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a b s t r a c t

Numerous nonpeptide ligands have been developed for the human gonadotropin-releasing

hormone (GnRH) receptor as potential agents for treatment of disorders of the reproductive-

endocrine axis. While the equilibrium binding of these ligands has been studied in detail,

little is known of the kinetics of their receptor interaction. In this study we evaluated the

kinetic structure–activity relationships (SAR) of uracil-series antagonists by measuring their

association and dissociation rate constants. These constants were measured directly using a

novel radioligand, [3H] NBI 42902, and indirectly for unlabeled ligands. Receptor association

and dissociation of [3H] NBI 42902 was monophasic, with an association rate constant of

93 � 10 mM�1 min�1 and a dissociation rate constant of 0.16 � 0.02 h�1 (t1/2 of 4.3 h). Four

unlabeled compounds were tested with varying substituents at the 2-position of the benzyl

group at position 1 of the uracil (–F, –SO(CH3), –SO2(CH3) and –CF3). The nature of the

substituent did not appreciably affect the association rate constant but varied the dissocia-

tion rate constant>50-fold (t1/2 ranging from 52 min for –SO(CH3) to>43 h for –CF3). This SAR

was poorly resolved in standard competition assays due to lack of equilibration. The

functional consequences of the varying dissociation rate were investigated by measuring

antagonism of GnRH-stimulated [3H] inositol phosphates accumulation. Slowly dissociating

ligands displayed insurmountable antagonism (decrease of the GnRH Emax) while antagon-

ism by more rapidly dissociating ligands was surmountable (without effect on the GnRH

Emax). Therefore, evaluating the receptor binding kinetics of nonpeptide antagonists

revealed SAR, not evident in standard competition assays, that defined at least in part

the mode of functional antagonism by the ligands. These findings are of importance for the

future definition of nonpeptide ligand SAR and for the identification of potentially useful

slowly dissociating antagonists for the GnRH receptor.
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Fig. 1 – Chemical structure of [3H] NBI 42902, NBI 42902, and

closely related uracil nonpeptide antagonists for the

human GnRH receptor.
1. Introduction

Gonadotropin-releasing hormone (GnRH) is a linear decapep-

tide secreted from the hypothalamus into the portal circula-

tion. GnRH binds to the GnRH receptor on gonadotroph cells in

the anterior pituitary. GnRH receptor activation stimulates the

synthesis and release of luteinizing hormone (LH) and follicle

stimulating hormone (FSH), which bind to gonadal receptors,

stimulating the synthesis of the sex steroid hormones

estrogen and testosterone [1]. The GnRH receptor is a seven

transmembrane domain G-protein coupled receptor (GPCR)

belonging to the class A family of GPCRs. [2]. The GnRH

receptor signals predominantly through the GTP binding

proteins Gaq and Ga11, stimulating phosphatidyl inositol

turnover by phospholipase C, mobilization of intracellular

calcium, diacylglycerol formation, protein kinase C activation,

and arachidonic acid release [3].

GnRH peptide agonists have been used therapeutically to

modulate the reproductive endocrine axis in a variety of

disorders including precocious puberty, endometriosis,

prostate cancer, uterine fibroids, breast cancer, and fertility

disorders [4,5]. Overall, gonadal suppression is observed

with GnRH agonist peptide therapy, an effect that results

from desensitization and down regulation of pituitary GnRH

receptors [5]. Although GnRH agonist peptides have proven

to be clinically effective, there are several drawbacks to this

approach, including initial stimulation of the pituitary and

subsequent increases in LH, FSH, and sex steroids prior to

the GnRH receptor down regulation. The hormonal ‘‘flare’’

seen with GnRH agonist peptides can be avoided by the use

of GnRH peptide antagonists, such as abarelix and cetrorelix,

which bind pituitary GnRH receptors without stimulating

FSH and LH release [6–8]. However, treatment with agonist

and antagonist peptides requires parenteral administration

and typically involves depot formulation. Consequently,

considerable effort has been directed towards development

of orally active non-peptide GnRH receptor antagonists

[9,10].

Many novel small molecules have been synthesized to

understand the structure activity relationships of antagonist

binding affinities for the GnRH receptor [11–16] (reviewed in

Refs. [9,10]). However, little is known about the binding

kinetics of these ligands to the GnRH receptor. Evaluation of

receptor binding kinetics can provide an additional dimen-

sion for the understanding of ligand pharmacology [17–20].

For example, measuring receptor–ligand binding kinetics of

slowly equilibrating ligands can reveal structure–activity

relationships (SAR) that can be masked or distorted in

measurements of apparent equilibrium binding affinity,

owing to lack of equilibration of ligand with receptor in

competition assays [18,20–23]. Slow antagonist dissociation

from receptors can affect the mode of functional antagon-

ism. In vitro, this effect can reduce the maximal response of

an agonist in functional antagonism experiments (‘insur-

mountable antagonism’) [17,24–31]. In vivo, slow receptor-

antagonist dissociation has been proposed to prolong and

enhance antagonist efficacy, for example candesartan

blockade of the angiotensin type 1 (AT1) receptor in rats

[26] and humans [32,33]. Here, we evaluated the kinetic

SAR of a series of nonpeptide antagonists for the GnRH
receptor, employing a novel nonpeptide radioligand, [3H]

