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Abstract—Potent small molecule antagonists for the PAC1-R have been discovered. Previously known antagonists for the PAC1-R
were slightly truncated peptide ligands. The hydrazides reported here are the first small molecule antagonists ever reported for this
class B GPCR.
� 2008 Elsevier Ltd. All rights reserved.
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The pituitary adenylate cyclase-activating polypeptide
(PACAP) receptor type 1 (PAC1-R) is a Class B GPCR
closely related to the vasoactive intestinal peptide (VIP)/
integrin/glucagon family of receptors.1,2 PACAP binds
to the PAC1-R selectively over VIP, and also binds to
the VIP receptors, VPAC1 and VPAC2. The truncated
peptide PACAP(6-38) binds selectively to PAC1-R.3

Two other peptides with no significant sequence similar-
ity to PACAP also bind to PAC1-R: maxadilan, a selec-
tive agonist, and a shortened version termed M65, acts
as a specific PAC1-R antagonist.4–6 Recently, the solu-
tion structure and binding mode of PACAP(6-38) to
the extracellular domain of PAC1-Rs have been
reported.7

Identifying drug-like small molecule antagonists for
class B GPCRs where the natural agonists are large pep-
tides remains a challenge. Only 5 of the 15 known class
B GPCRs have small molecule ligand binders and the
class remains largely unexplored with small molecule
inhibitors. Discovery of small molecule antagonists for
key GPCR protein–protein/peptide interaction remains
a significant challenge in the area of drug discovery.8–10

This is the first report of any small molecule (non-pep-
tide) antagonists for the PAC1-R. The PAC1-R has been
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implicated in neuroprotection,11 and is widely dispersed
in the central nervous system (CNS). It is also upstream
from the MAP-KK signaling system involved in cell cy-
cle regulation. The PAC1-R presents a potential novel
target for small molecule drug discovery in the areas
of neuroscience, oncology, and immunoscience.12,13

Two lead hydrazides shown in Figure 1 were identified
from the Abbott compound library using the 125I-PA-
CAP27 radioligand binding assay to the PAC1-R ex-
pressed in HEK293f membranes.14 Hydrazide 1
efficiently inhibited radioligand binding with a Ki of
56 nM. This compound was subsequently shown to be
a functional antagonist for the PAC1-R in a calcium in-
flux assay with a potent Kb calculated to be 200 nM.15

We assumed that this series is competitive with the pep-
tide ligand in both the radioligand competition and the
calcium flux assay, however because of the affinity of the
PACAP27, equilibrium conditions were difficult to dem-
onstrate. In the radioligand binding assay, hydrazide 2
exhibited similar potency with a Ki of 73 nM. The objec-
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Figure 1. Structures of lead hydrazides that bind to PAC1-R.

mailto:xenia.b.searle@abbott.com


distal ring

middle ring

N
H

O

N

EWG
HO

Ar

hydrazide
 linker benzyl 

ether

acyl phenol

no changes 
tolerated

small changes 
tolerated

inverse 
ethers 

tolerated

necessary, can be 
m- or p- branched

necessary, 
tolerates EWG

R

Figure 2. Structural components and SAR trends of hydrazide leads.

Table 1. Modified phenol and linker hydrazides for PAC1-Ra
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Table 2. PAC1-R binding affinity of hydrazide distal ring modifications
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tive was to develop SAR around these two potent PAC1-
R antagonists. It is interesting to note that these two hits
are potent reference glucagon receptor antagonists.16

However, other compounds in our compound collection
with glucagon activity showed no binding to the PAC1-
R.

The synthesis of new hydrazides was accomplished by
known methods17 via the coupling of acyl hydrazides
with aldehydes. The aldehydes were synthesized by reac-
tion of the appropriate phenolic aldehyde and aryl bro-
mide. The hydrazides were synthesized by coupling of
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Table 3. PAC1-R binding activity of middle and distal ring combinations
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appropriate benzoic acids with Boc-protected hydrazine
followed by deprotection. All new compounds were
purified by flash chromatography and were character-
ized by 1H NMR and MS.

For the purposes of systematic SAR studies the lead
compounds were divided into four regions and the over-
all trends are summarized in Figure 2. Both hits were
clearly similar having a p-acyl phenol with a hydrazide
linker to a middle aromatic ring that is further linked
via a 2-atom linkage to a distal aromatic ring. The
SAR studies were undertaken to investigate the effect
of changes in four regions of the hydrazide lead com-
pounds: the phenol portion; the hydrazide linker; the
middle aromatic ring and the distal aromatic ring. We
found that no changes were tolerated for the acyl phe-
nol. Small changes were tolerated in the hydrazide lin-
ker. The middle and distal aromatic rings were
necessary for potency, but many small changes to these
rings and linkers were acceptable. The distal aromatic
ring preferred a lipophilic group appended, but the lipo-
philic group was not crucial for potency.

