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We have investigated the specific interactions of a series thienopyrimidinediones with the gonadotropin-
releasing hormone receptor (GNRH-R). Competitive radioligand binding assays were used to determine the
effect of several mutants on nonpeptide binding. Distinct interactions were observed in two separate
regions: the N-terminal end of TM7 and the C-terminal end of TM6. The effects of mutants at’£302

and H306 %% suggest that these residues are part of a hydrogen-bond network important for anchoring the
nonpeptides. Structureactivity relationships indicated urea substituents on the 6-(4-aminophenyl) group
with a trans conformational preference bind with high affinity and are sensitive to (30&utations.
Another interaction area was found between fhbenzylN-methylamino substituent and L3686 and
Y290¢-%8), These interaction sites facilitated the derivation of a model in which a representative member of
the series was docked into GnRH-R. The model is consistent with known SAR and illuminates inconsistencies
with previous hypotheses regarding how this series interacts with the receptor.

Introduction shown to be potent and efficacious GnRH antagorfsts,
Gonadotropin-releasing hormone (GnRHJso known as Chronic oral adm!nistration ol has been showp to suppress
luteinizing hormone releasing hormone, or LH-RH) is a deca- S€rum LH, estradiol, and progesterone levels in female cyno-
peptide released by the hypothalamus that stimulates theMolgus monkeyd? and the compound has reached phase II
synthesis and release of the gonadotropins luteinizing hormoneclinical trials targeting endometriosis. Here, we have adopted a
and follicle-stimulating hormonkGnRH exerts its actions by ~ Strategy of combining site-directed mutagenesis, compound
binding to and activating the GnRH receptor (GnRH-R) in the SAR, and molecular modeling to determine the sites of
pituitary, which belongs to the Class A G-protein-coupled interaction for this important nonpeptide antagonist series and
receptor (GPCR) famil§.Therapeutic strategies, including both GNRH-R. Several GPCRs have been studied successfully by
peptide agonists and antagonists, have been developed fofNiS approach by comparing both peptide and nonpeptide ligands,

several clinical indications including prostate cancer, prostate Including GnRH-R&1%"22 Previously, we had identified over-
hyperplasia, endometriosis, uterine fibroids, assisted reproductivel@PPing but nonidentical binding sites for three classes of
therapy, and hirsutisf? Peptide agonist treatment leads to Nonpeptide antagonists of GnRH:RIncluding a representative
down-regulation of GnRH-RL%and eventually castrates levels ~thienopyrimidinedione. Here, we sought to determine the
of gonadal steroids. One potentially important side effect is an specific interactions between that class of nonpeptide antagonists
initial exacerbation of symptoms as a result of induced gonado- @d GnRH-R. Compound SAR, NMR, and mutagenesis pro-
tropin releasé%!! Alternatively, treatment with GnRH-R an- vided structure-specn‘lc.mformatlon.that was used to produce a
tagonist peptides does not lead to this hormonal “f&f&While model of a representative antagonist bound to the receptor.
peptide GnRH-R antagonists have been shown to be effective
in lowering gonadotropin release, they possess the liability of
requiring injection because of poor oral bioavailability (as do  Molecule Selection.The nonpeptides tested and theirsdC
GnRH agonist peptides). Accordingly, there is great interest in values for wild-type GnRH-R are shown in Table 1. R1 and
the development of orally active, nonpeptide GnRH-R antago- R2 substitutions were chosen to explore steric, polarity-based,
nists1314 . o . and hydrogen-bonding interactions.
. Several examples of the thlenopyrlmldlnedlong class, includ-  pmutant Selection. Mutant receptors examined here were
ing 4 (TAK-013, Table 1; also known as sufugolix), have been chosen on the basis of observed interactions between GnRH-R

- - and4 previously describeé In addition, a comparison of these
Fax:T%g@grln7‘f%rgespgﬂgﬂfesf£?;gr?su"’r‘ggrﬁ;ggm?ho”e' 858-617-789305lts with unpublished data on the similar compound isopropy!

t Department of Endocrinology. 3-(N-benzylN-methylaminomethyl)-7-(2,6-difluorobenzyl)-4,7-

