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Sch-C (Z)-(4-bromophenyl){1'-[(2,4-dimethyl-1-oxido-3-
pyridinyl)carbonyl]-4'-methyl-1,4'-bipiperidin-4-yljmethanone O-

ethyloxime

Sch-D 4,6-dimethyl-5-{[4-methyl-4-((3S)-3-methyl-4-{(1R)-2-(methyloxy)-1-

[4-(trifluoromethyl)phenyl]ethyl}-1-piperazinyl)-1-
piperidinyl]carbonyl}pyrimidine

UK 427,857 4,4-difluoro-N-((15)-3-{(3-endo)-3-[3-methyl-5-(1-methylethyl)-4H-
1,2,4-triazol-4-yl]-8-azabicyclo[3.2.1]oct-8-y1}-1-
phenylpropyl)cyclohexanecarboxamide

TAK779 N,N-dimethyl-N-[4-[[[2-(4-methylphenyl)-6,7-dihydro-5H-
benzocyclohepten-8-yl]carbonyl]amino]benzyl]tetrahydro-2H-pyran-4-
aminium chloride.

873140 4-{[4-({(3R)-1-butyl-3-[(R)-cyclohexyl(hydroxy)methyl]-2,5-dioxo-
1,4,9-triazaspiro[5.5]undec-9-yljmethyl)phenyl]oxy}benzoic acid
hydrochloride

UCB35625 1-Cycloheptylmethyl-4-{[1-(2,7-dichloro-9H-xanthen-9-yl)-
methanoyl]-amino}-1-methyl-piperidinium,

I-TAC interferon-inducible T cell a chemoattractant

IP-10 10-kDa interferon-inducible protein
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Abstract
The CCR5 Receptor-based mechanism of action of 873140, a potent allosteric
non-competitive HIV entry-inhibitor

873140 is a potent non-competitive allosteric antagonist of the CCR5
receptor (pKg =8.6 + 0.07 ; 95 % c.1. = 8.5 to 8.8) with concomitantly potent
antiviral effects for HIV-1. In this paper, the receptor-based mechanism of action
of 873140 is compared to four other non-competitive allosteric antagonists of
CCRS5. While Sch-C, Sch-D, UK-427,857, and TAK779 blocked both the binding of
the chemokines 12°I-MIP-1a. (also known as 125I-CCL3, 12°I-LD78) and 12°I-
RANTES (1»I-CCL5), 873140 was an ineffectual antagonist of 12I-RANTES
binding (but did block binding of 1I-MIP-1a. ). Furthermore, 873140 blocked the
calcium response effects of CCR5 activation by CCL5 (RANTES) (as did the other
antagonists) indicating a unique divergence of blockade of function and binding
with this antagonist. The antagonism of CCR5 by 873140 is saturable and probe
dependent consistent with an allosteric mechanism of action. The blockade of
CCR5 by 873140 was extremely persistent with a rate constant for reversal of <
0.004 h1 (t 1/2 > 136h). Co-administration studies of 873140 with the four other
allosteric antagonists yielded data that is consistent with the notion that all five
of these antagonists bind to a common allosteric site on the CCR5 receptor. While
these ligands may have a common binding site, they do not exert the same

allosteric effect on the receptor as indicated by their differential effects on the
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binding of 12I-RANTES. This idea is discussed in terms of using these drugs

sequentially to overcome HIV viral resistance in the clinic.
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Introduction
The CCR5 Receptor-based mechanism of action of 873140, a potent allosteric
non-competitive HIV entry-inhibitor

With the discovery that the R5 strain of HIV utilizes the chemokine C
CCRS receptor for cell infection (Zhang and Moore, 1999; Shieh et al, 1998; Deng
et al, 1996; Dragic et al, 1996; Alkhatib et al, 1996; Choe et al, 1996; Doranz et al.
1996) has come the opportunity for a completely new approach to preventing
HIV infection, namely the blockade of CCR5 receptor interaction with the viral
coat protein gp120. Subsequent reports of potent antagonists of CCR5-mediated
HIV entry (Baba et al, 1999; Finke et al, 2001; Strizki et al, 2001; Kazmierski et al,
2003; Demarest et al, 2004a,b, Maeda et al, 2004) have validated this approach
and have possibly opened a new era of AIDS therapy. There are data to support
the notion that an allosteric mechanism is involved in the antagonism of HIV by
low molecular weight antagonists of CCR5 (Kazmierski et al, 2002). The large
size of the proteins involved in HIV fusion (i.e. CCR5, gp120) and the fact that
mutational studies indicate that numerous regions of both CCR5 (Doranz et al,
1997; Rucker et al, 1996 Doms and Peiper, 1997; Lee et al, 1999 ; Picard et al, 1997;
Atchison et al, 1996; Doranz et al, 1997) and gp120 (Kwong et al, 1998; Rizzuto et
al, 1998; Smyth et al, 1998; Bieniasz et al, 1997; Ross et al, 1999) interact to
promote HIV infection, suggest that low molecular weight antagonists of CCR5
preventing this process act through an allosteric mechanism (Kazmierski et al,

2002). In fact, an allosteric interaction between the HIV-1 envelope glycoprotein
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and the anti-HIV chemokine MIP-1 has been directly shown with kinetic
binding studies (Staudinger et al, 2001). Consistent with this idea are data to
indicate that there are separate binding loci on CCR5 for small antagonists such
as Sch-C and the peptide chemokine RANTES (Tsamis et al, 2003; Wu et al, 1997;
Blanpain et al, 2003). This present paper explores the mechanism of blockade of
CCRS receptors by a new potent antiviral 873140 (Demarest et al, 2004a,b; Maeda
et al, 2004) and other CCR5 antagonists (see fig 1) and the relationship ship of

this mechanism to therapeutic use and viral resistance.
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Materials and Methods

CCR5 CHO Membrane Preparation Chinese Hamster Ovary (CHO) cells stably
expressing the human CCRS5 receptor were grown in suspension with media
containing 95% Excel 301 + 5% FBS + 4 mM L-gutamine + 250 ug/ml G418
(Invitrogen, Carlsbad, CA), harvested and pelleted by centrifugation. The
weighed pellet was homogenized in 5 volumes of ice cold buffer containing 50
mM HEPES (Invitrogen, Carlsbad, CA) with protease inhibitors cocktail
(2.5pg/ml Pefabloc, 0.1pug/ml Pepstatin A, 0.1ng/ml Leupeptin, 0.1pg/ml
Aprotinin, Sigma, St. Louis, MO) at pH 7.4. The mixture was re-homogenized
with a glass dounce for 10 to 20 strokes. Homogenate was centrifuged at 18,000
rpm in a F28/36 rotor using a Sorvall RC26. The supernatant was discarded and
pellet re-suspended in 3 volumes of HEPES buffer. The pellet was homogenized
and resuspended a total of three times. Finally, the pellet was reweighed,
homogenized in 3X weight-to-volume HEPES buffer and aliquoted in 0.5 to 1.5
ml volumes into small vials for storage at -80°C. The protein concentration was
determined using a BCA kit (Pierce, Rockford, IL).

SPA Binding Studies. Chinese Hamster Ovary (CHO) cells stably expressing the
human CCRb5 receptor were cultured in suspension, scaled up and membranes
generated by a standard membrane preparation protocol. Ligand binding to
CCR5 CHO membranes was measured using scintillation proximity assay (SPA).

