCR5, we carried out
molecular dynamics simulation for 4800 pico-seconds (ps) to efficiently explore the
conformational space of CCR5. The simulation was carried out in implicit water with a time
step of 1-femto-second, and without any distance cut-offs for non-bonded van der Waals and
electrostatic interactions. These stringent conditions added considerably to the overall
computation time, but are thought to provide robust results. The conformations at intervals of
50 ps were analyzed. As expected, there are several hydrogen bonds between nearby residues
in the same transmembrane helix that is important for maintaining the helical structure.
Examples of such interactions are between W248 and Y251 in TM6, and between E283 and
M287 in TM7 (Fig. 3).

A hydrogen bond network was identified, involving multiple helices and ECL2: Y108 (TM3),
E283 (TMT7), Y251 (TM®6), and S180 (ECL2) (Fig. 3). These hydrogen bond interactions were
considered particularly important for the following reason. Inter-helical hydrogen bonds have
been shown to be critical in maintaining inactive conformations of G-protein coupled receptors.
28 For rhodopsin, whose structure-function relationships have been studied widely using
biochemical and spectroscopic methods, movement of TM3 and TM6 helices are known to
produce changes in the loop conformations.29 This inter-helix movement takes place due to
the loss of hydrogen bond interactions between TM3 and TM6 residues. The loss of hydrogen
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bond network between transmembrane helices, mediated through water molecules, have also
been thought to be responsible for carrying out changes in loop conformations with functional
implications.30 When AK530 and AK317 were bound to CCR5, Y108 rotated away from
Y251, and the hydrogen bonds between Y108 and E283 and between E283 and S180 were lost
(see below). The change in this polar interaction might be responsible for changes in CCR5
loop conformation for inhibiting gp120 interaction.

Activity against R5-HIV-1 and the CCRS5 binding affinity of CCR5 inhibitors

We determined the activity of two novel spiro-diketopiperazine (SDP) - based CCR5 inhibitors,
AK530 and AK317 (Fig. 1), against R5-HIV-1 in a cell-based acute R5-HIV-1 exposure assay
using the HeLa-CD4-LTR-B-gal indicator cell line expressing human CCR5 [CD4*, CCR5*
MAGI cells] and PHA-PBMC:s as target cells with two different R5-HIV-1 species,
HIV-1;rr and HIV-1g,. . We also conducted a saturation binding assay using 3H-labeled
AKS530 and AK317 and CCR5yt-expressing CHO cells and determined their binding affinity
to CCR5wT (Kp; dissociation constant values) as previously described.14 As shown in Table
1, AK530 exerted potent antiviral activity against both HIV-1;zr and HIV-1g;,. in two
different target cells with 1Csqg values ranging 2.1 — 32 nM and proved to have a high binding
affinity to CCR5 with a Kp value of 1.4 + 0.9 nM. AK317 was comparably potent against the
virus (ICsqg: 1.5 — 25 nM), but had a lower CCR5-binding affinity by about a factor of 10
(Kp: 16.7 £ 7.5 nM) than AK530. Neither of these CCRS5 inhibitors had activity against X4-
HIV-1 (data not shown). For comparison, the anti-viral potency and binding affinity of APL
14 is illustrated in Table 1. APL had a greater anti-HIV-1 activity (ICsp: 0.2 — 0.7 nM) than
AK530 and AK317, but its binding affinity (Kp value: 3.6 + 1.3 nM) was slightly less than
that of AK530.

Binding affinity profiles of 3H-AK530 and 3H-AK317 to a panel of mutant CCR5-expressing

cells

In order to explain the difference in the anti-HIV-1 activity and CCR5-binding profiles
described above, we determined the binding affinity of 3H-AK530 and 3H-AK317 employing
a panel of mutant CCR5-overexpressing CHO cells. As shown in Table 2, we found that the
Kp values of AK530 drastically increased as examined in CHO cells expressing such CCR5
mutations as Y37A, C101A, F109A, G163R, C178A, T195P, T195S, and Y251A with all
Kp values of >100 nM (>71-fold greater than that with CCR5yT). AK317, whose affinity to
wild-type CCR5 was nearly ten-fold lower than AK530, also had a significant decrease in its
binding affinity with these mutations with all Kp values greater than 100 nM (>5.9-fold greater
than that with CCR5yyT). As for G163, a substitution from Gly to Arg was examined in this
study, because the G163R substitution has been reported to reduce the susceptibility to HIV.
31| addition, AK317 had a significantly decreased binding affinity to CCR5 when it contained
P84H, Y108A, K191A/N, 1198A, W248A, or E283A (all Kp values > 100 nM). It was seen
that APL significantly decreased its binding affinity (Kp values of >100 nM; >27-fold lower
than that with CCR5y7) to CCR5 when it contained a P84H, C101A, F109A, G163R, C178A,
K191A, T195P/S or E283A substitution. Thus, AK317, whose CCR5 binding affinity to
CCR5y1 Was > 4-fold lower than that of APL, had virtually the same binding profile as that
of APL, while two additional mutations (Y108A, and Y251A), which decreased the CCR5
binding affinity of APL (Kp values < 100 nM), also nullified the CCR5 binding of AK317,
consistent to the notion that the affinity of AK317 to CCR5yy is lower than that of APL. It
was noted that the K191A substitution significantly reduced the CCR5 binding affinity of both
AK317 and APL, it had moderately (4.2-fold) reduced the binding affinity of AK530.
Moreover, the Y37A substitution, which caused only a less than 4-fold reduction in the CCR5
binding of APL (Table 2), produced a significant reduction in CCR5 binding of AK530 and
AK317. Other dissociations in the Kp profiles between APL and AK530 were seen when CCR5
had an amino acid substitution at Y108A (5.5-fold for APL vs. 43.3-fold for AK530), Y251A
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(10.1-fold for APL vs. >71-fold for AK530), or E283A (>55-fold for APL vs. 13.6-fold for
AK530). Taken together, the results obtained with the saturation binding assay using 3H-
labeled CCRS5 inhibitors employed here suggest that the binding profile of AK317 is similar
to that of APL; the binding profiles of AK530 and APL share some common features, and
possibly have some important differences, while both AK530 and AK317 are comparably
potent against R5-HIV-1.

