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BACKGROUND AND PURPOSE

The human CCRS5 receptor is a co-receptor for HIV-1 infection and a target for anti-viral therapy. A greater understanding of
the binding kinetics of small molecule allosteric ligand interactions with CCR5 will lead to a better understanding of the
binding process and may help discover new molecules that avoid resistance.

EXPERIMENTAL APPROACH

Using [*H] maraviroc as a radioligand, a number of different binding protocols were employed in conjunction with simulations
to determine rate constants, kinetic mechanism and mutant kinetic fingerprints for wild-type and mutant human CCR5 with
maraviroc, aplaviroc and vicriviroc.

KEY RESULTS

Kinetic characterization of maraviroc binding to the wild-type CCR5 was consistent with a two-step kinetic mechanism that
involved an initial receptor-ligand complex (RA), which transitioned to a more stable complex, R’A, with at least a 13-fold
increase in affinity. The dissociation rate from R’A, k_;, was 1.2 x 10~ min~'. The maraviroc time-dependent transition was
influenced by F85L, W86A, Y108A, 1198A and Y251A mutations of CCR5.

CONCLUSIONS AND IMPLICATIONS

The interaction between maraviroc and CCR5 proceeded according to a multi-step kinetic mechanism, whereby initial mass
action binding and later reorganizations of the initial maraviroc-receptor complex lead to a complex with longer residence
time. Site-directed mutagenesis identified a kinetic fingerprint of residues that affected the binding kinetics, leading to the
conclusion that allosteric ligand binding to CCR5 involved the rearrangement of the binding site in a manner specific to each
allosteric ligand.

Abbreviations
APL, aplaviroc, GSK 873140; MCV, maraviroc, UK 427,857; NSB, non-specific binding; SPA, scintillation proximity
assays; VCV, vicriviroc, SCH-D
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Introduction

The human CCRS receptor) is a co-receptor for HIV-1 entry
into CD4+ T-cells (Fatkenheuer et al., 2005; receptor nomen-
clature follows Alexander ef al., 2013). The importance of
CCRS to HIV-1 infection was discovered by the observation
that naturally occurring polymorphisms of the CCRS gene
provide resistance to infection (Liu et al., 1996). HIV-1 entry
requires sequential interactions of the viral envelope glyco-
protein, gp120, with CD4 and a co-receptor, either CCRS or
CXCR4.

Mutagenesis and modelling studies have provided
insights into the molecular mechanism of small molecules
binding to CCRS (Dragic et al., 2000; Tsamis et al., 2003; Fano
etal., 2006; Maeda etal., 2006; Kondru etal., 2008). An
increased understanding of the molecular mechanism(s) may
help with the design of new medicines as HIV-1 develops
resistance to the conformations induced by the current drugs.
Allosteric ligands of CCRS, including miroviroc (MVC), vic-
riviroc (VCV) and aplaviroc (APL), bind in a lipophilic pocket
with high affinity and very slow dissociation rates. The dif-
ferent allosteric ligands bind to similar but not completely
identical sites near the extracellular surface of the receptor
between the transmembrane helices (Watson et al., 2005;
Seibert et al., 2006).

The molecular mechanism of allosteric modulation was
proposed to involve formation of one or more ligand-
receptor conformers that are less suitable to interact with
gp120 (HIV-1) (Maeda et al., 2006; Garcia-Perez et al., 2011a).
All docking poses as well as mutagenesis results are consistent
with MVC binding to CCRS5 to cause conformational rear-
rangements of extracellular domains rather than by simple
steric hindrance. The consensus mechanism is that MVC
binding induced conformational rearrangements that alter
interaction between extracellular loop 2 of CCRS and the V3
loop of gp120. This is further supported by the observation
that MVC accelerated dissociation of ['*I]-CCL3 and [**S]-
gp120 from CCRS (Garcia-Perez et al., 2011a).

MVC binding to CCRS has been reported by Napier and
co-workers to have a dissociation half-life of greater than 6 h
(Napier et al., 2005). This observation of slow-binding kinet-
ics is not surprising in light of the dynamic conformational
changes implied in the mechanistic studies described earlier.
The slow kinetics has been suggested to explain discrepancies
between equilibrium binding assays and function response.
Garcia-Perez et al. (2011a) noted that TAK779 was threefold
less potent than MVC for competing with the binding of
[*S]-gp120 to CCRS but more than 100-fold less potent
than MVC at inhibiting HIV-1 entry and replication. They
noted that MVC has a prolonged residence time as compared
to TAK779, which they suggested may account for this
difference.

It is clear that allosteric ligands bind to CCRS in a
dynamic manner involving conformational changes that are
associated with slow-binding kinetics. The studies noted
earlier described structural features of the binding. However,
much less is known about the features that affect the binding
kinetics. The characterization of binding kinetics to better
understand how potential drugs bind with their target is an
emerging area of interest (Swinney, 2004; 2006; 2009;
Copeland et al., 2006; Vauquelin et al., 2006; 2012; Copeland,
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2010; Lu and Tonge, 2010) and the development of new
methods and information that increases this understanding
is of interest.

In this report, we present some of our studies and findings
on the binding kinetics associated with MVC, VCV and APL
binding to recombinant human CCRS in CHO cell mem-
branes. Comparison of the results obtained by different
experimental radioligand binding protocols as well as simu-
lation studies (presented in the Supporting Information) led
to the conclusion that MVC, and most likely also APL and
VCYV, binds to the wild-type (WT) CCRS receptor according to
a multi-step binding mechanism. Site-directed mutagenesis
studies were conducted to obtain a kinetic binding finger-
print for each of the antagonists and showed that they were
distinct for MVC, APL and VCV.

Methods

Materials and reagents

The CCRS small-molecule ligands MVC, VCV and APL were
synthesized at Roche Palo Alto, Palo Alto, CA, USA. [*H]-MVC
was prepared to a specific activity of 70.67 Ci-mmol™" by the
Roche Palo Alto radiochemistry group. CCRS and site-
directed mutants were prepared as previously described by
Kondru et al. (2008). Binding studies were performed at room
temperature (i.e. 22-25°C) using membranes from CHO cells
that express human WT or mutant CCRS. The concentration
of the WT receptors in membranes, determined from satura-
tion experiments, ranged from 8 to 36.3 pmol-mg™"' protein.
The concentrations of mutant receptors ranged between 1
and 20 pmol-mg! protein.

