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Corticotropin-releasing hormone (CRH) is an endogenous 41-amino acid peptide involved in a
wide ranging series of systems including the brain, the coordination of the body’s overall
response to stress, and more recently as a crucial initiator in the onset of labor, also known as
the placental clock. Although more physiological data on CRH is emerging shedding more light
on the processes involved and their integration, the mode of action of the hormone and the
postulated binding site(s) remain unknown. Recently, a number of small-molecular-weight
ligands have emerged as potent antagonists but, as therapeutics, suffer from a lack of solubility.
Additionally, despite a number of exhaustively large patents, the lack of structural diversity
with these antagonists has enabled little scope for comprehensive and wide ranging studies
into the structure of the binding sites of this hormone. As part of a program investigating
new, structurally diverse antagonists and agonists of CRH, we have developed a preliminary
pharmacophore based on the known small-molecular-weight ligands as an initial step in our
program. This pharmacophore was validated by comparison with some of the compounds we

postulated to be active.

Introduction

Corticotropin-releasing hormone (CRH, also known as
CRF) is a 41-amino acid hormone?! of increasing bio-
logical significance. CRH has been linked to various
conditions including neurological disorders, ranging
from anxiety to depression, and a number of physical
ailments, encompassing Alzheimer’s to anorexia ner-
vosa.? However, our interest in this area stems from
CRH'’s observed effects during the onset of human
parturition.

The hormonal mechanisms which control the onset
of human parturition and labor are presently unknown.
Nevertheless, a large body of data, produced to a large
extent in our laboratory, suggests that placental pro-
duction of CRH plays a key role in this process.3
Placental CRH synthesis and secretion into the mater-
nal circulation increase exponentially as gestation
advances.*5 Several groups have shown that women in
preterm labor have high plasma CRH concentrations
compared to gestationally matched controls.5~° We have
shown that the exponential increase in maternal plasma
CRH is linked to a biological clock which determines
the length of gestation.® Our group has also demon-
strated that women undergoing induction of labor are
more likely to have successful induction if the levels of
CRH are high. From a different perspective, we have
shown that women who are present in apparent preterm
labor are significantly more likely to deliver preterm if
they have high plasma CRH levels.10
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CRH receptors are members of the 7-transmembrane
family and are normally linked via a G-protein to
adenylate cyclase.!! Although several types of receptors
have been described? (CRH;, CRH2,, CRH2, and more
recently CRHy,), the key CRH receptor involved in
human parturition is of the type 1.12 A type 1 receptor
antagonist might therefore reasonably be predicted to
inhibit the progression of labor; conversely, a type 1
receptor agonist might therefore reasonably be predicted
to promote the onset of labor.

Because of the key role of the type 1 CRH receptor in
human parturition, there is an urgent need for low-
molecular-weight ligands that are active at this receptor
as either agonists or antagonists. Such ligands could not
only serve as potential therapeutics but also lead to a
greater understanding of the structure and function of
the receptor itself. There are numerous peptidic and
nonpeptidic antagonists and agonists currently avail-
able.214-17 However, several major shortcomings exist
with these CRH active ligands: the lack of water solu-
bility registers them as not being suitable as therapeu-
tics,18 and further, the nonpeptidic ligands could be
mostly conceived as belonging to the same basic class
of compounds. This lack of structural diversity in active
compounds imposes severe limitations on the search for
novel leads for antagonists and agonists of CRH, as well
as restricting studies on the receptor site structure.

Despite these limitations, we present here a prelimi-
nary pharmacophore based on published structures of
CRH antagonists, as part of an extensive program
aimed at producing structurally diverse therapeutics
targeting CRH receptor(s). The validation of the phar-
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Table 1. Training Set Used in the Generation of the CRH
Pharmacophore?®

R1\N’R2
1 5
NI/LN
A A
3
z |
l—X
X
1-12
compd R R1 Rz X Ki (nM)2
1 Me PhCH,CH, Me 2,4,6-triMe 2100
2 Me 2,4,6-triMe 1050
N-$-
\