Amino acid residues of CCR5 crucial for interactions of CCR5 inhibitors with CCR5

We subsequently defined a three-dimensional model of human CCR5-CCRS5 inhibitor complex
by combining the results of site-directed mutagenesis-based analyses described above (Table
2) and molecular modeling that involved structural refinement and docking of inhibitors to an
initial structure of CCRS5 based on the crystal structure of bovine rhodopsin.30; 32

Of note, both amino acid substitutions, C101A (TM3) and C178A (ECL2), virtually nullified
the binding of all three CCR5 inhibitors examined, AK530, AK317, and APL (Table 2). These
findings confirmed the assumption that C101 and C178 form a disulfide bond that is crucial
in maintaining the conformation of the second extracellular loop. These data also strongly
suggest that either of the two amino acid substitutions disrupted the disulfide link, altered the
conformation of the loop, and nullified the binding of the three CCR5 inhibitors to CCRS5. This
binding profile common to AK530, AK317, and APL indicates that their binding to CCR5 is
sensitive to the ECL2 conformation and significantly differs from the binding profile of other
CCRS5 inhibitors such as SCH-C and TAK-779, which do not undergo drastic loss in their
CCR5 binding with these mutations.19; 22; 23

The model of CCR5 complexed with a CCRS5 inhibitor we generated in the present study was
derived by taking the flexibility of both CCR5 and the inhibitor into account and by
computationally designating a model that most suitably provided a rational explanation of the
mutagenesis data. In the present study, we chose a few CCR5 residues, which were predicted
to have significant interactions with the inhibitor based on our initial model.22 The residues
chosen for mutation were, P84, L104, F109, T195, and W248. P84 was observed in close
contact with APL in these models (Fig. 4c), and CCRS5 containing a P84H substitution
(CCR5pgyn) Was generated. The binding affinity of APL to CCR5pgs proved to decrease by
nearly 30 times compared to wild-type CCR5 (CCR5y ) and confirmed that the binding of
APL is indeed dependent on this residue (Table 2). L104 was also in the proximity of APL-
binding cavity (Fig. 4c) and CCR5 194p Was generated, which also proved to have a decrease
in the binding affinity of APL by about 5-fold (Table 2). The binding affinity of SCH-C and
TAK-779 for CCR5pgsH and CCR5 194p Were also determined, and there were minimal
changes from the wild-type binding affinity (Kp changed by only 2-3 fold). This indicates that
P84 and L104 are likely in close contact with APL, and the decrease in binding affinity of
CCR5pggp and CCR5| 194p mutants is not predominantly due to any drastic conformational
changes that might have accompanied these mutations. The models examined in this study
showed that F109 forms a n-n interaction with APL (Fig. 4c). F109 is present in a cluster of
aromatic residues involving other nearby phenylalanine and tyrosine residues in the binding
pocket. CCR5g199a Was generated, which proved to have a drastic loss of APL, AK317 and
AKS530 binding to CCR5 (Table 2). SCH-C and TAK-779 also had Kp values higher than 100
nM, indicating that F109 is important for the binding of structurally diverse CCRS5 inhibitors.
T195 was chosen because it was observed that the inhibitors were shown to have different
dependence on their binding affinity on this residue. The model for APL (Fig. 4c) showed that
an intra-molecular hydrogen bond network involving S180/G163/K191/T195 is important for
defining the binding cavity for APL, and APL per se also has a potential hydrogen bond
interaction with T195 (Fig. 4c). The intra-molecular hydrogen bond network of CCR5 was not
observed in our models of CCR5 complexed with SCH-C or TAK-779. Moreover, SCH-C or
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TAK-779 do not have any groups or atoms capable of forming hydrogen bond interactions
with T195. Indeed, the Kp values for APL for CCR57195p and CCR571955 Were greater than
100 nM (Table 2), while the binding profile of SCH-C and TAK-779 to CCR5 was not affected
by T195P or T195S substitutions [Kp values: SCH-C, 16.0 nM (WT), 28.9 nM (T195P), 21.7
nM (T195S); TAK-779, 30.2 nM (WT), 31.1 nM (T195P), 32.5 nM (T195S)]. Interestingly,
in CCR5 complexed with AK530 and AK317, the hydrogen bond network with S180, G163,
K191, and T195 was seen, suggesting that the network led to maintain a conformation of CCR5
suitable for binding of SDP-based inhibitors. Indeed, both AK530 and AK317 failed to bind
to CCR57195p and CCR571955, although AK530 did not have a direct interaction with the
network (Fig. 5). Taken together, these results sustained our notion that the CCR5 inhibitor-
CCRS5 interactions generated based on the rhodopsin crystallographic data are reasonably
reliable.

Structural analysis of AK530 and AK317 interactions with CCR5

The structural interactions of AK530 with CCR5 are shown in Fig. 5a—c. The binding cavity
of AK530 involves residues from each of the transmembrane domains and the ECL2. The
binding cavity is stabilized by several intra-molecular hydrogen bonds involving residues in
different trans-membrane regions. Y37, M287, and Y108, which are in transmembrane helices
1, 7, and 3 respectively, form a hydrogen bond network that defines one end of the cavity.
Another network involves S180(ECL2), G163(TM4), K191(TM5), and T195(TM5). AK530
binds in a somewhat diagonal fashion, reaching deeper into the cavity of CCR5, and has several
polar and non-polar interactions that give rise to its very high affinity (Kp = 1.4 nM). The
hydroxymethylene of AK530 is predicted to have a hydrogen bond interaction with the side-
chain of Y37; and the diketopiperazine ring of AK530 with the side-chains of Y251 and E283.
The hydrophobic interactions that stabilize binding involve P84, L104, and 1198. There are nt-
n interactions involving F109 and W248. Indeed, binding affinity of CCR5 species containing
Y37A, Y108A, or W248A was drastically reduced in our saturation binding assays and the
residues implicated in the binding of AK530 as described above appear to have important
structural significance. F109 is present in a cluster of aromatic residues in TM3. W248 is part
of a highly conserved set of residues present in TM6 of class A GPCRs. E283 is the fifth residue
in TM7. This position has been shown to be involved in the binding of small molecule ligands
to several chemokine receptors.33 It is noteworthy that we have demonstrated that the E283
residue is important not only in the binding of other CCR5 ligands such as SCH-C and
TAK-779, but is also important in preserving the CC-chemokine/CCRS5 interactions and
HIV-1-gp120/CD4 complex binding to CCR5.22

The binding site residues and the binding mode of AK317 are shown in Fig. 6a-b. AK530 and
AK317 are analogues and are expected to share certain common features of CCR5 binding.
However, important structural differences were identified between the two analogues. AK530
has a cyclohexyl-hydroxymethyl group, whereas AK317 only has a cyclohexylmethyl group.
AK?530 has a phenyl-pyrazol moiety while AK317 has a phenoxy-benzoic acid group as a
substituent. The carboxylate group of the benzoic acid in AK317 forms hydrogen bond
interactions with S180, K191, and T195. These three residues, along with G163, are involved
in an intra-CCR5 hydrogen bond network. Thus, it appears that K191 and T195 are not only
important in defining the shape of the cavity, but are also involved in directly binding with
AK317. AK317 has van der Waals interactions with P84, Y108, 1198, and Y251, and n-n
interactions with F109 and W248. Another intra-CCRS5 hydrogen bond network involving Y37
(TM1), E283(TM7), M287(TM7), and Y108(TM3) is responsible for defining the binding
cavity. As shown in Figures 4a and 4b, the size and shape of the binding cavity of AK530
appear to differ from those of AK317, and the superimposition of the binding modes of AK317
and AK530 clearly shows that although these two inhibitors share certain common binding
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features, the orientations and topography of these two inhibitors are substantially different (Fig.
4d).