Filtration-based [PH]-MVC binding protocols

General. 'WT or mutant CCRS bearing CHO cell membranes
were incubated in V-bottom 96-well plates (Greiner Bio-One,
Monroe, North California, USA) in 200 uL (final volume) of
binding buffer with [*H]-MVC either alone or in the presence
of the indicated final concentrations of unlabelled antago-
nists (for ‘total’ binding) or with the same concentration of
[*H]-MVC and 20 uM (final concentration) unlabelled MVC
(for ‘non-specific’ binding). Binding buffer was composed of
20 mM HEPES (pH 7.2), 2 mM CaCl,, 5 mM KClI and 0.02%
sodium azide. The amount of membranes used ranged
between 6 and 20 ug/200 uL well depending upon receptor
expression levels. The assay was terminated using a 96-well
Filtermate Harvester (PerkinElmer, Boston, MA, USA) by fil-
tration of the reaction onto a UniFilter-96 GF/B (PerkinElmer)
membrane pre-treated with 0.5% polyethyleneimine. The
UniFilters were washed five times with ice-cold buffer con-
taining 25 mM HEPES (pH 7.1), 1 mM CaCl, and 5 mM
MgCl,. The UniFilters were then dried over night at room
temperature and 40 uL. microscint-20 (PerkinElmer) was
added to each well. The UniFilter plates were sealed and
counted in counts per min (cpm) to quantify the fraction of
bound [*H]-MVC remaining on the membrane. ‘Specific’
CCRS-related binding was calculated by subtracting the non-
specific binding (NSB) cpm from the total binding cpm. The
specific activity in cpm-pmol’ was determined in each
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experiment by counting a known amount of [*H]-MVC, this
specific activity was used to convert the binding cpm to
pmol.

Saturation binding of [FH]-MVC. Receptors were incubated
with increasing concentrations of [*H]-MVC for 3 h at RT.
Specific binding was plotted against the [*H]-MVC concentra-
tion and the total receptor concentration (i.e. Bma, in
pmol-mg™ protein) and equilibrium dissociation constant
(Kp) were calculated by non-linear regression analysis accord-
ing to a one-site hyperbolic function in GraphPad Prism 4
(Intuitive Software, San Diego, CA, USA). The receptor con-
centrations were sufficiently below the Kp values that ligand
depletion would not be a factor in the results.

Competition binding (‘kinetic shift’ protocol). The unlabelled
compounds were dissolved in 100% DMSO. For the ‘classical’
competition binding protocol, receptors were co-incubated
for 2 h with a fixed concentration (typically 4 nM, approxi-
mately 3 x Kp) of [*’H]-MVC either alone (for control binding)
or in the presence of increasing concentrations of unlabelled
compounds. The ‘kinetic shift’ protocol included a second
experimental ‘branch’ wherein receptors were pre-incubated
for 3 h with increasing concentrations of unlabelled com-
pounds and then co-incubated for 2 h with the unlabelled
antagonists along with a fixed concentration (as described
earlier) of [°’H]-MVC. Concentrations that reduced control
binding by 50% (i.e. ICso) were calculated using the sigmoidal
dose-response model with one binding site in Microsoft
XLfit. Apparent equilibrium dissociation constants (denoted
as K; for the co-incubation branch and as K* for the pre-
incubation branch) were calculated from the corresponding
ICsp values according to the Cheng and Prusoff (1973) equa-
tion using the Kp of [*H]-MVC obtained from saturation
binding for the appropriate receptor species.

Association and direct dissociation of [PH]-MVC. [*H]-MVC
association rates were determined by incubation with differ-
ent concentrations (typically 1-20 nM) for increasing time
periods, after which binding is measured. The pseudo-first-
order association rate constant (k.s) for each concentration
was calculated in GraphPad Prism 4 by non-linear regression
analysis of the specific binding versus incubation time plot
according to a one-phase exponential association paradigm.

The dissociation profiles of [*H]-MVC were determined by
pre-incubating the receptors for 3 h with 3.9 nM of radioli-
gand. The washout phase was initiated by diluting the pre-
incubated mixture fivefold and adding 20 uM unlabelled
MVC. Specific [*H]-MVC binding was recorded after different
time periods, expressed in percentage of control binding (i.e.
specific binding at the onset of the washout) and plotted
against the washout time. The first-order dissociation rate
constant (k.¢) was calculated by GraphPad Prism 4 from this
plot according to a one- or two-phase exponential dissocia-
tion paradigm.

Scintillation proximity assays (SPA)

The dissociation rate constants of unlabelled MVC, VCV and
APL were determined indirectly by a ‘delayed radioligand
association’ protocol that we developed with the use of a
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continuous SPA technology using the LeadSeeker imaging
system (GE Healthcare, Piscataway, NJ, USA). Wheatgerm
agglutinin, polystyrene coupled imaging beads (GE Health-
care) were shaken vigorously with receptor bearing mem-
brane preparations at a concentration ratio of 7.5 ug protein
per 0.5 mg bead in the dark for 2 h. Samples (40 uL) of this
mixture were then added to a 384-well plate and pre-
incubated in the dark for 4 h with 10 puL of buffer only (as
control), 10 uL of unlabelled antagonist solution at a concen-
tration equal to three times the previously determined K.
NSB values were determined for each receptor species by the
addition of unlabelled MVC (20 uM final concentration).
This pre-incubation phase was followed by the transfer of
40 uL of highly concentrated [*H]-MVC (final concentration
25 times its Kp) using the Multimek 384-well automated
pipettor. This operation also produced a fivefold dilution of
the unlabelled antagonist. [*H]-MVC binding, as given by the
luminescence of the beads, was recorded after different time
periods over a 24 h span. As the system did not have fluidics,
there was a 1-2 min delay in collecting data after the addition
of [*H]-MVC due to the time required to manually transfer
the plates from the Multimek to the Leadseeker. The data
were normalized to wells with no added competitor to
account for changes in the binding during the time of the
experiment. In general, this was minimal.