# Department of Medicinal Chemistry. dihydro-2-(4-isobutyrylaminophenyl)-4-oxothieno[Zpyridine-

® Abbreviations: GnRH, gonadotropin-releasing hormone; GnRH-R, '5_carpoxylate hydrochloride (T-98478f suggested the region
gonadotropin-releasing hormone receptor; GPCR, G protein-coupled recep-. . oS .
tor; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect including TM6, ECL3, and TM7 to be of critical importance to
spectroscopy; FT, Fourier transform. this class. Figure 1 illustrates a schematic of GnRH-R, high-
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Table 1. Structures of the Thienopyrimidinedione Series anghIC
Affinity Values for the Competition of 23-His®,p-Tyré]-GnRH versus
Wild-Type (F272-40L) GnRH-R

R2
peNe
7/
ety X
ST°N"o
F
F
Compound R1 R2 IC,, £ Std Dev Reference
1 HN— q 210 + 100 24
2 < q 29 +4 24
3 P 6 +3 17
o4 O
ol
4 < Q 0.8 £0.3 17
& W
5 i q 0.9 £0.3 17
L
6 g 20 £8 34
O
7 @ Q 240 %80 34
H
-
8 oN— q 600 +100 24
9 oN— ©\k 1100 +400 24
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10 oN— S 52 +8 24

lighting the location of mutations selected for this study. Amino
acid substitutions for a particular residue were chosen taking
into consideration steric bulk and hydrogen-bonding capacity.
All GnRH receptors were generated in the FO72L back-
ground. The F27@49L mutation has been shown to increase
cell surface expression of GnRH-R in comparison to the native
wild-type receptor without affecting peptide or nonpeptide
pharmacology?23In total, 13 mutants were used for this study,
representing 10 different residue positions.

Nonpeptide Binding. The binding affinity of unlabeled
[His®Dp-Tyr8]-GnRH was tested for all of the mutant receptors
to assess their pharmacological utility in this study. TheIC
values for [Hi$,p-Tyrf-GnRH for these mutants has been
reportec?? and while some mutant receptors exhibited moderate
changes in [Hi3D-Tyr®-GnRH binding, a comparison df;
and 1G; values for {29-His®p-Tyré-GnRH competition for
wild-type and several mutant receptors showed little difference
in usingK; or ICsq for interpretation purposes. Accordingly,s&
derived values are shown to better compare with previously
published resultd? Table 2 presents the kgvalues for each

Journal of Medicinal Chemistry, 2006, Vol. 49, N&171

3 presents the calculated fold-change values of the thieno-
pyrimidinedione antagonists versus the GnRH-R mutants.

Specific Interactions in TM7. Previously, D30¢-3? was
shown to be involved in the binding of.?? Here, mutants
D3027-32A and D30%732N preferentially affected the binding
of each of the urea-substituted compountisd). The D302 327
mutant affected each of the urea-containing molecules B§-
fold, while unsubstituted compoundd, (8—10) or amide-
substituted compound2,(3) were affected by less than 10-
fold. The D3027-32N mutant had similar effects. We previously
hypothesized that D322 might be a site of interaction of
the R1 urea group of??2 These effects appear to be hydrogen-
bond-mediated and more specifically indicate that therea
nitrogen is required to interact with D3322).

Similar to the effects of D30232, mutations at H30636)
were also previously shown to affect the binding 4% In
contrast to the selectivity observed with the urea-containing
molecules 4—6) for D3027-32) mutations, any compound that
contained either an amide or urea moiety was sensitive to
mutations at H306:3%), suggesting that there is a requirement
of a carbonyl at th@-position in the R1 substituent of this class
of nonpeptides to interact with the histidine side chain. Unsub-
stituted moleculesl{ 8—10) showed little sensitivity to muta-
tion, though the nitro-containing molecules were moderately
more affected by the H30GE mutation than the H306%%A
mutation.