All test compounds were serially diluted in 100% DMSO at 100X of the final
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assay concentration. CCR5 receptor membranes (15pg/well) and WGA SPA
beads (250pg/well Amersham, Piscataway, NJ) were diluted in assay buffer
containing 50 mM HEPES pH 7.4 (Invotrogen, Carlsbad, CA), ImM CaCl,, 5mM
MgCl2, 1% BSA, 0.25 mg/ml bacitracin, 2.5ug/ml Pefabloc, 0.1ng/ml Pepstatin
A, 0.1pg/ml Leupeptin, 0.1pg/ml Aprotinin and DMSO added to equal a final
concentration of 2% per well (v/v) including compound/s (all buffer items from
Sigma Aldrich, St. Louis, MO). The receptor/bead slurry was mixed in a 50 ml
conical tube and preincubated for 1hr. at 4°C to allow the receptor/bead complex
to form. Following preincubation, each well of a 96 well microtiter plate (Packard
Optiplate 96 #6005190) received 1pl of test compound in 100% DMSO (final
DMSO 2% v/v) or appropriate control, 50uls of receptor/bead mixture and 50uls
of 15[-MIP1a or 12°I-RANTES (Perkin Elmer, Boston, MA). Radioligand
concentrations were typically 0.17nM (60,000CPM) for 12I-MIP1a and 0.05nM
(18,000CPM) for 12°I-RANTES unless otherwise noted. Plates were shaken at RT
for 4hrs and binding signal was quantified on a Packard TopCount (30 s read).
Data reduction was performed using the Microsoft Excel Addins Robofit
or Robosage (GlaxoSmithKline internal package). For concentration-response
assays, the result of each test well was expressed as %B/Bo (% total specific
binding); curves were generated by plotting the %B/Bo versus the concentration
and the ICso derived using the equation:

Y =Vmax (1-([3]“/([]3]“ + ICSOD)) - [1]
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where K3 is the equilibrium dissociation constant of the (antagonist)
ligand-receptor complex ,Vmax is the maximal degree of radioligand binding
inhibition and ICsp the molar concentration of antagonist that blocks the binding
by 50%. Plates were run for 14-point concentration-response curves in triplicate.
Receptor Occupancy Offset Studies. Offset experiments were run in 1.5 ml
microcentrifuge tubes. Receptor/bead mixture (100uls) was added to all assay
tubes. Test compounds were introduced to each tube (1ul) at the appropriate
time points (200X final concentration needed in 100% DMSO) and allowed to
incubate at RT for Shr. Tubes were washed by centrifugation (1000 RPM, 5min)
and supernatant was aspirated. Fresh assay buffer (100uls) was then added back
to each tube. All tubes received equal washes either before or after compound
addition to control for potential loss of signal due to repeated washing. Tubes
were stored at 4°C overnight to maintain receptor integrity over the long
experimental timeline. Once washes were complete, 50uls of the
compound/receptor/bead mixture from each tube was added to a 96 microtiter
well. Reaction was initiated with the addition of 50uls of 1.5nM or 0.2nM 125]-
MIP1a. Plates were shaken for two hours at RT and binding signal quantified on
a Packard TopCount (30 sec read).
Functional Calcium Assay
BacMam Baculovirus Generation. Recombinant BacMam baculoviruses for
CCRS5 (GenBank accession No. X91492) and the chimeric G-protein Gqi5 (Conklin

et al.,, 1993) were constructed from pFASTBacMam shuttle plasmids using the

10
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bacterial cell-based Bac-to Bac system (Invitrogen, Carlsbad, CA) (Luckow et al.,
1993). Viruses were propagated in Sf9 (Spodoptera frugiperda) cells cultured in
Hink’s TNM-FH insect media (JRH Biosciences, Lenexa, KS) supplemented with
10% fetal calf serum (Hyclone, Ogden, UT) and 0.1% (v/v) pluronic F-68
(Invitrogen, Carlsbad, CA) according to established protocols (O'Reilly et al.,
1992).

Cell Culture. HEK-293 cells, stably transfected to express the human
macrophage scavenging receptor (Class A, Typel; GenBank Accession No.
D90187), were maintained in DMEM/F-12 media (1:1 mix) supplemented with
10% heat-inactivated fetal calf serum and 1.5ug/mL puromycin. The expression
of this protein by the HEK-293 cells enhances their ability to stick to tissue
culture-treated plasticware. All media, serum and supplements were from
Invitrogen (Carlsbad, CA)

Transduction of HEK-293 Cells. HEK-293 cells were harvested using a non-
enzymatic cell dissociation buffer (Invitrogen, Carlsbad, CA) and were
subsequently resuspended in culture media supplemented with CCR5 and Gqi5
BacMam viruses (MOI of 50 and 12.5, respectively). The cells were plated at a
density of 40,000 cells (100ul volume) per well in black 96 well clear bottom
plates. The plates were incubated at 37°C, 5% CO», 95% humidity for 24h to allow
time for CCR5 and Gqib protein expression.

Calcium Mobilization Experiments. Growth media was removed from the

transduced HEK-293 cells and they were washed once with FLIPR buffer

11
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(Calcium Plus assay kit dye reagent (Molecular Devices, Sunnyvale, CA)
dissolved in DMEM/F-12 media containing 2.5 mM probenicid and 0.1% bovine
serum albumin (w/v)). 50ul of this dye solution, was then added to each well
and the plates were incubated for 1h at 37°C, under 5% CO. and 95% humidity.
The effects of various ligands on intracellular calcium levels were examined
using FLIPR (Molecular Devices, Sunnyvale, CA).

Statistical Analysis of significance of regression

The relationship between variables was quantified by a t-value calculated

as.
t= r-’ (-2) gf=n2
L] 2]
where
= Sxy
2 o2
SV B
and
L (=96
e ™ .[4]
_r
e ¢ )
..I5]
and
=)
i (2)

...[6]
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Kinetics of Offset

Data were fit to a first order receptor offset model of the form:

Pt pe ekt ...[7]

where p. is the fractional receptor occupancy by the antagonist at
equilibrium, k is the rate of offset, t is time and p: is the fractional antagonist
receptor occupancy at time t. The values for p. and p: were obtained from mass

action:

[B]/Ks

[BI/Ks + 1

where [B] is the antagonist concentration and Kp the equilibrium dissociation
constant of the antagonist-receptor complex. Values of [Be]/Kpand [Bt]/Ks were
obtained by fitting the values for radioligand binding in the absence and
presence of the antagonist to the 12I-MIP-1a saturation curve to the model for
simple competitive antagonism for MIP-1a :

[125I'MIP'1(X /Kd] Bmax

[125]-MIP-1o. /Ka] + [B]/Ks + 1
and for non-competitive antagonists:

[1251-MIP-10L /Kd] Bmax
; _ ...[10]
[1251-MIP-1a /K4] ([B]/Ks + 1) + [B]/Ks + 1

A regression of In (py/pe) Vs time yields a straight line of slope = k.

