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ABSTRACT

We recently identified novel small-molecule ayuaists of the PACAP type | (PAC1)
receptor using docking-baseadsilico screening followed bin vitro/vivo pharmacological
assays. In the present study, we synthesized 18 devivatives based on the structure of PA-9,
a recently developed antagonist of the PACL1 recepith a view to obtain a panel of
compounds with more potent antagonistic and anialgesivities. Among them, compouid
showed improved antagonistic activities. Intrath@gaction of3d inhibited both pituitary
adenylate cyclase-activating polypeptide (PACAR) spinal nerve ligation-induced
mechanical allodynia. The effects were more paiest PA-9. Compoun8d also showed
anti-allodynic effects following oral administratioHence, our results suggest tBatmay

become an orally available analgesic in the treatragthe neuropathic pain.
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1. Introduction

Pituitary adenylate cyclase-activating polypeépt{PACAP) was originally isolated from

ovine hypothalamic extracts based on its abilitgttmulate adenylate cyclase in rat anterior

pituitary cell cultures [1]. PACAP exists as twaraats, a 38-amino acid form (PACAP38)

and a 27-amino acid C-terminal truncated form (PARQA) [1, 2]. Both peptides share 68%

homology with vasoactive intestinal polypeptide RY,lindicating that PACAP belongs to the

VIP/secretin/glucagon superfamily [1, 2, 3]. Thoestinct G-protein-coupled receptors

mediate the actions of PACAP and VIP. Unlike VHe two forms of PACAP bind to PACAP

type | (PAC1) receptor, which is coupled mainlattenylate cyclase/protein kinase A, with

high affinity and selectivity. VPACand VPAG receptors, also primarily coupled to adenylate

cyclase, however, interact with PACAP and VIP vgtimilar affinities [3, 4].

Previously, we demonstrated that a single ingeal (i.t.) injection of PACAP or

maxadilan (Max), a selective PAC1 receptor agdbisi6], induced transient nociceptive

behaviors followed by a long-lasting mechanicab@yhia in mice [7, 8]. Furthermore, we

also demonstrated that the induction of PACAP- axNhduced transient nociceptive

behaviors and mechanical allodynia were prevenyespmal pretreatment with max.d.4, a

peptide antagonist for the PAC1 receptor [7, 8pSéhresults suggest that the spinal

PACAP-PACL1 receptor systems play an importantirotee modulation of spinal nociceptive



transmission and induction of chronic pain. Oudinys, together with the previous studies,

indicate that the PAC1 receptor is a potential daewget for the treatment of both

inflammatory pain and neuropathic pain.

Recently, we identified novel small-moleculeagtnists of the PACL1 receptor, named

PA-8, PA-9, and PA-10, using docking-basedilico screening followed byn vitro/vivo

pharmacological assays [9]. The results ofith@vo pharmacological assays demonstrated

that i.t. injection of these compounds blocked ctthin of PACAP-induced aversive responses

and mechanical allodynia in mice. In contrast,dbmpounds themselves exerted neither

agonistic nor algesic effects in thmevitro/vivo assays. We therefore concluded that PA-8, PA-9,

and PA-10 could be used as seed compounds foragenglnovel analgesics. The current study

focuses on the synthesis of 18 derivatives of R&-@btain novel compounds exhibiting

improved antagonistic and analgesic activities. Agithe newly synthesized derivatives, we

identified3d as the compound with more potent antagonisticaaadyesic activities than PA-9.



2. Results and discussion

2.1. Synthesis of PA-9 derivatives

Based on the analysis of the PA-9 structurethediocking model of the compound with

the PACL1 receptor (Fig. 1) [9], it was determinkedttthe imidazole ring of the histamine

moiety in PA-9 would be important for the antagdiniand analgesic activities. This was

explained by the presence of hydrogen bonding ketvilee S120 and L80 amino acid residues

of the PACL1 receptor and the imidazole functiogalit

q/o PA-9

Fig.1 Docking model of PA-9 with PAC1 receptor. Hydragaonding interactions are
indicated by yellow dashed lines.



Hence, we designed a number of derivatives aantadifferent aromatic substituents on

the nitrogen atom of the central lactam ring systesrshown irscheme 1. Treatment of

itaconic acid with appropriate aminds{r) afforded lactams2@-r). Condensation dfa-r

with histamine resulted in the formation of theresponding amide$#é-r).

)

1a-r
1a : R = 4-Cl-indazol
1b : R = 5-Cl-indazol
1c : R = 6-Cl-indazol
1b : R = 7-Cl-indazol
1e: R=Ph
1f : R = 4-Me-Ph
1g: R = 4-CI-Ph
1h: R = 4-F-Ph
1i : R = 4-OMe-Ph
1j : R =4-CN-Ph
1k : R = 2-OH-Ph
11 : R=3-OH-Ph
1m: R = 4-OH-Ph
1n : R = pyrazol
10: R=Bn
1p : R=2-0H-Bn
1q9: R=3-OH-Bn
1r : R=4-0H-Bn

0
2a-r

: R = 4-Cl-indazol

: R = 5-Cl-indazol

: R = 6-Cl-indazol

: R = 7-Cl-indazol
:R=Ph

: R=4-Me-Ph

: R=4-CI-Ph
:R=4-F-Ph

: R = 4-OMe-Ph

: R=4-CN-Ph

: R =2-0OH-Ph

: R=3-OH-Ph

: R=4-OH-Ph

: R = pyrazol
:R=Bn (64%)

: R=2-OH-Bn (58%)
: R=3-OH-Bn (77%)
: R =4-0H-Bn (66%)

0 o]
a b —N H
R-NH; ———= R-N OH _)"" R bWN\A[N
N
© N
H

3a-r

: R = 4-Cl-indazol (47% in 2 steps)
: R = 5-Cl-indazol (23% in 2 steps)
: R = 6-Cl-indazol (22% in 2 steps)
: R =7-Cl-indazol (35% in 2 steps)
:R=Ph (63% in 2 steps)

: R =4-Me-Ph (82% in 2 steps)

: R=4-CI-Ph (74% in 2 steps)

: R=4-F-Ph (87% in 2 steps)

i : R=4-OMe-Ph (83% in 2 steps)

j : R=4-CN-Ph (47% in 2 steps)

: R = 2-0OH-Ph (25% in 2 steps)

: R =3-0OH-Ph (47% in 2 steps)

: R =4-OH-Ph (41% in 2 steps)

: R = pyrazol (28% in 2 steps)
:R=Bn (76%)

: R=2-OH-Bn (30%)

: R=3-0OH-Bn (40%)

: R=4-OH-Bn (29%)

Reagents and conditions: a) itaconic acid, heating at 150 °C with no solvent or reflux in H,0

Scheme 1: Synthesis of PA-9 derivatives.