Compound?7 was used to test the requirements for both a
urea-like HN to interact with D30£3?) and the carbonyl to
interact with H306-36). As seen in Table 1, the compound has
a reduced affinity for the receptor, suggesting that the cyclic
guanidine ring is unable to mimic the high-affinity state of the
urea-containing compounds. In additiohwas less sensitive
to mutations at both D302%% and H30&'-36), consistent with
this observation. Of note, the binding of the compound is not
particularly affected by the H306*®E mutation in contrast to
the amide and urea-containing compounds, suggesting that the
replacement of histidine with an acid-bearing side chain may
be better accommodated by the guanidine-containing compound.

On the basis of molecular orbital calculations, Sasaki et al.
suggested that favors a urea in the trans orientation because
of the potential to form an intramolecular hydrogen bond
between the Hi and the methoxy-Qof the R1 substituerif.

To further understand the structural basis of the specific
interactions between the R1 substituent and the GnRH-R
mutants, we undertook experiments to define the conformational
preferences of the urea substitutions of the thienopyrimidine-
diones. The cis/trans propensity of the urea-containing com-
pounds 4—6) was examined using two-dimensional nuclear
Overhauser effect spectroscopy (NOESY). In these experiments,
the spatial proximity of two protons produces a cross-peak in a
two-dimensional NMR spectrum connecting the chemical shifts
of the two individual protons. The volume of this cross-peak is
a quantitative indicator of the time-averaged distance between
the two protons in solutiorifor this system, an index of the
urea cis/trans equilibrium. A strong peak is indicative of a

compound as tested against each of the mutant receptors. Figuréavored cis orientation, whereas a weaker (or nonexistent) peak
2 shows representative radioligand binding curves obtained fromindicates that the protons are predominantly in a trans arrange-
the competition between two members of the compound panelment. Figure 3 shows the downfield regions of the NOESY

and [23-His® b-Tyr®-GnRH versus GnRH-R and the D30%®A
mutant receptor. The effect of a mutation on nonpeptide binding
is quantified by calculating the fold-change for that ligand
mutant combination. Fold change is the quotient of thg &

a ligand for a GnRH-R mutant and thesl®f the same molecule

to the wild-type GnRH-R [IG(mutant)/IGo(F2724640L)]. Table

spectra of the urea-containing compounds.

For 4, the cross-peak between the two protons (9.7 and 9.2
ppm) is absent, confirming a stable trans arrangement of the
urea, in agreement with the calculations of Sasaki éf al.
Compound has weak cross-peak volume between the two urea
protons, assigned at 8.8 and 6.2 ppm. This suggests a predomi-
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Figure 1. Schematic representation of the primary and predicted secondary structure of human GnRH-R. Residues mutated in the current study are
shaded in gray. Predictetthelical regions are based on the crystallographically determined structure of rhodopsin and are indicated-#ith a 3

repeating pattern. F2¥29 (changed to leucine in these experiments) is
black.

located at the intracellular edge of transmembrane domain 6 and is shaded

Table 2. Antagonist Affinities (IGo) and SEM for the Competition of Thienopyrimidinedione Antagonists versus Mutant GriRH-R

1 2 3 4 5 6 7 8 9 10

ICsp SEM ICsp SEM ICsp SEM ICsp SEM ICsp SEM ICs SEM  ICs SEM  ICsp SEM  ICsy  SEM  ICsp  SEM
mutant  (nM)  (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (nM) (M) (M) (nM)  (nM) (M)  (nM)  (nM) (M)
F272L 210 100 29 4 6 2 08 03 09 03 20 8 240 80 600 100 1100 400 52 8
M241 4000 1200 2300 450 380 100 110 70 26 6 390 60>10000 nd  >10000 nd  >10000 nd  >10000 nd
N27A 370 100 31 3 26 5 07 01 1 05 30 4 480 30 1600 700 1300 300 200 30
Q208E 1500 900 230 60 31 8 1.2 03 11 01 70 14 1400 80010000 nd 5000 1000 450 30
Y284L >10000 nd 4400 1800 1500 600 12 3 40 20 6000 3000 5000 20000000 nd  >10000 nd 2000 200
Y290L 390 230 52 5 20 3 05 02 031 005 70 30 350 60 1100 200 1900 800 900 200
L300A 1600 600 240 50 22 9 19 04 21 02 190 40 1020 90>10000 nd  >10000 nd 110 10
D302A 390 76 210 90 15 8 190 80 60 20 1100 200 3300 900 1900 700 1600 700 58 8
D302N 530 160 160 30 13 4 120 30 50 10 500 100 2100 100 1400 500 1900 500 40 7
H306A 710 110 1700 500 400 90 24 5 40 10 600 300 4400 800 3000 1000 3300 700 240 40
H306E 500 100 1600 700 800 300 100 20 60 30 4000 1000 800 3600000 nd 7100 100 400 100
F309L 950 90 1100 400 100 40 6 1 9 3 900 300 1800 50810000 nd  >10000 nd 2650 70
F309Q >10000 nd 2400 1000 220 50 10 2 28 9 1200 400 5200 40610000 nd  >10000 nd 3600 300
F313L >10000 nd 2000 400 400 100 24 7 23 4 1400 50010000 nd  >10000 nd  >10000 nd 4500 400

