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Dihydropyridopyrazinones and Dihydropteridinones as Corticotropin-Releasing Factor-1
Receptor Antagonists: Structure—Activity Relationships and Computational Modeling
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The CRF antagonist pharmacophore is a heterocyclic ring bearing a critical hydrogen-bond acceptor nitrogen
and an orthogonal aromatic ring. CRFR1 antagonists have shown a 40-fold and 200-fold loss in potency
against the CRFR1 H199V and M276] mutant receptors, suggesting key interactions with these residues.
We have derived a two component computational model that correlates CRFR1 binding affinity within the
reported series to antagoinst/H199 complexation energy and M276 hydrophobic contacts.

Introduction

Corticotropin releasing factor (CRf-a 41 amino acid peptide
first isolated in 198Z%,is the primary regulator of the hypo-
thalamus-pituitary-adrenal (HPA) axis, coordinating the endo-
crine, behavioral, and autonomic responses to stréds.has
been postulated that hypersecretion of CRF may be involved
in affective disorders including depression and anxiety.
Patients suffering from depression have elevated levels of CRF
in the cerebral spinal fluid (CSF). These levels are reduced when
the depression symptoms have been successfully tr&atede
Additionally, a small molecule CRFR1 antagonist, CP-154,526,
has been shown to block the behavioral effects of exogenously
administered CRF in rat models of anxiéfy® Moreover, an
open-labeled clinical trial studying the effects of CRFR1

antagonist R121919 in depressed patients demonstrated reduc-

tions in depression and anxiety scoté$his evidence suggests
that small molecule antagonists of CRFR1 would serve as a
treatment for anxiety-related disorders and/or depression.

We recently reported the synthesis, structuaetivity rela-
tionships (SARs), and in vivo properties of 3,4-dihydrd-1
pyrido[2,3b]pyrazin-2-ones as CRFR1 antagon&tBuring the
course of this investigation, we discovered some interesting
trends in the binding affinity of various analogs within this and

Table 1. Binding Affinities for Pyridopyrazinone/Pyridopyrazine vs
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measuring displacement of2fi]Tyr-o-CRF from rat frontal
cortex homogenate. As seen in Table 1, pyridopyrazinone analog
lais a very potent CRFR1 antagonist with and@f 0.92 nM.
Reduction of the amide carbonyl €O — X = H)) in the
right-hand ring led to a 4.6-fold loss in potendyb( ICso = 4.2

closely related series. In this paper we demonstrate the use ofnM). Even more dramatically, when the pteridinone analog (A

molecular modeling to help explain the differences in binding
affinity that were observed and develop this as a predictive tool
to help guide further SAR studies.

Structure —Activity Relationships

To develop the SARs for this series of small molecules, we
evaluated the compounds in a CRFR1 binding assay by
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= CH; — A = N) of lawas evaluated, we observed a 100-
fold loss in activity (Lc, ICso = 95 nM). However, when the
amide carbonyl of the pteridinone analog was reduced, some
of the potency was regainedd, ICso = 11.7 nM).

To determine if this trend holds true for other analogs in this
series, we examined several other sets of compounds for binding
potency (Table 2), varying the 8-amino side chain as well as
the 4-aryl groups. When a pyridyl substituent was attached to
the 4-position of the pyridopyrazinone, the potency of the analog
was maintained 2a, ICsp = 0.82 nM). Reduction of the
pyrazinone carbonyl lead to a 2.7-fold loss in poterfly, (Cso
= 2.2 nM). Again, a more drastic loss of potency was observed
for the pteridinone analo@¢, 1Cso = 60 nM), while the reduced
pteridine analog was more pote@d( ICsp = 9.9 nM) than the
pteridinone.