2.2. In vitro pharmacological assay

b) DCC, HOBt, histamine, CH,CI,/DMF or EDC, DMAP, histamine, CH,CI,/DMF

In order to evaluate the antagonistic activityhe 18 synthesized compoun@s-{,

Scheme 1) on the PAC1 receptors, we examined their effectthe PACAP-induced

phosphorylation of CREB in PAC1 receptor-expres€ittD (PAC1/CHO) cells. PA-9 [9]



was used as a control antagonist. PACAP (10 pMuiM) dose-dependently induced CREB
phosphorylation (data not shown) and a submaximsé @f PACAP (1 nM) was employed
for the pharmacological assays. Pretreatment wit® PL nM) significantly inhibited PACAP
(2 nM)-induced CREB phosphorylation (Fig. 2), whisltonsistent with our previous report
[9]. Among the 18 derivative$4-3r), compoundd (1 nM) considerably attenuated PACAP
(2 nM)-induced CREB phosphorylation (Fig. 2). Moreq the inhibitory effects @d

(11.9% = 8.5%) were more potent than those of KBE96% * 11.2%).
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Fig. 2 Effects of 18 derivative compounda{3r) on the PACAP-induced phosphorylation
of CREB in the PAC1/CHO cells. The cells were iratgal with PA-9 (1 nM) or each
compound (1 nM) for 30 min, then the cells werestated with PACAP (1 nM) for 30 min
and lysed. The lysates containing equivalent ansoofhprotein (20 pg) were subjected to
SDS-PAGE. Immunoblots were probed with specifigtantties that recognize phosphorylated
form of CREB, and total CREB. The data represeaitiean + SEMr(= 4-5). *P < 0.05 vs.
DMSO (DM) control.



Next, we examined the dose-dependencies of 8d3d (Fig. 3). Both PA-9 an@8d (10
pM to 10 nM) dose-dependently inhibited PACAP (1)rifduced CREB phosphorylation.

The inhibitory effects 08d (ICso < 10 pM) in this case were also more potent thaséd of

PA-9 (ICso = 182 pM).
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Fig. 3 Effects of3d or PA-9 on the PACAP-induced phosphorylation offBRn the
PAC1/CHO cells. The cells were incubated vdthor PA-9 compounds (10 pM to 10 nM) for
30 min, then the cells were stimulated with PACARM). The data represent the mean *

SEM (0 = 3-5).

2.3. In vivo pharmacological assay

We previously demonstrated that a single ingedh(i.t.) injection of PACAP (100 pmol/5
pl) induced a long-lasting mechanical allodynidhe hind paw in mice [8, 9]. The
mechanical allodynia was also induced by maxaddaPAC1 receptor-selective agonist, but

not by VIP, a VPAG/, receptor agonist. In addition, we also confirmieat the induction of
8



PACAP-induced mechanical allodynia was preventedgdiyal pretreatment with max.d.4, a
peptide antagonist for the PAC1 receptor [8]. Thresealts suggest that i.t. PACAP-induced
mechanical allodynia was mediated by stimulatiothefspinal PAC1 receptors. With this in
mind, we examined the effects of PA-9 &udon the induction of PACAP-induced
mechanical allodynia (Fig. 4).

In accordance with our previous report [8, Qjragle i.t. injection of PACAP (100 pmol)
induced mechanical allodynia, which manifested dene after injection and persisted for a
minimum of 7 days (Fig. 4). Co-injection of PA-93at (100 pmol each) with PACAP (100
pmol), however, significantly blocked the inductiohPACAP-induced mechanical allodynia

(Fig. 4). The inhibitory effects &d were more potent than those of PA-9 (Fig. 4).

1.2 - —O— PACAP + Vehicle (n = 6)
—&— PACAP + PA-9 (n = 6)
1.0 - —{J— PACAP +3d (n=6)

0.8 A
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0.4

0.2 1

0-0 ) lJ ) L L} 1 1 1
0 1 > 3 4 5 6 7

Time after i.t. injection (day)
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Fig. 4 Effects of3d or PA-9 on the PACAP-induced mechanical allodyAiaingle i.t.

injection of PACAP (100 pmol) induced long-lastimgchanical allodynia and the induction
of allodynia was prevented by co-injection3of or PA-9 (100 pmol each). The data represent
the mean + SEMn(= 6). *P < 0.05, when compared with vehicle.
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With a view to evaluating these effects on npatbic pain, we subsequently examined

the impact of PA-9 andd on spinal nerve ligation (SNL)-induced mechanatkddynia in

mice (Fig. 5). Several lines of evidence indicais spinal PACAP and its receptor systems

could play an important role in the induction ofipberal nerve injury-induced neuropathic

pain. For example, development of neuropathic palnced by SNL was shown to be

abrogated in PACAP-deficient mice [10], and SNLtndd mechanical allodynia was

ameliorated by treatment with intrathecal PACAP&-&éh antagonist of the PACAP receptor

[11].

In this study, behavioral testing was performaith mice at 14 days after SNL. Compared

with contralateral paws, the SNL induced markedhaaaal hypersensitivity of the hind paw

ipsilateral to the ligation (Fig. 5A and B). A slag.t. injection of PA-9 (100 pmol) &d (100

pmol) produced a significant decrease in mechamidadynia (Fig. 5A). Furthermore, the

inhibitory effect peaked at 2-3 hours after theimjection and persisted for at least 24 hours.

It is noteworthy that at 3 hours after the injextithe inhibitory effect o8d was significantly

stronger than that of PA-9. In contrast, both PAR#8I3d failed to influence paw withdrawal

responses in contralateral paws (Fig. 5A).

Finally, we investigated whether systemic (paalninistration of PA-9 aBd is effective

against the SNL-induced allodynia (Fig. 5B). Werfduhat a single p.o. administration of

both PA-9 (30 mg/kg) an8d (30 mg/kg) significantly ameliorated the SNL-inédc

10



mechanical allodynia. The inhibitory effects of BAnd3d peaked at 3 hours after p.o.

administration. At 2 to 4 hours after p.o. admuaigon, the inhibitory effect d3d was

notably stronger than that of PA-9. In contrasthld®A-9 and3d failed to influence paw

withdrawal responses in contralateral paws.