13
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Drugs and Materials

1 M HEPES, pH 7.4, Gibco, Cat. No. 15360-080, Bacitracin, Sigma Catalog.
Number. B-0125, Bovine Serum Albumin, Sigma, Cat. No. A-7888, MgCly, J.T.
Baker 2444-01 ,CaCly, Sigma, Cat. No. C5080, MIP1a, Peprotech, Cat. No. 300-08,
Sigmacote, Sigma, Cat. No. SL2, Scintillation Proximity Beads, Wheat Germ,
Agglutinin, Amersham, Cat No. RPNQ 0001, ["2I]MIP1a, NEN (#NEX298),
Packard 96 well flat-bottom Optiplate, Cat. No. 6005190 , Falcon 96 well round-
bottom plate, Cat. No. 3077, TOPSEAL-S, Packard, Cat. No. 6005161, Dimethyl
Sulfoxide, EM Science, Cat. No. MX1458-6, Siliconized Pipette tips, Accutip,
volume 200-1300uL, Cat. No. P5048-85, Siliconized Pipette tips, Bio Plas, Inc.,
volume 1-200uL, Cat. No. 60828-908, Reagent Reservoir, Elkay, Cat. No. 175-
RBAS-000

RANTES and MIP-1a peptides were obtained from PeproTech Inc., Rocky
Hill, NJ), SchC, (Z)-(4-bromophenyl){1'-[(2,4-dimethyl-1-oxido-3-
pyridinyl)carbonyl]-4'-methyl-1,4'-bipiperidin-4-yljmethanone O-ethyloxime was
synthesized using procedures analogous to these disclosed in the literature
(Palani et al ,2001; Baroudy et al, 2000a). SchD, 4,6-dimethyl-5-{[4-methyl-4-((3S)-
3-methyl-4-{(1R)-2-(methyloxy)-1-[4-(trifluoromethyl)phenyl]ethyl}-1-
piperazinyl)-1-piperidinyl]carbonyl}pyrimidine (Tagat et al, 2004) was
synthesized using procedures analogous to these disclosed in the literature
(Baroudy et al, 2000b). UK-427,857 (4,4-difluoro-N-((15)-3-{(3-endo)-3-[3-methyl-

5-(1-methylethyl)-4H-1,2,4-triazol-4-yl]-8-azabicyclo[3.2.1]oct-8-yl}-1-

14
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phenylpropyl)cyclohexanecarboxamide) was synthesized using procedures

analogous to these disclosed in the literature (Perros et al, 2001).

15
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Results

Receptor Models used in Analysis

The estimation of antagonist potencies and kinetics requires comparison
of data to quantitative models of receptor function (see Appendix A of
supplemental material). Specifically, the standard Ehlert (1988) model is
described whereby the tracer ligand (either radioligand or functional agonist)
can concomitantly bind to the receptor with the antagonist; this model predicts
parallel shifts to the right of the saturation curve for a radioligand when the
allosteric antagonist is present (see fig 2A). A variant of this model is described
that allows allosteric ligands to not affect the binding of agonists and
radioligands but to prevent activation of the receptor by agonists. Specifically,
the Ehlert model predicts non-competitive blockade of function but not binding
if it is assumed that binding of the antagonist precludes receptor activation- see
Fig 2B). Another model is described whereby the binding of the antagonist
precludes binding of the tracer ligand in a non-competitive manner (denoted
‘non-competitive” allosteric model)(described in Appendix B of supplemental
material); this model predicts depression of the maxima of saturation binding
curves with no concomitant dextral displacement. This model is required to
describe the observed binding characteristics of these antagonists.

Two antagonist binding models (referred to as three-ligand models) also

are presented to describe possible interactions between the allosteric ligands as

16
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they bind to the receptor (Appendix 1). Finally, a new model of allosteric
function presented by Hall (2000) is described as another option to account for
the different characteristics of 873140 blockade of the functional effects of
RANTES but not 2I-RANTES binding (denoted ‘Hall functional allosteric
model’-see Appendix C of supplemental material).
Binding of 125I-MIP-1a

Saturable binding of 12°I-MIP-1a was obtained using a scintillation proximity
assay (SPA). The equilibrium dissociation of 1»I-MIP-1a was 0.56 nM + 0.08 nM
(95% c.1. 3.8 pM to 0.82 nM) with a maximal receptor binding of 120 fmoles/mg
protein. Non radioactive MIP-1a produced displacement of 12I-MIP-1a (see fig
3A) in an apparently competitive manner (see fig 3B). The ICs for half-maximal
inhibition of binding varied with concentration of radiolabel (as expected for
competitive antagonism)- see fig 3C according to the Cheng-Prusoff (1973)
correction:

Kg =1Cs0 / (1 + [A*]/Ka) ...[11]
where [A*] is the concentration of 15I-MIP-1a, Kg the equilibrium dissociation
constant of the 1I-MIP-1a /receptor complex and ICsp the molar concentration
of MIP-1a producing 50% inhibition of blockade. A regression of ICso values on
concentration of radioligand (according to equation 11) yielded a linear
regression (see fig 3C).

The radioligand 1%I-MIP-1a was displaced by TAK779 as well but, in this

case, the effects appeared to be of a non-competitive nature (see fig 4A,B). The

17
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ICso values did not change with elevations of the concentration of radioactive
label as shown in fig 5. This is indicative of non-competitive antagonism
whereby the magnitude of the ICs value is independent of the concentration of
radioligand and also is an estimate of the Kg, the equilibrium dissociation
constant of the antagonist-receptor complex (see Appendix B in supplementary
material and Kenakin, 2004a for further details). The mean pKs (-log Ks) for this
antagonist is 7.8 + 0.14 (95 % c.l. =8.1 to 7.5). A similar pattern was observed for
Sch-C (SCH 351125) with non-competitive antagonism of 12°I-MIP-1a binding
(see fig 4C,D) and a pKp of 8.2+ 0.1 (95 % c.l. = 8.4 to 8.0). Sch-D (SCH 417,690)
also produced non-competitive antagonism of 12°I-MIP-1a binding (see fig 4E,F)
witha pKgof 8.4 +0.1 (95 % cl. =8.2 to 8.6). The same pattern was observed for
UK-427,857 (non-competitive antagonism of 2I-MIP-1a binding -see fig 3G,H)
with a pKp of 8.7 + 0.08 (95 % c.l. = 8.5 to 8.9). For all four non-competitive
antagonists, the magnitude of the ICsp was not affected by the concentration of
the radioligand (Fig 5). 873140 produced non-competitive antagonism of 12°I-
MIP-1a binding (see fig 6A,B) with the ICsp demonstrating no effect of
radioligand concentration on ICso as well (see fig 6C). The mean value for the
pKps was 8.6 +0.07 (95 % c.l. = 8.5 to 8.8). These data are summarized in Table 1.
Binding of 125I-RANTES

Experiments were conducted to determine the potency of the antagonists
as displacers of 2’I-RANTES. As seen in fig 7A, displacement was produced by

SCh-D, TAK779, UK-427,857 and to a very much lesser extent, 873140. Of note is
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the fact that the maximal displacement by each antagonist varied. A two-way
analysis of variance ordering the maximal displacement produced by each
antagonist as replicate sample rows vs separate antagonists as columns indicates
that there is no significant variation between replicate readings for each
antagonist (four separate samples measured, F=0.69, df=3,9) but a highly
significant difference between antagonist type (F=78.2, df=3,9, p<0.0001). These
data confirm an earlier report of the same phenomenon by Maeda et al (2004).
The fact that a submaximal displacement (13%) was obtained for 873140 (as
compared to an nsb determined with Sch-C) is consistent with receptor system
behavior according to the Ehlert model and not the non-competitive model.
Moreover, the differences in the maximal displacements indicate an allosteric
mechanism and differing values of cooperativity constant a for the antagonists
for RANTES interaction with CCRS.