NBI 42902. This SAR was then used to investigate the

relationship between the kinetics of ligand binding and the

mode of functional antagonism of GnRH-stimulated cellular

signaling.
2. Materials and methods

2.1. Materials

All chemicals and reagents were purchased from either

Sigma–Aldrich (St. Louis, MO) or Fisher Scientific (Los Angeles,

CA) unless otherwise stated. Synthesis of NBI 42902 (Fig. 1), (1-

(2,6-difluorobenzyl)-3-[(2R)-amino-2-phenethyl]-5-(2-fluoro-

3-methoxyphenyl)-6-methyluracil, has been described pre-

viously [12]. Synthesis of three other uracil antagonists (Fig. 1)

was performed using modifications to the method described

[12]: Uracil-1, 1-(2-fluoro, 6-methanesulfonylbenzyl)-3-[(2R)-

amino-2-phenethyl]-5-(2-fluoro-3-methoxyphenyl)-6-methy-

luracil); Uracil-2, (1-(2-flouro,6-methanesulfinylbenzyl)-3-

[(2R)-amino-2-phenethyl]-5-(2-fluoro-3-methoxyphenyl)-6-

methyluracil); Uracil-3 (1-(2-flouro,6-trifluoromethylbenzyl)-

3-[(2R)-amino-2-phenethyl]-5-(2-fluoro-3-methoxyphenyl)-6-

methyluracil). Compounds were stored at 6 mM concentration

in dimethylsulfoxide at �20 8C. [3H] NBI 42902 (Fig. 1) was

prepared by American Radiolabeled Chemical Inc. (St. Louis,

MO). Briefly, NBI 42902 was treated with boron tribromide,

followed by di t-butyl dicarbonate to yield the corresponding

boc-protected phenol which was then treated with tritium-

labeled iodomethane in the presence of potassium carbonate

in dimethylformamide, followed by de-protection of the boc

group with trifluoroacetic acid to yield the desired product,

which was purified by HPLC to greater than 99% purity. The

final material had a specific activity of 80 Ci/mmol and was

stored in ethanol at �20 8C. Fetal bovine serum (FBS) was

purchased from Hyclone Laboratories (Logan, UT), dialyzed

FBS was from Gibco (Carlsbad, CA), Geneticin (G418 sulfate)

was from Cellgro (Herndon, VA), and inositol-free media was

obtained from Specialty Media (Phillipsburg, NJ). Myo-2-[3H]

inositol was purchased from Amersham Biosciences (Newark,

NJ). UniFilter 350 and UniFilter GF/C plates were from What-

man (Clifton, NJ), 96 well low binding plates were obtained

from Corning (Palo Alto, CA), and Lumaplates were purchased

from PerkinElmer Life Sciences (Boston, MA). AG1-X8 Dowex

Resin was obtained from BioRad (Hercules, CA).
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2.2. Expression of the human GnRH receptor and
preparation of cell membranes

Expression of the GnRH receptor has been described elsewhere

[13,34]. Briefly, the cDNA of the human receptor was cloned

into pcDNA3.1 (+) mammalian expression vector (Invitrogen,

Carlsbad, CA). Rat basophilic leukemia cells (RBL-1 cells, ATCC,

Manassas, VA) were stably transfected using lipofectamine

(Invitrogen, Carlsbad, CA), and a high expressing single cell

clone was isolated and maintained in Dulbecco’s Modified

Eagles Medium (DMEM), supplemented with 10% FBS, 10 mM

HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM

non-essential amino acids, 50 IU/ml penicillin, 50 mg/ml

streptomycin, and 250 mg/ml Geneticin. RBL cells were used

in this study because they provided the highest level of GnRH

receptor expression (compared with, for example, transfected

HEK293 cells). For isolation of cell membranes, these cells were

harvested using 0.5 mM EDTA in phosphate-buffered saline

then collected by centrifugation at 800 � g for 10 min at 4 8C.

The cell pellet was resuspended in tissue buffer at 4 8C (1.5 mM

KH2PO4, 8.1 mM Na2HPO4, 2.7 mM KCl, and 138 mM NaCl,

10 mM MgCl2, 2 mM EGTA, pH 7.4) and transferred to a

pressure cell. N2 was applied to the cell at a pressure of 900 psi

for 30 min at 4 8C, and cells were lysed by release of the

pressure. Unbroken cells and larger debris were removed by

centrifugation at 1200 � g for 10 min at 4 8C. The remaining cell

membrane fraction was centrifuged at 45,000 � g for 20 min at

4 8C and the resulting membrane pellet resuspended in assay

buffer (see below). Total protein in the isolated cell membrane

fraction was determined with the Coomassie Plus Protein

Reagent kit (Pierce, Rockford, IL) using bovine serum albumin

as the standard. Membrane aliquots were stored at �80 8C

until use.

2.3. Radioligand binding assays

Radioligand saturation binding experiments were performed

by the addition of cell membranes to low protein-binding 96

well plates containing various concentrations of [3H] NBI 42902

ranging from approximately 50 pM to 5 nM in assay buffer

(50 mM Tris, 150 mM NaCl, 5 mM MgCl2, and 0.5 mM EDTA, pH

7.5). Duplicate determinations of total binding and nonspecific

binding (defined using 10 mM NBI 42902) were performed. The

assay mixture (total volume of 200 ml) was incubated for 2 h at

room temperature and terminated by rapid vacuum filtration

onto Unifilter GF/C filter plates. GF/C filter plates were

pretreated with 0.5% polyethylenimine in distilled water for

30 min. Filters were pre-rinsed with 200 ml per well assay

buffer using a cell harvester (UniFilter-96 Filtermate; Packard,

PerkinElmer Life Sciences). After filtration, membranes were

washed two times with 250 ml ice-cold buffer (0.01% Tween-20,

in phosphate buffered saline, pH 7.4). Filter plates were dried,

50 ml scintillation fluid added (Microscint 20; PerkinElmer Life

Sciences), and the plate monitored for radioactivity using a

TopCount NXT at 30% efficiency(PerkinElmer Life Sciences).

The total amount of radioligand added to the assay was

measured using a 1600TR liquid scintillation counter (Perki-

nElmer Life Sciences) at 47% efficiency.