As described above, in spite of sharing a common core, the different substituents make the
conformation of these two molecules different which gives rise to differences in structural
interactions with CCR5. The binding orientations differ the most around transmembranes five
and six. The phenoxy-benzoic acid group of AK317 interacts with S180 and K191. S180 is a
part of ECL2 whereas K191 in TM5 is likely located above the plane of the extra-cellular
region. The pyrazol group of AK530 on the other hand, bends towards the cytoplasmic region,
and makes the inhibitor bind deeper into the cavity. There are no direct interactions of AK530
with K191 but it seems to be forming a favorable conformation of the binding pocket by an
intra-molecular hydrogen bond network with G163 and T195 (Fig. 5¢). K191, located in the
upper domain of TM5, can be considered to be an extracellular residue as well since a part of
K191 is located above the cellular plane (Fig. 2). We speculate that the direct interactions of
AK317 with the ECL2 residues such as S180, and the residues in the extracellular region (such
as K191) are responsible for its high antiviral ICsg of 2 nM (Table 1). In spite of being a weaker
binder compared to AK530, the interactions of the phenoxy benzoic acid group of AK317
seems to be responsible for its comparable antiviral potency with AK530 which has no direct
interaction with ECL2 residues in the vicinity of TM4 and TM5.

The binding cavity of both AK530 and AK317 is mostly lipophilic (Fig. 4a-b). The only
strongly hydrophilic regions are towards the extra-cellular loop region. The shape and volume
of the cavities are slightly different for these two inhibitors as CCRS5 is likely to undergo
conformational changes to different extents to accommodate these two inhibitors. The
unoccupied regions of the cavity suggest new optimization ideas for these inhibitors. For
example, substituents of AK530 that can potentially interact with K191 may increase its anti-
viral potency even further.

Determination of interatomic distances between key amino acids when AK317 and AK530
bind to CCR5

In an attempt to examine whether the binding of AK317 or AK530 to CCR5 causes significant
changes in interatomic distances between key amino acids that form the hydrogen bond
network seen in the inhibitor-unbound CCR5 as described above (Fig. 3), we carried out
molecular dynamics simulation for 4800 ps for AK317- and AK530-bound CCR5, and
analyzed critical interatomic distances with the inhibitor-unbound conformation (Fig. 7a—c).
In the inhibitor-unbound conformation, Y108 in TM3 was in close proximity of Y251 located
in TM6 and had a hydrogen bond interaction with E283 in TM7 (Fig. 3, and Fig 7a-b). In the
AK317-bound CCR5, Y108 had rotated away from Y251, and the hydrogen bond interaction
between Y108 and E283 was lost. Rotation of Y108 away from Y251, and disruption of
hydrogen bond interaction between Y108 and E283 was also observed when AK530 bound to
CCRS5. TM2 and TM3 can be thought to be in a single plane (above the plane of the paper),
and TM6 and TM7 can be thought to be in a different plane (behind the plane of the paper).
The rearrangement of Y108 was necessary for the formation of the binding cavity between the
transmembrane helices for inhibitor binding. Furthermore, in the unbound CCRS5 structure,
E283 is hydrogen-bonded to S180, which is part of the ECL2 (Fig. 3). In fact, E283 moved
considerably away from S180 in the inhibitor-bound models of CCR5 (Fig. 5c¢, Fig. 6b, and
Fig. 7c). Disruption of hydrogen bonds between transmembrane residues, and a network of
hydrogen bonds mediated through water molecules is known to give rise to the change in
intracellular loop conformation of bovine rhodopsin.zg?30 Change in ionic interactions
between transmembrane residues is also thought to be responsible for the activation of -
adrenergic receptor.34 We speculate that the rotation of Y108 away from the vicinity of Y251,
the loss of hydrogen bond interaction between Y108 and E283 and that between E283 and
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5180 presumably change the conformation of the ECL2 that is crucial for the binding of gp120/
CD4 complex. These models of inhibitor-unbound and -bound CCR5 may give further insights
to the mechanism of inhibition of CCR5 inhibitors involving transmembrane and extracellular
residues that are interacting with each other.

Structural changes in ECL2 caused by CCR5 inhibitors block the binding of CCR5-specific
mADbs to CCR5

Our structural analyses described above demonstrated that AK530 relatively well maintained
its CCR5 hinding with the K191A substitution, while AK317 significantly reduced its
interactions with CCR5k 1914, prompting us to examine whether the different CCR5 binding
profiles of these two inhibitors led to different dynamics in their interactions with CCR5-
specific monoclonal antibodies. To this end, we examined whether AK530 and AK317 blocked
the binding to CCR5 expressed on CHO cells of four monoclonal antibodies (mAbs), 45531
[specific for the C-terminal half of ECL2 (ECL2B)], 45523 (reactive to CCR5 multi-domain),
2D7 [specific for the N-terminus of ECL2 (ECL2A)], and 45549 (reactive to CCR5 multi-
domain).25? 35; 36 | this mADb binding blocking assay, the cells were incubated with each
inhibitor for 30 min, followed by the addition of a mAb. As shown in Fig. 8, AK317 effectively
inhibited the binding of mAb 45531 with an ICgq value of 16.3 nM, while the inhibition by
AKS530 was much less with an ICgq value of 746 nM. AK317 also blocked the binding of mAb
45523 with an ICgq value of 282 nM, while AK530 did so with an I1Csq value of >1 uM. None
of the inhibitors blocked the binding of mAbs 2D7 or 45549. When the cells were exposed to
a mAb first, followed by the addition of each inhibitor, the resultant inhibition levels were
virtually the same (data not shown). Considering that these CCR5 inhibitors are lodged in a
hydrophobic pocket at the interface of ECL2 and the upper TM domain (Fig. 4 — Fig. 6), the
inhibition of mAb binding by CCR5 inhibitors observed presumably occurred through the
allosteric changes secondarily caused by CCR5 binding of the inhibitor but not through their
competition over the binding to the antigenic epitope(s) of CCR5.