When a less lipophilic methoxy group is added to the 8-amino
side chain, as in compoun@s—d, the overall potency is much
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Table 2. Binding Affinities for Pyridopyrazinone/Pyridopyrazine vs

Pteridinone/Pteridine
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binding energy of the dihydropyridopyrazinone and dihydro-
pteridinone series of CRFR1 antagonists is derived from a direct
interaction with H199 and additional contributions from contact
with M276. The H199 interaction consists of a hydrogen bond
between the sp2 nitrogen in the core scaffold and the protonated

a|Csp values i = 2 or 3)+ SEM.

worse compared to the more lipophille—d analogs, but the
trend above still holds. PyridopyrazinoBa (ICso = 43 nM) is

2-fold more potent than pyridopyrazid® (ICso = 87 nM) and
72-fold more potent than pteridinorge (ICso = 3113 nM).
Pteridinone3c is 15-fold less potent than the pteridinogd

histidine nitrogen in addition to a—x stack with the pendant
aromatic ring (Figure 1).
If the antagonists are forming a direct interaction with the

(ICs0 = 210 nM). imidazole side chain from H199, one might expect a correlation
To reduce the electron density of the lower aryl ring of these between the interaction energy of the antagonist/histidine
analogs, an electron withdrawing group was attached to the complex and the experimental dCvalues. The interaction
4-aryl ringparato the anilinic nitrogen{CN for analogsta—d energies between the imidazole moiety of H199 and the series
and—COMe for analog$a—b). In these cases the potency of of antagonists reported here were evaluated with ab initio
the pyridopyrazinones was similar to that of the pyridopyrazines methods as described in the Experimental Section. The model
(compareda, ICso = 3.3 nM, to4b, ICso= 3.5 nM; and compare  system used in this study consisted of the compounds listed in
5a, IC5p = 5.8 nM, to 5b, ICsp = 8.2 nM). However, the Table 2 in complex with 4-methyl imidazole. There are four
difference in potency between the pyridopyrazine analogs andpossible orientations of the 4-methyl group of the imidazole
the pteridinone analogs was even more pronounced (compareing moiety relative to the core scaffold of the antagonist. At
43, 1Cs0 = 3.3 nM, to4c, ICso = 573 nM; and comparéa, the outset it was not possible to predict which was preferred,
ICs0 = 5.8 nM, to5¢, ICso = 713 nM). This trend in potency  so four complexes were evaluated for each antagonist. The initial
between analoga—d was fairly consistent within a variety of  geometries of the antagonist/imidazole complexes were gener-
sets of analogs in this series. We next set out to develop aated starting from the B3LYP/6-31G* minimized antagonist and
computational model to help explain the observed binding trends 4-methylimidazole structures. The complexes were then built
and to potentially serve as a predictive tool for other analogs in by placement of the 4-methylimidazole with one of its nitrogens
this series. within 2.5 A of the antagonist sp2 nitrogen closest to the pendant
Several pharmacophore models of CRFR1 antagonists havearyl ring. The centroids of 4-methylimidazole ring and the
been reported~24 The dihydropyridopyrazinone and dihydro-  pendant aryl ring were aligned, then the planes of the two rings
pteridinone based compounds fit within the established model, were made parallel and separated by 3 A. These initial
but it was apparent that subtle SAR effects could not be geometries were minimized with MMFF94s and used as the
predicted with pharmacophoric methods. The SAR suggests thatstarting geometries for the ab initio minimizations. Each
the electronics of the bicyclic core and the pendant aryl ring complex was fully minimized with no constraints.
play a critical role in their interaction with the CRF1 receptor. From the minimized complexes, the complexation energy
There are two immutable features of the CRFR1 pharmacophore(CE) was calculated using
that could potentially be modulated by the electronic character
of the antagonist; a hydrogen bond acceptor that is generally a
nitrogen in a heteroaromatic ring and a closely spaced aromatic
moiety. The proximity and chemical nature of these two features where Ecomplex iS the B3LYP/6-31G** energy of the complex
led us to the hypothesis that a critical interaction was formed and Eantagonistand Eimidazole are the energies of the antagonist
with either a charged residue (lysine, arginine) or an aromatic and 4-methylimidazole, respectively. There appeared to be no
residue with a hydrogen bond donor (tryptophan, histidine, relationship between the complexation energies aggiM&ues

CE= Ecomplex_ (Eantagonist+ Eimidazole)
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Figure 2. (A) Correlation between the calculated complexation energy of the antagonist/4-methylimidazole complex and experigpef@al IC
Experimental 1Go versus PISA. (C) Experimental 4gversus predicted |4 calculated from the model.