Radioligand association experiments were initiated by the

addition of cell membranes to wells containing various
concentrations of [3H] NBI 42902 ranging from approximately

100 pM to 2 nM (final concentration) in assay buffer (total

assay volume of 200 ml). Duplicate determinations of total

binding and nonspecific binding (defined using 10 mM NBI

42902) were performed. Following incubation at room tem-

perature for varying times, bound radioligand was harvested

as described above. Specific binding for each concentration of

radioligand was determined by subtracting nonspecific bind-

ing from total binding. The association experiments con-

ducted to determine the receptor kinetic rate constants of the

unlabeled ligands were performed in the same manner as the

association experiments described above, using a single

concentration of [3H] NBI 42902 (approximately 1 nM). Asso-

ciation was measured in the absence of unlabeled ligand and

in the presence of a range of five concentrations of unlabeled

ligand. Radioligand dissociation experiments were performed

by pre-incubating cell membranes with 1 nM [3H] NBI 42902 for

1 h. Dissociation was initiated by the addition of 10 mM NBI

42902 (final concentration). Bound radioligand was harvested

at the indicated time points using the method described

above. Non-specific binding was measured by including 10 mM

NBI 42902 in the pre-incubation phase of the experiment. In

each experiment, one duplicate set of wells did not receive

10 mM NBI 42902 in the dissociation phase of the experiment,

in order to measure the stability of total [3H] NBI 42902 binding

over time. Total binding remained stable for at least 6 h (data

not shown).

[3H] NBI 42902 displacement experiments were performed

by the addition of cell membranes to low protein-binding 96

well plates containing various concentrations of unlabeled

ligand (ranging from 32pM to 10 mM) and [3H] NBI 42902

(approximately 1 nM final concentration), in a total volume of

200 ml. Following incubation at room temperature for 2 h,

bound radioligand was harvested as described above.

2.4. Measurement of inositol phosphates accumulation

The procedure used was a modified version of published

protocols [35]. RBL-1 cells expressing the GnRH receptor were

seeded into 96 well plates at a density of 15,000 cells per well in

inositol-free DMEM containing 10% dialyzed FBS, 10 mM

HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM

non-essential amino acids, 50 IU/ml penicillin and 50 mg/ml

streptomycin, and labeled for 48 h with 0.2 mCi per well myo-2-

[3H] inositol. The cells were washed once in buffer containing

140 mM NaCl, 4 mM KCl, 20 mM HEPES, 8.3 mM glucose, 1 mM

MgCl2, 1 mM CaCl2, 10 mM LiCl, and 0.1% BSA. Buffer alone or

non-peptide antagonist in this buffer was applied to the cells

(six concentrations within the range of 1 nM–3 mM), then 30 s

later native GnRH peptide was added at concentrations

ranging from 30 pM to 10 mM. Cells were incubated for 1 h at

37 8C under a humidified atmosphere of 5% CO2. Cells were

then extracted with 10 mM formic acid at 4 8C for 30 min and

the lysate was applied to 20 mg Dowex AG1-X8 resin loaded

into UniFilter 350 96-well plates. The resin was washed once in

H2O, once in 60 mM ammonium formate/5 mM sodium

tetraborate, and inositol phosphates were eluted with 1 M

ammonium formate/0.1 M formic acid. The eluate was

transferred to a Lumaplate, dried at 37 8C, and radioactivity

counted in a TopCount NXT.
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Scheme 1
2.5. Data and statistical analysis

All data were analyzed using Prism 4.0 (GraphPad Software, La

Jolla, CA). Radioligand saturation data were analyzed using a

method that accounts for ligand depletion, as previously

described [36]. Data were fit to one- and two-site saturation

equations and the best fit determined using a partial F-test. A

single site binding model fit best for all saturation binding

experiments (p > 0.05).

Association binding data (specific binding) were fit to

monophasic and biphasic association equations and the best

fit determined using a partial F-test. A monophasic model fit

best for all experiments (p > 0.05), as follows:

Y ¼ Yt!1ð1� e�kobstÞ (1)

where t is time in min, kobs the observed association rate

constant, Y the specific binding at time t and Yt!1 is specific

binding at infinite t. To determine the association rate con-

stant (k+1) of [3H] NBI 42902, kobs was plotted against the [3H]

NBI 42902 concentration, and the data analyzed by linear

regression. The slope of this fit is equivalent to the association

rate constant. The r2 for these fits was >0.94 for all experi-

ments. Dissociation binding data (specific binding) were fit to

monophasic and biphasic dissociation equations, with the

plateau of the specific binding set to zero, and the best fit

determined using a partial F-test. A monophasic model fit best

(p > 0.05), as follows:

Y ¼ Yt¼0 e�k�1t (2)

where k�1 is the dissociation rate constant, t time in min, Y

specific binding at time t, and Yt=0 is specific binding at the

initiation of the dissociation phase of the assay.

The association and dissociation rate constants of unlabeled

ligands were measured using the method of Motulsky and

Mahan [18], in which association of a labeled radioligand is

measured in the absence and presence of the unlabeled test
Table 1 – Association and dissociation rate constants of [3H] N
GnRH receptor

Ligand R1-group Association rate con

k+1 or k+2 (M�1 min�1) k+1 or k

[3H] NBI 42902 F 93 � 10

NBI 42902 F 23 � 3

Uracil-1 SO(CH3) 8.4 � 1.1

Uracil-2 SO2(CH3) 21 � 5

Uracil-3 CF3 30 � 5

Association and dissociation rate constants of [3H] NBI 42902 (k+1 and k�
and dissociation rate constants of the unlabeled ligands (k+2 and k�2) we

Fig. 3) Ligand structures are shown in Fig. 1. Data for the rate constants

(n = 12). t1/2 values were calculated from the mean rate constant, using Eq

constant could be determined; data simulations using Eq. (3) indicated th

0.1 times the value of k�1. Rate constants for unlabeled ligands were co

post-test comparing the value for each ligand. This analysis demonstr

( p < 0.05) with the only significant difference indicated in the post-te

constants were significantly different ( p < 0.001) with the post-test indica

each other ( p < 0.05). Uracil-3 was excluded from the dissociation rate co
ligand. The analysis assumes the model in Scheme 1.where R is

receptor, L the radioligand, k+1 the radioligand association rate

constant, k�1 the radioligand dissociation rate constant, I the

unlabeled ligand, k+2 the unlabled ligand association rate

constant, and k�2 is the unlabled ligand dissociation rate

constant. Kinetic constants for the unlabeled ligand were

determined by measuring the time course of association of [3H]