1.2 - —O— VEH cont —@— VEHipsi

—— PA-9 cont —&— PA-9 ipsi
1.0 - =13}~ 3dcont - 3dipsi
0.8 4 %

0.6 -

0.4 -

0.2 -

50% paw withdrawal threshold (g) 2>

0.0 -

Time after i.t. injection (h)

1.2 -
=0~ VEHcont —@— VEH ipsi
% —A— PA-9 cont —— PA-9 ipsi

1.0 - —O 3dcont =~ 3dipsi
0.8 -1
0.6 1
0.4

0.2 -

50% paw withdrawal threshold (g) UJ

0.0 — — 7
Pre 0 1 2 3 4 5 6 24
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Fig.5 Effects of3d or PA-9 on the SNL-induced mechanical allodyng. d (100 pmoln
= 6) or PA-9 (100 pmoh = 6) was intrathecally injected 14 days after S(B).3d (30
mg/kg,n = 6) or PA-9 (30 mg/kgy = 6) was perorally administered 14 days after SNie
data represent the mean + SEM=(6). *P < 0.05, when compared with vehicfe.< 0.05,

when compared with PA-9.

11



2.4. Models of 3d binding to PAC1 receptor.

Since3d showed potent and specific antagonistic activatyard the PAC1 receptor, we

constructed a model of the compound binding ta\tterminal EC domain of PAC1 (Fig. 6).

Similarly to PA-9 (Fig. 1), compourt was predicted to be well accommodated within the

PAC1 binding pocket (Fig. 6). Comparably to PA38,was also envisaged to form three

hydrogen bonds with the backbone carbonyl oxygemsatof L80, V92, and S120 amino acid

residues.

Fig. 6 Docking model o8d with PAC1 receptor. Hydrogen-bonding interactians
indicated by yellow dashed lines.
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In order to explore the antagonistic activity3dffrom the energetic perspective, we

calculated binding free energ&Gying) and ligand efficiencyAGpind/number of heavy atoms)

[12] based on molecular mechanics generalized Borface area (MM-GBSA) methods

(Table 1) AGping and ligand efficiency values were also estimate®#—3c (Scheme 1),

which possess the same chlorine group at diffgresitions with no or weak antagonistic

activity (Fig. 2). The ranking of ligand efficieneyas3d > PA-9~ 3b > 3a > 3c, which is

consistent with the trend observed in the inhilgitactivity studies (Fig. 2). This suggests that

better ligand efficiency ad8d would contribute its most potent antagonistic\aisti Therefore,

we next explored the source of better ligand efficly of3d.

Table1l Binding free energyAGeing) and ligand efficiency of PA-9 or its derivative

compounds to the PAC1 receptor

AGping Ligand Efficiency
Compounds
(kcal/mol) (AGping /Number of heavy atoms
PA-9 -46.397 -1.856
3a -47.896 -1.842
3b -48.237 -1.855
3c -44.406 -1.708
3d -49.456 -1.902

Comparing3d with PA-9, theAGping Of 3d was calculated to be approximately 3.06

kcal/mol more stable than that of PA-9. This difiece seemed to be resulting from a more

favorable van der Waals interaction energgaivith the PAC1 receptor, which was

13



approximately 2.64 kcal/mol greater than that of®Although the interaction &d with the
PAC1 receptor was very similar to that of PA-9, théoro group on the indazole ring &d
was suggested to be more deeply located in thepsoket formed by the V93, P107, H108,
and Y109 amino acid residues of the PAC1 recejptigr. 7). The chloro functionality is likely

to lead to more favorable van der Waals interastioi3d.

Fig. 7 Comparison of docking models of PA-93aF with PAC1 receptor.

14



3. Conclusion

In search of novel and potent PACL1 receptorgaomists for pharmacological studies and

new analgesics, we synthesized and evaluated h&atiee compounds of PA-9 which is

identified as a new PACL1 receptor antagonisitisylico screening followed by

pharmacological assays [9]. Among the synthesipegpounds3d showed more potent

antagonistic action than PA-9 in amvitro pharmacological assay. Furthermd@e exibited

more potent analgesic activities against both PAC#&® SNL-induced mechanical allodynia.

Compound3d also displayed strong anti-allodynic activity naloadministration, therefore,

showing potential to become an orally availabldgesc against neuropathic pain.

A growing body of evidence demonstrates thaPRAEAP signaling system plays a

crucial role in pain transmission. For example,edepment of neuropathic pain was shown to

be abrogated iRACAP-deficient mice [10]. However, since the mice exieith whole-body

PACAP deficiency, it was not clear which site ofiac (peripheral and/or central nervous

system) for PACAP is involved in the developmenhefiropathic pain. It has also been

reported that i.t. injection of PACAP 6-38, a pdptantagonist of the PACAP receptor,

attenuated the spinal nerve injury-induced meclahaibodynia [11], suggesting the

involvement of spinal PACAP receptors in the neatbjr pain. However, because PACAP

6-38 is recognized as a dual PAC1/VRAdDtagonist [13], it was not clear which of the

PACAP receptor subtypes (PAC1, VPA&hd/or VPAQ) is involved in the neuropathic pain

15



transmission. In the present study, i.t. injecdiPA-9 and3d, specific antagonists of the
PACL1 receptor, attenuated the spinal nerve injudgced mechanical allodynia. Considering
that a single i.t. injection of maxadilan, a spiecigonist for the PACL1 receptor, induced
long-lasting mechanical allodynia [8], it is strdiynguggested that spinal PACL1 receptor is

primarily involved in the development of periphenairve injury-induced neuropathic pain.

16



4. Experimental section

4.1. Chemistry

General melting points are uncorrected. Flasbrohtography was performed on Kanto

Kagaku silica gel 60N. NMR spectra were recorde@ JEOL a-GX 400 spectrometer using

CsDsN as the solvent. Chemical shifty are given in ppm downfield from TMS and

referenced to €HsN (7.19 ppm) as an internal standard. Peak mudiijgs are designated by

the following abbreviations: s, singlet; d, doubtetriplet; g, quartet; quint, quintet; m,

multiplet; br, broad and coupling constantsdpHz. High-resolution mass spectral data were

obtained on a JEOL MStation JMS-700. All commerpgalgents were used as received

unless otherwise noted.

4.1.1. General procedure for the synthesis of lactams (2a-r)

According to the literature’s procedure, lactg@esr) were prepared by direct heating at

150 °C with no solvent [14] or heating with refluxH,O [15] as solid.

4.1.2. General procedure for the synthesis of amides (3a-r)

Method A: To a stirred solution of lactar2,(1 mmol) in CHCI, (1.5 mL) and DMF (1.5

mL) were added DCC (1.2 mmol), HOBt (1.2 mmol) &mtamine (1.2 mmol) at room

17



temperature, and the resulting mixture was stiatadom temperature for 24 h. After
evaporation of the solvent, the residue was chrographed on silica gel (15 g,
CH,Cl,:MeOH = 20:1-5:1) to give the corresponding amide.

Method B: To a stirred solution of lactar@,(1 mmol) in CHCI;, (1.5 mL) and DMF (1.5
mL) were added EDC (1.2 mmol), DMAP (0.1 mmol) d&mstamine (1.2 mmol) at room
temperature, and the resulting mixture was stiatadom temperature for 24 h. After
evaporation of the solvent, the residue was chrographed on silica gel (15 g,

CH,Cl,:MeOH = 20:1-5:1) to give the corresponding amide.