a|Csp values are an average of at least three experiments. Binding experiments that did not produce a full-binding curve were estimatedgte have IC
10 uM and are shown in italics. All mutants listed are in the F®72L background. The I values for F27840L are listed in the top row for reference.

nantly trans conformation, albeit with a greater cis population
than4. Interestingly 6 (benzyl-substituted urea) has a significant

two urea-like protons will be in a cis conformation. Rather than
a urea side chain, this compound contains a cyclic guanidine

cross-peak between the protons at 8.9 and 6.8 ppm, indicatingring. The NMR results show that this structure is in fact

that 6 more prefers a cis conformation. To quantitate these

tautomeric, with strong cross-peaks reflecting exchange between

results, the volumes of these cross-peaks were compared to theénhe two conformations on the NMR time scale (data not shown).
volumes of other cross-peaks between fixed atoms that can be Specific Interactions in TM6. The nitro-substituted com-

used as a “ruler”. The volumes of NOEs relating two protons

are proportional to the inverse sixth power of the distance

between the two protons. Average interproton distances are
calculated using the expression

volume of reference crosspaak

r°=25
volume of urea crosspea

Assuming an interproton distance of 2.5 A for adjacent

pounds at R1 were synthesized to optimize the requirements at
R2 in the absence of specific interactions near ¥With a
benzyl or ethylphenyl substitution, these compounds are of rather
low affinity for GnRH-R (Table 1). An ethyl-2-pyridyl substitu-
tion at R2 results in over a 10-fold increase in affinity. Although

8 and9 are not particularly robust probes of structufanction

in this series because of their low affinity for the wild-type
receptor, the nitro compound®—10 exhibit sensitivity to

protons on an aromatic ring, the average interproton distancesmutations much like the other members of the series (Table 3).

are calculated to be 4.4, 3.4, and 2.9 A f&r 5, and 6,

They are strongly affected by mutations at M24, Y®83), and

respectively. Those values are consistent with the range ofthe aromatics in TM7 (F3093%), F31374%). These compounds
interproton distances derived from calculations performed on show no specific interactions, unlike the R1-substituted com-

simple model compounds. Compoufidwas also examined

pounds, to D302-32 or H3067-3%) mutations in TM7, though

because the cyclic guanidine ring essentially ensures that thethe set shows moderate loss of affinity across each member to
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1204 results for this series are shown in Tables 2 and 3 and are
138: -8 consistent with previous results reported forNone of these
2 904 other residues exhibit a clear chemical structure-dependent
2 3& sensitivity to mutation in the same way as DSGF2YH3087-36)
@ god and Y29@-58YL.300¢-68), This suggests that these residues, while
5 501 important for interactions between these nonpeptide antagonists
5 a0l and the receptor, do not occur at regions where this series has
& 204 been varied.
e Ligand Bound Model. The combination of certain residues
43 42 11 10 9 8 7 6 5 -4 that affect the binding of the series as a class and others that
log [3], M show evidence of reciprocal SAR between the compound and
120- the receptor structure facilitated the derivation of a docked model
13& of 4 bound to the receptor, shown in Figure 4. As shown in
2 904 Figure 4a, the compound is bound across the transmembrane
] gg: binding pocket. The R2 substituent is located in proximity to
@ 6o L3006-68) though it is clear that simple rotations would allow
;e; ig: the pyridyl-substituted10 to interact predominantly with
S 304 Y290%-58), The difluorobenzyl ring is inserted into the aromatic
Y fg: pocket adjacent to Y284°2, The remaining phenyl ring is in
18- proximity to Q20&-3%), although direct interaction seems