NBI 42902 intheabsence of unlabeled ligandand in the presence

of multiple concentrations of unlabeled ligand. Specific binding

data (RL) were fit globally to the following equation [18]:

½RL� ¼ Bmaxk1½L�
KF � KS

� k�2ðKF � KSÞ
KFKS

þ K�2 � KF

KF
e�KFt � k�2 � KS

KS
e�KSt

� �
(3)

where

KA ¼ kþ1½L� þ k�1; KB ¼ kþ2½I� þ k�2;

KF ¼ 0:5ðKA þ KB þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKA � KBÞ2 þ 4kþ1kþ2½L�½I�

q
Þ;

KS ¼ 0:5ðKA þ KB �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKA � KBÞ2 þ 4kþ1kþ2½L�½I�

q
Þ:

The fitted parameters were Bmax, k+1, k+2, and k�2. The fixed

parameters were k�1, [L] and [I]. The association rate constant

of [3H] NBI 42902 (k+1) was fit for each experiment as an internal

control. k+1 determined by the global fit was not statistically

different from the k+1 determined by direct measurement of

[3H] NBI 42902 association alone (Table 1) for any of the

experiments run (data not shown). One limitation of this

analysis, discovered by data simulation and experience with

the fitting, is that the dissociation rate constant for the

unlabeled ligand (k�2) cannot be accurately determined if this
BI 42902 and unlabeled nonpeptide antagonists for the

stant Dissociation rate constant

+2 t1/2 at 1 nM (min) k�1 or k�2 (h�1) k�1 or k�2 t1/2 (h)

7.2 0.16 � 0.02 4.3

27 0.20 � 0.02 3.5

31 0.80 � 0.17 0.87

32 0.050 � 0.009 14

23 �0.016 >43

1) were determined directly (see Fig. 2B–D), whereas the association

re determined indirectly using Eq. (3) as described in Section 2.5 (see

are mean � S.E.M. from three to four experiments, except NBI 42902

s. (4) and (5). For Uracil-3 only an upper limit of the dissociation rate

at k�2 could only be determined accurately if the value is more than

mpared using single-factor ANOVA, followed by the Newman–Keuls

ated significant difference between the association rate constants

st between Uracil-1 and Uracil-3 ( p < 0.05). The dissociation rate

ting NBI 42902, Uracil-1 and Uracil-2 were significantly different from

nstant analysis because the absolute value could not be determined.



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 8 3 8 – 8 4 9842
value is <0.1 times the dissociation rate constant of the

radioligand (k�1).

The rate constant values were used to determine the half-

life (t1/2) of ligand association at 1 nM (Eq. (4)), and ligand

dissociation (Eq. (5)):

association t1=2 at 1 nM ¼ 0:693

10�9kþ2 þ k�2

(4)

dissociation t1=2 ¼
0:693
k�2

(5)

Measured and simulated [3H] NBI 42902 displacement by

unlabeled ligands was fit to a single-affinity state competition

equation. For inositol phosphates accumulation assays, data

were analyzed using a sigmoidal dose-response equation with

slope factor fixed at unity (the slope was fixed at unity for both

displacement and inositol phosphates accumulation assays

because initial analyses using a four parameter-logistic

equation indicated a slope close to unity, typically 0.9–1.1).

The logarithm of the concentration of antagonist was plotted
Fig. 2 – GnRH receptor binding of [3H] NBI 42902. (A) Saturation b

human GnRH receptor. The radioligand concentration given on

subtracting total binding from the total radioligand added. Kd a

single affinity state saturation equation. Data points are the me

representative of four independent experiments. (B) Dissociation

rate constant (kS1) was determined by fitting the data to a mon

mean W S.E.M. of duplicate determinations, and the data are re

Association of [3H] NBI 42902 with the GnRH receptor (concentra

770 pM !, 1.2 nM ~, and 2.0 nM &). The data were fit to a mon

observed association rate constant (kobs). Data are normalized to

Data points are the mean W S.E.M. of duplicate determinations,

experiments. (D) Determination of the association rate constant

42902 concentration, and the slope (k+1) was determined by lin
against the log of the dose ratio minus one, and analyzed by

linear regression to obtain the x-intercept (logarithm of the

concentration of antagonist required to double the GnRH EC50,

formally �pA2 for antagonists that do not decrease the GnRH

Emax � NBI 42902 and Uracil-1).
3. Results

3.1. GnRH receptor binding of [3H] NBI 42902

In order to assess the kinetics of nonpeptide ligand interac-

tion with the GnRH receptor we developed a novel radi-

oligand, [3H] NBI 42902 (Fig. 1) and characterized its

interaction with the receptor. [3H] NBI 42902 (1 nM concen-

tration) bound membranes from RBL cells expressing the

human GnRH receptor with a total binding:nonspecific

binding ratio of typically 3:1, with no specific binding detected

in membranes from non-transfected RBL cells. Saturation

binding of [3H] NBI 42902 indicated the radioligand bound

with high affinity (pKd = 9.70 � 0.04, Kd = 200 pM, n = 5) to a
inding to membranes from RBL cells stably expressing the

the x-axis is the free concentration, calculated by

nd Bmax values were determined by fitting the data to a

an W S.E.M. of duplicate determinations, and the data are

of [3H] NBI 42902 from the GnRH receptor. The dissociation

ophasic dissociation equation (Eq. (2)). Data points are the

presentative of three independent experiments. (C)

tions of [3H] NBI 42902 of 210 pM &, 340 pM *, 480 pM ^,

ophasic association equation (Eq. (1)) to determine the

the asymptotic specific binding for 2.0 nM [3H] NBI 42902.

