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Abstract

AIM: To determine the effect of pituitary adenylate cy-
clase-activating polypeptide (PACAP) on left gastric ar-
tery (LGA) flow and to unveil the structural or functional
important sites that may be critical for discrimination of
different receptor subtypes.

METHODS: Peptides, including PACAP-27, PACAP-38,
amino acid substituted PACAP-27 and C-terminus trun-
cated analogues PACAP (27-38), were synthesized by a
simultaneous multiple solid-phase peptide synthesizer.
Flow probes of an ultrasound transit-time blood flowme-
ter were placed around the LGA of beagle dogs. When
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peptides were infused intravenously, the blood flow was
measured.

RESULTS: [Ala4, Val5]-PACAP-27 caused a concen-
tration-dependent vasodepressor action which was
similar to that caused by PACAP-27. The LGA blood flow
response to [Ala4, Val5]-PACAP-27 was significantly
higher than that to PACAP-27, which was similar to that
to vasoactive intestinal polypeptide (VIP) at the same
dose. [Ala6]-PACAP-27 did not increase the peak LGA
flow. [Gly8]-PACAP-27 showed a similar activity to VIP.
[Asn24, Ser25, Ile26]-PACAP-27 did not change the ac-
tivity of peptides at all doses.

CONCLUSION: NH2 terminus is more important to
biological activity of peptides and specific receptor rec-
ognition than COOH-terminus.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION
Pituitary adenylate cyclase-activating polypeptide (PACAP)
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was originally isolated because of its similarity with va-
soactive intestinal polypeptide (VIP). PACAP stimulates
adenylyl cyclase activity in anterior pituitary cells of rats.
So far, two forms of PACAP (PACAP-38 and PACAP-27)
have been described. Considering that the 27-residue
polypeptide (PACAP-27) corresponds to the N-terminus
27-amino acid sequence of PACAP-38 and shows a 68%
identity with VIP"' (Table 1), PACAP showing a 68% of
identity with VIP has been consideted a member of VIP-
glucagon-growth hormone releasing factor-secretin super-
family.

Both PACAP and VIP exhibit an ability to stimulate
adenylate cyclase in pituitary cells and in neural, pancreatic,
and liver membrane’”. However, PACAP is much more
potent than VIP in pituitary cells and liver membrane. In
the cardiovascular system, PACAP acts as a vasodepressor
like VIP. Similarity would demand the validation of effec-
tiv[eﬂ dose, the duration of response, and the latent period,
el

PACAP and VIP ate co-expressed in nerve fibers and
neurons in ganglia of guinea pig gallbladderm. Our previ-
ous study showed that their actions on the gallbladder are
opposite, namely VIP relaxes the gallbladder whereas PA-
CAP induces its contraction”.

It has been shown that PACAP-38 and PACAP-27 are
potent VIP-like vasodilators of the femoral artetial bed of
dogs, while PACAP-38 differs from PACAP-27 and VIP
in its prolonged effects on femoral blood flow'”. Small
arteries and arterioles in the gastrointestinal tract and pan-
creas are innervated by VIP- or PACAP-positive fibers.
Both peptides are very potent vasodilators of gastroin-
testinal blood vessels in conscious dogs. These findings
suggest that PACAP may participate in regulation of the
gastrointestinal circulation. However, its effect on gastric
blood flow is unknown™".

Three receptor subtypes that mediate PACAP and
VIP have been identified"”, including PACAP-specific re-
ceptor (PAC1T) with a high affinity for PACAP and a much
lower affinity for VIP, and PACAP/VIP receptors (VPACI
and VPAC2) with a similar affinity for PACAP and VIP.
All of them belong to the group of 7 transmembrane G
protein-coupled receptors. PACAP and VIP act primarily
as an inhibitory transmitter on most gastrointestinal and
vascular smooth muscle cells, suggesting that PACAP may
participate in regulation of the gastrointestinal circulation.

In the present investigation, gastrointestinal blood flow
response to PACAP38, PACAP27 and their analogues
with amino acid substitutions of corresponding VIP
residues as well as substituted analogues at putative func-
tional/structural important sites and C-terminal truncated
analogues were studied in conscious beagle dogs to unveil
the dose-response and structure-response relationships of

these peptides in the left gastric artery (LGA).