4.1.2.1.

N-[2-(1H-imidazol-4-yl)ethyl]-1-(4-chlor o-1H-indazol-3-yl)-5-oxo0-3-pyrrolidine-car boxa
mide (3a)

Method A; Yield: 47 % in 2 steps; mp: 190-19C; IR (KBr): 3566, 3437, 3306, 1695, 1636,
1558, 1508 cm; *H NMR (400 MHz, Pyridine-d5)5 9.00 (1H, br s), 7.96 (1H, s), 7.61 (1H,
d,J=7.4Hz), 7.14 (1H, t) = 7.4 Hz), 7.15 (1H, s), 6.98 (1H, 3z 7.4 Hz), 4.72 (1H, 1] =
9.1 Hz), 3.96-3.85 (3H, m), 3.26 (1H, dids 15.6, 9.1 Hz), 3.11 (2H,d,= 6.8 Hz), 2.78 (1H,
dd,J = 15.6, 9.1 Hz)**C NMR (100 MHz, DMSO-d6)5 169.56, 168.62, 147.59, 134.59,
131.61, 126.70, 123.80, 119.28, 116.97, 115.67,11048.23, 36.47, 32.61, 26.57; MS (EI):
m/z 372 (M); HRMS (EI): clacd for G;H17CINeO,: 372.1102 (M), found: 372.1099.
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4.1.2.2.

N-[2-(1H-imidazol-4-yl)ethyl]-1-(5-chlor o-1H-indazol-3-yl)-5-oxo0-3-pyrrolidine-car boxa
mide (3b)

Method A; Yield: 23% in 2 steps; mp: 208-209 °C; IR (KBr):3%/ 3649, 3097, 1684, 1653,
1558, 1508 cm; *H NMR (400 MHz, Pyridine-d5)5 9.04 (1H, br s), 8.05 (1H, s), 7.69 (1H,
d,J=9.6 Hz), 7.68 (1H, s), 7.27 (1H,38= 9.6 Hz), 7.71 (1H, s), 5.09 (1H, db= 13.6, 8.4
Hz), 4.73 (1H, tJ = 8.4 Hz), 3.94-3.86 (3H, m), 3.28 (1H, dds 14.8, 8.4 Hz), 3.11 (2H, 4,

= 6.6 Hz), 2.84 (1H, dd] = 14.8, 8.4 Hz)**C NMR (100 MHz, DMSO-d6)5 169.63, 168.21,
145.55, 134.50, 133.79, 131.92, 127.15, 123.19501818.39, 116.85, 108.13, 48.33, 38.75,
36.33, 32.92, 26.53; MS (Elwz 372 (M"); HRMS (El): clacd for GH17CINO,: 372.1102

(M*), found: 372.1099.

4.1.2.3.

N-[2-(1H-imidazol-4-yl)ethyl]-1-(6-chlor o-1H-indazol-3-yl)-5-oxo-3-pyrrolidine-car boxa
mide (3c)

Method A; Yield: 22% in 2 steps; mp: 196-198 °C; IR (KB8R90, 3213, 3101, 1683, 1636,
1558, 1508 cm; *H NMR (400 MHz, Pyridine-d5) 9.12 (1H, br s), 8.30 (1H, s), 7.83 (1H,
s), 7.66 (1H, dJ = 9.2 Hz), 7.25 (1H, s), 6.96 (1H, 3= 9.2 Hz), 5.03 (1H, dd} = 13.0, 8.3
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Hz), 4.71 (1H, tJ = 8.3 Hz), 3.91-3.84 (3H, m), 3.27 (1H, dds 15.2, 8.3 Hz), 3.12 (2H, 4,
= 6.4 Hz), 2.87 (1H, dd] = 15.2, 8.3 Hz)**C NMR (100 MHz, DMSO-d6)5 169.79, 168.28,
147.25, 134.03, 132.74, 132.42, 131.35, 121.77.981916.53, 115.03, 106.65, 48.23, 38.21,
36.25, 32.92, 25.47; MS (Elwz 372 (M"); HRMS (El): clacd for GH17CINO,: 372.1102

(M*), found: 372.1099.

4.1.2.4.

N-[2-(1H-imidazol-4-yl)ethyl]-1-(7-chlor o-1H-indazol-3-yl)-5-oxo0-3-pyrrolidine-car boxa
mide (3d)

Method A; Yield: 35% in 2 steps; mp: 238-239 °C; IR (KB8B19, 3231, 3213, 1663, 1636,
1558, 1508 cit; *H NMR (400 MHz, Pyridine-d5)% 9.02 (1H, br s), 8.49 (1H, s), 7.76 (1H,
s), 7.52 (1H, dJ = 7.5 Hz), 7.40 (1H, d] = 7.5 Hz), 6.98 (1H, s), 6.88 (1H Jt= 7.5 Hz),

5.13 (1H, dd,) = 14.6, 8.5 Hz), 4.81 (1H, d,= 8.5 Hz), 3.95-3.86 (3H, m), 3.26 (1H, dd;
16.2, 8.5 Hz), 3.11 (2H, §,= 6.8 Hz), 2.83 (1H, ddl = 16.2, 8.5 Hz)**C NMR (100 MHz,
DMSO-d6):6 169.56, 168.32, 144.32, 134.51, 133.83, 133.35,81 120.48, 119.42, 119.04,
116.84, 109.42, 48.36, 38.77, 36.32, 32.95, 28VBF (El): 'z 372 (M); HRMS (EI): clacd

for C17H17C|N602: 372.1102 (M), found: 372.1113.

4.1.2.5.
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N-[2-(1H-imidazol-4-yl)ethyl]-1-phenyl-5-oxo-3-pyrrolidinecar boxamide (3e)

Method B; Yield: 63% in 2 steps; mp: 149-151 °C; IR (KB83B75, 3306, 1678, 1643, 1558
cm™; 'H NMR (400 MHz, Pyridine-d5)5 9.11 (1H, tJ = 5.8 Hz),7.90 (1H, s), 7.72 (2H, d,
= 8.4 Hz), 7.28 (2H, ) = 8.4 Hz), 7.09 (1H, s), 7.06 (1HJt= 8.4 Hz), 4.13 (1H, dd] = 9.6,
8.3 Hz), 3.93 (1H, t) = 8.3 Hz), 3.83 (2H, gl = 7.5 Hz ), 3.47 (1H, quind,= 8.3 Hz), 3.14
(1H, dd,J = 16.7, 8.3 Hz), 3.08 (2H,d,= 7.5 Hz), 2.84 (1H, ddl = 16.7, 8.3 Hz)**C NMR
(100 MHz, DMSO0-d6)5 172.16, 171.96, 139.22, 134.58, 133.95, 128.78,0IR 119.36,
116.83, 50.73, 38.66, 35.66, 35.43, 26.38; MS (B1}:298 (M"); HRMS (El): clacd for

C16H18N402: 298.1430 (M), found: 298.1437.