3 Me n-Bu n-Bu 2,4,6-triMe 490
4 Me PhCH; Bu 2,4,6-triMe 1050
5 Me n-Pr n-Pr 2,4,6-triMe 130
6 Me n-Pr CHac-Pr 2,4,6-(OMe); 8000
7 Et n-Pr CHac-Pr 2,4,6-triMe >10000
8 Me allyl allyl 2,4,6-triMe 115
9 Me CHayc-Pr n-Pr 2,4,6-triMe 57
10 Me Et CH2Ph 2,4,6-triMe 1470
11 Me n-Pr CH2Ph 2,4,6-triMe 490
12 Me H CH,Ph-4-CF; 2,4,6-triMe 1690

a Inhibition (K;) values are tested as their ability to inhibit
[*2511CRH binding as reported.

Table 2. Training Set Used in the Generation of the CRH

Pharmacophore?®
\L )Rz
N

SR
/”\ Z
Me N NH
3
/ 1
—X
X
13-20
compd R1 R2 X Ki (nM)2
13 H ¢c-C3Hs 2,4,6-triCl 30
14 Me ¢c-C3Hs 2,4,6-triCl 2.3
15 Et c-C3Hs 2,4,6-triCl 3.8
16 Me Et 2,4,6-triCl 2.5
17 H c-C3Hs 2,4,6-triCl 253
18 H ¢c-C3Hs 2,4,6-triMe 1390
19 Cl c-C3Hs 2,4,6-triCl 1.7
20 Br c-C3Hs 2,4,6-triCl 2.0

a Inhibition (K;) values are tested as their ability to inhibit
[*2511CRH binding as reported.

macophore using some of our own compound data
suggests consistencies in required structural features.

Pharmacophore Generation

The training set for the pharmacophore development
for nonpeptide CRH; receptor antagonists is summa-
rized in Tables 1 and 2. There are two major structural
classes: the pyrimidine-based structures!® and the
triazine structures.?’ Although additional compounds
are available for analysis,?! the vast majority of these
are inactive. So as not to bias the pharmacophore too
heavily in any direction, only a selection of the inactive
compounds were included in the training set.

The underlying operation of the Catalyst software has
already been described in detail.?2-24 Standard param-
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Table 3. Correlation Coefficient (Predicted Activity versus
Actual Activity) for the Three Highest Scoring Hypotheses?

hypothesis  correlation coefficient hypothesis features
1 0.925149 3 hydrophobic groups
1 n-stacking interaction
1 hydrogen bond acceptor
2 0.908083 4 hydrophobic groups
1 hydrogen bond donor
3 0.924639 4 hydrophobic groups

1 hydrogen bond donor

a A value of 1.0 denotes precise prediction of activity. Features
listed are the interactions defined by Catalyst as necessary for
activity.

eters were utilized, and the training set was analyzed
to generate hypotheses comprising of all/any of the
following descriptors: hydrogen bond donors, hydrogen
bond acceptors, hydrophobic aliphatic groups, ring
aromatic interactions, and positively ionizable groups.
This combination of descriptors results in aliphatic
groups being treated as normal whereas aromatic rings
are mapped as vector (2-point) features instead of the
usual centroid single-point feature. Activity data used
was as reported using as K; values for the antagonists
as a measure of their ability to inhibit [*2°1]CRH
binding.1°~20

Results

Previous pharmacophore studies have tended to focus
exclusively on the highest scoring hypothesis. While it
is generally acknowledged that this hypothesis is the
most likely to yield relevant information, there is no
reason to exclude nearby hypotheses which are statisti-
cally close to the highest scoring result and could also
yield useful and relevant information. Therefore, in an
attempt to extract maximum information from the
pharmacophore, we analyzed the three highest scoring
hypotheses. The correlation coefficients (predicted activ-
ity versus actual activity) for these pharmacophores are
listed in Table 3 as well as the features defined by
Catalyst as being necessary for activity. The hypotheses
themselves are illustrated in Figure 1.