MATERIALS AND METHODS

Peptide synthesis
On the basis of sequence homology of PACAP and VIP
as well as the structural results by NMR, positions 4, 5, 6,
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Peptides and their analogues Amino acid sequence

PACAP-27 HSDG I, FTD SY, SRYRK, QMAVK,
KYLAA, VL-NH2

VIP HSDAYV, FTDNY, TRLRK, QMAVK,

KYLN S, ILN-NH2

HSDA [, FTDSY, SRYRK, QMAVK,

KYLAA, VL-NH2

HSDGYV, FTDSY, SRYRK, QMAVK,

KYLAA, VL-NH2

HSDAYV, FTDSY, SRYRK, QMAVK,

KYLAA, VL-NH2

HSDG I, ATDSY, SRYRK, QMAVK,

KYLAA, VL-NH2

HSDG [, FTGSY, SRYRK, QMAVK,

KYLAA, VL-NH2

HSDG I, FTDSY, SRYRK, QMAVK,

[Ala4]-PACAP-27
[Val5]-PACAP-27
[Alad, Val5]-PACAP-27
[Ala6]-PACAP-27
[Gly8]-PACAP-27

[Asn24, Ser25, 11e26]-

PACAP-27 KYLN'S, IL-NH2

PACAP 1-33 HSDGI, FTDSY, SRYRK, QMAVK,
KYLAA, VLGKR YKQ

PACAP 1-34 HSDGI, FTDSY, SRYRK, QMAVK,
KYLAA, VLGKR YKQR

PACAP 1-35 HSDGI, FTDSY, SRYRK, QMAVK,
KYLAA, VLGKR YKQRV

PACAP 1-36 HSDGI, FTDSY, SRYRK, QMAVK,
KYLAA, VLGKR YKQRYV, K

PACAP 1-37 HSDGI, FTDSY, SRYRK, QMAVK,
KYLAA, VLGKR YKQRYV, KN

PACAP 1-38 HSDGI, FTDSY, SRYRK, QMAVK,

KYLAA, VLGKR YKQRYV, KNK-NH2

PACAP: Pituitary adenylate cyclase-activating polypeptide; VIP: Vasoactive
intestinal polypeptide.

8, 24, 25, and 26 of PACAP-27 and VIP were selected as
substitution sites in the present study. Peptides, including
PACAP-27, PACAP-38, amino acid substituted PACAP-27
and C-terminal truncated analogues PACAP 27-38 were
synthesized by a simultaneous multiple solid-phase pep-
tide synthesizer (PSSM-8; Shimadzu, Kyoto, Japan), using
the 9-fluorenylmethoxycarbonyl strategy. After cleavage,
all peptides were purified with the SynProPep System'!
and characterized by sequencing, amino acid analysis, and
fast atom bombardment mass spectrometry to confirm
the high homogeneity with the desired structure. VIP was
purchased from Peptide Institute (Osaka, Japan).

Methods

The study was approved by the Ethical Committee of the
National Institute for Physiological Sciences (Okazaki, Ja-
pan) on Animal Use for Experiment. Five beagle dogs of
either sex weighing 8-14 kg were used. After fasted for 18 h,
the animals were anesthetized with thiamylal (20 mg/kg)
and atropine (0.5 mg) and maintained with N2O-O2-ether
throughout the procedure. Flow probes of an ultrasound
transit-time blood flowmeter (Transonic Systems, New
York) were placed around the LGA. Connectors of the
probes were pulled out of the abdominal cavity through a
subcutaneous tunnel and fixed at the chest. After a 4-wk
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recovery period, the animals were restrained in Pavlov
stands and experiments were conducted in the conscious
state. PACAP27, PACAP38, VIP, and PACAP-27 ana-
logues (2.5, 5, 10, 25, 50 and 100 pmol/kg in 1 min) were
infused intravenously. The blood flow was measured.
Blood flow response to oral ingestion of 300 mL milk
served as a control.

Statistical analysis

All data were presented as mean * SE. Statistical analysis
was carried out by one-way analysis of variance using
least-significant difference when equal variances or Tam-
hane’s T2 was assumed or when equal variances were not
assumed for multiple comparisons. Independent sample
# test was used for comparison between two independent
data. P < 0.05 was considered statistically significant with
7 = the number of animals.

RESULTS

Effects of PACAP-27 and VIP

Different concentrations of PACAP-27, PACAP-38 and
VIP were employed. The LGA blood flow responses to PA-
CAP-27 at the doses of 2.5, 5, 10, 25, 50 and 100 pmol/kg
were 30.07 £ 8.52, 66.62 £ 16.04, 100, 195.29 £ 35.07,
276.45 £ 47.33, 322.76 £ 60.36, respectively, while those
to PACAP-38 at the same doses were 37.35 £ 5.11, 91.69
+ 11.15, 137.60 + 13.81, 186.91 £ 25.66, 214.12 + 31.42,
229.73 + 42.11, respectively. The blood flow responses
to VIP at the doses of 10, 25, 50 and 100 pmol/kg were
25.56 £ 8.32, 56.88 + 9.56, 87.41 + 1.72, 148.60 + 17.17,
respectively (Figure 1).