4.1.2.6.

N-[2-(1H-imidazol-4-yl)ethyl]-1-(4-methylphenyl)-5-oxo-3-pyr rolidine-car boxamide (3f)
Method B; Yield: 82% in 2 steps; mp: 176-178 °C; IR (KB8B06, 3088, 1675, 1639, 1556
cm™; *H NMR (400 MHz, Pyridine-d5) 9.10 (1H, tJ = 5.8 Hz), 7.91 (1H, s), 7.64 (2H, d,
= 7.2 Hz), 7.08 (2H, t) = 7.2 Hz), 7.07 (1H, s), 4.14 (1H, db= 9.6, 8.0 Hz), 3.92 (1H, 3,

= 8.0 Hz), 3.83 (2H, q] = 7.2 Hz), 3.46 (1H, quind = 8.0 Hz), 3.14 (1H, ddl= 17.6, 8.0
Hz), 3.08 (2H, tJ = 7.2 Hz), 2.84 (1H, ddl = 17.6, 8.0 Hz), 2.13 (3H, SYiC NMR (100
MHz, DMSO-d6):6 172.17, 172.10, 137.00, 134.86, 134.44, 133.286.,312 119.58, 117.04,
51.00, 39.17, 36.02, 35.84, 27.01, 20.63; MS (&@lx312 (M"); HRMS (EI): clacd for
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C17H20N402: 312.1586 (M), found: 312.1593.

4.1.2.7.

1-(4-chlorophenyl)-N-[2-(1H-imidazol-4-yl)ethyl]-5-oxo-3-pyr rolidine-car boxamide (3g)
[16]

Method B; Yield: 74% in 2 steps; mp: 196-198 °C; IR (KB3)}t19, 3017, 1695, 1647, 1558
cm™; *H NMR (400 MHz, Pyridine-d5) 9.16 (1H, tJ = 5.2 Hz), 7.95 (1H, s), 7.71 (2H, d,
= 8.4 Hz), 7.30 (2H, d] = 8.4 Hz), 7.11 (1H, s), 4.10 (1H, db 9.4, 8.3 Hz), 3.92 (1H, 3,

= 8.3 Hz), 3.83 (2H, g] = 6.7 Hz), 3.50 (1H, quinfl= 8.3 Hz), 3.11 (1H, ddl = 17.5, 8.3
Hz), 3.09 (2H, tJ = 5.7 Hz), 2.85 (1H, dd] = 17.5, 8.3 Hz)}*C NMR (100 MHz,
DMSO-d6):5 172.20, 171.68, 137.90, 134.43, 133.95, 128.38.4R2 120.60, 116.62, 50.47,
38.74, 35.62, 35.30, 26.52; MS (E#)z 332 (M"); HRMS (EI): clacd for GsH17CIN4Ox:

332.1040 (M), found: 332.1039.

4.1.2.8.

N-[2-(1H-imidazol-4-yl)ethyl]-1-(4-fluor ophenyl)-5-oxo-3-pyrrolidine-car boxamide (3h)
Method B; Yield: 87% in 2 steps; mp: 232-234 °C; IR (KB3)}t40, 3126, 1688, 1645, 1570
cm’; 'H NMR (400 MHz, Pyridine-d5)5 9.13 (1H, tJ = 4.8 Hz), 7.72-7.68 (2H, m), 7.92
(1H, s), 7.11 (1H, s), 7.09-7.04 (2H, m), 4.12 (&d,J = 12.2, 8.7 Hz), 3.92 (1H,4,= 8.7
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Hz), 3.84 (2H, tJ = 7.0 Hz), 3.49 (1H, quinfl= 8.7 Hz), 3.14 (1H, dd} = 17.2, 8.7 Hz),
3.09 (2H, tJ = 7.0 Hz), 2.85 (1H, dd = 17.2, 8.7 Hz)**C NMR (100 MHz, DMSO-d6)3
172.05, 171.90, 158.44 (d= 240.3 Hz), 135.64, 134.62, 134.14, 121.35)(7.6 Hz),
116.81, 115.25 (dl = 22.0 Hz), 50.92, 38.92, 35.68, 35.58, 26.72; BB: (Vz 316 (M");

HRMS (EI): clacd for GgH17FN4O»: 316.1336 (M), found: 316.1335.

4.1.2.9.
N-[2-(1H-imidazol-4-yl)ethyl]-1-(4-methoxyphenyl)-5-oxo-3pyrrolidine-car boxamide (3i)
Method B; Yield: 83% in 2 steps; mp: 151-153 °C; IR (KB8R39, 3075, 1684, 1635, 1568
cm™; *H NMR (400 MHz, Pyridine-d5) 9.08 (1H, tJ = 5.2 Hz), 7.91 (1H, s), 7.68 (2H, d,
= 8.6 Hz), 7.10 (1H, s), 6.92 (2H, 3= 8.6 Hz), 4.16 (1H, dd} = 9.4, 8.4 Hz), 3.93 (1H, 3,

= 8.4 Hz), 3.84 (2H, q] = 7.6 Hz), 3.62 (3H, s), 3.46 (1H, quidts 8.4 Hz), 3.15 (1H, dd}
=17.1, 8.4 Hz), 3.09 (2H,d,= 7.6 Hz), 2.84 (1H, ddl = 17.1, 8.4 Hz)**C NMR (100 MHz,
DMSO-d6):6 171.97, 171.57, 155.80, 134.65, 134.26, 132.41,212 116.80, 113.82, 55.20,
51.03, 38.95, 35.68, 35.62, 26.81; MS (BE¥z 328 (M"); HRMS (El): clacd for GHzoN4Os:

328.1535 (M), found: 328.1530.

4.1.2.10.
N-[2-(1H-imidazol-4-yl)ethyl]-1-(4-cyanophenyl)-5-oxo-3-pyrrolidine-car boxamide (3j)
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Method B; Yield: 47% in 2 steps; mp: 211-212 °C; IR (KB38t51, 3019, 2231, 1703, 1646,
1558 cnt; *H NMR (400 MHz, Pyridine-d5) 9.17 (1H, tJ = 5.2 Hz), 7.92 (1H, s), 7.83
(2H, d,J = 8.8 Hz), 7.60 (2H, dl = 8.8 Hz), 7.11 (1H, s), 4.12 (1H, db= 9.6, 8.4 Hz), 3.96
(1H, t,J = 8.4 Hz), 3.84 (2H, t] = 7.0 Hz), 3.51 (1H, quing = 8.4 Hz), 3.16 (1H, dd} =
17.2, 8.4 Hz), 3.10 (2H, §,= 7.0 Hz), 2.88 (1H, dd} = 17.2, 8.4 Hz)**C NMR (100 MHz,
DMSO-d6):6 173.28, 171.75, 143.03, 134.67, 133.06, 119.08,.981 105.53, 51.51, 38.98,
36.03, 35.39, 26.85; MS (Evz 323 (M"); HRMS (EI): clacd for GH17Ns0,: 323.1382

(M™), found: 323.1377.