15 12 11 10 & 6 7 5 5 4 unlikely here, and this is consistent with the moderate effects
log [4], M observed (Table 3). That phenyl ring is likely closest to
’ Y211(5-38), Direct assessment of this residue and its interactions

Figure 2. Competition binding of P3-His®p-Tyrd] by different Py )
antagonists to wild-type and D3022A GnRH-R: (O) wild-type rbnay be dlfflcglt’ hto ;Never, :gscause the YZIPA mutant has
GnRH-R; @) D302(3)A GnRH-R. een reported not to expr .

The R1 substituent interacts with both D30232 and
the changes at H306®. The only mutations to produce H30873%) and its proposed interactions are highlighted in Figure
differences within the set are L366%A and Y290¢59 (Table 4b. Specifically indicated are the hydrogen bonds between
3). The binding of8 and 9 is eliminated by the L308®A D3027-320, and the HN of the R1 substituent and that between
mutant, whereas the affinity of0 is essentially unaffected.  imidazole proton of H3063%and the urea carbonyl éf Heavy
Reciproca”y’ the bmdmg of the pyridy|_containing Compound atom to heavy atom distances are estimated to be within the
10 is affected 17-fold by the Y29959L mutant, while the  range accepted for hydrogen bonds (2.7 and 3.7 A, respectively).
affinities of the phenyl-compoundsand9 are not. This suggests ~ The longer distance of the H306%-mediated hydrogen bond
that there is a conformational shift in the binding mode of the raises the possibility that this interaction could be water-
R2 substituent depending on the nature of the aromatic mediated, but these methods and this model cannot discriminate
substitution; namely, the phenyl-containing compounds are Petween those possibilities. The most straightforward solution
interacting with L30¢68), while the pyridyl-containing com-  is presented in Figure 4b.
pound shifts to interact with the nearby Y29%&). These residues There are two residues listed in Table 3 for which an
are modeled to be in proximity of one another (see ref 22 and explanation of their effects on the binding of the thieno-
Figure 4a below), and the reorientation 14 toward the side pyrimidinediones is not straightforward. Replacement of M24
chain Y29@-%%) can be easily accommodated. This potential in the N-terminal domain has a generalized and large effect on
interaction is reasonable, and the tendency of pyridyl-containing the binding of this class of molecules, consistent with previous
ligands to interact with tyrosine(s) has been observed in crystal observations o#.22 It is likely that this residue participates in

structures of soluble proteif%.2” a substructure required for high-affinity binding (perhaps in
) ) conjunction with one or more of the extracellular lo&psnd
Discussion that changing it affects the class as a whole. The F3%#8

Specific and Class InteractionsA comparison of the NMR, ~ Mmutation also affects every member of the nonpeptide panel
binding affinity and mutagenesis data (Tables 2 and 3) indicatesand has previously been shown to be responsible for species-
that for the thienopyrimidinedione class of GnRH-R antagonists Selective binding to a series of quinolone GnRH-R antagoffists.
high-affinity binding to the receptor can be mediated through a The model presented in Figure 4a does not suggest that this
transurea at the R1 site and that sensitivity to mutations at residue is in proximity to the molecule. We hypothesize that
D302732) is correlated with affinity. Moreover, affinity and ~ F31374%) is involved in internal arytaryl stacking with
sensitivity to mutation at D3023? are also related ttrans F309739, F309739 is in very close proximity to the phenyl
urea stability. The R1 site also requires the presence of agroup that bridges the core to the R1 substituent. Exchange of
B-carbonyl for moderate affinity (see Table 1). Through F31374%destabilizes the intramolecular andryl interaction,
mutagenesis and SAR, the sites on the receptor responsible foresulting in losses of affinity that are very similar to those of
the binding of this class have been identified as BI3%2and  the destabilizing F3093°Q mutation.