for three out of four of the possible orientations, however, there H199, M276, and the antagonists may exist. In an attempt to
did appear to be a modest correlation from the 4-methylimid- test this hypothesis, a computational model was built to evaluate
azole orientation shown in Figure 1, resulting in the equation the interaction between the imidazole side chain of H199 as
with an R? of 0.16 (data not shown). Because the predicted well as the putative hydrophobic contribution of M276. An
interaction between the antagonists and imidazole involves bothinitial single component model containing only the interaction
a hydrogen bond andsa— interaction, it is likely that B3LYP energy between 4-methyl-imidazole and the antagonist showed
does not accurately model the energetics of the system. A highera trend between increasing energy and weaker binding affinity,
level of theory that incorporates electron correlation and diffuse but the correlation was modest. The predictive ability of the
functions may serve as a better model for the hydrogen bondingmodel was significantly enhanced by the inclusion of the PISA
and z—x stacking in this syste#f Thus, energies were descriptor, which captures the hydrophobic character of the
calculated at the LMP2/6-311G**+ level of theory. This did aromatic portions of the antagonist. Our interpretation of these
in fact result in a more robust model (Figure 2A), giving the results is that the combination of the energetic and PISA
equation with arR? of 0.309. descriptors results in a reasonable model of the antagonist
Given that the mutagenesis work had suggested that M276interaction with H199 and M276 within the dihydropyrido-
was involved in antagonist binding, it seemed reasonable to addpyrazinone and dihydropteridinone series. We are currently
a hydrophobic component to our model to capture this interac- exploring whether this model can be extrapolated to a more
tion. The Qikprop” set of surface area derived descriptors diverse set of CRFR1 antagonists.
(SASA, FOSA, FISA, PISA, WPSA) were selected to describe ) .
this aspect of compound binding. Model building with these EXPerimental Section
descriptors in combination with CE resulted in a substantially = Biology. Rat CRF Receptor Binding Assay. Frozen rat frontal
more predictive two component PISA and CE containing model cortex (source of CRFR1) or frozen porcine choroid plexus (source
with anR? of 0.71 (Figure 2C). The correlation between PISA 0f CRFR2) were thawed rapidly in assay buffer containing 50 mM

alone and log(16) was weak (Figure 2B) and PISA was found Hepes (pH 7.0 at 23C), 10 mM MgCh, 2 mM EGTA, 1ug/mL
to be uncorrelated with CERE = 0.083, data not shown). ~ 2Protinin, lug/mL leupeptin, Jug/mL pepstatin A, 0.005% Triton
Because the PISA descriptor is a measdre ottlwemponent X-100, 10U/mL bacitracin, and 0.1% ovalbumin and homogenized.

f th | ibl f e . ith The suspension was centrifuged at 32 @p@or 30 min. The
of the solvent accessible surface area, it is consistent With a,¢q,iing supernatant was discarded and the pellet resuspended by

predicted hydrophobic interaction with M276 with an aromatic - homogenization in assay buffer and centrifuged again. The super-
portion of the compound. The combined model is interpreted natant was discarded, and the pellet was resuspended by homog-
to capture both the interaction with H199 (CE) and M276 enization in assay buffer and frozen-af0 °C. On the day of the

(PISA). experiment, aliquots of the homogenate were thawed quickly, and
the homogenate (2&g/well rat frontal cortex or 1@g/well porcine
Conclusions choroid plexus) was added to the ligand (150 pf-ovine-CRF

. . . . - . for CRFR1 binding or 100 pM?4-sauvagine for CRFR2 bindin
The dihydropyridopyrazinone and dihydropteridinone derived 4 drugs in a togtal volurrl?e of 106L gssay buffer. The assgg/

compounds reported here possess the two key pharmacophoriixture was incubated f@ h at 21°C. Bound and free radioligand
elements of CRFR1 antagonists; a hydrogen bond acceptor andyere then separated by rapid filtration using glass fiber filters
pendant aryl ring. As such, they all bind to CRFR1, but with (Whatman GF/B, pretreated with 0.3% PEI) on a Brandel Cell
affinities that range from subnanomolar to low micromolar. The Harvester. Filters were then washed multiple times with ice cold
SAR observed within the two series suggests a sensitivity to wash buffer (PBS w/o G4 and Mg, 0.01% Triton X-100 (pH
the electronic nature of the pendant aryl ring as those compounds?-0 at 23°C)). Nonspecific binding was defined using /M
with electron withdrawing groups tended to be less potent. The PMP696 in the CRFR1 binding assay angl o-helical CRF
electronics of the core also play a role, presumably though (9—41) in the CRFR2 binding assay. Filters were then counted in
: R a Wallac Wizard gamma counter.
modulation of the hydrogen bond acceptor. This is demonstrated