Results

Premise for the calculation of experimental
binding parameters

All calculations are based upon the assumption that receptor
binding corresponds to a simple reversible bimolecular
process that obeys the law of mass action such schematically
represented for the ‘Single-step bimolecular binding process’
in Figure 1. As explicitly outlined in the Supporting Informa-
tion, the present experimental data are likely to represent
multi-step mechanisms (at least two steps) and/or hemi-
equilibrium situations. Hence, the rate constants and
equilibrium dissociation rate constant that are derived from
these experimental data should be considered to be only
apparent. To distinguish this model from the more complex
“Two-step bimolecular binding process’, the constants that
are associated with both models are denominated differently
(Figure 1).

Binding kinetics of wild-type CCRS receptors
The first series of experiments were aimed at investigating the
association and dissociation binding profile of [*'H]-MVC to
membranes from CHO cells that overexpress wild-type
human CCRS. Binding of [*H]-MVC to WT CCRS5 was satura-
ble in a 3 h experiment (Figure 2A). The experiment shown in
Figure 2A is one of the multiple saturation experiments con-
ducted with MCV. The batch of membranes containing CCRS
used in this experiment had a By.x of 36.3 pmol-mg™ and the
Kp was 1.7 nM.

Association kinetics were determined in experiments
where the time-dependent progress of CCRS binding was
monitored at different [*H]-MVC concentrations. As depicted
in Figure 2B, binding reached equilibrium between 10 and
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Kinetic mechanisms. Both models are based upon the assumption
that receptor binding corresponds to a simple reversible bimolecular
process that obeys the law of mass action. Bound receptors can only
adopt a single state/conformation in the ‘Single-step bimolecular
binding process’. In the more complex ‘Two-step bimolecular
binding process’, the initial binding step, yielding a loosely bound
complex RA, is followed by a reversible isomerization step yielding a
more tightly bound complex R’A. The rate constants that are asso-
ciated with this latter model are usually defined as ‘microscopic’ and,
to avoid potential confusion, they are denominated differently from
those that are associated to the first model.

60 min (at the lowest concentrations). Assuming that this
binding corresponds to a reversible bimolecular process that
obeys the law of mass action and that bound receptors can
only adopt a single state/conformation schematically repre-
sented in Figure 1, the pseudo-first-order association rate
constant (i.e. ke, in min™) should be related to [A] and
the association and dissociation rate constants (i.e. Kon, in
M™'-min™" and Ko, in min™', respectively) as Kops = Kot + Kon-[A].
Compatible with this equation, the k., versus [A] plot
(Figure 2C) is linear. This allows the calculation of ko, (7.8
0.8 x 10° M 'min™) and kot (0.042 + 0.013 min™) by linear
regression, giving a calculated Kp (=Kofe/kon) Of 5.4 nM.
Dissociation kinetics were explored in experiments com-
prising a 3 h pre-incubation of the receptors with a single
concentration of [*H]-MVC, followed by a wash-out in the
presence of a 25-fold excess of unlabelled MVC for different
time periods up to 24 h (Figure 2D). The time-dependent
decline in specific binding during this wash-out fit equally
well to both a one-phase model, yielding a koz of 1.8 x
10° min™, and a two-phase model, giving a fast ko of
0.0199 min™ and a slow kot of 1.18 x 10 min! (Figure 2D).
The endpoint format of the assay combined with the very
long dissociation rate limited the number of time points that
were taken during the experiment. The single-step bimolecu-

CCR5 binding kinetics

lar binding model requires that both kinetic experiments
should yield similar dissociation half-lives. However, the
23-fold difference between the calculated half-lives, 17 min
based upon the association experiment and 6.4 h based upon
the dissociation experiment, is clearly too large to fit this
simple model. Instead, it suggests that the MVC-CCRS
complex may adopt two (or more) states/conformations with
distinct stability. This is strongly supported by the continu-
ous ‘delayed radioligand association’ experiments using an
SPA format, in which unlabelled MVC [3.9 nM] was pre-
incubated for 2 min, 30 min and 2 h prior to dilution and
addition of [*H]-MVC (Figure 2E). The binding of [*H]-MVC
requires the unlabelled MVC to dissociate and therefore cor-
responds to the dissociation phase. Data fitting was clearly
more consistent with a two-site model for MVC dissociation
with the k,; = 0.02 min™ and k, = 1.2 x 10° min™!, corre-
sponding to half-lives of 34 and 552 min respectively. Com-
parison of the different curves reveals that the fraction of
slow-dissociating sites increases with the pre-incubation
time.

This prompts us to favour a two-step mechanism, where
an initial binding event yields an intermediary RA complex
and is followed by a slower isomerization step, yielding the
more stable R'A complex (schematically represented in
Figure 1), as the simplest explanation for the existence of
such distinct states. Additionally, this model also allows the
existence of a linear relationship between k., and [A] such as
seen in Figure 2C, provided that the RA state is sufficiently
stable to survive the short wash step to separate free from
bound [*H]-MVC at the end of the incubation period (Sup-
porting Information).

The ‘kinetic shift’ experiment shown in Figure 2F further
supports the notion that MVC-CCRS5 complexes are able to
adopt a slow-dissociating state. The control branch of this
experiment involved a 2 h co-incubation of the receptors
with increasing concentrations of unlabelled MVC and a
fixed concentration of [PH]-MVC, while the other branch of
the experiment comprises a 3 h pre-incubation of the recep-
tor with increasing concentrations of unlabelled MVC fol-
lowed by a 2 h incubation with a fixed concentration of
[*H]-MVC. The 3 h pre-incubation time was used because the
generated competition curve was not significantly different
with greater pre-incubation times (data not shown). Com-
pared with the control, this latter competition curve is shifted
to the left by approximately 13-fold; that is, the ICs, shifts
from 1.3 nM without pre-incubation to 0.1 nM with pre-
incubation. This shift, further denoted as ‘kinetic shift’, is
compatible with a mechanism wherein pre-formed MVC-
CCRS complexes dissociate so slowly that only a small frac-
tion of the involved receptors are liberated during the 2 h
co-incubation phase. This situation resembles the ‘insur-
mountability’ that pre-bound slow-dissociating antagonists
exhibit in functional ‘organ bath’-type experiments
(Vauquelin et al., 2002; Kenakin et al., 2006).