H3067-3), respectively. For the R2 site, compour@isl0 have Nonpeptide—Peptide Interaction Comparison. We and
shown a “toggle” between L3068 and Y2958 depending others have previously proposed that certain features of the
on the identity of the substituent. thienopyrimidinedione class of GnRH antagonists mimic indi-

Several other mutant receptors were examined to understandvidual residues of the GnRH peptiée2* Notably, the methyl-
their effect on the binding of the thienopyrimidinedione amine mimics Ar§in GnRH and interacts with D3¢282)3031
antagonists. There are other residues where mutations affecand the phenyl group that bridges the core and the R1 substituent
binding, including Y28#52, F3097-39), and F31843. The mimics Ty® in GnRH, which has been hypothesized to interact
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Table 3. Fold Change Values for the Competition of Thienopyrimidinedione Antagonists versus Mutant GhRH-R
Compound
mutant location 1 2 3 4 5 6 7 8 9 10
General and Nonspecific Effects
M241 N-term 19 79 63 138 29 20 >40 >16 >9 >190
N27A N-term 1.8 1.1 4.3 0.9 1.1 15 2.0 2.7 1.2 3.8
Q208E 5.35 7.1 7.9 5.2 1.5 1.2 3.5 5.8 >16 4.5 8.7
Y284L 6.52 >45 150 250 15 44 300 21 >16 >9 38
F309L 7.39 4.5 38 17 7.5 10 45 7.5 >16 >9 51
F309Q 7.39 >45 83 37 12 31 60 22 >16 >9 69
F313L 7.43 >45 69 67 30 26 70 >40 >16 >9 86
Specific TM6 Effects
L300A 6.68/ECL3 7.6 8.3 3.7 24 2.3 9.5 4.3 >16 >9 21
Y290L 6.58 1.9 1.8 3.3 0.6 0.3 35 15 1.8 1.7 17
Specific TM7 Effects
D302A 7.32/ECL3 1.9 7.2 2.5 238 67 55 14 3.2 15 1.1
D302N 7.32/ECL3 2.5 55 2.2 150 56 25 8.8 2.3 1.7 0.8
H306A 7.36 34 59 67 30 44 30 18 5.0 3.0 4.6
H306E 7.36 2.4 55 133 125 67 200 3.3 >16 6.5 7.7

a Thienopyrimidinedione antagonists exhibit structure-specific sensitivity to GnRH-R mutants. Location refers to the position of the residoledmtitic
in Figure 1. “N-term” refers to the extracellular N-terminal extension preceding the transmembrane region. Fold-change values are defyteuitn{)C
ICs0(F2726-40L)]. Fold change values greater than 10 are shownoiial. Fold change values estimated fromsd@alues of *>10xM” are indicated inbold
italics.

F1 Chemical Shift (ppm)
F1 Chemical Shift (ppm)

9 8 7 B 9 8 7 B
F2 Chemical Shift (ppm) F2 Chemical Shift (ppm)

8 7 6
F2 Chemical Shift (ppm)

4 S 6

Figure 3. NMR spectra of urea-containing compounds-6). Upper spectra show 184 NMR of each compound, and urea protons are indicated
with black circles @). The lower spectra show the 2Bl NMR NOESY spectra of each compound. The predicted locations of the NOE cross-
peaks between the two urea protons are indicated by dashed circles.

with Y29((6-58)2.2232 The results presented here are consistent In summary, we have used mutagenesis data, coupled with
with a nearly inverted orientation. As shown in Figure 4b, we compound SAR and molecular modeling, to define the binding
hypothesize that the R1 substituent interacts primarily with mode of an important class of nonpeptide GnRH-R antagonists.
D3027-32) and H30&-3%). The data here strongly suggest that This model can lead to structure-guided development of new
this interaction is hydrogen-bonding in nature and does not molecules with greater affinity and/or selectivity as well as
mimic the charged-based interactions of Avgth D3027-32), hypothesis-driven investigations into liganadeceptor structure
The observation that the R1 substituent is the center of sensitivityand function. By comparing the binding of this class of
to mutation at D30232 and the lack of any structure-based antagonists to other important serté$}we can begin to unravel
effects at the aminomethyl or R2 substituents rules out that thethe specific interactions that guide ligand binding to this
methylamine is a counterion to D3@22. The interactions of  receptor, ultimately with the goal of determining how specific
the R2 substituent are dependent on its identity, but the binding events govern downstream biological activities.
compounds studied her8-10) interact with either L306-58)
or Y290658), corresponding most closely with the interactions Experimental Section