Analysis of Pharmacophores. Hypothesis 1: Fea-
tures of this pharmacophore include a s-stacking in-
teraction associated with the aromatic ring and three
hydrophobic regions which correspond to an ortho and
a para substituent on this ring (aligned with the chloro
groups in the example illustrated in Figure 1) and one
N-alkyl side. The substitution patterns on the aryl ring
are thought to contribute significantly to activity with
trichloro substitutions being reported as better than
trimethyl substitutions.® Our model predicts the neces-
sity for two of these substitutions to be present. Further
studies have shown that there is a finite size require-
ment for the alkyl side chains attached to nitrogen at
position 6 of the heterocyclic aromatic ring with the
introduction of bulkier groups (e.g., butyl or benzyl
groups) resulting in a loss of activity.2® Our model only
maps one of these hydrophobic groups at 2—3 sp® bond
lengths from the nitrogen atom.

The final feature illustrated is a hydrogen bond
acceptor arising from the nitrogen at position 3 of the
heterocyclic ring. Previous SAR studies have noted the
importance of this feature with examples showing a
complete loss of antagonist activity with the absence of
this hydrogen-bonding site.®
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bypothesis |
Figure 1. Three highest scoring hypotheses generated for the CRH; pharmacophore. The example overlaid on all three hypotheses
is compound 14 (see Table 2). Hydrophobic regions are highlighted by blue spheres; orange spheres represent zz-stacking interactions

including the projected point of interaction; hydrogen bond acceptors are represented by green spheres with the projected interaction
illustrated by a cone; similarly, projected interactions of hydrogen bond donors are shown by a cone within magenta spheres.

Hypothesis 2: This model also defines the same
hydrophobic features as in hypothesis 1 (two aryl
substitutions and an N-alkyl side chain) but predicts
an additional factor attached to the 2 position of the
heterocyclic ring. Although previous SAR studies have
not detailed the importance of this feature, it appears
that this region cannot tolerate groups much larger than
a methyl. For example, the presence of an ethyl group
in this position results in a significant loss of activity.?°

Also noteworthy with this hypothesis is the inclusion
of the anilino nitrogen as a hydrogen bond donor. This
feature has already been noted as significant as N-
methyl compounds have been tested and shown to lose
over 100-fold in activity.1®

Hypothesis 3: This hypothesis generates a different
combination of the features discussed above. They
include the anilino nitrogen as a hydrogen-bonding site,
two hydrophobic sites, ortho and para, attached to the
aryl ring, a hydrophobic substituent at position 2 of the
heterocyclic ring, and a hydrophobic N-alkyl chain of
2—3 sp® bond lengths from the nitrogen atom.

Comparison of Hypotheses. There are significant
similarities between all three hypotheses. The aryl ring
in all three cases has the ortho and para substituents
present. Noteworthy is that this ortho substituent is
always orientated in the opposite direction to the linking
anilino NH. A further common feature is the presence
of the N-alkyl side chains; in all cases only one side
chain was noted as being significant, and this was
calculated to be optimal at 2—3 sp3 bond lengths from
the nitrogen. It is clear that variations in this hydro-
phobic region can be significant, with the previously
mentioned SAR studies showing a maximal size possible
before observable losses in activity. However, a qualita-
tive observation of the different mappings of compounds
from the training set onto the pharmacophores shows
significant variations in the conformation of these side
chains with no apparent correlation to, or effect on, the
predicted activity.

Another feature of the hypotheses illustrated is the
regularity of the relative conformation the aryl ring
compared to the pyrimidinal ring in all three cases.
Despite the availability of any conformation within a
20-kcal/mol radius of the calculated lowest energy
conformation, if the same training set compound is

hypathesis 2
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conformation conformation

Figure 2. Compound 14 (Table 2) showing the conformation
of ligand proposed as being necessary for activity.’® This
conformation has the aryl ring underneath and orthogonal to
the heterocyclic ring.

overlaid on the pharmacophores from hypotheses 1—3,
the angles between the aromatic rings are 104.5°,
104.5°, and 111°, respectively.