The minimal effect of 873140 on 2’I-RANTES binding indicates a very
weak effect of this antagonist on RANTES binding. An estimate of the
quantitative difference between the allosteric effects of 873140 and the other
antagonists, for example Sch-D, was made by projecting saturation curves for
RANTES in the absence and presence of the antagonists. Fig 7B shows the
specific binding of 12I-RANTES and the maximal displacement of the binding of
40 pM 15[-RANTES produced by 873140 and SCh-D as putative points on the
allosterically shifted saturation curve in the presence of a high concentration of

antagonist ([B]/Ks > 300)- see Ehlert model, fig 1A. It can be seen that the effects
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of 873140 are minimal with an estimated o value for RANTES with this
antagonist of 0.8. In contrast, the estimated minimal value for Sch-D from these
data is a=0.06 and it should be noted that, since specific binding was reduced to
noise levels, the shift in the curve could be substantially greater . Therefore, 0.06
is the upper limit for the cooperativity constant for Sch-D and ?°I-RANTES
(0<0.06). The fact that the a value for 873140 is at least 13-fold greater that Sch-D
with 12[-RANTES as the receptor probe indicates that different allosteric
conformations are made by these antagonists (Christopoulos and Kenakin,
2002).

Kinetics of Recovery from Blockade

The effect of washing with drug free media was explored in the 122I-MIP-1a

binding assay. Fig 8 A shows the reversal from blockade of a single concentration
of 12]-MIP-1a by non-radioactive MIP-1a, SCh-C, TAK779 and 873140. As can
be seen from this figure, washing over a period of 4 hours at room temperature
caused reversal of the binding by MIP-1a but not the allosteric antagonists. Fig
8B shows data from a differently designed experiment, namely a much longer
wash period (51 h). To preserve the viability of the receptor preparation, these
studies were conducted at 4° C. The dependence of antagonist occupancy on
time was assessed by subjecting the data to a t test for the significance of a
relationship between two variables (time and occupancy) -see methods. The
value of t for the regression of In receptor occupancy vs time showed that there

was a significant effect of time on the occupancy for TAK779, Sch-C, Sch-D, MIP-
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lo and UK427,857 (see Table 2). In contrast, no significant relationship between
the receptor occupancy of 873140 and time was observed (p<0.05) indicating that
this antagonist did not appreciably dissociate from the receptor over the 51 h
wash period. The rates of offset for the antagonists are given in Table 2.
Functional Studies

The effect of the allosteric antagonists on calcium fluorescence responses
to RANTES in HEK 293 cells transfected with CCR5 receptor were measured. As
shown in fig 9A to D, TAK 779, Sch-C, Sch-D and UK427857 produced
concentration dependent non-competitive antagonism of RANTES responses.
These data were consistent with the effects of these antagonists on RANTES
binding. Also consistent with the binding studies, 873140 produced blockade of
calcium responses to MIP-1a. (fig 9F). However, interestingly, 873140 also
produced concentration dependent non-competitive antagonism of responses to
RANTES (fig 9E) in stark contrast to the lack of effect of this antagonist on
RANTES binding.

The depression of dose-response curves to RANTES by 873140 with no
concomitant effect on binding can be predicted, under certain circumstances, by
one version of the Ehlert model. Specifically, if it is assumed that the allosteric
modulator does not affect the binding of the agonist (or radioligand) but does
prevent receptor activation by the agonist, then the effects observed for 873140
on RANTES binding and function can be accounted for. In this variant of the

Ehlert model, only the [AR] species (receptor bound to agonist without the
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allosteric modulator present) produces response. On a molecular level, this can
occur if the allosteric modulator produces a conformational change in the
receptor that does not interact with G-protein (fig 2B). The lack of effect on
binding would be produced by a value for a near unity. This is consistent with
the estimated value of 0=0.8 found for 873140 and »I-RANTES binding.

This effect also can be described with a new a functional model of
allosterism described by Hall (2000). This model, described in Appendix C
(supplementary material), indicates that receptor binding assays and receptor
functional assays monitor changes in different receptor species. Therefore, a
modulator that promotes radioligand binding to non-activated receptor species
while preventing the transition to activated receptor species will not affect
binding but block function. An example of the use of this model to calculate the
absence of significant effects on binding but a depression of function is given in
Appendix C (supplementary material). The important aspect of this simulation
is the fact that the same antagonist (constant values of € and ¢) can produce this
effect for one agonist (defined value of y) but not another; this is consistent with
the effects of 873140 with the different ligands MIP-1o. and RANTES.

Allosteric Antagonist-Interactions

The possible interactions of 873140 and the other antagonists were
explored by measuring the potency of 873140 (denoted as the reference
antagonist) as a displacer of 1I-MIP-1o in the absence and presence of a range

of concentrations of each of the other antagonists (denoted the test antagonist).
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The presence of the test antagonist produces a diminution of the binding
window for 125I-MIP-1a therefore only an approximate 10-fold range of
concentration can be used to determine the displacement curve of the reference
antagonist. A plot of the observed ICs values for the test antagonist in the
presence of a range of concentrations of the reference antagonist vs the initial Bo
values of the 12I-MIP-1a binding can be predicted from the non-competitive

allosteric model according to the following relationship (see Appendix 1):

_________ O 1)

where ICs refers to the potency of the reference antagonist (molar
concentration producing 50% displacement of the radioligand) in the presence of
the test antagonist, Ka is the equilibrium dissociation constant of the reference
antagonist-receptor complex (also the ICsp value for the reference antagonist in
the absence of test antagonist for non-competitive antagonism), and «. is the co-
operativity factor describing the interaction between the reference and test
antagonist through the protein. The ratio B'o/Bo depicts the fractional decrease in
basal binding produced by the test antagonist.

Various patterns for this relationship are predicted that are dependent
upon whether or not the two allosteric modulators can interact (i.e. whether the
binding of one allosteric modulator affects the binding of the other); these

patterns are given by equation 12,( see Appendix 1); Fig 10 shows a double
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logarithmic representation of this relationship under a variety of conditions. If
a>1, the convex regression to the left reflects the fact that the binding of one
allosteric modulator increases the affinity of the receptor for the other allosteric
modulator. A linear vertical line indicates the condition whereby a=1, namely a
case of completely independent binding of the two modulators. This denotes a
case where the allosteric modulators bind to their own sites on the receptor and
do not affect each other, only the binding of the tracer (in this case 12°I-MIP-1a).
A convex regression to the right denotes a case whereby the binding of one
allosteric modulator negatively impacts the binding of the other (a<1). A linear
regression with negative slope indicates a case for a=0 whereby the two allosteric
modulators exhibit prohibitive binding. Thus, when one antagonist is bound, the
affinity of the receptor for the other diminishes to very low values. The most
simple case of prohibitive binding is where the antagonists bind to the same site
on the receptor. It can be seen that this is predicted by the special case for

equation 12 when a=0 (see Appendix 1):