. Computational. Starting geometries of the antagonist structures
by the loss of potency upon reduction of the carbonyl of the and 4-methyl imidazole were generated from 2D structures using

pyridopyrazinone series and a further loss of potency in the ¢ lignrep protocol implemented in the Mae&kranodeling

equivalent pteridinone analogs. These observations coupled withpackage. These structures were then minimized in Macromodel
reported effects of the H199V and M2671 mutations on NBI using the MMFF94s force field with a constant dielectric of 1.0.

27914 led to the hypothesis that specific interactions betweenThe minimized geometries were used for the construction of the
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antagonist/imidazole complexes. The centroids of the antagonist (13) Gold, P. W.; Loriaux, D. L.; Roy, A.; Kling, M. A; Calkabrese, J.

pendant aromatic ring and 4-methyl imidazole were aligned, and R.; Kellner, C. H.; Nieman, L. K.; Post, R. M.; Pickar, D.; Gallucci,
the plane of the two rings was made parallel and separated by 3 A. W.; Augerinos, P.; Paul, S.; Oldfield, E. H.; Cutler, G. B.; Chrousos,
The imidazole ring was then rotated on the axis defined by the G. P. Reponses to corticotropin-releasing hormone in the hyper-
two ring centroids until the methyl group was in the desired location cortisolism of depression and Cushing's disedseEngl. J. Med.

1986 314, 1329-1335.
(14) Nemeroff, C. B.; Widerlov, E.; Bisette, G.; Walleus, H.; Karlsson,
I.; Eklund, K.; Kilts, C. D.; Loosen, P. T.; Vale, W. Elevated

and one of the two nitrogens within hydrogen-bonding distance to
the antagonist acceptor nitrogen. The imidazole tautomer was
adJUSteq so the pro.tonatEd nitrogen hydrogen bonded. t.o .the concentration of CSF corticotropin-releasing factor-like immuno-
antagonist acceptor nitrogen. These complexes were then minimized reactivity in depressed patienciencel984 226, 1342-1344.

as above. The minimized geometries were used as the iNput (15) Arato, M.; Banki, C. M.; Nemeroff, C. B. Hypothalamic-pituitary-

structures for optimization at the B3LYP/6-31G** level of theory adrenal axis and suicidéinn. N.Y. Acad. Scil986 487, 263—

in vacuum using the Jagi#aprogram. Single point energies were 270.

calculated from the B3LYP/6-31G** optimized geometries at the  (16) Nemeroff, C. B.; Bisette, G.; Akil, H.; Fink, M. Cerebrospinal fluid

LMP2/6-311G**++ level of theory. neuropeptides in depressed patients treated with ETC: corticotropin-
The SASA, FOSA, FISA, and PISA descriptors were calculated releasing factor$-endorphin and somatostati®. Psychiatry1991,

from the optimized antagonist geometries using the Qikprop(27) 158 59-63.

program. QSAR models were generated using the Strike module (17) Chen, Y. L.; Mansbach, R. S.; Winter, S. M.; Brooks, E.; Collins,

within Maestro with log(IGo) as the dependent variable and CE, J.; Corman, M. L.; Dunaiskis, A. R.; Faraci, W. S.; Gallaschun, R.

SASA, FOSA, FISA, and PISA as independent variables. Multiple J.; Schmidt, A.; Schulz, D. W. Synthesis and oral efficacy of a

linear regression was used to generate an optimal two component ~ 4-(butylethylamino)pyrrolo[2, 3pyrimidine: A centrally active cor-
model, which is shown in Figure 2C ticotropin-releasing factorl receptor antagonistvied. Chem1997,

40, 1749-1754.
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