4.1.2.11.
N-[2-(1H-imidazol-4-yl)ethyl]-1-(2-hydroxyphenyl)-5-oxo-3-pyrrolidine-car boxamide

(3k)

Method B; Yield: 25% in 2 steps; mp: 120-122 °C; IR (KB8B51, 3265, 3213, 1684, 1670,
1558 cnt; *H NMR (400 MHz, Pyridine-d5)5 9.08 (1H, br s), 7.91 (1H, s), 7.42 (1HJd&

8.8 Hz), 7.21-7.15 (2H, m), 7.10 (1H, s), 6.92-6(88, m), 4.30 (1H, dd] = 9.2, 7.5 Hz),

4.10 (1H, tJ = 7.5 Hz), 3.85 (2H, g} = 6.4 Hz), 3.47 (1H, quinf = 7.5 Hz), 3.13 (1H, dd}

= 16.4, 7.5 Hz), 3.06 (2H, 4,= 6.4 Hz), 2.83 (1H, dd} = 16.4, 7.5 Hz)**C NMR (100 MHz,
DMSO0-d6):8 172.52, 172.22, 152.77, 134.68, 128.30, 128.28,4R2 119.12, 118.74, 116.87,
116.74, 51.68, 38.98, 37.09, 34.39, 26.85; MS (@3:314 (M); HRMS (El): clacd for
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C16H18N403: 314.1379 (M), found: 314.1382.

4.1.2.12.
N-[2-(1H-imidazol-4-yl)ethyl]-1-(3-hydroxyphenyl)-5-oxo-3-pyrrolidine-car boxamide

€))

Method B; Yield: 47% in 2 steps; mp: 102-104 °C; IR (KB8)90, 3439, 3337, 1684, 1653,
1558 cnt; *H NMR (400 MHz, Pyridine-d5)5 8.97 (1H, br s), 8.09 (1H, s), 7.93 (1H, s),
7.28 (1H, tJ = 8.2 Hz), 7.20 (1H, dl = 8.2 Hz), 7.13 (1H, s), 6.98 (1H, #i= 8.2 Hz), 4.29
(1H, dd,J = 9.0, 8.3 Hz), 3.98 (1H, 3,= 8.3 Hz), 3.89 (2H, ¢l = 6.9 Hz), 3.36 (1H, quind,
= 8.3 Hz), 3.21 (1H, ddl = 17.1, 8.3 Hz), 3.09 (2H,1,= 6.9 Hz), 2.82 (1H, dd} = 17.1, 8.3
Hz); *C NMR (100 MHz, DMSO-d6)s 172.07, 171.93, 157.55, 140.28, 134.68, 129.38,
111.17, 109.78, 106.63, 50.84, 39.00, 35.99, 32649; MS (El)m/z 314 (M); HRMS

(El): clacd for GeH1gN4Os: 314.1379 (M), found: 314.1382.

4.1.2.13.
N-[2-(1H-imidazol-4-yl)ethyl]-1-(4-hydroxyphenyl)-5-oxo-3-pyrrolidine-car boxamide

(3m)

Method B; Yield: 41% in 2 steps; mp: 104-105 °C;(K®Br): 3585, 3251, 3190, 1684, 1653,
1558 cnt; *H NMR (400 MHz, Pyridine-d5)5 11.49 (1H, br s), 8.97 (1H, br s), 7.93 (1H, s),
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7.76 (2H, ddJ) = 8.6, 2.4 Hz), 7.15 (2H, dd,= 8.6, 2.4 Hz), 7.14 (1H, s), 4.29 (1H, Ik
8.4, 2.1 Hz), 3.95 (1H, td,= 8.4, 2.1 Hz), 3.90 (2H, d,= 6.3 Hz), 3.39 (1H, quing = 8.4
Hz), 3.22 (1H, ddd] = 16.7, 8.4, 2.1 Hz), 3.10 (2H,x= 6.3 Hz), 2.84 (1H, ddd,= 16.7,
8.4, 2.1 Hz)**C NMR (100 MHz, DMS0-d6)5 172.52, 171.86, 154.61, 135.20, 131.48,
122.05, 115.61, 51.67, 39.49, 36.23, 36.09, 2M®(El): m'z 314 (M"); HRMS (EI): clacd

for C16H18N403: 314.1379 (M), found: 314.1382.

4.1.2.14.
N-[2-(1H-imidazol-4-yl)ethyl]-1-(1H-pyrazol-3-yl)-5-oxo-3-pyrrolidine-car boxamide (3n)
Method A; Yield: 28% in 2 steps; mp: 213-211 °C; IR (KB8B76, 3320, 3203, 1689, 1652,
1635, 1557 cm; *H NMR (400 MHz, Pyridine-d5)5 12.24 (1H, br s), 9.00 (1H, br s), 8.03
(1H, s), 7.88 (1H, s), 7.56 (1H,s), 7.10 (1H, sJ84(1H, ddJ = 12.6, 8.1 Hz), 4.26 (1H,d4,=
8.1 Hz), 3.82 (2H, ¢) = 6.7 Hz), 3.69 (1H, quing = 8.1 Hz), 3.22 (1H, dd} = 15.3, 8.1 Hz),
3.06 (2H, tJ = 6.7 Hz), 2.72 (1H, dd] = 15.3, 8.1 Hz)**C NMR (100 MHz, DMSO-d6)3
169.67, 168.26, 162.33, 138.77, 138.73, 134.64,5B389.01, 47.04, 38.87, 36.72, 33.00,
26.97; MS (El)mvz 288 (M); HRMS (EI): clacd for GsH1eNgO,: 288.1335 (M), found:

288.1336.