Log (B'0/Bo) -Log (ICs0/Ka) ...[13]

It should be noted that, even in this scenario, the allosteric perturbation of
the modulators on the receptor affecting the binding of the tracer, is unique to
that modulator, i.e. the effect on the tracer (either 12I-MIP-1a or HIV) depends

on which antagonist binds to the site. Thus, there is still allosteric texture of

antagonism even if the modulators share the same allosteric binding site.
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Fig 11A shows displacement curves for 873140 in the absence and
presence of a range of concentrations of TAK779. It can be seen that the presence
of TAK 779 reduced the binding window for the displacement curves but did not
produce much significant change in the ICsp of 873140. Fig 11B shows a
regression of the log of the depression in Bo produced by the test antagonist TAK
779 upon the log of the ratio of the ICsy values for 873140 in the presence and
absence of TAK 779 (according to equation 12, see also Appendix 1). It can be
seen that a linear relationship with a slope of -1.1 resulted (see Table 3 for
quantitative data). The 95% confidence limits of the slope contain unity therefore
these data are consistent with the model defined when a=0 for interaction
between the two antagonists (consistent with prohibitive binding and a common
binding site for the two antagonists). Fig 11C and 11D show the same data for
Sch-C. It can be seen from the data in Table 3 that a common binding site (a=0) is
indicated for 873140 and Sch-C as well. Identical qualitative results were
obtained from co-administration studies with Sch-D (fig -11E,F; data Table 3) and

UK 427,857 (Fig 11G,H and Table 3).
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Discussion

The data described in this paper are discussed in terms of an allosteric
interaction between the antagonists and the chemokine radioligands. As
reviewed in the introduction, the size of the proteins involved and the breadth of
interaction between them, would predict that steric hindrance involving the
small molecule antagonists and the proteins are insufficient to account for the
blockade of the protein-protein interaction. Chemokine receptors are known to
function allosterically with ligands as shown in the direct kinetic binding studies
between the chemokine MIP-1f3 and HIV envelope glycoprotein (Staudinger et
al, 2001). Similarly, data from other studies implicate allosterism as a mode of
action for chemokine receptors. For example, incomplete displacement of
receptor radioactive peptide ligand 12I-MIP-1a, a hallmark of allosteric
interaction, has been observed for chemokine CCR1 receptors by the allosteric
small molecule modulator UCB35625 (Sabroe et al, 2000). Similarly, different
maximal displacement of chemokine 1%I-I-TAC (interferon-inducible T cell o
chemoattractant) by the chemokine agonists IP-10 (10-kDa interferon-inducible
protein) and MIG (monokine induced by human interferon-y) has been observed
for CXCR3 receptors (Cox et al, 2001). Antibodies also have been used to discern
differences in the effects of allosteric ligands. Thus, the antibody a-hCXCR3
blocks the agonist effects of IP-10 but not those of ITAC (Cox et al, 2001).
Similarly, the CCR5 receptor antibody MC-1, while it does not induce but rather

blocks chemokine response and blocks binding of chemokine to CCR5, actively
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promotes receptor internalization, a behavior usually associated with receptor
activation (Blanpain et al, 2002). Finally, separate binding domains have been
suggested for the small molecule antagonist Sch-C and the chemokine RANTES
(Tsamis et al, 2003; Wu et al, 1997; Blanpain et al, 2003) consistent with an
allosteric interaction between these ligands through the receptor.

While these data are all consistent with the notion that CCR5 and these
ligands are allosteric antagonists of CCRb5. In this study, it is the probe
dependence and saturability of the antagonism of CCR5 by 873140 that strongly
suggest an allosteric mode of action (Kenakin, 2004b). The most direct and
compelling reason for suggesting that 873140 and the other antagonists interact
with CCR5 in an allosteric fashion are the differences in binding seen with 1251
MIP-1a and 12I-RANTES and the concomitant striking difference between the
effects on RANTES binding and function. For antagonists with an orthosteric
mode of action (steric occlusion of the tracer binding site), all “blocked” receptors
can be assumed to be equal, i.e the nature of the antagonist is immaterial since
the result on the receptor is the same. In allosteric terms, “blocked” receptors (by
the antagonist) cannot be assumed to be equal since the allosteric antagonist
produces a change in conformation and, as quantified by the magnitude of the
cooperativity constant a, different allosteric modulators may produce different
conformations of the receptor. Thus, a “blocked” receptor simply becomes a
changed receptor with its own set of affinities for various tracers (Kenakin,

2004Db). In the case of 873140, the allosterically modulated receptor does not allow
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binding of 12°I-MIP-1a but does allow 12I-RANTES to bind, albeit in a
functionally ineffective manner. Also, allosteric texture in the antagonism by
other allosteric modulators such as Sch-C and TAK779 is demonstrated by the
difference in the maximal displacement of 12I-RANTES (see fig 9) . While
inconsistent with orthosteric antagonism this is completely consistent with an
allosteric mode of action since allosteric modulation is probe dependent, i.e. an
allosteric conformational change that is catastrophic for one receptor probe may
be inconsequential to another. Blockade of 12I-MIP-1a binding but not 129I-
RANTES binding agrees with this profile of behavior.

While sigmoidal displacement curve for 12I-MIP-1a for the CCR5
antagonists were produced, this cannot be taken as evidence for competitive
binding. In radioligand binding experiments, such curves also can result from
allosteric and/or non-competitive antagonism. An inspection of the relationship
between the concentrations of radioligand bound and antagonist show a
depression of the maximal binding indicative of non-competitive antagonism.
The relative geography of radioligand tracer and antagonist cannot be inferred
from the displacement curves, i.e. whether or not the antagonist occupies the
same binding site as does 15I-MIP-1a.. The verisimilitude of the 12I-RANTES
binding to the prediction of the Ehlert model (1988) (whereby a ternary species
binding both 122I-RANTES and 873140) suggests that an allosteric mechanism
with separate binding sites for the antagonist and radioligand with concomitant

effects transmitted through the protein is operable. In fact, Maeda and colleagues
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(2004) have shown the existence of such a ternary species (both radioactive
RANTES and 873140 bound to the receptor simultaneously) with radiolabelled
RANTES and 873140. The non-competitive allosteric effects of 873140 as well as
the other CCRS5 antagonists tested in these experiments resemble the activity of
the endogenous serotonin receptor tetrapeptide allosteric modulator 5-HT
moduline which reduces the maximal binding and response of serotonin for 5-
HT1p receptors (Fillion et al, 1996; Massot et al, 1996).