The relative conformation of the two aromatic rings
in the different hypotheses is noteworthy. Previous
studies have predicted an active conformation with the
anilino nitrogen orthogonal to and below the heterocyclic
aromatic ring (Figure 2).1° This prediction arose from
SAR studies that showed the absence of the heterocyclic
5-substitution giving rise to a loss of activity, and this
was attributed to the substituent forcing a conformation
such that the aryl ring swung down more toward the
pyrimidinal nitrogen at position 3. An analysis of our
models shows hypothesis 1 and 2 with the orientation
of the aryl ring swinging up such that there is interac-
tion between the substituent at position 5 and the
aromatic ring. Further, hypothesis 1 has the projected
m-stacking interaction from the aryl ring pointing
toward this substituent, although it should be noted that
this projected z-interaction could equally point in the
opposite direction. However, hypothesis 3 predicts a
relative conformation of the two aromatics closer to the
predicted active conformation in Figure 2. The precise
orientation necessary for activity cannot be distin-
guished from these pharmacophore models and would
require further refinement in future pharmacophore and
SAR studies.

A further significant similarity between all three
hypotheses is the concentration of features at one end
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Figure 3. New CRH; antagonists generated and tested in our
laboratory.

of the pharmacophore. This corresponds to the region
occupied by the aryl ring, anilino nitrogen, and pyrimi-
dine nitrogen in our training set compounds. This
suggests a predominance of the probable interactions
necessary for biological effect is clustered in this region
and highlights the significance of having the correct
conformation of these features for maximal activity.

Combined Pharmacophore Model. As part of the
process of validating our generated pharmacophores, we
have utilized published SAR results in direct compari-
son to features predicted to be necessary for activity
within our pharmacophore models. We have not re-
stricted ourselves to a single model but have extended
our analyses to encompass the three highest scoring
hypotheses. Significant duplication of features between
these models has been illustrated. However, some
molecular components have not appeared in all of the
pharmacophore models analyzed, although studies have
shown them to be probably necessary for activity. For
example, no single model predicted the three features,
i.e., an ortho aryl substituent, the anilino nitrogen, and
the pyrimidinal nitrogen, as concurrently being signifi-
cant for activity. Additionally, the question concerning
the precise conformation needed for activity has not
been fully resolved. Therefore, to maximize the predic-
tive possibilities of our model, we decided to utilize all
three models in a ‘combined pharmacophore’ for all
future studies.

New CRH Antagonists. A series of compounds were
synthesized (see Figure 3) and tested in our laboratory
for CRH; activity (Figure 4). The agonist/antagonist
activity of these molecules was assessed with a -en-
dorphin (ACTH) stimulation assay in AtT20 cells. These
cells are cultured and then stimulated with 10 nM CRH.
The increase in g-endorphin levels above the basal level
is recorded; then test compounds are added to the
stimulated cells, which are incubated, and the level of
p-endorphin is recorded. A decrease in SB-endorphin
levels (<100%) is indicative of antagonist activity, and
an increase in S-endorphin levels (>100%) is indicative
of agonist activity. Antalarmin, a known CRH type 1
antagonist, is used as the control. It should be noted
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Figure 4. CRH type 1 antagonist activity: left, effects of
antalarmin on CRH (10 nM) stimulation of -endorphin in
cultured cells at different concentrations; right, effects upon
addition of the synthesized compounds. The antagonistic
effects of compounds 21—25 were recorded at 100 uM.

that the CRH-stimulated S-endorphin release reported
below has been normalized to 100%, with the decrease
reported relative to the stimulated level.

Figure 4 shows that a 100 uM concentration of
antalarmin results in a 54% decrease in CRH-stimu-
lated p-endorphin release, typical of its antagonistic
effects. Similarly the CRH type 1 antagonistic effects
of compounds 21—-25 are clearly illustrated with de-
creases by 54%, 43%, 23%, 64%, and 65%, respectively,
for each compound.

Table 4 summarizes the results from the superposi-
tion of these new antagonists with the three highest
scoring hypotheses generated. The conformational en-
ergy calculated for each is given, along with the calcu-
lated fit?> and estimated activity. The features which
map onto the hypotheses are listed, and Figure 5
illustrates an example of each compound mapped onto
one of the hypotheses.