The dissociation half-lives for VCV and APL from WT
CCRS were 19.4 £ 0.8 and 21 £ 1.8 h, respectively, as indi-
rectly determined in the delayed association experiments
with [*H]-MVC in the SPA format using a one-site model (data
not shown). The dissociation of these two antagonists pro-
ceeds about three times slower than MVC (half-life of 6.4 h),
consistent with a greater kinetic shift than MVC (Table 1).
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Figure 2

Potency and kinetics of MVC binding to human WT CCRS. (A) Saturation curve of [*H]-MVC binding to human WT CCR5 during 3 h reaction at
room temperature. Specific binding was determined by subtracting non-specific binding from total binding. The r for fitting to a one site
hyperbolic function for specific binding was 0.993. Binding of [*H]-MVC shown in the ensuing panels is the value for specific binding. (B) Time
dependence of association of [1-40 nM] [*H]-MVC with CHO cell membranes containing WT CCRS5, the ko at each concentration was determined
by fitting to a single exponential. (C) Kinetic replot of ko versus [*H]-MVC concentrations for the WT CCR5 and mutants Y108A and F109A. Kinetic
constants were determined from the relationship kops = kon-[*H]-MVC] + kor. As shown in the Supporting Information, the relationship between
kops and [[2H]-MVC] is expected to be linear provided that RA state is sufficiently stable to survive the short wash step at the end of the incubation.
(D) Pre-incubation of WT CCRS5 with [*H]-MVC for 3 h followed by wash-out with 1 uM of unlabelled MVC. Data were fitted to a single and
two-phase exponential decay model. (E) Effect of pre-incubation on the dissociation kinetics of MVC. Unlabelled MCV was pre-incubated for
2 min, 30 min and 2 h and dissociation measured continuously after the addition of [?H]-MCV using the SPA format in the Leadseeker. ‘Control’
refers to the occupancy of CCR5 by MVC at the onset of the washout. (F) ‘Kinetic shift” protocol for semi-quantitative estimation of the dissociation
rate of unlabelled MVC from WT CCR5. CCR5 were incubated with range of unlabelled MVC concentrations along with 4 nM [*H]-MVC (no
pre-incubation) or 3 h prior (pre-incubation) to addition of 4 nM [*H]-MVC. After 2 h at room temperature, the amount of receptor bound
[*H]-MVC was determined by filtration.

the kinetic shift properties of unlabeled MVC, VCV and APL

Binding kinetics Of Site-Sp€CiﬁC mutants (Table 1). Residues that are essential for high affinity binding
Of CCR5 are identified as ‘hot spots’ (underlined data in Table 1)
Site-specific mutations to the allosteric ligand binding site of (Wells, 1990). Interestingly, MVC binding required only one
the human CCRS were selected based upon previous reports hot spot (E283) among the residues that we investigated. No
(Dragic et al., 2000; Tsamis etal., 2003; Fano etal., 2006; specific [’H]-MVC binding could be detected in our saturation
Maeda et al., 2006; Kondru et al., 2008). The selected residues experiments with E283A (data not shown), which is in agree-
were located on helices II (F85L, W86A), IIT (Y1084, F109A), ment with published competition binding experiments using
V (T195A, 1198A, V199A), VI (W248A, Y251A) and VII ['*I]-CCL5 (RANTES), where unlabeled MVC displayed very
(M287A). Mutations on extracellular loops 1 (W94A) and 2 low potency for this mutant (Table 1) (Kondru et al., 2008).
(T177A, S180A) were prepared as well. Membranes from CHO VCV and APL also displayed very low potency in those
cells that expressed mutated CCRS were prepared to investi- experiments, indicating that E283 plays a paramount role in
gate the effect of the site-specific mutants on the association the binding of the three CCRS ligands investigated. All other
and saturation binding of [*H]-MVC (Table 1) as well as on receptor mutants were able to bind [*H]-MVC with sufficient
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Table 1

CCR5 binding kinetics

Potency equilibrium dissociation constants of [*H]-MVC and kinetic shifts by different allosteric ligands for wild-type and mutated CCR5

[3H] Maraviroc Maraviroc Vicriviroc Aplaviroc
Receptor species Kp K K K
WT 1.26 + 0.37 1.3+0.13 0.097 £ 0.028 7.1+£090 0.30+0.026 3.7+0.38 0.21 +0.05
F85L 1.05£0.26 5.5+£0.21 2.9+£0.59 40+ 8.9 29+6.5 67 £ 21 26+7.7
WB86A 18.0 £ 0.01 16 £ 11 24 4400 £900 5400+ 6400 1150 980
W94A 0.41 £ 0.04 0.60+0.10 0.043 £ 0.005 3.5+0.42 0.22+0.014 100+ 22 41+18
Y108A 40.4+2.77 13+3.4 18+9.0 94+ 16 53+6.3 200 + 57 45+ 4.6
F109A 0.92+0.18 0.66 + 0.081 0.11 £0.023 40+6.3 19+9.8 >10 000 >10 000
T177A 0.91 3.7+1.2 0.08 +0.03 ND ND ND ND
ST180A 0.79 3.0+1.1 0.07 £ 0.01 ND ND ND ND
T195A 1.36 £0.47 2.1 £0.05 0.24+0.018 11+2.4 0.73+0.087 4.5+1.1 0.40+0.17
1198A 9.19 17+1.5 8.2+ 1.1 14.5+1.5 6.1+1.6 109 47
V199A 0.58 +0.33 4+1.5 0.017 £ 0.006 23+18 0.12+0.058 19+7.2 0.056 £ 0.026
W248A 0.45+0.07 0.51+0.13 0.05 + 0.009 51+1.2 0.17+0.007 3.1+0.54 0.13+0.019
Y251A 4.78 3.9+0.69 1.5+0.57 29+0.18 0.38+0.04 1.1 0.076
E283A No specific binding 18 000? - 98 000° - 603° -
M287A 0.61 £0.21 0.56 +0.056 0.037 + 0.004 60+ 11 26+ 11 45%£1.0 0.21 £ 0.069

[®H]-MVC saturation binding experiments were carried out as in Figure 2A to obtain its K, for the different receptor species after 3 h at room
temperature. Apparent equilibrium dissociation constant, Ki: receptors were incubated for 2 h with a range of unlabeled ligand concentrations
along with 4 nM [*H]-MVC and curves were analysed according to a sigmoidal dose-response model to yield ICso. i values were calculated
from the IC50 values and the Kp of [*H]-MVC for the appropriate receptor species according to the Cheng-Prusoff equation. Apparent
equilibrium dissociation constant, K*: receptors were incubated with range of unlabelled ligand concentrations for 3 h prior to addition of
4 nM [*H]-MVC and further incubation for 2 h. Curves were analysed as outlined earlier. Results are +SEM. 2Data obtained from Kondru et al.