A complicated pattern of behavior is demonstrated by 873140 in the lack
of binding effect for 1I-RANTES but blockade of RANTES function. In this case,
873140 allows RANTES to bind but not activate G-protein to elicit response. The
variant of the Ehlert model whereby response is produced only by agonist-
occupied receptor (with no allosteric modulator present) predicts non-
competitive antagonism of agonist effect but no effect on the same agonist
binding (as a radioligand species) if a is near unity. This effect also can be
described in molecular terms with a recently described allosteric function model
by Hall (2000-see Appendix C supplementary material). In this model, receptor
activation is separated from ligand binding (as in standard two-state and ternary
complex models); this allows the allosteric ligand to affect activation and binding
separately. In terms of this model, the key to understanding the divergence of
binding and functional effects is to consider the different array of receptor
species quantified by each assay. Thus, the radioligand bound species [AR;],

[AR.], [ABRi] and [ABR.] are measured for binding while for function, only the

29

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 11, 2005 as DOI: 10.1124/mol.104.008565
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 8685

activated [Ra] species are observed (namely [Ra], [ARa], [BRa] and [ABR.]). This
can lead to conditions where no effect can be seen on radioligand bound species
in the face of non-competitive diminution of receptor function. As seen in
Appendix C (supplementary material), this can be modeled with an appropriate
e<1 with concomitant ¢>1 for the antagonist, i.e. the allosteric modulator
selectively binds to the inactive state of the receptor and also promotes agonist
binding to the receptor. Lack of allosteric effect on binding but not function has
been reported for other receptors. For example, 7-
hydroxyiminocyclopropan[b]chromen-la-carboxylic acid ester (CPCCOEY) is a
potent non-competitive antagonist of glutamate receptor response but also is a
completely ineffective displacer of glutamate binding (Litschig et al, 1999). It
should be noted that the G-protein milieu surrounding the receptor is different in
the binding vs functional experiments. Specifically, the FLIPR experiments
mediated a chimeric G-protein response opening the possibility that 873140
blocks the interaction of the receptor with the chimeric G-protein but not he
natural G-protein. This possibility is made less likely by the finding of Maeda et
al (2004) showed that 873140 blocks the chemotaxic effects of RANTES in MOLT4
cells (Maeda et al, 2004). It should also be noted that for the Hall model to be
operative (i.e. e<1), this would suggest that 873140 would demonstrate inverse
agonist properties in constitutively active receptor systems. Presently it is not

known if 873140 is an inverse agonist.
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The co-administration studies are consistent with the idea that 873140 and
the other antagonists bind to a common allosteric binding site on the receptor
(i.e. a for the co-administration model — 0). This should not be interpreted to
suggest that these antagonists have the same effect on the receptor to achieve
prevention of HIV entry. This latter property is controlled by the co-operativity
factors for HIV, not other antagonists i.e. each antagonist prevents HIV fusion by
inducing its” own effect on the receptor. This idea is underscored by the
differences in the binding of with 1%I-MIP-1a and 12I-RANTES produced by the
various antagonists, i.e. while Sch-C blocks both 2°I-MIP-1a. and 2)I-RANTES,
873140 only blocks the binding of 12I-MIP-1a.

There are therapeutic implications of an allosteric mechanism that pertain
to the use of these antagonists in the treatment of HIV. Chronic treatment with a
CCRS5 antagonist might select for gp120 variants able to infect cells via binding to
allosterically modified receptor. HIV-1 is known to mutate resulting in sequence
changes in its Env complex with no concomitant loss of function (Wyatt and
Sodrowski, 1998; Poignard et al, 2001). Passage studies with AD101, an
antagonist structurally-related to Sch-C, have indicated that resistance can occur
through the production of an escape mutant in the presence of antagonist (Trkola
et al, 2002; Kuhmann et al, 2004). If another allosteric antagonist induces a
different conformation, then it is possible that the mutant virus would not be
cross resistant to both drugs. It is interesting to note that mutation studies on the

Sch-C analog AD101-resistant escape mutant virus CC101.19 indicate that the
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four amino acid substitutions on the V3 loop of gp120 require the native three-
dimensional presentation to the receptor to confer resistance (Kuhmann et al,
2004); this would suggest that allosteric conformational changes may be effective
in disrupting the tertiary interaction of the gp-120 and CCR5 interfaces. This
would offer a treatment option following the emergence of resistance to the first
agent. With regard to 873140, this idea is supported directly by a recent report
by Maeda et al (2004) who show that 873140 produces a different profile for
antibody binding to CCR5 than does Sch-C or TAK-779. Similarly, the
COC101.19 escape mutant virus, while being insensitive to the small molecule
AD101, is sensitive to the chemokine RANTES (Kuhmann et al, 2004). These data
suggest that the conformation produced by AD101 differs from that made by
RANTES (an agonist that promotes coupling of G-proteins to CCR5). This is
consistent with the notion that different CCR5 conformations will present
problematic receptor conformations to resistant viruses.

The offset experiments showed a difference between the rate of offset of
the non-competitive antagonists and the peptide chemokine MIP-1a. No offset of
the non-competitive antagonists was observed at room temperature for 5 h
precluding direct comparison to MIP-1a. However, an internal comparison of the
non-competitive antagonists was done under identical conditions; the
comparison of the mean rates and 95% confidence limits of the estimates
indicated three general groups. The antagonists with the most rapid offset were

Sch-C and TAK779. A statistically slower set of offset rates was obtained for Sch-
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D and UK427,857. Finally, no significant offset over the 51 h time period was
observed for 874140. It is not possible to determine a half time for reversal of
receptor antagonism for 873140 from these data since the statistical significance
of time dependence depends both upon the slope of the offset line and the scatter
in the data. Under these conditions, a measurable offset for 873140 would need to
be determined under these experimental circumstances for a half time to be
calculated. However, what can be done is an estimation of the lower limit of the
half-time from the measured offset of UK 427,857. The data in fig 8 indicate that
the half time for reversal of UK 427,857 antagonism of CCR5 is 136 h. Since the
offset of 873140 is measurably slower than that obtained for UK 427,857 under
these experimental conditions, it can be estimated that the half time for reversal
of 873140 is > 136 h. It would be predicted that protection from HIV infection
requires constant allosteric modulation of the receptor, therefore the particularly
persistent antagonism of CCR5 by 873140 suggests that this ligand may have a
therapeutic advantage over more labile (higher rate of offset from the receptor)
antagonists. In view of the inordinately slow offset from the receptor (<0.004 h-1),
after exposure to 873140, infectability may depend more on the generation of
new CCRb receptors on the cell surface than on offset of 873140.

In general, 873140 demonstrates characteristics of CCR5 receptor blockade
similar to other CCR5 antagonists found to reduce HIV viral load in humans. In
addition, the fact that this is an allosteric ligand that produces a receptor

conformation different from that produced by other antagonists, suggests that
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this ligand may yield a unique viral resistance profile. It will be interesting to see
if the unusually slow offset of 873140 from the receptor will translate into a

unique therapeutic profile for this molecule.
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Legends for Figures

Figure 1. Chemical structures of CCR5 receptor antagonists

Figure 2. Receptor species measured in a binding assay according to the Ehlert
(1988) in panel A where both the [AR] and the [ABR] species produce signals or
a measured in binding experiments. Dextral displacements of the saturation
binding curve (where the radioligand is [A]) are predicted by this model. B. Non-
competitive antagonist model (only [AR] species is monitored) where depression
of the radioligand saturation binding curve is predicted with no concomitant
dextral displacement.