4.1.2.15.
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N-[2-(1H-imidazol-4yl)ethyl]-5-oxo-1-(phenylmethyl)-3-pyrrolidine-car boxamide (30)

[17]

Method A; Yield: 76%; mp: 61-63 °C; IR (KBr): 3271, 3155%70, 1652, 1558 cth 'H NMR
(400 MHz, Pyridine-d5)5 8.85 (1H, br), 7.92 (1H, s), 7.33-7.25 (5H, mp&/(1H, s), 4.56
(1H, d,J = 14.6 Hz), 4.48 (1H, dl = 14.6 Hz), 3.85 (2H, g} = 6.5 Hz), 3.67 (1H, ] = 8.0
Hz), 3.39 (1H, tJ = 8.0 Hz), 3.25 (1H, quinfl = 8.0 Hz), 3.10 (1H, dd} =17.0, 8.0 Hz), 3.05
(2H, t,J = 6.5 Hz), 2.72 (1H, dd} = 17.0, 8.0 Hz)**C NMR (100 MHz, DMSO-d6)3
172.44, 172.25, 136.77, 134.58, 133.72, 128.59,582127.28, 125.39, 123.57, 118.69,
116.81, 110.25, 49.13, 45.31, 38.71, 35.87, 326312; MS (El)m/z 312 (M'); HRMS (EI):

clacd for G7H20N402: 312.1586 (M), found: 312.1593.

4.1.2.16.
N-[2-(1H-imidazol-4-yl)ethyl]-1-[ (2-hydr oxyphenyl)methyl]-5-0x0-3-pyrrolidinecar boxa
mide (3p)

Method A; Yield: 30%; mp: 88-90 °C; IR (KBr): 3748, 373%3L, 1684, 1653, 1558 ¢m'H
NMR (400 MHz, Pyridine-d5) 11.36 (1H, br s) 8.81 (1H,4,= 5.8 Hz), 7.84 (1H, d]= 1.2
Hz), 7.34 (1H, dd) = 7.5, 1.3 Hz), 7.13 (1H, td,= 7.5, 1.3 Hz), 7.08 (1H, dd,= 7.5, 1.3
Hz), 7.03 (1H, s), 6.81 (1H, td,= 1.3, 7.5 Hz), 4.74 (1H, d,= 15.2 Hz), 4.65 (1H, dl =
15.2 Hz), 3.82 (1H, ddl = 9.6, 8.2 Hz), 3.77 (2H, d,= 6.6 Hz), 3.57 (1H, t] = 8.2 Hz),
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3.22 (1H, quint] = 8.2 Hz), 3.03 (1H, dd] = 16.5, 8.2 Hz), 2.99 (2H,d,= 6.6 Hz), 2.63
(1H, dd,J = 16.5, 8.2 Hz)**C NMR (100 MHz, DMSO-d6)5 172.57, 172.18, 155.26,
134,67, 128.78, 128.38, 122.58, 119.03, 115.253490.57, 38.94, 35.93, 33.91, 26.87; MS

(El): m'z 328 (M); HRMS (EI): clacd for GH2oN4Os: 328.1535 (M), found: 328.1533.

4.1.2.17.

N-[2-(1H-imidazol-4-yl)ethyl]-1-[ (3-hydroxyphenyl)methyl]-5-ox0-3-pyrrolidinecar boxa
mide (3q)

Method A; Yield: 40%; mp: 104-106 °C; IR (KBr): 3734, 3643623, 1684, 1653, 1558 ¢m
'H NMR (400 MHz, Pyridine-d5) 8.83 (1H, brs), 7.93 (1H, s), 7.24 (2HJd; 7.9 Hz),
7.22 (1H, s), 7.09 (1H, s), 7.08 (1H,XE 7.9 Hz), 6.88 (1H, d] = 7.9 Hz), 4.57 (1H, d] =
14.6 Hz), 4.48 (1H, d] = 14.6 Hz), 3.84 (2H, g} = 6.1 Hz), 3.72 (1H, t = 8.1 Hz), 3.45
(1H, t,J = 8.1 Hz), 3.23 (1H, quinf = 8.1 Hz), 3.09 (1H, dd} = 16.0, 8.1 Hz), 3.05 (2H, 4,

= 6.1 Hz), 2.67 (1H, dd] = 16.0, 8.1 Hz)**C NMR (100 MHz, DMSO0-d6)5 172.31, 172.05,
157.63, 138.14, 134.66, 134.18, 129.55, 118.17.901414.41, 114.30, 49.14, 45.31, 38.88,
35.89, 26.78; MS (Elyn/z 328 (M"); HRMS (EI): clacd for @HzoN4Os: 328.1535 (M),

found: 328.1533.

4.1.2.18.

28



N-[2-(1H-imidazol-4-yl)ethyl]-1-[ (4-hydroxyphenyl)methyl]-5-oxo-3-pyrrolidine-car boxa
mide (3r)

Method A; Yield: 29%; mp: 58-60 °C; IR (KBr): 3651, 3271218, 1663, 1653, 1558 ¢m'H
NMR (400 MHz, Pyridine-d5) 8.85 (1H, br s), 7.91 (1H, s), 7.28 (2HJd; 7.6 Hz), 7.10
(2H, d,J = 7.6 Hz), 4.55 (1H, d] = 14.6 Hz), 4.44 (1H, dl = 14.6 Hz), 3.91-3.71 (2H, m),
3.70 (1H, dd,J = 8.8, 7.9 Hz), 3.45 (1H, 3,= 7.9 Hz), 3.26 (1H, quing = 7.9 Hz), 3.11 (1H,
dd,J = 15.0, 7.9 Hz), 3.06 (2H,d,= 7.4 Hz), 2.71 (1H, dd} = 15.0, 7.9 Hz)**C NMR (100
MHz, DMSO-d6):8 172.15, 156.66, 134.68, 129.07, 126.80, 115.3@3484.83, 38.94,
35.83, 34.03, 26.89; MS (Elwz 328 (M"); HRMS (El): clacd for GH2oN4Os: 328.1535

(M*), found: 328.1533.

4.2. Materials.

PACAP (38 amino acid form) was purchased from FBeptstitute Inc. (Osaka, Japan).
These drugs were made up as concentrated stodiosslin phosphate-buffered saline (PBS)
or physiological saline, and stored at -30°C. Aguwat was diluted to the desired
concentration in PBS or artificial cerebrospinaidl (ACSF: NaCl 138 mM, KCI 3 mM,

CaCh 1.25 mM, MgC} 1 mM, D-glucose 1 mM) immediately prior to use.

4.3. Cdll culture
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PAC1 receptor-expressing CHO cells (PAC1/CHQIsaeere cultured in DMEM/F12
(Invtrogen, Carlsbad, CA) supplemented with 10%lfbovine serum, 100 IU/mL penicillin,
100 pg/mL streptomycin, and 200 pg/ml G418 or Smidasticidin S. The cells were

propagated in a humidified 37°C incubator in 5%,CO

4.4. \\Western blot analysis

Cells were seeded onto 12-well plates at $x&ls/well and incubated for 48 h. After
treatment with candidate compounds or 0.1% DMSQ@i¢ke control) for 30 min, the cells
were stimulated with PACAP for 30 min.