and the data are representative of three independent

k+1. The kobs value from (C) was plotted against the [3H] NBI

ear regression (k+1 in this experiment of 110 mMS1 minS1).
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Fig. 3 – Measurement of unlabeled ligand receptor binding kinetics. The association and dissociation rate constants of

unlabeled ligands were determined by measuring association of specific binding of [3H] NBI 42902 to membranes from RBL

cells expressing the GnRH receptor, alone and in the presence of five concentrations of unlabeled ligand, for NBI 42902 (A),

Uracil-1 (B), Uracil-2 (C) and Uracil-3 (D). The curves are the global fits to Eq. (3) (r2 of 0.96, 0.94, 0.93 and 0.94 for the

representative experiments in A, B, C and D, respectively, r2 > 0.90 in all experiments). Nonspecific binding was subtracted

from total binding yielding specific binding on the y-axis. Nonspecific binding values for these experiments were: 450, 674,

781 and 450 cpm for A, B, C and D, respectively. Data points are mean W S.E.M. of duplicate determinations. Data are from

representative experiments performed 3–4 times, except NBI 42902 (n = 12).

Table 2 – Nonpeptide antagonist affinity measurements from competition binding, simulated competition binding and
kinetic experiments

Ligand R-group Competition assay Kinetic assay

Measured pKi

at 2 h (Ki, pM)
Simulated Ki

at 2 h (pM)
Simulated

equilibrium Ki (pM)
Measured

pKi (Ki, pM)

NBI 42902 –F 10.04 � 0.09 (90) 120 150 9.82 � 0.04 (150)

Uracil-1 –SO(CH3) 9.44 � 0.17 (360) 700 1600 8.81 � 0.03 (1500)

Uracil-2 –SO2(CH3) 10.19 � 0.21 (64) 110 41 10.31 � 0.13 (48)

Uracil-3 –CF3 10.37 � 0.26 (44) 71 <9.1 ND

Ligand competition against [3H] NBI 42902 binding to the GnRH receptor in RBL membranes was measured as described in Section 2.3, using an

incubation time of 2 h (Fig. 4A). Data were fit to a single affinity-state competition equation and the Ki calculated using the Cheng–Prusoff

equation [37], using the kinetically derived Kd for [3H] NBI 42902 (k�1/k+1 = 29 pM). pKi data are the mean � S.E.M. from three to eight

experiments. The simulated Ki from competition assays was determined using simulated [3H] NBI 42902 displacement data. The %

displacement of [3H] NBI 42902 binding by unlabeled ligands was calculated using Eq. (3), using the kinetic parameters for [3H] NBI 42902 and

unlabeled compound given in Table 1, a [3H] NBI 42902 concentration of 1 nM, and 12 concentrations of unlabeled ligand from 10 mM to 30 pM.

These simulated displacement data (Fig. 4B and C) were then fit to a single affinity-state competition equation and the Ki calculated using the

Cheng–Prusoff equation [37], using the kinetically derived Kd for [3H] NBI 42902 (k�1/k+1 = 29 pM). This simulation was performed for two

different incubation times—2 h, representing the simulated Ki in the competition assay; and 430 h, representing the simulated Ki as

equilibrium is closely approached (10 times the slowest kinetic parameter measured, the dissociation rate constant t1/2 for Uracil-3, Table 1).

The ligand dissociation constant measured using the kinetic assay (Fig. 3) was calculated as k�2/k+2 (Table 1). For each kinetic experiment the

pKi value was then calculated and the mean � S.E.M. determined (n = 3–12). Measured pKi values from competition assays were compared

statistically by single-factor ANOVA, which indicated a significant difference between the different ligands (p < 0.05). Post-testing with the

Newman–Keuls indicated a significant difference between Uracil-1 and the other three compounds (p < 0.05), with no significant difference

between NBI 42902, Uracil-2 and Uracil-3. The same analysis was applied to the pKi value measured using the kinetic assay, which indicated

the value for NBI 42902, Uracil-1 and Uracil-2 were all significantly different from each other (p < 0.05). ND: the kinetic pKi value for Uracil-3

could not be determined because the absolute value of k�2 could not be determined (see legend to Table 1).
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Fig. 4 – Measured and simulated displacement of [3H] NBI

42902 binding by unlabeled nonpeptide antagonists. (A)

Measured displacement of [3H] NBI 42902 binding to

membranes from RBL cells expressing the GnRH receptor by

unlabeled ligands. Data points are single determinations

and data are from representative experiments performed

three to eight times. (B) Simulated displacement of [3H] NBI

42902 binding by unlabeled ligands at 2 h. The %

displacement of [3H] NBI 42902 binding by unlabeled

ligands was calculated using Eq. (3), using the kinetic

parameters for [3H] NBI 42902 and unlabeled compound

(Table 1), a [3H] NBI 42902 concentration of 1 nM, a time

interval of 2 h, and 12 concentrations of unlabeled ligand

from 10 mM to 30 pM. (C) Simulated displacement of [3H] NBI

42902 binding by unlabeled ligands at 430 h. This time

interval represents a close approach to equilibrium for all

ligands (10 times the slowest kinetic parameter measured,

the dissociation rate constant t1/2 for Uracil-3). Note that this

time interval (approximately 18 days) is experimentally

impractical. In all graphs the curves are fits to a single

affinity state competition equation.
single affinity state of the GnRH receptor with a Bmax of

1.2 � 0.2 pmol/mg of membrane protein (Fig. 2A). Association

of [3H] NBI 42902 with the receptor was monophasic (Fig. 2C),

with an association rate constant (k+1) of 93 � 10 mM�1 min�1

(Fig. 2D, Table 1). Dissociation of [3H] NBI 42902 from the

receptor was also monophasic (Fig. 2B), with a dissociation

rate constant (k�1) of 0.16 � 0.02 h�1, equivalent to a dis-

sociation half-life (t1/2) of 4.3 h (Table 1). The kinetically

derived Kd (k�1/k+1) for [3H] NBI 42902 was 29 pM. This value is

6.8-fold lower than the Kd value from saturation binding of

[3H] NBI 42902. One possible explanation for this difference is

that slow dissociation of [3H] NBI 42902 from the receptor

(t1/2 of 4.3 h) prevents the attainment of equilibrium in the

saturation experiments (duration of 2 h) [18]. Equilibrium is

closely approached after a time exceeding three-fold the

dissociation half-life [18].