(2008). ND, not done.

affinity to enable their investigation using this radioligand.
Ky values of [*H]-MVC, as obtained by saturation binding
experiments (3 h incubation), are listed for each mutant in
Table 1. Co-incubation competition binding studies revealed
an additional hot spot for VCV (W86) and two additional hot
spots for APL (W86 and F109) (Table 1).

The effect of the site-specific mutants on dissociation
behaviour of unlabelled MVC was determined in competition
binding experiments with [*H]-MVC using the kinetic shift
protocol described earlier (Table 1). An example of the activ-
ity profiles are shown in Figure 3 (right panel) for MVC
binding to Y108A where the mutation causes a loss of kinetic
shift. The ICs, values of unlabelled MVC, VCV and APL that
were provided by the co- and pre-incubation branches of
these experiments were transformed into apparent K; values
(denoted as K; and K*, respectively) according to the Cheng/
Prusoff equation (Cheng and Prusoff, 1973) based upon Kp
value of [*H]-MVC for the appropriate mutant receptor deter-
mined in the saturation binding experiments (Table 1).

Compared with the WT receptors, the ‘kinetic shift’
between the competition curves for MVC declined substan-
tially for five site-specific mutants: that is, F85L, W86A,
Y108A, I198A and Y251A [Figure 3 (left panel), Figure 4 and
Table 1]. It is also only for those five mutants that the curves
associated with the pre-incubation protocol yielded appreci-
ably higher Ki* values (i.e. >1.5 nM vs. 0.1 nM) (Table 1). This
is likely to be related to the inability of the resulting com-

plexes to adopt a long-lasting high affinity state. Moreover,
equilibrium binding of [*H]-MVC was also attained earlier for
W86A, Y108A (shown as example in Figure 3, left panel),
I198A and Y251A than for the WT receptor (Figure 2B). In
Figure 2C, this phenomenon is clearly illustrated by the
higher k. values at low [A] for Y108A and this graphic rep-
resentation also reveals that this difference is essentially due
to the high value of ko (ko = 0.28 + 0.22 min™") or, in other
words, to the very fast dissociation of the [*H]-MVC-Y108A
receptor complex (dissociation t;,, = 2.8 min) (Table 2). This is
also observed with W86A (Table 2). Taken together, the dif-
ferent studies with the W86A, Y108A, 1198A and Y251A
mutants concur with a model wherein these amino acids play
an important role in the WT receptor with respect to the
formation/stability of the tight binding R’A complex. F85L
was the only mutant with a loss of ‘kinetic shift’ whose
association binding profile was similar to that of the WT
receptors: that is, kon = 7.0 £ 4.0 x 10° M"“min™" and ks =
0.094 £ 0.093 min™' (Table 2). F85L is proposed to contribute
primarily to the transition to R’A but not the formation of RA.
Compared with the WT receptors, the ‘kinetic shift’ was
markedly increased with one site-specific mutant (V199A)
(Table 1). The ‘kinetic shift’ and the [*H]-MCV association
characteristics were similar to the WT receptor mutants, such
as F109A, T195A and W94A (Table 2).

The Kp values determined in the saturation binding
experiments (Table 1) and association experiments (Table 2)
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3 h pre-incubation and provides a semi-quantitative evaluation of the unlabelled allosteric ligand’s residence time. K, and K* values are listed in

Table 1. HS, hot spot.

varied by as much as 10-fold. Although some of this variation
can be attributed to the larger standard variations for the data
determined in the association experiment, it can also be
attributed to the challenge of using equilibrium measures in
a system that is not at equilibrium (Supporting Information).

Initially, we envisioned measuring the binding kinetics
for the individual mutants with MVC, VCV and APL. Table 3
shows the results with MVC and VCV for WT CCRS5 and
selected mutants determined with the SPA format. Unfortu-
nately, the low affinity of [’H]-MVC for many of the mutants
prevented the determination of the k., due to the high con-
centrations of [*H]-MVC required for the competition. In
addition, we found the kinetic ICs, shift assay sufficient to
identify the role of specific amino acid residues with satisfac-
tory robustness and throughput. We observed that the disso-
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ciation rates for the mutants tested to be consistent with the
ICso shift assay. For example, with MVC, the dissociation
half-lives for T195A, W94A and W248A were similar to WT as
was the ICs, shift value, whereas F109A had a much faster
dissociation half-life and a corresponding loss of ICs, shift.
The dissociation rate for APL was similar with T195A and
W248A, but decreased with W94A with was also consistent
with the loss of ICs, shift.

Among the site-specific mutants with a much reduced
‘kinetic shift’ for MVC, four of them (i.e. F85L, W86A, Y108A
and 1198A) exhibited the same characteristic for VCV and
APL (Figure 4). The reduced ‘kinetic shift’ for Y251A was more
specific for MVC. In the same way, some other non-hot spot
reduced ‘kinetic shift’ mutants also displayed selectivity for
VCV (i.e. F109A and M287A) or APL (i.e. W94A). Here again,



Table 2

Kinetic constants for wild-type and mutant CCR5 associated with the
time-dependent progress of [*H]-MVC initial binding

Receptor  kon (M '-min™")  Kor (min™" Ko (nM)
Wild type 7.8+0.8 x 10° 0.042 £0.013 5.4
Y108A 3.4+0.13x10° 0.28 £0.22 82
W86A 13+9.8x10° 0.47 £0.12 36

F85L 7.0+4.0x10° 0.094 £ 0.093 13
F109A 10+0.9 x 10° 0.021 +£ 0.040 2.1
T195A 4.1 +0.35 x 10° 0.095 + 0.008 23
W94A 10+1.0x 10° 0.016 £0.012 1.6

The time-dependent progress of initial CCR5 binding was moni-
tored at different [*H]-MVC concentrations as described in the
Methods section. The ko, and ko values are for the initial (or
first-step) RA complex formation and dissociation respectively.
Results are +SEM.