s o X . ,
g; Pc/)rn n ﬁgRH,n;[hougihtthls Isn?j (iorr:ﬁarlizonti?/f Int':ertactl?rlf] Nomencla.tur.e.A'GnRH peptide is.n.am.ed by the rgsidue’s thrge-

peptide antagonists bou 0 the nactive state ot the,.yer apbreviation, its sequence position in the peptide superscripted
receptor to peptide agonists interacting with the receptor's (e.g., Hi$ denotes a His substitution at position 5 of the GnRH
activated state. The model presented in Figure 4 is a representapeptide). Receptor residues are named by Ballestaitsinstein
tion of the inactive state and does not take into account any numbering metho@ using a residue’s one-letter abbreviation and
movements of the receptor upon activation. primary sequence position, with the superscripted characters
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@

H306

Figure 4. Homology model of human GnRH-R with bound. (a)
Shown is the antagonist within the receptor binding pocket. Residues
examined in this study are colored by atom type. The remainder of the
receptor is shown in gray. The Ballesterd§einstein labeling for each

of these residues has also been omitted for clarity. (b) Specific
hydrogen-bonding interactions between the R1 substituefitiafl the

side chains of D302%) and H30&%® are shown. Putative hydrogen
bonds are represented as dotted lines.

representing its transmembrane helix and number position within
that helix based on its position relative to the most evolutionarily
conserved residue in that helix (e.g., F#72). GnRH-R mutants

Journal of Medicinal Chemistry, 2006, Vol. 49, N&125

5 x 107 cells and 5Qug of GnRH-R DNA construct using a BTX
ElectroCell manipulator ECM 600 (Fischer Scientific, Pittsburgh,
PA) applying 100Q:F capacitance, 48 resistance, and 300 V/cm
charging voltage.

Membrane Preparation. COS-7 cells were harvested, washed,
and resuspended in membrane buffer (20 mM HEPES, pH 7.2, 6
mM MgCl,, 1 mM EDTA) 36-48 h after transfection. Cells were
lysed by release of pressure at 900 psi in a nitrogen chamber after
a 30-min incubation at 4C. Nuclei and other cellular debris were
removed by centrifugation at 1000 rpm for 10 min at@. The
membrane fraction was collected by centrifugation at 16 500 rpm
for 45 min at 4°C and subsequently resuspended in membrane
buffer at a concentration of 1 mg/mL. Membrane preparations were
aliquoted, frozen in liquid nitrogen, and stored-80 °C until they
were needed.

Competition Binding Assays.Radioligand binding assays were
performed in 96-well filter plates (Multiscreen 1.2n glass-fiber
plates, Millipore, Bedford, MA). Each assay point consisted of a
100uL cocktail of cell membrane containing the mutant GnRH-R
of interest (5-40 ug), 300 pM [3-His®p-Tyré]-GnRH, and varying
concentrations of small molecule, all prepared in assay buffer (10
mM HEPES, pH 7.45, 150 mM NacCl, 0.1% bovine serum albumin
(fraction V)). Assay plates were shaken at 100 rpmd atroom
temperature and then vacuum-filtered. The filter plates were washed
twice with PBS and then dried completely. Scintillation fluid
(Scint20, Packard Instruments, Downers Grove, IL) was added to
each well prior to detection in a TopCount NXT counter (Packard
Instruments, Downers Grove, IL).

Data Analysis.Experiments were performed using 12 points per
experiment. 1G, values were calculated using the “one-site
competition” nonlinear regression analysis of Prism (GraphPad,
version 4.01, San Diego, CA). Compounds withsJGralues
estimated to be greater than the highest concentration used/AjL0
for this study were assigned the arbitrary value ®10uM". Each
experiment was performed at least three times.