Effects of amino acid substitutions in CCR5 on HIV-1-gp120-elicited cell fusion

In order to better understand conformational changes arising in ECL2 and to determine amino
acid(s) that are critical for the cellular entry of HIV-1, we examined the effects of single and
multiple amino acid substitutions in ECL2 on HIV-1-gp120-elicited cell fusion. Fig. 9 shows
the magnitude of cell-cell fusion between Tat*,env* 293T cells and Luc*,CCR5* MAGI cells
in the HIV-1-gp120-elicited cell-cell fusion assay. Seven single amino acid substitutions
introduced into CCR5 resulted in a substantial reduction in the HIV-1-envelope protein-elicited
fusion level by more than 70% (Fig. 9). Three of these single amino acid substitutions (E172A,
L174A, and C178A) are located in ECL2 that has an antiparallel B-hairpin structure, while
C101A and G163R are in TM3 and TM4, respectively, and W248A and Y251A are in TM6
(Fig. 2 and Fig. 3). It is of note that E172 is at the NH»-end of the B-sheet structure of ECL2
and C178 also belongs to the B-hairpin structural motif (Fig. 2). This finding strongly suggests
that these mutations led to the disruption of ECL2’s B-sheet structure and resulted in a
significant reduction in the cell-cell fusion. Thus the B-sheet structure of ECL2 seems to be
critical for cellular entry of HIV-1. It is noteworthy that although the two amino acids, E172
and L174, do not interact with CCR5 inhibitors (Fig. 4 — Fig. 6), their mutations significantly
reduced cell-cell fusion (Fig. 9).

The C101A and C178A substitutions are thought to disrupt the disulfide bond between C101
and C178, which is crucial for the maintenance of the robust ECL2 structure as demonstrated
in this study. Thus, both C101A and C178A substitutions probably led to the aborted HIV-1

envelope-elicited fusion. G163, located in TM4, does not interact directly with AK530, AK317
or APL, but is responsible for maintaining the shape of the binding cavity by its hydrogen bond
interactions with S180, K191, and T195 (Fig. 5 and Fig. 6). G163R substitution also resulted
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in virtually complete loss of fusion (Fig. 9). This is con5|stent with earlier observations that
G163R mutation results in the loss of HIV-1 |nfect|V|ty

Amino acids within ECL2 at positions 179 through 190 appeared not to have a crucial role in
the HIV-1 envelope-elicited fusion. Indeed, the amino acid substitutions in these positions did
not significantly reduce the fusion (Fig. 9). It is noteworthy that these amino acids are located
distant from the binding cavity for CCR5 inhibitors (Fig. 2, Fig.5, and Fig. 6). It is also of note
that W248 has hydrogen bond interactions with Y251 and is thought to play a role in
maintaining the conformation of ECL2 (Fig. 3), which explains the reason why W248A
substitution results in loss of fusion.

Interestingly, both C178A and C101A substitutions substantially reduced CCR5 binding of
the three CCR5 inhibitors (AK530, AK317, and APL), but not that of SCH-C or
TAK-779.22In particular, APL forms hydrogen bonding with C178 and, additionally, has tight
interactions with the intramolecular hydrogen bond network (S180/G163/K191/T195). 22
AK317 also has interactions with S180/G163/K191/T195 network (Fig. 6). Thus, SDP-
containing CCRS5 inhibitors, especially APL and AK317, appear to have greater interactions
with ECL2 compared to other non-SDP-containing CCR5 inhibitors such as SCH-C or
TAK-779. Our observation that AK530, which has the greatest binding affinity to CCR5 (Table
1), but exerts less potent anti-HIV-1 activity (Table 1) may be related to its reduced interactions
with ECL2 (Fig. 5 and Fig. 7). Such tight interactions with ECL2 may represent a feature
conferring potent anti-HIV-1 activity on CCR5 inhibitors, different than allosteric changes
caused by CCR5 inhibitors.

DISCUSSION

In the present study, we demonstrated that two novel CCR5 inhibitors, AK530, and AK317,
are lodged in a hydrophobic cavity located between the upper transmembrane domain and
ECL2.CCR5 is a member of GPCRs, the largest superfamily of proteins in the body. The
understanding of the structure of human GPCRs would be invaluable in elucidating their roles
in a number of biological processes and should also greatly aid designing therapeutics. In
particular, the elucidation of detailed structure of human CCR5 and its interactions with HIV-1
envelope glycoprotein should help establish a strategy for HIV-1 intervention. However, no
crystal structures of human CCR5 are yet available; bovine rhodopsin and f,-adrenergic
receptor are the only GPCR species, for which crystallographic data have been obtained. 32;
37 Thus, we have previously explored an alternate approach: combination of site-directed
mutagenesis-based saturation binding assay and molecular modeling based on the
crystallographic data of bovine rhodopsin. 2 The site-directed mutagenesis-based saturation
binding assay alone can give certain insights as to which residues of the receptor are implicated
in the binding with the inhibitor. However, it does not indicate which specific atoms of the
residue are involved. Homology modeling and docking give insights to interactions between
atoms, but these methods produce multiple possible solutions, and it is difficult to differentiate
between distinct interactions that are within a small energy range. Combining these
complementary methods of site-directed mutagenesis and computational protein structure
determination have made it possible to conduct robust structural analyses. 2 However, certain
validation of the model is crucial. Thus, in the present study, we chose five amino acid residues
of CCR5 that were judged to be critical for APL binding based on our previous analysis and
additional mutagenesis studies were carried out. When an amino acid substitution, P84H,
C101A, F109A, T195P, or T195S, was introduced to CCR5yy,T and saturation binding assay
was performed using 3H-APL, all Kp values proved to be greater than 100 nM, while the

Kp value of 3H-APL with wild-type CCR5 was 3.6 nM. This corroborated the notion we
previously made 22 that the alternate approach using saturation binding assay combined with
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our computational protein structure determination can provide reasonably robust structural
insights.