3.2. Association and dissociation rate constants of
unlabeled nonpeptide antagonists

We next aimed to quantify the receptor binding kinetics of

unlabeled structural analogues of NBI 42902, to investigate

the kinetic SAR of this series of ligands. The method described

by Motulsky and Mahan [18] was used to measure the

association and dissociation rate constants of the unlabeled

ligand (k+2 and k�2, respectively, Scheme 1, in Section 2.5). In

this method, association of a radioligand with known kinetic

parameters is measured in the presence of a fixed concentra-

tion of unlabeled ligand and the data analyzed with Eq. (3)

(Section 2.5) to yield k+2 and k�2. The analysis assumes a

competitive interaction between radiolabeled and unlabeled

ligands, conditions that were met in this study with the use of

closely related unlabeled and radiolabeled nonpeptide

antagonists (Fig. 1). We extended this analysis to include

multiple concentrations of ligand and a global fit of the data

since it provided more reproducible estimates of the kinetic

parameters (data not shown). We first tested the validity of

this method for the GnRH receptor by comparing the kinetic

rate constants of unlabeled NBI 42902 with those for [3H] NBI

42902. Association of [3H] NBI 42902 was measured in the

absence of unlabeled ligand and in the presence of five

concentrations of NBI 42902 (Fig. 3A). The dissociation rate

constant (k�2) for unlabeled NBI 42902 (0.20 � 0.02 h�1) closely

matched that for the radiolabeled ligand (0.16 � 0.02 h�1, two-

tailed t-test, p > 0.05, Table 1). The association rate constant

for unlabeled NBI 42902 (k+2 = 23 � 3 mM�1 min�1) was not

greatly different (four-fold) from that for [3H] NBI 42902

(k+1 = 93 � 10 mM�1 min�1, Table 1). This difference could be

explained by slight loss of unlabeled compound upon serial

dilution from the 6 mM stock solution to the effective

concentrations in the assay (1.3–20 nM), since the effective

concentration of unlabeled compound contributes in defining

k+2 by analysis with Eq. (3).

We then used this method to measure k+2 and k�2 of close

structural analogues of NBI 42902, in which the 2-position

substituent of the benzyl group at position 1 of the uracil was

varied (R1 is –F for NBI 42902, –SO(CH3) for Uracil-1, –SO2(CH3)

for Uracil-2, –CF3 for Uracil-3, Fig. 1). The association rate

constant was generally similar for all four ligands, the only

significant difference (3.6-fold) being between Uracil-1 and
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Uracil-3 (Fig. 3, Table 1). However the dissociation rate

constant varied considerably between the ligands. Uracil-1

(–SO(CH3) at R1) displayed the most rapid dissociation from the

receptor (t1/2 of 52 min, four-fold faster than NBI 42902 (–F)).

Uracil-2 (–SO2(CH3)) and Uracil-3 (–CF3) dissociated more

slowly than NBI 42902. This effect was graphically manifest

as a slight ‘overshoot’ of [3H] NBI 42902 association in the

presence of the unlabeled ligand (initial peak of association

declining with time, Fig. 3C and D [18]). For Uracil-2 the

dissociation rate was markedly slow (t1/2 of 14 h, Fig. 3C,

Table 1). For Uracil-3 the dissociation rate was so slow that it

could not be determined accurately using this method;

analysis using Eq. (3) yielded k�2 estimates approaching zero

(10�7 when k�2 was constrained to be >0 in the analysis, see

Section 2.5). We found that k�2 could not be accurately

determined if this value is<0.1 times k�1, the dissociation rate

constant of the radioligand (see Section 2.5). For this reason,

the upper k�2 value limit for Uracil-3 was calculated to be

0.016 h�1, corresponding to a dissociation t1/2 of >43 h

(Table 1). Taken together, these findings indicate a SAR of

the dissociation rate constant at the 2-position substituent of

the benzyl group at position 1 of the uracil, with a rank

order for t1/2 of dissociation of Uracil-3 (–CF3) > Uracil-2

(–SO2(CH3)) > NBI 42902 (–F) > Uracil-1 (–SO(CH3). The differ-

ence between the most slowly and rapidly dissociating

compounds (Uracil-3 and Uracil-1) was >50-fold (Table 1).

3.3. Comparison of nonpeptide antagonist affinity
measurements from kinetic and standard competition assays

The analytical method used to measure the kinetics of ligand–

receptor interaction was developed in part to determine the
Fig. 5 – Antagonism of GnRH-stimulated inositol phosphates acc

accumulation in RBL cells expressing the human GnRH recepto

response to GnRH was determined alone, and in the presence o

42902; B: Uracil-1; C: Uracil-2; D: Uracil-3). Curves are fits to a sig

and Emax. Data points are single determinations. The experimen
affinity of ligands that do not reach equilibrium within the

time-frame of standard competition assays [18,20]. Nonpep-

tide antagonist affinity for the GnRH receptor can be assessed

using k+2 and k�2 from the kinetic structure–activity evalua-

tion above; division of k�2 by k+2 yields the equilibrium

dissociation constant. The dissociation constants for NBI

42902, Uracil-1 and Uracil-3 were significantly different

(Table 2, values of 150 pM, 1.5 nM and 48 pM, respectively).

Owing to the unmeasurably slow dissociation of Uracil-3

(Table 1), an equilibrium dissociation constant for this ligand

could not be determined.