Figure 3. Displacement of 125I-MIP-1a. by non-radioactive MIP-1a.. A.
Displacement curves: Ordinates: specifically bound (to CCR5 receptor) cpm from
125]-MIP-1a.. Abscissae: Molar concentrations of non-radioactive MIP-1a
(logarithmic scale). Curves determined for displacement of various
concentrations of 12°I-MIP-1a see legend in panel A for concentrations) B.
Saturation binding curves for 12I-MIP-1a in the absence (filled circles) and
presence of various concentrations of non-radioactive MIP-1a. :10 nM (open
circles), 30 nM (filled triangles) and 100 nM (open triangles). C. Relationship
between observed ICsp for non-radioactive MIP-1a displacement of 125I-MIP-1a
and initial concentration of 12I-MIP-1a

Figure 4. Displacement of 122I-MIP-1a by non-competitive allosteric antagonists.
A. TAK779: Displacement curves: Ordinates: specifically bound (to CCR5

receptor) cpm from 12I-MIP-1a. Abscissae: Molar concentrations of non-
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radioactive TAK 779 (logarithmic scale). Curves determined for displacement of
various concentration of 2I-MIP-1a (see key in panel A for concentrations). B.
Saturation binding curves for 12°I-MIP-1a in the absence (filled circles) and
presence of various concentrations of TAK779 :10 nM (open circles), 30 nM (filled
triangles) and 100 nM (open triangles). C. Sch-C. Displacement curves by Sch-C
for concentrations of 2°I-MIP-1a as given in A. D. Saturation binding curves for
125]-MIP-1a in the absence (filled circles) and presence of various concentrations
of Sch-C (same key as panel A for concentrations). E. Sch-D. Displacement
curves by Sch-D for concentrations of 12I-MIP-1a as given in A. D. Saturation
binding curves for 12°I-MIP-1a in the absence (filled circles) and presence of
various concentrations of Sch-D :3 nM (open circles), 10 nM (filled triangles) and
30 nM (open triangles). G. UK-427,857: Displacement curves by UK-427,857 for
concentrations of 2°I-MIP-1a (see key). H. Saturation binding curves for 12I-
MIP-1a in the absence (filled circles) and presence of various concentrations of
UK-427,857 :3 nM (open circles), 10 nM (filled triangles) and 30 nM (open
triangles).
Figure 5. Relationship between the ICs for blockade of 12°I-MIP-1a binding
(ordinates) and concentration of radioligand (abscissae). Symbols: MIP-1a (filled
circles), TAK779 (squares), Sch-C (open circles), Sch-D (triangles) and UK 427,857
(diamonds)

Figure 6. Displacement of 12I-MIP-1a by 873140. A: Displacement curves:

Ordinates: specifically bound (to CCR5 receptor) cpm from 2°I-MIP-1a.
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Abscissae: Molar concentrations of non-radioactive 873140 (logarithmic scale). A.
Displacement curves for 873140 for concentrations of 12I-MIP-1a as shown in
key. B. Saturation binding curves for 12°I-MIP-1a in the absence (filled circles)
and presence of various concentrations of 873140 (see key) C. Relationship
between the ICs for blockade of 12°I-MIP-1a binding (ordinates) and
concentration of radioligand (abscissae).

Fig 7. Displacement of 12I-RANTES from CCRS. Ordinates cpm for
specifically bound 1I-RANTES expressed as a percentage of initial value (740
cpm). Abscissae: logarithms of molar concentrations of antagonist. A. Data
shown for UK-427,857 ( filled circles, n=4), Sch-D (open circles, n=4), TAK779
(filled squares, n=4) and 873140 (open squares, n=4). Bars represent S.E.M. B.
Estimated dextral displacement of the saturation curve for 12I-RANTES (from B,
value for panel A shown as open circle) produced by maximal concentrations (1
uM) of 873140 (open triangle) and Sch-D (filled square). These displacements
predict co-operativity constants (o) for both antagonists and RANTES (see
Appendix 1). Minimal effects on RANTES binding are produced by 873140 while
a minimal value for the displacement by Sch-D is shown.

Fig 8. Reversal of blockade by MIP-1a and allosteric antagonists with
time.Ordinates: Natural logarithm of the percent receptor occupancy by the
antagonist normalized to 100% at time zero. Abscissae: time in hours. A.
Membranes incubated with 1 nM 15[-MIP-1a in the presence of non-radioactive

MIP-1a (200 nM), Sch-C (100 nM), 873140 (100 nM) and TAK779 (200 nM).
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Preparations were then washed for 1 to 5 hours as shown and the binding of 12°I-
MIP-1a measured. Key shows symbols for antagonist data. B. Similar protocol as
for A except longer wash times were used. Key shows symbols for antagonists;
Data describing regressions shown in Table 2.

Fig 9. Calcium responses to chemokine agonists RANTES (panels A to E) and
MIP-1a (panel F). Ordinates: Percent of maximal response to the agonist.
Abscissae: Logarithms of molar concentration of agonist. A. Responses in the
absence (filled circles, n=4) and presence of TAK 779 3 nM (open circles), 10 nM
(open triangles), and 30 nM (filled squares) (n=4). A. Responses in the absence
(filled circles) and presence of Sch-C 10 nM (open circles), 30 nM (filled
triangles), and 100 nM (open triangles) (n=3). C. Responses in the absence (filled
circles) and presence of Sch-D 3 nM (open circles), 10 nM (open triangles), and
30 nM (filled squares) (n=5). D. Responses in the absence (filled circles, n=4) and
presence of UK-427,857 0.3 nM (open circles), 1 nM (open triangles),3 nM (filled
squares) and 10nM (open squares) (n=4). E. Responses in the absence (filled
circles) and presence of 873140 1 nM (open circles), 3 nM (filled triangles), and
10 nM (open triangles) (n=3). F. Responses to MIP-1a in the absence (filled
circles) and presence of 873140 1 nM (open circles), 3 nM (filled triangles), and
10 nM (open triangles) (n=5).

Figure 10. Co-administration of two allosteric modulators (a test and reference
antagonist respectively). Ordinates; relative initial level of binding of the tracer

in the presence of the test antagonist (as a fraction of the initial level of binding in
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the absence of any antagonist). Abscissae; the ratio of the ICsp values of the
reference antagonist (for displacement binding) in the presence of various
concentrations of test antagonist. Both ordinate and abscissal scales are
logarithmic. Model described fully in Appendix 1.

Figure 11. Displacement of bound 2I-MIP-1a by 873140 in the absence (filled
circles) and presence of a test antagonist. Keys show concentrations of
antagonists. A. Test antagonist is TAK779. B. Regression of basal binding levels
of 15[-MIP-1a (ordinates) and observed potency (log ICso values) of 873140
according to equation 12. Solid line represents best linear least squares fit of
datapoints and dotted line a line of slope equal to -1. Data characterizing
regression shown in Table 3. C. Test antagonist is Sch-C . D. Regression
according to equation 12 as for panel B for Sch-C; data describing regression
shown in Table 3. E. Test antagonist is Sch-D .F. Regression according to
equation 12 as for panel B for Sch-D; data describing regression in Table 3. G.
Test antagonist is UK-427,857. H. Regression according to equation 12 as for

panel B for UK-427,857 date describing regression in Table 3.
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Tables
Table 1
Equilibrium Dissociation Constants for Antagonist-CCR5 receptor complexes

as measured by Displacement or Modification of 125]-MIP-1a Binding

Ligand Kg (nM)
(95% confidence limits)
MIP-1a 8.0+1.2
(4.7 to 11.2)
TAK779 15.8
(7.9 to 31.6)
Sch-C 6.3
(4 to 10)
Sch-D 4.0
(2.5 10 6.3)
UK-427,857 2.0
(1.2 t0 3.1)
873140 2.5
(1.6 t0 3.2)
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Table 2

Time Course for Reversal of Blockade of 12’I-MIP-1a Binding

Non-radioactive Ligand | kot (h1) | 95% c.1.1 t-value | Signif.?