In the present study, we attempted to obtain a refined structural CCR5 model through molecular
dynamics computation. In an inhibitor-unbound CCR5, we identified key interactions between
residues located in different transmembranes, and between transmembrane and ECL2 amino
acid residues. Amino acids involved in such intramolecular interactions included Y37, H175,
Y108, Y251, E283, and S180. The intramolecular hydrogen bond interactions observed among
different transmembrane (TM) regions, and between TM and ECL2 loop presumably stabilize
the unbound conformation of CCR5 (Fig. 3). In order to determine the structures of AK317,
and AK530 complexed to CCR5, we utilized a novel algorithm to incorporate receptor
flexibility and induced-fit effects.>6 The optimized AK317-CCR5 and AK530-CCR5 complex
structures indicated a rotation of Y108 (TM3) away from both Y251(TM6) and E283(TM7)
to make room for the inhibitor within the transmembrane helices. As a result of inhibitor
binding, the hydrogen bond between Y108 and E283 and that between E283 and S180 seen in
the unliganded CCR5 were disrupted, and these residues form hydrogen bond or tight van der
Waals interactions with the inhibitors instead (Fig. 5~Fig. 7). The disruption of inter-helix
residue interactions may cause movement of the TM helices and changes in the conformation
of ECL2. A similar mechanism, involving disruption of inter-helix hydrogen bond interactions,
is thought to be responsible for chan%es in loop conformation in rhodopsin,27? 29 and in the
activation of B,—adrenergic receptor. 4 It is of note that Y37(TM1) is involved in a hydrogen
bond interaction with ECL2 via H175. We have observed that Y37 interacts with SCH-C, and
TAK-779.22 These arrangements of hydrogen bond interactions between transmembrane
helices and ECL2 should also provide an explanation of the reason these inhibitors exert potent
antiviral activity against HIV-1. Thus, the disruption of hydrogen bond interactions between
TM helices, and between TM helices and ECL2, should be a mechanism of allosteric inhibition
observed by the binding of CCR5 inhibitors to a binding domain residing mostly within the
transmembrane residues.

We also examined the interplays of ECL2 and selected amino acid residues that consist of the
largest hydrophobic cavity within CCR5, which accommodate small molecule CCR5
inhibitors. Our previously published data 22 and data by others 19; 23 showed that two CCR5
inhibitors (SCH-C, TAK-779) have no direct interactions with amino acid residues in
extracellular domain including ECL2. However, all three SDP-based CCRS5 inhibitors we
examined (AK530, AK317, and APL) had substantial interactions with amino acids in ECL2,
in particular with C178 located in the antiparallel -hairpin structural motif of ECL2 and K191
located at the interface of ECL2 and TM5 (Fig. 4~ Fig. 6). The C178A substitution virtually
abrogated the binding of the three inhibitors to CCR5. C178 is presumed to form a disulfide
bond with C101 of TM3 and seems to be critical for the conformation of ECL2. The disruption
of the disulfide bond with C178A mutation may result in decreasing the binding of the three
SDP-based inhibitors. Our previous observation,22 and reports from others,lg; 23 that the
same C178A substitution did not affect the CCR5 binding of two other CCR5 inhibitors, SCH-
C and TAK-779, suggest that C178 plays a unique but critical role in the binding of AK530,
AK317, and APL. In the present study, K191A substitution also virtually nullified CCR5
binding of AK317 and APL (Table 2), although it did not significantly affect the binding of
AKS530 probably due to the absence of hydrogen bonding between AK530 and K191 (Fig. 5).
Taken together, these data suggest that unlike the cases of SCH-C and TAK-779, at least a part
of the hydrophobic cavity, where AK530, AK317, and APL are lodged within CCR5 involves
ECL2. The disruption of ECL2’s B-sheet structure by the removal of disulfide bond through
C101A and C178A substitutions virtually nullified both the binding of all three CCR5
inhibitors and the HIV-1 gp120-elicited fusion. This strongly suggests that ECL.2 plays a crucial
role not only in the binding of the three CCRS inhibitors but also in the interaction of HIV-1
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envelope glycoproteins with CCR5. The data also suggest that at least two amino acids in
ECL2, C178 and K191, can be potential targets for the design of CCRS inhibitors.

Several studies have shown that the resistance against a CCR5 inhibitor emerged without the
change of coreceptor usage.38‘43 Resistant R5-HIV-1 variants were reportedly obtained by
passage 22 for ADlOl,39 passage 43 for TAK—652,40 passage 20 for WC,42 and passages
12-18 for MVC. 41 However, we have failed in selecting R5-HIV-1 variants resistant to APL
even after 60 passages in vitro (over ~1.5 years) (Nakata et al. unpublished), although the
possibiliztly of the emergence of HIV-1 variants resistant to APL cannot be ruled out in other
settings. 4 Pugach et al. demonstrated that one of the mechanisms by which HIV-1 becomes
resistant to CCR5 inhibitors such as VVC, is by "noncompetitive resistance”, a process in which
a resistant virus continues to enter target cells regardless of the concentration of the inhibitor,
once HIV-1 acquires an ability to use the inhibitor-bound CCR5 for entry.43 Of note, Westby
et al. reported that a resistant virus against maraviroc (MVC) retained susceptibility to APL,
suggesting that the virus can use MVVC-bound CCR5 for entry but can not use APL-bound
CCR5.41 Thus, APL is likely to have such a profile that does not allow or delay HIV-1
acquisition of an ability to utilize the "APL-bound" CCR5 for its cellular entry. This potentially
favorable property of APL may be related to the direct interactions of APL with amino acids
in ECL2, producing “substantially distorted” ECL2, with which HIV-1 gp120 cannot get
engaged for its cellular entry, while certain unique allosteric changes of ECL2 conformation
following the binding of APL might also explain the substantial delay or lack of the emergence
of APL-resistant HIV-1.

The present data, taken together, demonstrate that structural modeling analysis coupled with
CCR5 binding affinity data should help understand structural/molecular mechanism of the
inhibition of HIV-1 infection by CCR5 inhibitors. The data should not only help delineate the
structural dynamics of CCRS5 following ligand binding but also aid in the design of therapeutic
inhibitors. The data, in particular, demonstrate that through studying the properties of inhibitor-
unbound and -bound CCR5, transmembrane residues such as Y108, Y251, and E283 are
important for both gp120 fusion, HIV infectivity,22 and inhibitor binding. The loss of hydrogen
bond interactions among these key transmembrane residues and the interactions between E283
and S180, which are essential for the formation and maintenance of the binding pocket for
CCR5 inhibitors, might be responsible for changes in ECL2 conformation, providing insights
to the mechanism of gp120 inhibition.

Materials and Methods

Reagents

Three spirodiketopiperazine (SDP) derivatives, aplaviroc (APL) [4-[4-[(3R)-1-butyl-3-[(1R)
cyclohexylhydroxymethyl]-2,5-dioxo-1,4,9-triazaspiro [5.5] undec-9 ylmethyl] phenoxy]
benzoic acid hydrochloride],l"’; 45 AK530 [(3S)-1-but-2-yn-1-ylI-3-[(1S)-cyclohexyl-
hydroxymethyl]-9 (3,5-dimethyl-1-phenyl-1H-pyrazol-4-ylmethyl) -1,4,9-triazaspiro [5.5]
undecane 2,5-dione dihydrochloride] and AK317 [4-(4-{[(3S)-1-butyl-3-
(cyclohexylmethyl)-2,5-dioxo-1,4,9-triazaspiro[5.5] undec-9-yl] methyl} phenoxy) benzoic
acid hydrochloride] are discussed in the present report. The methods for the synthesis and
physicochemical profiles of AK530 and AK317 will be described elsewhere. Tritiation of these
three CCR5 inhibitors was conducted as previously reported 14 The structures of these three
CCRS inhibitors are illustrated in Fig. 1.