We next aimed to compare ligand affinity determined from

kinetic experiments with the apparent affinity (Ki) from a

standard competition experiment (competition versus [3H]

NBI 42902, Fig. 4A) using a typical 2-h incubation at room

temperature. The IC50 of the unlabeled ligands was converted

to Ki using the Cheng–Prusoff equation [37] using the

kinetically derived Kd for [3H] NBI 42902 of 29 pM. Under these

conditions the Ki varied only 8.2-fold (Fig. 4A, Table 2). The Ki

values for NBI 42902, Uracil-2 and Uracil-3 could not be

distinguished statistically (90, 64 and 44 pM, respectively,

Table 2). Therefore the SAR that could be well distinguished for

these three ligands from kinetic assays (both in terms of k�2

(Table 1) and k�2/k+2 (Table 2)) was not evident from the

competition binding data. Notably the Ki for Uracil-3 was not

significantly different from that for NBI 42902, whereas the

dissociation rate constant was >10-fold lower.

One likely explanation for the difference between kinetic

and competition SAR is a lack of equilibration in the

competition binding assay (2 h incubation) owing to slow

dissociation of the ligands from the receptor (t1/2 > 2 h for NBI

42902, Uracil-2 and Uracil-3) [18]. We tested this hypothesis
umulation by nonpeptide antagonists. Inositol phosphates

r was measured as described in Section 2. The dose–

f multiple concentrations of nonpeptide antagonist (A: NBI

moid dose–response equation to determine the GnRH EC50

ts were performed three or four times with similar results.
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quantitatively by simulating the predicted competition bind-

ing profile at 2 h. For this simulation Eq. (3) was used to

determine predicted inhibition of [3H] NBI 42902 binding by

unlabeled ligands (Fig. 4B). The inputs for this simulation were

the kinetic parameters for [3H] NBI 42902 and the unlabeled

ligands (Table 1), a [3H] NBI 42902 concentration of 1 nM and a

time interval of 2 h. The simulated competition data (Fig. 4B)

were then fit to a single-state competition equation to

determine the IC50, from which the predicted Ki was

determined using the k�1/k+1 value for [3H] NBI 42902 of

29 pM. In all cases the predicted Ki value closely matched the

experimentally determined value (Table 2). This observation

provides quantitative verification that the masked SAR in the

competition binding experiments arises from lack of equili-

bration in the competition assay. In order to validate the

simulation, a very large time interval was used in the
Fig. 6 – Effect of nonpeptide antagonists on the GnRH EC50

and Emax for stimulation of inositol phosphates

accumulation. The GnRH EC50 and Emax values from

experiments represented in Fig. 5 were used to assess the

mode of functional antagonism by the ligands. (A) Dose

ratio (EC50(+antagonist)/EC50(control) S 1). The lines are linear

regression fits to the data (slope = 0.90 W 0.01, 0.90 W 0.05,

1.01 W 0.03 and 0.95 W 0.07 for NBI 42902, Uracil-1, Uracil-2

and Uracil-3, respectively, with corresponding x-axis

intercept values of 9.23 W 0.14, 7.79 W 0.05, 9.31 W 0.09 and

9.88 W 0.22). (B) Effect on Emax. Basal inositol phosphates

accumulation was subtracted from the maximal

accumulation to yield Emax. Data points are mean W S.E.M.

from three to four experiments.
simulation (430 h, 10 times the slowest dissociation t1/2) to

determine the predicted Ki under conditions in which

equilibrium is closely approached [18]. The predicted Ki was

then compared with the k�2/k+2 value for the unlabeled

ligands. In all cases the predicted Ki under equilibrium

conditions closely matched the k�2/k+2 value measured

experimentally (Table 2), validating the simulation.

3.4. Functional antagonist profile of nonpeptide
antagonists

Measurements of dissociation rates of other GPCR antagonists

have indicated that slow receptor–ligand dissociation can result

in an unusual pattern of functional antagonism known

as insurmountable antagonism, in which the antagonist

decreases the Emax of the functional response to an agonist

[22,28,30,31,38,39]. By contrast, more rapidly dissociating

compounds donot reducetheEmax (surmountableantagonism).

Here we tested the functional consequence of the differences of

nonpeptide antagonist dissociation rate by measuring antag-

onism of GnRH-stimulated inositol phosphates accumulation

in RBL cells expressing the human GnRH receptor. The GnRH

dose response was measured alone and in the presence of

multiple concentrations of antagonist (Fig. 5) and the effect on

GnRH EC50 and Emax determined (Fig. 6). GnRH robustly

stimulated inositol phosphates accumulation (Fig. 5), with a

�log EC50 of 8.48� 0.08 (n = 14, EC50 of 3.3 nM), consistent with

previous studies [40]. NBI 42902 and Uracil-1 produced a dose-

dependent rightward shift of the GnRH dose–response curve

(Figs. 5A and B and 6A) without suppressing the Emax (Fig. 6B).

However, Uracil-2 and Uracil-3 reduced the GnRH Emax in a

concentration-dependent manner as well as producing a

rightward shift of the dose–response curve (Figs. 5C and D

and 6A and B). Therefore the two compounds that dissociated

the most slowly (Uracil-2 and Uracil-3) displayed insurmoun-

table antagonism of GnRH-stimulated inositol phosphates

accumulation, whereas the two compounds that dissociated

more rapidly (NBI 42902 and Uracil-1) displayed surmountable

antagonism. This finding suggests that the slow dissociation

rate of Uracil-2 and Uracil-3 was at least partially responsible for

insurmountable antagonism of GnRH-stimulated signaling.
4. Discussion

A large diversity of nonpeptide ligands have been developed

for the GnRH receptor, with the aim of developing orally

available agents for the treatment of diseases associated

with the reproductive-endocrine axis [9–16,41]. The SAR of

these antagonists has typically been assessed using mea-

surements of ligand affinity in radioligand displacement

assays or ligand potency in functional inhibition experi-

ments. The aim of this study was to investigate the kinetics

of uracil-series nonpeptide antagonist interaction with the

GnRH receptor, utilizing a novel nonpeptide radioligand, [3H]