Effects of N-termini (1-8) substituted PACAP-27 analogues
Effect of N-termini 4 and 5 substituted PACAP-27 an-
alogues with corresponding VIP residues: Intravenous
infusion of substituted PACAP27 analogues increased the
peak LGA blood flow in a dose-dependent manner. [Ala4,
Val5]-PACAP-27 caused a concentration- dependent va-
sodepressor action similar to that caused by PACAP-27.
Both showed a comparable activity to PACAP-27 at
the doses of 2.5-100 pmol/kg), demonstrating that a
single amino-acid residue substitution at position 4 or 5
of PACAP-27 does not significantly change its biologi-
cal function. Interestingly, analogues with a substitution
at positions 4 and 5, [Ala4, Val5]-PACAP-27 (12.68 *
4.88, 42.18% of PACAP27) showed a similar activity to
PACAP-27 (30.07 + 8.52) at the dose of 2.5 pmol/kg.
However, the responses to [Ala4, Val5]-PACAP-27 (14.58
+ 6.73, 20.63 * 6.08, 29.99 £ 9.77, 48.53 £ 10.79, 79.20
+ 4.66) at the doses of 5, 10, 25, 50 and 100 pmol/kg
were significantly lower than those to PACAP27 (21.88%,
20.63%, 15.36%, 17.55% and 24.54%, P < 0.05) and those
to PACAP27 at positions 4 and 5 (66.62 £ 16.04, 100,
195.28 £ 35.07, 276.45 + 47.33, 322.76 + 60.36), while
exhibited a similar activity to VIP (25.56 + 8.32, 56.88 *
9.56, 87.41 £ 1.72, 148.60 £ 17.17) at the dose of 10-100
pmol/kg, suggesting that positions 4 and 5 of PACAP-27
are the key NH2-terminal residues of PACAP-27 that
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Figure 1 Left artery blood flow response to different doses of amino-acid
substituted pituitary adenylate cyclase-activating polypeptide-27 analogues.
PACAP: Pituitary adenylate cyclase-activating polypeptide; VIP: Vasoactive intes-
tinal polypeptide.

discriminate interactions of PACAP with specific receptor

subtypes in the LGA (Figure 2).

Effect of N-terminus 6, 8 substituted PACAP-27 ana-
logue: Intravenous infusion of [Ala6]-PACAP-27 did not
increase the peak LGA flow, indicating that amino-acid
residue replacement at position 6 of PACAP-27 results
in loss of its biological function. Phenylalanine, an amino
acid residue at position 6 of PACAP -27, was critical for
PACAP-27 to exert its action on LGA flow.

The responses to [Gly8]-PACAP-27 were significantly
lower at the doses of 5-100 pmol/kg (17.97 £ 4.21, 18.07
+ 4.13,26.21 £ 7.22, 64.06 £ 15.82, 101.51 £ 17.40) than
those to PACAP-27 (26.98%, 18.07%, 13.42%, 23.17%,
31.45%) (P < 0.05). [Gly8]-PACAP-27 at the dose of
10-100 pmol/kg showed a similar activity to VIP. Changes
in amino-acid residue at position 8 made the biological
function of PACAP-27 less potent, suggesting that posi-
tion 8 of PACAP-27 plays a key role in conformation of
PACAP-27 (Figure 2).

Effects of C-termini (24-26) substituted PACAP-27
analogues with corresponding VIP residues

The replacement of C-terminal residues of PACAP-27,
[Asn24, Ser25, 11e26]-PACAP-27 (14.75 + 6.97, 55.43 +
21.31, 112.66 + 32.25, 185.23 *+ 38.60, 279.30 * 59.33,
341.83 £ 72.38) did not significantly change the responses
at the doses of 2.5-100 pmol/kg, while the responses were
83.21%, 112.66% and 101.03% to PACAP-27 at 5, 10 and
50 pmol/kg, indicating that the three C-terminal residues
are not critical for the difference between PACAP-27 and
VIP (Figure 2).

Effects of C-terminal deletion in PACAP-38 on peak LGA
flow

The effects of C-terminal deletion in PACAP-38 on the
peak LGA flow were monitored and compared with the
response to PACAP-27, showing that almost all C-terminal
deletions in PACAP-38 had no significant effect on the
peak LGA flow (Figure 3).
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Figure 2 Effects of different doses of amino-acid substituted pituitary adenylate cyclase-activating polypeptide-27 analogues, pituitary adenylate cyclase-
activating polypeptide-27 and vasoactive intestinal polypeptide on left artery blood flow. °P < 0.05, °P < 0.01 vs pituitary adenylate cyclase-activating polypeptide
(PACAP)-27; °P < 0.05, °P < 0.01 vs vasoactive intestinal polypeptide (VIP). LGA: Left gastric artery.
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Figure 3 Effects of C-terminal deletions in pituitary adenylate cyclase-activating polypeptide-38 and pituitary adenylate cyclase-activating polypeptide-27 on
left artery blood flow (mean * SE). PACAP: Pituitary adenylate cyclase-activating polypeptide; LGA: Left gastric artery.