Cells, viruses, and anti-HIV-1 assay

The Chinese Hamster Ovary (CHO) cells expressing wild-type CCR5 (CCR5y,1-CHO cells)
or mutant CCR5 (CCR5y1-CHO cells) 22 \yere maintained in Ham's F-12 medium (Invitrogen,
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Carlsbad, CA), supplemented with 10 % fetal calf serum (FCS: HyClone, Logan, UT) in the
presence of 100 pg/ml zeomycin (Invitrogen). The MAGI cell line 46 \as provided by NIH
AIDS Research and Reference Reagent Program and cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% FCS, 200 pug/ml G418, and 100 pg/ml hygromycin
B. MAGI-CCR5 cells 47 were maintained in DMEM supplemented with 10% FCS, 200 pg/
ml G418, 100 pg/ml hygromycin B, and 100 pg/ml zeomycin. The 293T cells were cultured
in DMEM with 10% FCS. Peripheral blood mononuclear cells (PBM) were isolated from buffy
coats of HIV-1 seronegative individuals and activated with 10 pg/ml phytohemagglutinin
(PHA) prior to use as previously described.8 Two wild type R5-HIV-1 strains were employed
for drug susceptibility assays: HIV-1Ba_|_’48 and HIV'lJRFL.49 Antiviral assays using PHA-
PBM (p24 assay) and MAGI assay using MAGI-CCR5 cells were also conducted as previously
reported.

FACS Analysis and the mAb displacement assay

CCR5yy1-CHO cells (2 x 10°) were exposed to differing concentrations (1 nM - 1 uM) of a
CCRS5 inhibitor for 30 min, followed by the addition of a fluorescein (FITC)-conjugated anti-
CCRS5 monoclonal antibody, 2D7 (BD PharMingen, San Diego, CA), 45523, 45531, or 45549
(R&D Systems, Minneapolis, MN) and further incubated for 30 min at 4°C. Cells were washed
and analyzed on an flow cytometer (FACSCalibur: BD Biosciences, San Jose, CA). Each
fluorescent activity in the presence of a drug was compared to that obtained in the absence of
inhibitors, and shown as % control.

Saturation binding assay

A panel of mutant CCR5 expressing CHO cells 22 \was used for saturation binding assays. The
CHO cell lines expressing a mutant CCR5 P84H (CCR5pgg-CHO cells), C101A, L104D,
F109A, T195A, T195P, T195S, and W248A were newly generated and used. The saturation
binding assay using tritiated CCR5 inhibitors (*H-APL, 3H-AK530, and 3H-AK317) and wild-
type or mutant CCR5 expressing CHO cells were conducted as previously described.14 In
brief, wild type or mutant CCR5* CHO cells (1.5 x 10° cells/well) were plated onto 48-well,
flat-bottomed culture plates, incubated for 24 hrs, exposed to various concentrations of

each 3H-CCRS5 inhibitor, washed thoroughly, lysed with 0.5 ml of 1 N NaOH, and the
radioactivity in the lysates was measured. The Kp (dissociation) values of CCR5 inhibitors
and the maximal binding values (Bmax = the number of CCR5/cell) were calculated based on
their specific radioactivity using GRAPHPAD PRISM software (Intuitive Software for
Science, San Diego, CA).

CCR5 homology model

A homology model of CCR5 was built as follows. The sequence of CCR5 (352 amino acids)
was aligned against the sequence of bovine rhodopsin (348 amino acids). The recently
determined crystal structure of bovine rhodopsin by Okada et al. was used as the template
structure (PDB ID 1U19).27 The alignment was manually adjusted to ensure that the conserved
GPCR residues were aligned as follows: in TM1 N55 of bovine rhodopsin to N48 of CCRS5;
in TM2 D83 to D76; in TM3 E134-R135-Y136 to D125-R126-Y127; in TM4 W161 to W153;
in TM5 P215 to P206; in TM6 W265- x266-P267-Y 268 to W248- x249-P250-Y251; in TM7
P303 to P294; in H8 F313 to F304. Secondary structure prediction assigned the length of each
helix, beta-sheet and loop segments. After building the transmembrane helices, the loops
connecting the different transmembrane domains were built by using the ultra-extended
sampling protocol in Prime (Prime, version 1.6, Schriédinger, LLC, New York, NY, 2007),
which does a more exhaustive sampling of the loop conformations.®0 The side chains were
predicted using the rotamer library of Xiang and Honig.51 The structure was minimized in
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implicit water with the OPLS2005 force field 52 35 implemented in MacroModel
(MacroModel, version 9.1, Schrddinger, LLC, New York, NY, 2005).

All atom molecular dynamics simulations, without using any non-bonded cut-off distances,
were carried out on CCR5. A constant temperature of 300K, and SHAKE constraints for bonds
to hydrogens were used. The GB/SA continuum solvation model, with water as the solvent
was used.23 Using a time step of 1 femto-second, the structures were equilibrated for 100 pico-
seconds (ps). The simulation was carried out for 4800 pico-seconds (ps) on a Linux cluster,
and structures were monitored at intervals of every 50 ps.

Structural modeling of the interactions of CCR5 inhibitors with CCR5

After building the initial model of CCR5, the CCR5-inhibitor complex structures were further
defined with an iterative optimization of CCRS5 and ligand structures in the presence of each
other, using software tools from Schrédinger (Schrodinger, LLC, New York, NY), as described
below. The conformational flexibility of both CCR5 and CCRS5 inhibitors were taken into
account. The molecular structures of AK530, AK317, and APL were obtained by minimization
using the MMFF94 force field as implemented in MacroModel. 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 calculations where their conformations were further refined.

The protonation states of CCR5 residues were assigned, and residues more than 20 A from the
active site were neutralized. We initially failed to obtain energetically favorable inhibitor-
CCRS5 complex structures by using a rigid CCR5 structure because of unfavorable steric
interaction of the sidechains of the active site residues with the inhibitors. In an attempt to place
an inhibitor within CCRS5, after analysis of the steric clashes, the active site was artificially
enlarged by mutating Y108, C178, E283, and M287 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 “guess” 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 51 and optimizing each side chain one at a time holding all other side chains
fixed. After convergence, all side chains were simultaneously energy minimized to remove
any remaining clashes. The inhibitors were docked again and scored to estimate their relative
affinity. The extra-precision mode of Glide,>455 which penalized unfavorable and unphysical
interactions, was used. The docked complexes with higher scores were visually examined along
with the mutational data to select the best possible CCR5-inhibitor complex.