MIP-1a 0.261 0.22 t0 0.29 8.94 p<0.005
d.f.=36

Sch-C 0.013 0.008 to 0.018 3.73 p<0.005
d.f.=34

Sch-D 0.005 0.004 to 0.006 4.45 p<0.005
d.f.=34

TAK-779 0.013 0.01 to 0.015 5.6 p<0.005
d.f.=38

UK-427,857 0.0036 | 0.0026 to 0.0045 3.78 p<0.005
d.f.=41

873140 | - | e 0.93 n.s

d.f.=41

195% confidence limits of the slope from a plot of In (receptor occupancy) vs

time (h).

2 value of t to determine if a significant dependence of antagonist receptor

occupancy exists on time, i.e. if washing with drug free media causes reduction
in the receptor occupancy by the antagonist. Insignificant values of t indicate no

relationship between time and occupancy, i.e. operationally an irreversible
receptor occupancy by the antagonist over the time period of the experiment,

specifically 51 h.

3This value obtained at room temperature. All other values obtained at 4 °C. No

reversal of receptor occupancy was observed at room temperature for other
antagonists at wash periods up to 8 h.
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Table 3

Relationship between potency of 873140 in the presence of test antagonists

Test Antagonist | Tvalue! | Significance | Slope? 95% Confidence
Limits of Slope
TAK 779 8.17 p<0.0005 -0.84 -1.1 to -0.55
Schering-C 14.2 p<0.0005 -1.18 -1.1t0 -0.9
Schering-D 15.1 p<0.0005 -1.1 -1.3 to -0.84
UK-427,857: 14.8 p<0.0005 -1.0 -1.3to -0.8

I measure of the significance of a possible relationship beween x and y values. In
this case x is the log of the ratio of ICso values for the reference antagonist in the
presence and absence of test antagonist (ordinates for fig 8)- and y is the log of
the ratio of By values in the presence and absence of test antagonist (ordinates for
tig 8)-see Methods for further details.

2 Slope of the regression of x and y as shown in fig 8.
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Appendix 1: Three Ligand Interactions

A. Allosteric Non-Competitive Interactive

Receptor [R] interacts with virus ([V]), and 2 non-competitive ligands [A] and

[B]. Each antagonist binds to its own binding site and the binding of one

allosteric antagonist affects the binding of the other by a co-operativity factor a.

VR
AI{

+

B ++ R BR
V K, oK,

W

AR - ABR

[AR] =  [ABR]/(a[B]Ky)  ...[14]
[BR] =  [ABR]/(a[AJKa)  ...[15]
[Rl =  [ABR]/(c[A]Ka[B]Kb) ...[16]

The occupancy by antagonists A and B as a fraction of total receptor occupancy
(converting association equilibrium constants K, and Ky to dissociation
constants) is given by:

[A]l/Ka (1+ a[B]/Ks) + [B]/Ks

paB = ..[17]
[A]/Ka ( 1+a[B]/Ks) + [B]/Ks + 1

The fractional occupancy by tracer ( such as 12I-MIP-1a) is given by:
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[tracer] /K¢
Pt = (1'pAntagonist) e [18]
([tracer]/Ky) +1

where pantagonist is the fractional receptor occupancy by the non-competitive
antagonist. From mass action for receptor occupancy by antagonist [A]:

(1-pa) = (1+[A]/Ka)? ...[19]

Similarly, from equation 17:

(-pa)=  (Al/Ka(1 + a[B]/Ks) + [B]/Ks+ 1)1 ...[20]
The occupancy of the receptor by a tracer molecule at any concentration [tracer]
is given by equation 17. Comparing receptor occupancy for a tracer in the
presence of antagonist [A] as a fraction of the occupancy of the tracer in the
absence of [A] and letting [A] equal the ICso of the test antagonist [A] yields:

1+ [ICs0]/Ka

05 = 21
[ICs0]/Ka (1 + a[B]/Ks) + [B]/Ks +1

which leads to
1Cs ( 1+ [B]/KB)
______ = Rati01 = T, [22]
Ka (1+ a[B]/Ks)

It can be seen that if the sites are mutually exclusive (either binding of A
precludes the binding of B and vice versa such as would be obtained with a
single binding site for both) then a. = 0 . This can be shown independently as
shown below.

B. Allosteric Non-Competitive Non-Interactive
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Receptor [R] interacts with virus ([V]), and 2 non-competitive ligands [A] and [B]

such that the binding of A precludes binding of B and vice versa.

VR

B g

+
B++R_Kh_BR
v %

AR

[R] [AR]/[A]Ka ..[23]

[BR] [B]Ko[AR]/[A]Ka ..[24]

Fractional receptor occupancy by [A] and [B] is given by:

p [AR]+[BR]/ ([AR]+[BR]+[R]) .....[25]

Converting association equilibrium constants K, and Ky to dissociation constants
this is given by:
[A]l/Ka + [B]/Ks

paB = ...[26]
[Al/Ka +[B]/Kp +1

The fractional occupancy by virus is given by:

[VI/Kv
pv = (1'pAntagonist) e [27]
[VI/Kv +1

56

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 11, 2005 as DOI: 10.1124/mol.104.008565
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 8685

where pantagonist 1S the fractional receptor occupancy by the non-competitive
antagonist. The ICsp for antagonist [A] is given by the ratio of tracer occupancy
in the presence of both A+B and B:

ICs50="pi(1-pas)/pe(1-pp) = Ka(1+[B]/Ks)  "....[28]

It can be seen that equation 28 is equation 22 when =0 in accordance with
the fact that a=0 represents the special case where there is no interaction between
ligands A and B in the interactive model.

C. Relationship between By and ICsp with Antagonist Co-administration

Equation 22 can be used to determine the relationship between the effect
of the test antagonist on resting level of radioligand binding and observed
potency of the reference antagonist obtained in the presence of various
concentrations of test antagonist.

The bound basal tracer binding in the absence of the test antagonist is
defined as By and is given by mass action:

[tracer]

Bo = ...[29]
[tracer] + Kq

where Ky is the equilibrium dissociation constant of the tracer molecule-
receptor complex. The binding in the presence of a pre-equilibrated
concentration of test non-competitive antagonist is defined as By’ and is given as:
[tracer]

B'o = ( 1- pAntagonist) e [30]
[tracer] + Kq
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where pantagonist 1S the fractional receptor occupancy by the antagonist
given by:
[B]/Ks

P Antagonist = N [31]
[B]/Ks + 1

The ratio of tracer binding levels in the presence and absence of the non
competitive antagonist is given by B'o/Bo and, substituting from equation 31, it

can be shown that:

______ = ..132]

It can be seen from equation 33 that when a=0 (both antagonists bind to a
common site or the binding if one antagonist precludes binding of the other at
the same time), the logarithmic metameter yields a straight line with a slope of

negative one:

Log (B'o/Bo) -Log (ICs0/Ka) ...[34]
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