Preliminary SAR is shown in Table 1. We discovered
that both the p-phenol and the m-electron-withdraw-
ing group (EWG) were crucial to high PAC1-R affin-
ity and sequential removal of these substituents
resulted in inactive compounds 3 and 4. Electron
donating groups such as m-OMe reduced binding
activity as shown in entry 5. The 3,4-dioxolane and
2 0,2 0-difluoro-3,4-dioxolane analogs were completely
inactive. A p-SO2NH2 in place of the p-OH group
was inactive as was the m-OH phenol. Nitrogen
and oxygen-containing heterocyclic phenol isosteres
similar to compound 6 were inactive. The hydrazide
linker was modified as well. Borohydride-mediated
reduction of the hydrazide gave compound 7 with
the saturated hydrazine linker. This compound
showed weak binding to PAC1-R. Coupling of the
acyl hydrazine with the corresponding acid gave com-
pound 8, which also displayed weak binding to
PAC1-R. Constricting the linker in an oxadiazole or
thiadiazole as shown in entries 9 and 10 resulted in
loss of PAC1-R affinity.

We next explored small changes to the distal ring of the
hydrazide leads and the results are shown in Table 2.
Our approach was to mix and match the substitutents
on the two lead compounds to determine which changes
were tolerated, if any.
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Moving the p-isopropyl benzyl ether distal ring to the
meta-position of the middle ring maintains PAC1-R
binding affinity as shown for entry 11. Changing to
the tetramethyl benzyl ether from hydrazide lead com-
pound 2 results in similar binding affinity as shown in
entry 12 or an insoluble18 compound in entry 13.

We also explored different benzyl groups for the inda-
zole lead compound 2 and these results are summarized
in Table 2, entries 14–18. Changes were less tolerated for
these indazole compounds, the best being the m-trifluo-
romethyl (CF3) benzyl group in compound 14 with a
binding affinity similar to that of compound 2. Binding
was also observed with the p-isopropylbenzyl group in
compound 15 and weak binding was observed for com-
pounds simple benzyl (16), 3-pyridyl (17), or extended
benzyloxybenzoyl (18). Lipophilic substituents on the
distal ring are required for binding to PAC1-R for both
the indazole and dimethoxyphenyl middle rings.

Next, SAR studies focused on middle and distal ring
combinations of hydrazide 1 are shown in Table 3.
These examples represent the largest changes to the
hydrazides that were tolerated. The dimethoxy groups
were systematically removed from the middle aryl ring
and these changes were combined with different substit-
uents on the distal benzyl ether. Compounds that retain
the dimethoxy groups of the middle ring with the distal
ring benzyl ether unsubtituted (19), m-CF3 (20), and p-
CF3 (21) are potent binders. Interestingly, we lose all
activity when the m-CF3 benzyl ether is linked through
the m-position (22) instead of the p-position (20) of
the middle ring. The potency drops when the middle
dimethoxy groups are removed, as we compare entries
19 and 31. For compounds containing a m-CF3 in the
benzyl ether, compared to entry 20, lose two-fold po-
tency when one (26) or both (32) methoxy groups are re-
moved from the middle ring. For compounds with a p-
CF3 in the benzyl ether, compared to entry 20, are only
weak binders with one (27) or no (33) methoxy groups in
the middle ring. Remarkably, entry 22 with the m-CF3

benzyl ether linked through the m-position of the middle
ring, regains potency when dimethoxy groups are absent
as in entry 34. Entries 23, 28, and 29 show that weaker
binding is observed upon introduction of an acetamide
group to the distal benzyl ether. In general, the most po-
tent compounds contain both dimethoxy groups in the
middle aromatic and an aliphatic group on the distal
aromatic ring.

Compounds were also synthesized with the reversed
benzyl ether linkage between the middle and distal aro-
matic rings. Entries 30 and 36 show a two-fold improve-
ment in potency when compared to compound 34. This
trend is not general, however, because when we compare
the unsubstituted benzyl ethers the reversed benzyl ether
for entry 24 is weaker in potency than entry 31.

In conclusion, we have synthesized acyl hydrazides that
show binding to the PAC1-R with nM binding affinity.
We have developed SAR around the linker, middle,
and distal rings of the hydrazides. These compounds
represent the only small molecules that bind to this class
II GPCR. These acyl hydrazides should be useful in fur-
ther elucidating the biological significance of PAC1-R.
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