Visualization, structural refinement, and docking were performed using Maestro 7.5,
MacroModel 9.1, Prime 1.6, Glide 4.5, and IFD script 56 from Schrodinger, LLC (New York,
NY 2007). Computations were carried out on a multiprocessor SGI Origin 3400 computer
platform and on a Beowulf type Linux cluster.

HIV-1-gp120-elicited cell-cell fusion assay

The entire human CCR5 gene including a stop codon was amplified using pZeoSV-CCR5 47
asatemplate. The PCR product was ligated into pcDNAG6.2/cLumio-DEST vector (Invitrogen),
cloned according to the manufacture's recommendation, and termed as pcDNA6.2-CCR5y T
(a CCR5 expression vector). A variety of plasmids carrying a mutant CCR5-encoding gene
(pcDNAG6.2-CCR5)47) Were subsequently generated by employing the site-directed
mutagenesis technique. An HIV-1 tat expression vector (p)cDNA6.2-HIV-tat) was also
generated using the same method. For the generation of HIV-1-gp120-overexpressing 293T
cells, an HIV-envelope expression vector, pCXN-JRenw47 was employed. A reporter
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(luciferase) gene containing plasmid, pLTR-LucE,57 was provided by the NIH AIDS Research
and Reference Reagent Program. The envelope expression vector and tat expression vector
(0.5 pg each) were co-transfected into 293T cells (2 x 10°, 3 ml in 6-well microculture plates)
using Lipofectamine 2000 (Invitrogen), while the CCR5y,t or mutant CCR5 expression vector
and pLTR-LucE (0.5 pg each) were co-transfected into MAGI cells (2 x 10°, 3 ml in 6-well
microculture plates). On the next day, both the co-transfected cells were harvested and mixed
in a well of 96-well plates (2 x 10% cells each). The co-transfected cells were incubated further
for 6 hrs and the luciferase activity in each well was detected using Bright-Glo Luciferase
Assay System (Promega, Madison, WI) and its luminescence level was measured using Veritas
Microplate Luminometer (Turner BioSystmes, Sunnyvale, CA). Non-specific luciferase
activity was determined with the luminescence level in the well containing control Tat™,
env™ 293T cells and Luc*, CCR5* MAGI cells and the value of the non-specific luminescence
level was subtracted from each experimental luminescence level.

Protein Model Data Bank accession code

The coordinates for the models of ligand-free CCR5, CCR5-AK317 and CCR5-AK530
complexes with accession codes PM0075224, PM0075223 and PM0075221 respectively have
been deposited in the Protein Model DataBase (http://mi.caspur.it/PMDB).

Abbreviations

APL, aplaviroc; CCR5, C-C chemokine receptor 5; ECL2, the second extracellular loop;
HIV-1, human immunodeficiency virus type 1; MVC, maraviroc; SDP, spirodiketopiperazine;
TM, transmembrane.
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Fig. 1.

Structures of small molecule CCR5 inhibitors, AK530, AK317, and aplaviroc (APL).
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Fig. 2. The trans-membrane helices and extra-cellular loop regions of CCR5

(a) A side-view of the TM domains. TM2, TM3, and TM4 are above the plane of the paper,
and TM6 and TM7 are below the plane. The following assignments have been made for TM
helices: TM1, residues 27 to 57; TM2, residues 64 to 93; TM3, residues 97 to 130; TM4,
residues 142 to 165; TMS5, residues 191 to 219; TMS6, residues 232 to 259; TM7, residues 279
to 300. (b) A top-view of the extra-cellular loop regions. The following assignments have been
made for loops: N-terminus, 1 to 26; ECL1, residues 94 to 96; ECL2, residues 166 to 190;
ECL3, residues 260 to 278.
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Fig. 3.

Transmembrane residues Y108(TM3) /E283(TM7) / Y251(TM6) / M287(TM7)/ S180(ECL2)
of unliganded CCR5, forming a hydrogen bond network. Y37 has hydrogen bond interaction
with H175. This shows that transmembrane residues, implicated in CCR5 inhibitor binding,
have direct interactions with ECL2 residues in the unliganded receptor. It is assumed that these
intramolecular interactions are responsible for maintaining a conformation of ECL2 that is
favorable for binding with HIVV-1 gp120/CD4 complex. AK530 interacts with Y37, Y108,
E283, and Y251 in the binding cavity and disrupts the intramolecular interactions of Y108 and
Y251 with E283, and those of E283 with the ECL2 (Fig. 5). It is assumed that these structural
changes, after inhibitor binding, alter the conformation of the ECL2, resulting in loss of
association with gp120. The analysis strongly suggests that the loss of hydrogen bonds between
helices may cause allosteric conformational changes in ECL 2 leading to the inhibition of HIV-1
gp120 binding to CCR5.
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Fig. 4.

Lipophilic potential mapped on the binding cavity of CCR5 inhibitors. The lipophilic potential
mapped onto the binding cavity when AK530, AK317, and APL bind to CCR5 are shown in
(@), (b), and (c), respectively. The predominantly lipophilic region of the cavity is shown in
brown (bottom region of the cavity which is towards the cytoplasmic region of CCR5). The
blue regions are predominantly hydrophilic (present towards the extra-cellular region), and the
green regions are moderately lipophilic. The figure was generated using MOLCAD. The shape
of the binding cavity is slightly different for AK530 and AK317 as the receptor conformations
are slightly different when these molecules bind to CCR5. The unoccupied volumes of the
cavities suggest optimization ideas for improving the potency of these molecules. (d) The
binding modes of AK530 and AK317 superimposed. AK530 is shown in red and AK317 in
green. Note that the binding orientation in the vicinity of TM helices 5 and 6 differ. AK317
binds towards and around ECL2 residues, whereas AK530 bends towards the intracellular
domain. AK530 has a high binding affinity probably because it binds “deeper” into the cavity.
On the other hand, by being able to interact with ECL2 residues, AK317 maintains comparable
anti-HIV-1 potency with AK530 even though its binding affinity is about ten fold lower.
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Fig. 5. Amino acid residues forming the binding cavity within CCR5 for AK530