For both 21 and 22, the fit calculated is only moder-
ate, and as a consequence, a poor estimate of activity is
obtained. This arises from the size of these molecules
which are approximately one-half that compared to the
compounds used to generate the pharmacophores. Con-
sequently, there are features of the pharmacophores
which are completely missed by overlaying these com-
pounds. However, a qualitative analysis of overlays
shows a good alignment of three of the features in the
area in that 21 and 22 occupy. Compound 21 has a
tested antagonistic activity 11% better than compound
22. Although it is only hypothesis 3 that predicts a
slightly better activity between these two compounds,
the effects of the small molecular size relative to the
pharmacophore size probably has too large an effect for
the precise prediction of relative activity. However, the
strong antagonist effects of these small compounds
suggest that they possess many of the molecular fea-
tures required for activity. This supports the finding
that a cluster of pharmacophore features in the region
occupied by these compounds possibly accounts for the
major interactions between antagonists and receptor.

Compounds 24 and 25 have essentially the same
antagonistic activity with 64% and 65% decreases in
simulated S-endorphin release, respectively. Both ex-
amples map all the features for all three pharmaco-
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Table 4. Summary of Results for Compounds 21—25 and Their Interactions with the Pharmacophore Hypotheses Generated?

conformational

estimated activity

compd energy (kcal-mol~1) fit Ki (nM) matching mapping features
Me hypo 1: 0.00 6.99 8.1 x 10° chloro substituent (aryl ring), methyl substituent
S’ (hydrophobic region), s-stacking
/l\ hypo 2: 1.30 3.41 3.4 x 107 ortho and para chloro substituents (aryl ring),
N= l\l methyl substituent (hydrophobic region)
)\)\ hypo 3: 0.01 5.45 7.7 x 108 ortho and para chloro substituents (aryl ring),
cl cl methyl substituent (hydrophobic region)
21
cl hypo 1: 0.01 7.42 3.0 x 10° m-stacking, ortho and para chloro substituents
)\ (aryl ring)
NZ "N hypo 2: 0.01 4.24 5.0 x 106 ortho and para chloro substituents (aryl ring)
)\)\C hypo 3: 0.01 4.98 2.3 x 107 ortho and para chloro substituents (aryl ring)
Me I
22
cl hypo 1: 6.52 9.89 1000 ortho and para chloro substituents (aryl ring),
m-stacking, pyrimidine nitrogen H-bond donor
N= | hypo 2: 8.19 8.44 310 ortho and para chloro substituents (aryl ring) map,
M )\\ anilino nitrogen present as H-bond donor,
e N 'NH hydrophobic region (methyl substituent)

Cl Cl hypo 3: 8.19 9.72 410 ortho and para chloro substituents (aryl ring),
mr-stacking interaction, anilino nitrogen
present as H-bond donor

Cl
23
hypo 1: 1.158 12.35 3.6 maps all features of the pharmacophore
f hypo 2: 13.00 10.52 2.6 maps all features of the pharmacophore
HN hypo 3: 13.82 12.28 11 maps all features of the pharmacophore
N
|
N" > NH
Cl Cl
Cl
24
hypo 1: 6.65 12.30 4.0 maps all features of the pharmacophore
hypo 2: 8.62 10.36 3.8 maps all features of the pharmacophore
HN hypo 3: 15.95 12.09 1.8 maps all features of the pharmacophore
|
)\N/ NH
Cl Cl
Cl
25

aValues reported for the ‘fit’ function are generated by Catalyst and reflect directly the number of features of the test compounds and
how well these features map onto the pharmacophores. The values reported for the ‘estimated activity' are given as K;, reflecting the
input data of the training set. Comparisons of activity between 21—25 and the estimated fit generated by Catalyst are relative only, due
to the different assay used for 21—25 compared to that used for the compounds in the training set.

phores and consequently give rise to excellent fit and
estimated activity values, as would be expected for good
antagonists. It should be noted that the predicted
activity is in the same order of magnitude for each
hypothesis.