Table 3

Dissociation half-lives for selective mutants

CCR5 mutant MVC, t;/2 (min) APL, t,,2 (min)

WT 673.2+53.2 1163.4 £45.7
W94A 720.4 £ 83.6 384+5.6
F109A 181.8 +24.7 ND

T195A 635.0+41.8 1592 +£709.0
W248A 967.4 £207.5 1131.2£25.3

Dissociation half-lives were determined using the SPA protocol
described in the Methods section. Membranes were pre-
incubated in the dark for 4 h with ligand at a concentration of
three times the K, previously determined. Dissociation from the
receptor was initiated by dilution of the ligand by the transfer of
40 uL of [*H]-MVC (final concentration 25 times Kp). The plate
was then read over a 24 h period. The rate of dissociation was
calculated in terms of the percentage inhibition of [*H]-MVC
binding over time when compared to the final specific binding
of a buffer only control. k. values for many of the mutants could
not be determined for practical reasons as the Kp for MVC
binding to the mutants receptors is high such as 40.4 nM for
Y108A, then 1.0 uM of [*H]-MVC would be needed for a 25*Kp
concentration. Results are +SEM. ND, not determined.

all these mutants displayed appreciably higher Ki* values for
VCV and APL (Table 1). The involved amino acids are there-
fore also likely to stabilize the tight binding of VCV and APL.

Discussion

This work was initiated to determine if CCRS allosteric
ligands could be differentiated based upon their kinetic
binding profiles. It was apparent from the work of Watson
et al. (2005) that CCRS allosteric ligands bound in different

CCR5 binding kinetics

ways, leading to different functional responses, and a reason-
able assumption was that different ligand-receptor conforma-
tions interacted differently with gp120 of HIV-1. It was also
known that many of the CCRS ligands had slow dissociation
rates. We postulated that ligand-specific conformations
would be associated with the slow binding kinetics and that
ligands could be differentiated by profiling the amino acids
residues involved in the slow binding kinetics. In the course
of this work, we undertook detailed kinetic evaluation of
MVC, VCV and APL binding to the CCRS receptor and the
results suggest that the allosteric ligands bound in a similar
binding site in a ligand-specific manner. We wish to focus the
discussion upon two separate aspects of these studies that
provided further insights into binding kinetics, the kinetic
binding mechanism and the molecular mechanism of slow
binding, and to discuss these with respect to the mechanism
of inhibition of HIV-1 infection and overcoming resistance.

Kinetic binding mechanism

We concluded the kinetic binding mechanism was a multi-
step process. This was supported by the observation that the
dissociation half-life of [PH]-MVC and apparent affinity
depended upon the pre-incubation time. The dissociation
halt-life determined in the time-dependent radioligand asso-
ciation experiments with no pre-incubation was 17 min
(Figure 2B), whereas the dissociation half-life was much
slower (6.4 h) following an initial 3 h pre-incubation of the
receptors with the radioligand (Figure 2D and E). This was
consistent with the report by Napier ef al. (2005) that MVC
dissociates with a half-life of greater than 6 h. The 23-fold
difference between the dissociation half-lives obtained from
the association and dissociation experiments cannot be
explained by the simplest bimolecular mass action-based
binding model in which the ligand-receptor complex adopts
a single state or conformation. Instead, it implies that the
MVC-CCRS complex can adopt two (or more) states or con-
formations with distinct stability. Consistent with this
mechanism, we observed the dissociation data from the com-
petitive SPA experimental format to fit a two-phase exponen-
tial in which k; = 0.02 min™ and k, = 1.2 x 10® min™,
corresponding to half-lives of 34 min (which is in the same
range as the 17 min obtained based on the association kinetic
experiment depicted in Figure 2B and C) and 552 min respec-
tively (Figure 2D). It is well accepted that initial bimolecular
interactions may be followed by conformational transitions
important to a physiological or pharmacological response
(Fierens et al., 1999; Vauquelin et al., 2001a,b; Urban et al.,
2007; Copeland, 2011). It is likely that the final, stable
complex was attained following a succession of conforma-
tional transitions.

The shift in apparent affinity with pre-incubation using
the ‘kinetic shift’ experimental protocol was also consistent
with a multi-step kinetic mechanism. The methodology for
comparing the effect of pre-incubation on the affinity con-
stants of an unlabelled ligand in competition binding experi-
ments was previously used to investigate structural features
affecting the dissociation rates of angiotensin AT, receptor
antagonists (Takezako et al., 2004). With a dissociation half-
life for WT CCRS of greater than 6 h for MVC, and even
greater than 18 h for VCV and APL (this study, Napier et al.,
2005, Demarest et al., 2008), equilibrium binding can hardly
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be reached under the conditions used in this study
(Figure 2F). Yet, in spite of this restriction, Ki/K;* ratios that
are derived from such ‘kinetic shift’ protocol provide a semi-
quantitative estimate of an unlabelled drug’s time depend-
ence. The ratio is primarily a measure of the relative ratio of
forward and reverse isomerization rates (k./k-) (Supporting
Information), and consistent with a mechanism involving
initial formation of an ligand-receptor complex with affinity
around 10 nM, that slowly rearranges to a complex with
much slower dissociation rates. In agreement with its slow
dissociation in other experiments, MVC displayed a Ki/K*
ratio of 13 for the WT CCRS receptor under the present
experimental conditions (Table 1). In line with their slower
dissociation, even higher ratios were recorded for VCV-24 and
APL-17.

An important challenge for this analysis was to clearly
differentiate between single and multiple binding states with
a binding protocol. Using association experiments alone, it is
difficult to distinguish between single state binding and mul-
tiple binding states because the experimental protocol only
differentiates bound from unbound. However, a change in
dissociation rate with incubation time can be diagnostic (Sup-
porting Information). This is in contrast to enzyme assays in
which the inhibition is measured by the change in the rate of
product formation. In those assays, the slow transition from
an initial steady-state velocity to a slower steady-state veloc-
ity will be described by curve rate (k) versus inhibitor plots
for multi-step reactions (Strickland ef al., 1975). This feature
is known as slow-binding kinetics and has been discussed in
detail by Morrison and Walsh (1988).