Cellular materials were lysed in lysis buffes@mM NaCl, 1% NP-40, 10% glycerol,
protease inhibitor mix (Nacalai Tesque, Kyoto, Jgpand 20 mM Tris-HCI (pH 7.4)). The
lysate (20 pg total protein per lane) were subpgetdeSDS-polyacrylamide gel electrophoresis
(10% gel) and then were blotted onto PVDF membré§@é&shealthcare, Buckinghamshire,
UK). The membranes were blocked with Blocking ONadalai Tesque) at room temperature
for 1 h. The membranes were then incubated witingmy antibodies in TBS containing 0.1%
Tween 20 (TBST) and 5% Blocking One at 4°C for Bahl washed three times with TBST,
and exposed to peroxidase-conjugated secondabyodgtin TBST containing 5% Blocking
One at room temperature for 1-2 h. Immunoreactreégns were visualized by a
luminescent image analyzer (LAS-1000 plus, Fujififokyo, Japan) using an enhanced

30



chemiluminescence detection system (Chemi-Lumi Qri¢acalai Tesque). The following

primary antibodies were used; anti-phospho-CREBI&E® and anti-CREB (Cell Signaling

Technology, Danvers, MA). The phosphorylation leseCREB was calculated as the ratio of

the intensity of the band relative to that of taZ®EB protein in each sample.

45. Animals

Male ddY mice (six weeks old at the start of expemnts) were purchased from Japan

SLC Inc. (Shizuoka, Japan) and housed in standaydgrbonate cages (four mice/cage)

under controlled temperature (24 + 1°C) and humight% + 10%) with a 12-h light—dark

cycle (lights on at 07:00 h) with food and wateselly available. Mice were habituated to the

animal facility for at least one week before expemtation. The animal experiments were

approved by the Animal Care Committee of Universityfoyama (approval no. 2014ENG-2)

and were conducted in accordance with the ethigdkedjnes for the study of experimental

pain in conscious animals of the International Asstton for the Study of Pain [18].

4.6. Intrathecal injection and behavioral observation

Intrathecal (i.t.) injection was given in a volumie5 ul by percutaneous puncture through

an intervertebral space at the level of the fiftlsiath lumbar vertebra, according to a

previously reported procedure [19].
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Mechanical sensitivity of the hind paw was ea#dd with calibrated von Frey hairs

(Stoelting Co., Wood Dale, IL) by measuring thditastimulus producing a 50% likelihood

of hind paw withdrawal response (50% gram thresheltlich was determined using the

up-down paradigm [8, 20].

All behavioral tests were done in double-blindeahner.

4.7. Spinal nerve ligation model

To induce peripheral nerve injury, we used dpneave ligation (SNL) model [21, 22]

with a slight modification. Briefly, under anestiegshe right L5 spinal nerve was exposed by

removing a small piece of the paravertebral musahesa part of the right spinous process of

the L5 lumbar vertebra. The L5 spinal nerve weentbarefully isolated and tightly ligated

with 8-0 silk thread. After nerve ligation, the noles the adjacent fascia and the skin were

closed with sutures.

4.8. Satistical analysis

Experimental data are expressed as mean = staadardf the mean (SEM). Single

comparisons were made using Student's two-tailedited t-test. One- or two-way analysis

of variance followed by the Dunnett's test was Usednultiple comparisons. For the

analyses of mechanical thresholds, we employeidren—\Whitney U-test for single
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comparisons or the Friedman test followed by tlezISest for multiple comparisor? <

0.05 was considered statistically significant.

4.9. Modeling of binding mode of 3d with PAC1 receptor

All calculations were performed using the Small-btalle Drug Discovery Suite 2016-3

(Schrodinger, LLC, New York, NY, 2016). The 2D sttwre of3d was first converted into 3D

structure using the LigPrep program. The dockingesferated-structures 8d against PAC1

receptor was performed using SP mode in Glide pragiThe structure of PAC1 receptor

complexed with PA-9, which was obtained in the pres study [9], was used as a receptor

for docking. The option of “Restrict docking to eeénce position” was used to generate

docking poses dd with a similar mode to the interaction model of-8Avith PAC1 receptor.

We selected a pose with the lowest docking scotbeamteraction model &d with PAC1

receptor. Finally, the binding free energi&&(ings) of PA-9 an®d were estimated by the

MM-GBSA method using the Prime program.
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Figurelegends

Fig. 1 Docking model of PA-9 with PAC1 receptogdiogen-bonding interactions are

indicated by yellow dashed lines.

Fig. 2 Effects of 18 derivative compoun@®a-@r) on the PACAP-induced phosphorylation
of CREB in the PAC1/CHO cells. The cells were inatgal with PA-9 (1 nM) or each
compound (1 nM) for 30 min, then the cells werestated with PACAP (1 nM) for 30
min and lysed. The lysates containing equivalerdants of protein (20 pg) were
subjected to SDS-PAGE. Immunoblots were probed sp#rcific antibodies that
recognize phosphorylated form of CREB (pCREB), tmtdl CREB. The data represent

the mean + SEMn(= 4-5). *P < 0.05 vs. DMSO (DM) control.

Fig. 3 Effects oBd or PA-9 on the PACAP-induced phosphorylation ofEBRn the
PAC1/CHO cells. The cells were incubated vdthor PA-9 compounds (10 pM to 10

nM) for 30 min, then the cells were stimulated WeCAP (1 nM). The data represent

the mean + SEMn(= 3-5).
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Fig. 4 Effects oBd or PA-9 on the PACAP-induced mechanical allodyAiaingle i.t.
injection of PACAP (100 pmol) induced long-lastimgchanical allodynia and the
induction of allodynia was prevented by co-injeotaf 3d or PA-9 (100 pmol each). The

data represent the mean = SEM=(6). *P < 0.05, when compared with vehicle.

Fig. 5 Effects oBd or PA-9 on the SNL-induced mechanical allodyn#g. 3d (100 pmoln
= 6) or PA-9 (100 pmoh = 6) was intrathecally injected 14 days after S(B).3d (30
mg/kg,n = 6) or PA-9 (30 mg/kgy = 6) was perorally administered 14 days after SNL.
The data represent the mean + SEM ). *P < 0.05, when compared with vehicl.

< 0.05, when compared with PA-9.

Fig. 6 Docking model o8d with PAC1 receptor. Hydrogen-bonding interactians

indicated by yellow dashed lines.

Fig. 7 Comparison of docking models of PA-9 ondth PACL1 receptor.
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Highlights

-+ A novel and potent small-molecule antagonist of PACL receptor was synthesized.
- Weidentified compound 3d as anovel and potent PAC1 receptor antagonist.
- Intrathecal injection of 3d inhibited PACAP- and nerve injury-induced allodynia.

- Compound 3d also showed anti-allodynic effects following oral administration.
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