(&) The amino acid residues forming the binding cavity of CCR5 and the binding mode of
AK530 is shown. The TM regions and the ECL2 enclose the cavity. Every TM helix has at
least one residue that contributes towards forming the binding pocket for AK530. (b) AK530
is predicted to have hydrogen bond interactions with Y37(TM1), Y251(TM6), and E283(TM7),
and has favorable hydrophobic interactions with several binding site residues including P84,
L104, F109, and 1198. The benzene ring of AK530 forms a n-n interaction with W248. (c) The
hydrogen bond networks, involving multiple transmembrane domains, define the shape of
CCR5 cavity for AK530. There is one network of hydrogen bonds involving Y37 (TM1), M287
(TM7), and Y108 (TM3). Another network involves S180 (ECL2), G163 (TM4), K191 (TM5),
and T195 (TM5). The hydrogen bond networks are different for the unbound and inhibitor
bound CCRS5.
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Fig. 6. Amino acid residues forming the binding cavity within CCR5 for AK317

(&) The binding mode of AK317 within CCR5 is shown. (b) The intramolecular hydrogen bond
interactions of CCR5 defining the binding cavity, and the binding interactions of AK317 with
CCR5 are shown. AK317 has hydrogen bond interactions with S180, K191, and T195 (shown
in pink dotted line). Other residues in the binding cavity are predicted to have hydrophobic
interactions with AK317. As in the case of AK530, there are several intra-molecular hydrogen
bond networks (shown in yellow dotted line) that define the shape of the CCR5 binding cavity
for AK317. There is a network involving, S180 (ECL2), G163 (TM4), K191 (TM5), and T195
(TM5), and another involving Y37 (TM1), E283 (TM7), M287 (TM7), and Y108 (TM3). The
conformation involving amino acid residues in the latter network differs from that of the case
of AK530 binding. It appears that CCR5 undergoes different conformational changes to
accommodate different inhibitors.
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Fig. 7.

Key interatomic distances from molecular dynamics simulation of AK317-bound, AK530-
bound, and inhibitor-unbound CCR5. Molecular dynamics simulation for 4800 ps for AK317-
and AK530-bound CCR5 was conducted and critical interatomic distances between key amino
acids were determined. A hydrogen bond is present if the interatomic distance is less than 3A.
(a) Distance between Y108 (hydroxyl hydrogen, PDB atom type OH) and E283 (carboxylate
oxygen, PDB atom type OE). In the inhibitor-unbound conformation, there is a strong hydrogen
bond interaction between Y108 in TM3 and E283 in TM7. Y108 and E283 have to move away
from each other to form the binding cavity for the inhibitor to bind, and there is no hydrogen
bond between these residues after AK317 and AK530 bind. (b) Distance between Y108 and
Y251 hydroxyl oxygen): The tyrosines have moved away from each other after inhibitor
binding. (c) Distance between E283 (carboxylate oxygen, PDB atom type OE) and S180
(hydroxyl hydrogen, PDB atom type OH). In the unbound conformation, E283 in TM7 has
hydrogen bond interactions with S180 in ECL2. This hydrogen bond is disrupted for AK317
and AK530 bound CCRS5.
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Fig. 8.

Inhibition of the binding of anti-CCR5 mAbs by AK530, AK317, and APL. Inhibition by three
CCRS5 inhibitors of the binding of anti-CCR5 mAbs [45531 (a), 45523 (b), 2D7 (c), and 45549
(d)], which recognize the extracellular domain(s) of CCR5, is illustrated. CCR5-
overexpressing CHO cells were incubated with each of FITC-conjugated anti-CCR5 mADs in
the presence of various concentrations of a CCR5 inhibitor and the fluorescence intensity on
the cells was determined. Each value was compared to that obtained without an inhibitor and
is shown as % control.
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Fig. 9.

Effects of an amino acid substitution(s) and deletion(s) on HIV-1 gp120-elicited cell-cell
fusion. CD4* MAGI cells which expressed sufficient numbers of wild-type or mutated CCR5
were cultured with HIV-1 env*, tat™ 293T cells for 6 hours, and the fusion efficiency was
determined with the luciferase activity (luminescence levels) using the reporter gene activation
assay. The magnitude of luminescence levels with mutant CCR5 is expressed as % fusion (%
control compared to the luminescence level with wild-type CCR5). Note that three single amino
acid substitutions (E172A, L174A, and C178A), which resulted in a substantial reduction in
the fusion level (> 70%), are located in ECL2 that has an antiparallel B-hairpin structure (Fig.
2 and Fig. 3), while C101A and G163R are in TM3 and TM4, respectively, and W248A and
Y251A are in TM6.
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TABLE 2
Binding affinity of CCR5 inhibitors to mutant CCR5s
Kp value (nM)
Mutant CCR5 on CHO cells AK530 AK317 APL
wild type 1.4+0.9 16.7+75 36+14
D11A NH,-terminus 1.1+05 146+19 3.0+0.62
Y37A ™1 >100 >100° 12.8+0.9
P84H ™2 373+63 >100 >100
C101A ™3 >100 >100 >100
L104D ™3 6.8+0.7 93.3+26.4 18.3+3.6
Y108A TM3 60.7 +26.2 >100 10.8 +4.42
F109A ™3 >100 >100 >100
Fl12L ™3 54+21 147425 40+262
F112Y T™3 52+34 211+89 6.8+112
F113A ™3 24+03 433+74 133+232
F113Y T™3 28+05 482+10.2 12.9+3.1
G163A T™4 59426 14.7+0.1 80422
G163R ™4 >100 >100 >200 2
R168A ECL2 22407 246+4.1 141494
K171A/E172A ECL2 35+12 14.7+0.1 28+012
C178A ECL2 >100 >100 >200 2
S180A ECL2 74+14 345+79 57+122
S180T ECL2 1.4£0.6 149+17 15+062
S180E ECL2 57+23 61.8+22.9 139+1.72
Y184A/S185A ECL2 22+23 14.8+0.2 20+082
Y184A/S185A/Q186A/Y187A ECL2 22404 220+42 20+062
Q186A/Y187A ECL2 23%0.1 14.4+22 28+052
Q188A ECL2 19+13 14.6 + 3.6 6.6+1.42
K191A ECL2-TM5 6.0+38 >100 >200 2
K191R ECL2-TM5 52+28 222+77 90+5.62
K191N ECL2-TM5 12.5+3.3 >100 142+112
T195A ™5 56+39 14.7+0.1 481+43
T195P T™5 >100 >100 >100
T195S T™5 >100 >100 >100
K197A T™5 76+37 58.3+18.7 10.7+35
1198A T™5 9.8+2.2 >100 246+482
W248A T™6 434+45 >100 29.8+4.6
Y251A TM6 >100 >100 365+9582
E283A ™7 191425 >100 >200 &
M287A ™7 24+14 16.1+2.1 6.8+232
M287E ™7 62.7+17.8 87.1+06 148+1.72

aData from Maeda et al. 22

bKD values more than 5-fold compared to that with CCR5\w/T are shown in bold.
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