Molecular mechanism of slow binding

The kinetic results described in this work together with the
recently published structure of MVC bound to CCRS (Tan
etal., 2013) and computational studies (Garcia-Perez et al.,
2011b) provide a better picture of the molecular mechanism
of allosteric ligand slow binding to CCRS. The structure of
MVC bound to CCRS showed the ligand to occupy the
bottom of a pocket defined by residues from helices I, II, III,
V, VI and VII (Tan et al., 2013). The nitrogen tropane group of
MVC was engaged in a salt bridge with E283 and the carboxa-
mide nitrogen forms a hydrogen bond with Y251. The phenyl
group reaches deep into the pocket to form hydrophobic
interactions with five aromatic residues: Y108, F109, F112,
Y248 and Y251. The triazole, tropane and cyclohexane
groups also fit into small subpockets and make hydrophobic
contacts with CCRS. Many of these residues are involved in
the kinetic transition and were previously identified as crucial
for HIV-1 infection. Maeda and co-workers reported that
Y108, E283 and Y251 were crucial for HIV-1-gp120/sCD4
complex binding and HIV-1 fusion, and proposed that the
hydrogen bond network among these transmembrane resi-
dues was disrupted with the allosteric inhibitors, presumably
leading to the conformational changes that disrupt HIV-1
binding to CCRS5 (Maeda et al., 2006). Garcia-Perez et al.
(2011b) reported that E283 is the only residue essential for
MVC binding. They determined that five other residues are
important for the definition of the MVC binding site (W86,
Y108, Y251, 1198 and N194) but the effects of their mutation
are most probably not due to the loss of key intermolecular
interactions but rather to indirect structural effects. From
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their computational studies, they concluded there cannot be
tight complementarity between the shape of drug and the
receptor 7TM cavity in part due to the size of the cavity
(Garcia-Perez et al., 2011b). The modelled cavity of the free
receptor was found to be wide and deep, and its volume about
twice as large as that of MVC. Interestingly, this contrasts
with what was observed in the structure reported by Tan et al.
(2013), where they observed good complementarity between
the shape of the drug and receptor.

We observed that many of the same residues contributed
to the slow kinetics of MVC binding. A mechanism for the
slow binding kinetics consistent with these findings is the
rearrangement of the large, flexible binding site to form com-
plementary interactions with the CCRS ligands. The require-
ment of E283 for MVC, F109 for APL, and E283 and W86 for
VCV suggests that both RA and R’A complexes are in the
pocket described in the MVC bound structure of Tan et al.
(2013). The structural differences between RA and R’A are due
to dynamic rearrangement in the same binding pocket. Initial
ligand association with the receptor (RA) involves contribu-
tion of these anchoring interactions deep in the large CCRS
binding pocket. The RA complex then slowly transitions to a
most stable state (R’A). We speculate that the initial dynamic,
flexible RA state will sample the conformational space and
transition to a more stable, longer lasting state when a tran-
sition state complementary to the structure of the small-
molecule ligand is identified. The transition state and
subsequent final state are unique to each ligand. The ligand-
specific interactions are then translated to ligand-specific
surface conformations of the receptor that are differentially
recognized by the GP120 of HIV-1. We conclude that the
differential binding of the antagonists to the CCRS receptor is
determined by contributions from residues that stabilize the
binding as well as residues in the transition states to ligand-
specific stable complexes (R’A). The design of differentiated
molecules requires consideration of both binding determi-
nants. This interpretation of the binding Kkinetic results
concurs with the increasing awareness that GPCRs are flexible
and can adopt conformations around ligands. In this respect,
Teague (2003) proposed that conformational diversity is
influenced by the flexibility of protein structures which allow
different pharmacophores to bind in the same region: one
binding site, multiple binding arrangements. The so-obtained
ligand-specific receptor conformations can have different
functions, a behaviour that is known as ‘functional selectiv-
ity’ for agonists (Urban et al., 2007). The pioneering work by
Kobilka and co-workers (Ghanouni et al., 2001; Swaminath
etal., 2004; Yao etal., 2006; Kobilka and Deupi, 2007;
Rasmussen et al., 2007; Rosenbaum et al., 2007; Kobilka and
Schertler, 2008) is very revealing in this respect. They dem-
onstrated that the interaction between agonists and GPCRs
proceed by Kkinetically distinguishable steps through discrete
intermediate conformational states, implying that each state
increases the probability of the subsequent one to be formed.
They studied the structure of the f,-adrenoceptor bound to a
slow-dissociating inverse agonist and concluded that each
ligand-receptor complex will have unique conformations
(Rosenbaum et al., 2007). Similarly, Del Carmine et al. (2004)
also suggested that the B,-adrenoceptor agonist binding
pocket was not pre-formed, but dynamically assembled as the
ligand binds. The dynamics may be an intrinsic property of



the initial encounter complex where the molecules move
relative to one another, thereby sampling different conforma-
tions rather than being ‘induced’ (Keeble and Kleanthous,
2005).

Ultimately, HIV-1 will develop resistance and there will be
a need for new molecules with different resistance profiles.
Molecules that induce unique conformations of the receptor
should, in theory, have different resistance profiles. Identifi-
cation of interactions between the receptor and small mol-
ecule that contribute to the unique dynamic transitions
could inform chemical design towards changing the binding
dynamics while retaining binding affinity. In this case, the
slow binding kinetics provide a diagnostic for ligand-specific
conformational changes, and the kinetic mutant fingerprint
can be used to infer identification of specific interactions
associated with ligand-specific conformational changes.
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Figure S1 Simulated association binding according to the
one-step model; that is, the radioligand ‘A’-receptor ‘R’ inter-
action is a simple, reversible bimolecular process obeying the
law of mass action with k; = 1 x 10’ M-min™! for association
and k; = 5 x 102 min™" for dissociation. (A) Receptor occu-
pancy at two concentrations of radioligand over a 60 min
incubation period with data points (not shown) collected
every 6 min. (B) ko values obtained by analysing curves such
as in (A) according to monoexponential association binding
model (GraphPad Prism 4.0; GraphPad Software Inc., San
Diego, CA, USA) are plotted as a function of the free radioli-
gand concentration (it is assumed that this concentration
remains constant at all times).