The fit and estimated activity for these compounds
are approximately the same for all three hypotheses,
and this suggests that although some features of these
hypotheses are different, they probably all contribute
as important features of the combined pharmacophore.
This result is confirmed by 23 which shows a similarity

between its fit and estimated activities for all three
hypotheses.

Compound 23 has a 23% decrease in simulated -en-
dorphin release, and this decrease in antagonist activity
relative to 24 and 25 is reflected in the fit and estimated
Ki values when it is overlaid on all three pharmaco-
phores. This decrease in expected activity arises from
23 missing a hydrophobic group on all pharmacophores.
This would normally correspond to the N-alkyl side
chain present in the training set compounds. The
compound maps three features for each of the hypoth-



2356 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 13

17 1:".1 : Pk
ok,
p S
21-hypol 21-hypol

eses, and therefore, any differences in fit arise from how
well the molecule overlays onto each of the pharma-
cophore features.

A comparison of the estimated K; values of 23 with
24 and 25 shows a relative correlation between pre-
dicted K; values and actual activity. Although these
activities are 2 orders of magnitude different, a direct
comparison of absolute antagonist effects is not possible
due to the difference in assays between the data used
to generate the pharmacophores and the data generated
in our laboratory.

Conclusions

A preliminary pharmacophore for CRH; antagonists
has been generated and validated based upon new
antagonists developed in our laboratories and by com-
parison with published SAR studies. For our studies,
we have used the three highest scoring hypotheses
generated, and although many of the features predicted
necessary for activity are comman in all three, the
features which only mapped to one or two of these
hypotheses were shown to still be significant. This gave
rise to a combined hypothesis model, which was sub-
stantiated by comparison with both published SAR
studies and five new antagonists developed in our
laboratory. The combined pharmacophore suggested
that for substantial activity, a clustering of features in
one region is required. The conformation of these
features within the pharmacophore required for optimal
activity requires further investigation, and these phar-
macophore studies are currently underway.

Experimental Section

AtT20 Cell Cultures. AtT20 mouse anterior pituitary
tumor cells were grown and subcultured in Dulbecco’'s modified
Eagle’s medium (DMEM) (4500 mg of glucose/L, with glutamine)
(Gibco, Grand Island, NY) buffered with Hepes and NaHCO3;
(BDH Chemicals) at pH 7.4, supplemented with 10% fetal
bovine serum (Cytosystems, NSW, Australia), 5% horse serum
(Gibco), and penicillin—streptomycin (100 1U/mL, 100 mg/mL).
Cells were plated in 24-well plates (nunclon-22, falcon-23) at
an initial density of 50 000 cells/well and were used 3 days
after subculturing (~60% confluency).

ACTH Release Experiments. The cells were washed with
incubation medium (DMEM containing bovine serum albumin
(0.2%, wiv) (Sigma Chemical Co. Ltd., St. Louis, MO) and then
incubated for 90 min at 37 °C in a humidified atmosphere of
5% CO; in air. The supernatant was removed, and cells were
treated with 0.5 mL of incubation medium containing the
specified drug together with 10 nM hCRH (Peninsula Labo-

Z3-hypol
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24 -hypo 3 28 - hypo3

Figure 5. Compounds 21—25 overlaid on selected hypotheses. Features illustrated are coded as defined in Figure 1.

ratories, Belmont, CA). Following a 60-min incubation the
supernatant was collected and frozen at —80 °C until assayed.

Pharmacophore Generation. Standard parameters were
utilized and the training set was analyzed to generate hy-
potheses comprising of all/any of the following descriptors:
hydrogen bond donors, hydrogen bond acceptors, hydrophobic
aliphatic groups, ring aromatic interactions, and positively
ionizable groups. Activity data used was as reported using K;
values for the antagonists as a measure of their ability to
inhibit [***I]CRH binding.1®%° Overlays of most compounds
with pharmacophores was completed using the Best Fit
command within Catalyst, utilizing a 20-kcal-mol~? limit for
conformational energy. Overlays using 22 utilized the Fast Fit
command within Catalyst due to a known program bug which
does not allow the Best Fit command to be used with
conformationally inflexible compounds.
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