NBI 42902. The principle findings are: (1) Uracil-2 and Uracil-

3 dissociated very slowly from the receptor; (2) differing

substitutions at the 2-position of the benzyl group (at

position 1 of the uracil) markedly affected the dissociation

rate constant of the ligands without appreciably affecting
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the ligand association rate constant; (3) this kinetic SAR was

poorly resolved by measuring the apparent affinity in

standard competition binding experiments, an effect that

was quantitatively consistent with a lack of receptor–ligand

equilibration; (4) the differences in dissocation rate constant

were correlated with differences in the functional antagonist

behavior for blocking GnRH-stimulated inositol phosphate

accumulation. The more rapidly dissociating antagonists did

not reduce the GnRH Emax (surmountable antagonism),

whereas the more slowly dissociating ligands strongly

reduced the GnRH Emax (insurmountable antagonism).

Taken together, evaluating the receptor binding kinetics of

these nonpeptide antagonists revealed a ligand SAR, not

evident in standard competition binding experiments,

which was implicated in the mode of functional antagonism

of GnRH-stimulated intracellular signaling.

Some of the GnRH receptor antagonists tested in this study

dissociated very slowly from the receptor, for example Uracil-

2 (t1/2 for dissociation of 14 h) and Uracil-3 (>43 h). Slow

receptor–ligand dissociation might offer potential therapeutic

benefits compared with a more rapidly dissociating ligand.

Slowly dissociating antagonists of the AT1 receptor such as

candesartan produce prolonged blockade of angiotensin-

mediated blood-vessel contraction [26], compared with more

rapidly dissociating compounds such as losartan. This

prolonged duration of action has been observed clinically

(reviewed in Ref. [33]). For example, in a comparative study,

the antihypertensive effect of candesartan persisted 24 h after

dosing whereas blood pressure returned to baseline 24 h after

administration of losartan [32]. Slowly dissociating AT1

receptor antagonists may also provide greater maximal

hypertensive effects compared with more rapidly dissociating

ligands. Meta analysis of clinical data [42] and direct

comparison studies [32,43] suggest candesartan produces a

greater hypertensive effect than losartan, that cannot be

achieved by increasing exposure of the more rapidly-dis-

sociating losartan [42,44]. By analogy, it is conceivable that

slowly dissociating antagonists of the GnRH receptor might

produce prolonged and/or greater suppression of pituitary

gonadotropins.

Insurmountable antagonism of GnRH-stimulated inositol

phosphates accumulation was observed with the most slowly

dissociating nonpeptide antagonists (Uracil-2 and Uracil-3),

whereas the more rapidly dissociating compounds did not

affect the GnRH Emax (NBI 42902 and Uracil-1). This observa-

tion implies that slow dissociation from the receptor at least

partially contributes to the insurmountable behavior of the

antagonist, as observed previously for a variety of GPCRs

[22,28,30,31,38,39]. For the GnRH receptor the molecular basis

of slow dissociation and its mechanistic relationship with

insurmountability require further investigation. The struc-

ture–activity relationship of the dissociation rate constant

indicates that a –CF3 group is favored at position R1 (Fig. 1) over

the other substituents (Table 1). One possible explanation for

this structure–activity relationship is that slow dissociation

results from the greater electron withdrawing capacity of

the –CF3 group on the phenyl ring, which may stabilize

interactions with aromatic amino acids of the receptor [34]. It

is also not presently known whether a receptor conforma-

tional change is involved in slow antagonist dissociation and
insurmountable antagonism, as has been proposed for

candasartan interaction with the AT1 receptor [25,45,46].

The potentially important differences of receptor interaction

identified kinetically were not evident in standard competition

binding experiments. The differentiation of the dissociation

rate constant was >50-fold between Uracil-1 and Uracil-3,

whereas the apparentKi from competition binding experiments

varied only 8.2-fold. Notably, the apparentKi of the insurmoun-

table antagonist Uracil-3 (44 pM) was not significantly different

from that of the surmountable antagonist NBI 42902 (90 pM),

whereas the former compound dissociated at least 10-fold more

slowly than the latter. These findings indicate the potential

importance of measuring ligand–receptor binding kinetics in

fully resolving SAR for GnRH receptor nonpeptide antagonists.

Similarly, considering receptor binding kinetics has been

important in defining ligand SAR for other GPCRs such as

muscarinic receptors [21], the m opioid receptor [22] and the a2-

adrenergic receptor [47]. This phenomenon is also well-

described in the early studies of Aranyi and coworkers on

steroid receptors [20,48,49]. These studies have indicated that

erroneous estimates of Ki can result in competition assays

owing to lack of equilibration resulting from a slowrate-limiting

receptor interaction [18,20]. In this study we demonstrated by

simulation with Eq. (3) that the apparent Ki values obtained in

competition experiments werepredicted by the association and

dissociation rate constants of the ligands. This finding is

consistent with lack of equilibration underlying the erroneous

estimates of nonpeptide antagonist affinity in the standard

competition assay. Overall these results suggest that kinetics

should be considered in evaluating the SAR of high-affinity

GnRH receptor antagonists.

In summary, we have evaluated the kinetics of nonpeptide

antagonist ligand interaction with the GnRH receptor utilizing a

novel radioligand, [3H] NBI 42902, and found a structure–activity

relationship defined by the dissociation rate of the ligand from

the receptor. This difference of receptor ligand interaction was

poorly resolved in standard competition binding experiments

but appears to correlate with the mode of functional antagon-

ism (insurmountable versus surmountable). Given the potential

importance of slow ligand dissociation and insurmountability

in the therapeutic effect of other GPCR antagonists, these

findings could be useful in the further development of

nonpeptide antagonists targeting the GnRH receptor.
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