Figure S2 Simulated association binding according to the
two-step induced-fit model in where the initial RA complex
slowly isomerizes into a tighter binding R’A complex with k,
=2 x 107 min* for isomerization and k., = 2 x 10~ min™! for
reverse isomerization.

(A) Total and individual modes of receptor occupancy at [A] =
2nM over a 60 min incubation period. (B) Total and indi-
vidual modes of receptor occupancy at [A] = 8 nM. (C) Kops
values are obtained by analysing total occupancy [i.e. (RA) +
(R’A)] curves such as in (A) and (B) for the indicated time
lapses (10 equally spaced measurements each) according to
monoexponential association binding model and plotted as a
function of the free radioligand concentration. Inset: same
plot but with k., values obtained by analysing [R’A] only.
Figure $3 Simulated dissociation according to (A) the one-
step model and (B, C) the two-step induced-fit model with (B)
for total binding and (C) for total binding as well as each
individual mode of receptor occupancy. Receptors are pre-
incubated with [A] = 8 nM for the indicated time periods and
[A] is then set to O for the indicated time periods (abscissa) to
simulate the washout. (A) Data are analysed according to a
one-phase exponential decay model and (B) a two-phase
exponential decay model to yield the respective Koy and
Koft.s1ow Values as well as the amount of implicated receptors
[in % of (Rw) involved, listed in Supporting Information
Table S1].

Figure $4 Simulated saturation binding according to (A) the
one-step model and (B) the two-step induced-fit model. The
incubation lasts for the indicated time periods and binding
refers to total receptor occupancy [i.e. (RA) + (R'A)]. Curves



are analysed according to a variable slope sigmoidal dose-
response model to yield the apparent pKp values and Hill
coefficients, ny. Values are listed in Supporting Information
Table S2.

Figure S5 Simulated competition binding according to (A,
C) the one-step model and (B, D) the two-step induced-fit
model. Radioligand: total binding (in % of control binding,
i.e. binding in medium only) of the radioligand [(A) = 3 nM]
is plotted as a function of the concentration of unlabelled
competitive ligand, ‘I'. This unlabelled ligand binds with the
same rate constants as ‘A’ and can thus be considered to
represent its unlabelled counterpart.

(A, B) Co-incubation experiments lasting for the indicated
periods of time. (C, D) Receptors are first pre-incubated for
3 h with increasing [I] and then co-incubated with the same
concentrations of ‘I’ and with [A] = 3 nM for the indicated
periods of time.

Data are analysed according to a variable slope sigmoidal
dose-response model to yield the apparent pICs, values and
Hill coefficients, ny. Values are listed in Supporting Informa-
tion Table S3.

Figure S6 Ratio between co-incubation and pre-incubation
ICsp values of the competition binding curves shown in Sup-
porting Information Fig. S5 (values are listed in Supporting
Information Table S3) as a function of the (final)
co-incubation time. The evolution of those ratios with time
are compared for the one-step and two-step binding mecha-
nisms. The ratios should be equal to 1 when equilibrium
binding is attained.

Figure S7 Kinetic shifts (panel a) and pKp values (panel b) of
ligands what bind according to a two-step mechanism with
the microkinetic rate constants for each step listed enumer-
ated at the bottom.

Kinetic shift: the pre-incubation and incubation times were
kept constant (i.e. 180 and 120 min, respectively) and the
same ligand was used as radioligand and unlabelled competi-
tor, and the concentration of the radioligand amounted three
times its apparent Kp after 180 min incubation. Competition
data are analysed according to a variable slope sigmoidal
dose-response model to yield the apparent ICs, values.

PKp values: Kpg.ep refers to the genuine ‘macroscopic’ Kp of
the ligand defined as Kp = k_i-k_»/[k;-(kz + k-2)] (Tummino and
Copeland, 2008). pKp saturation refers to the apparent Ky, of
each ligand in question from the 180 min saturation binding

CCR5 binding kinetics

experiments. Curves are analysed according to a variable
slope sigmoidal dose-response model. pKy, association refers
to the kox/kon values that can be obtained via the following
equation (Kobs = Kotr + Kon*[A]). To calculate Koy, from simulated
association curves, receptors were incubated for 40 min with
each ligand in question (with [A] = 3 x Kp saturation) and
with receptor occupancy recorded every 4 min. Values for all
ligands are listed in Supporting Information Table S4.
Figure S8 Representative dissociation curves. For the simu-
lations, receptors were pre-incubated with each ligand for
30 min. The ensuing wash-out was then simulated by setting
the free ligand concentration to zero and remaining receptor
occupancy was recorded every 12 min for a total period of
120 min. Binding is presented as percent of binding at the
onset of the washout. k. values for all ligands (obtained by
analysing the data of the data according to a biexponential
decay model) are listed in Supporting Information Table S4.
Table S1 Binding parameters obtained by analysing the dis-
sociation curves in Supporting Information Fig. S3. k., and k.,
values are the input dissociation and reverse isomerisation
rate constants respectively. ko values are obtained by analyz-
ing the simulated dissociation data according to a one-phase
exponential decay model (for one-step binding) and a two-
phase exponential decay model (for two-step binding).
Table S2 Binding parameters obtained by analysing the satu-
ration binding curves in Supporting Information Fig. S4a and
b. ny values are only given when (quasi) equilibrium binding
is not yet reached (i.e. when ny 2 1.05).

Table S3 Binding parameters for the unlabelled ligand ‘T’
obtained by analysing the competition binding curves in
Supporting Information Fig. S5. ny values are only given
when (quasi) equilibrium binding is not yet reached (i.e.
when ny > 1.05).

Table $4 See separate file. Input, microkinetic constants and
calculated binding parameters for the control ligand and
ligands 2-7. Dissociation kinetic data were obtained as out-
lined in the legend of Supporting Information Fig. S8. The
‘Macroscopic’ k. was calculated by the equation Ko = k_1-k_»/
(ko1 + k2 + k22) (Tummino and Copeland, 2008). The ‘Macro-
scopic’ Kp and Saturation Kp(app) values were obtained as
outlined in the legend of Supporting Information Fig. S8.
Appendix S1 A study into the molecular mechanism of
binding kinetics and long residence times of human CCRS
receptor antagonists.
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