NMR Spectroscopy. Studies of the cis/trans conformation of
compounds were conducted using 2D nuclear Overhauser effect
spectroscopy (NOESY) on a Bruker Avance 500 MHz spectrometer
equipped with an inverse SEl-probe andxis gradients. Because
of limiting aqueous solubility, all samples were prepared by diluting
a 10 mM DMSO stock solution to 1 mM in DMS@y, with 5%

(v/v) 'H,O added in order to observe exchangeable urea protons.
The spectral width of the 2D NOESY experiments was 5000 Hz
in both dimensions, with 1024x 512 complex points being
acquired, multiplied by a sinbell, and zero-filled to 2048 points in
both dimensions prior to FT. The mixing time for these experiments
was set to 600 ms. Assignments of the urea resonances were made
by adding ?H,O to the DMSO solution and monitoring the
disappearance of the exchangeable protons. Results were confirmed

are denoted by wild-type residue, residue number, and mutantby the multiplicities of the protons adjacent to methylene groups

residue, (e.g., D30232A denotes an aspartic acid to alanine
mutation at position 302). Residues in the N-terminal extension
have no annotation.

Nonpeptide Antagonist SynthesisThe compounds displayed
in Table 1 were all synthesized using previously described
method&’2434(see Table 1).

Mutagenesis.GnRH-R was cloned and expressed as described
previously?%2! Site-directed mutants were generated using the

(triplets) and compared well to those obtained by simulation.
Molecular Modeling. The model of GnRH-R was built as

previously describeé? Diverse docking poses with varied confor-
mations of4 within the binding site were generated using the
MMFF94x force field implemented in MOE (Chemical Computing
Group, Montreal, Canad&):3® The receptor was rigid andl was
allowed to be flexible. Approximately 1800 diverse docking
solutions were generated. These poses were evaluated for solutions

QuikChange site-directed mutagenesis kit (Stratagene). The GnRH-Rthat were consistent with the experimental mutagenesis constraints.

cDNA was cloned into the expression vector pcDNA3:L(The
complete coding region for each mutant receptor was confirmed
by DNA sequence analysis (ABI Prism 377 DNA sequencer,
Applied Biosystems Inc., Foster City, CA).

Cell Culture and Transient Transfections. Cell culture reagents
were purchased from Cellgro (Fisher Scientific, Tustin, CA). COS-7
cells were from American Type Cell Culture (Manassas, VA) and
were cultured in Dulbeccos’s modified Eagle’s medium (DMEM,
MediaTech Inc., Hemdon, VA) supplemented with 10% fetal bovine
serum, 10 mM HEPES, 2 mMglutamine, 1 mM sodium pyruvate,
50 U/mL penicillin, and 50ug/mL streptomycin. Cells were

For example, 182 docking solutions with a distance between the
urea and D30232 of less tha 6 A were retained. Redundant
solutions were removed by filtering those with pairwise distance
rmsd less tha 1 A to yield 48 potential docking modes df Ten
diverse solutions consistent with the ligand being close to other
known areas of contact (i.e., SIA822 F3097-39), L3006-68) were
then selected from the remaining docking modes for further
investigation. Molecular dynamics (MD) simulation was carried
out using MOE with weakly constrained 7TM backbone atoms
(tether weight of 5) and more weakly constrained conserved residue
side chains (tether weight of 1) with the MMFF94x force field at

transfected in a phosphate buffered saline (PBS) cocktail containing400 K for 75 ps followed by simulated annealing at 300, 200, and
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100 K and minimization. The entire system (excluding the exterior
lipid-spanning region) was then solvated with explicit water. The
whole system was minimized with all atoms fixed except water
hydrogen followed $ a 5 ps MD run at 400 K anchinimization

to reorient the water hydrogens. All water atoms were then unfixed
and equilibrated with another 5 ps MD trajectory at 400 K.

A wall function was applied to the water molecules (weight of
20) to prevent them from “escaping” during simulation. The entire
system was minimized with the above-mentioned tether weights
to an rms gradient of1. MD simulation of the whole was then
carried out as before at 400 K for 100 ps followed by simulated
annealing at 300, 200, and 100 K and minimization. Finally, all
atoms in the system other than 7TM backbone atoms were allowed
to move freely for another 50 ps at 400 K before simulated
annealing and minimization to produce the final ligand-bound
model.
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