DISCUSSION

It has been shown that PACAP has potent gastrointestinal
effects'!. The present study demonstrated that both PA-
CAP and VIP wete potent vasodilators of the left gastric
arterial bed in dogs, and PACAP was more potent than
VIP.

Similarly, it has been reported that although PACAP-
27 and N-terminus 27 amino acids in PACAP-38 show a
high homology with VIP"?, PACAP is more potent than
VIP in stimulating adenylate cyclase in pituitary cells' .

Autoradiography can clearly identify two PACAP
binding sites: one is PACAP preferring, the other has an
identical affinity to VIP and PACAP"".

The physiological actions of these widely distributed
peptides, including PACAP, VIP and their analogues,
are produced by activating the three common G-protein
coupled receptors (VPAC1, VPAC2 and PAC1) which
preferentially stimulate adenylate cyclase and increase intra-
cellular cAMP, although stimulation of other intracellular
messengers, including calcium™ and phospholipase p'
has also been reported.

The three receptor subtypes have been classified into
“VPAC receptors” for VIP and PACAP, and “PAC1 re-
ceptors” which are the PACAP-preferring subtype! . The
VPAC receptors can be further divided into VPACIR and
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VPAC2R subtypes, based upon helodermin binding/po-
tency (VPAC2R is helodermin preferring).

The actions of PACAP and VIP on gallbladder are
opposite, namely VIP relaxes the gallbladder, whereas PA-
CAP induces its contraction both #z vivo and in vitro. The
three receptor subtypes that recognize PACAP and VIP
as the gallbladder have been found in blood vessels of the
gastrointestinal system. Intravenous infusion of PACAP
analogues increases the intestinal system blood flow in a
dose-dependent manner. The PACAP becomes more po-
tent as the amino chain of PACAP extends.

The aim of this study was to determine the effect of
PACAP on LGA flow and to unveil the structural or func-
tional important sites that may be critical for discrimina-
tion of different receptor subtypes. PACAP-27 analogues
with amino acid substitutions or deletions at selected sites
were synthesized.

In the present study, deletion of amino-acid residues
from C-terminus of PACAP-38 did not significantly
change the effect of PACAP on LGA, which is not con-
sistent with the reported findings in gallbladderm, demon-
strating that the COOH-terminus of PACAP-38 has no
key residues for the activity of PACAP-27 in LGA, and
that PACAP-27 and PACAP-38 may act on the same re-
ceptor subtype.

The C-terminal deletions in PACAP-38 had no signifi-
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cant influence on the peak LGA flow in this study, show-
ing that no particular amino acid residue is responsible
for the decreased potency of PACAP-27 and PACAP-38,
which is consistent with the prolonged response of PA-
CAP-38 to the femoral blood flow in dogs'"®.

The change in single amino-acid residue at position 4
ot 5 of the amino chain of PACAP-27 did not significant-
ly change the biological function of PACAP-27. However,
substituting the amino-acid residues at positions 4 and 5
with corresponding VIP residues significantly changed the
biological function of PACAP-27. The responses of LGA
flow to [Ala4, Val5]-PACAP-27 and VIP were similar,
demonstrating that positions 4 and 5 are the key NH2-tet-
minal residues of PACAP-27 that distinguish interactions
with PACT receptors from those with VPAC1 and VPAC2
receptors in the LGA.

In our previous study on VIP and PACAP in guinea
pig gallbladder™, VIP induced relaxation while PA-
CAP27 induced contraction of gallbladder. [Ala4, Val5]-
PACAP27 were more potent than PACAP27 (P < 0.01) in
stimulating the gallbladder. It has also been identified in a
previous study” that [Ala6] PACAP-27 has no significant
activity and [Gly8] PACAP-27 is significantly (P < 0.05)
less potent (25%) than PACAP-27, which are consistent
with the findings in the present study, demonstrating that
position 4 and 5 are the key residues of PACAP-27 and
substitutions at both sites with VIP residues may influence
on specific receptor recognition. In this case, positions 4
and 5 substituted PACAP-27 may choose VPAC recep-
tors instead of PAC receptors. Positions 6 and 8 ate also
important for the effect of PACAP27. It has been shown
that a hydrophobic B-coil may form in the N-terminal re-
gion and that this structure may be important in receptor-
binding affinity"”.

There is evidence that both N- and C-terminal regions
are important for the biological activity of peptides and
recognition of specific receptors” ), Tt was reported that
replacement of the COOH-terminal of PACAP-27 with
VIP has no effect on the relaxation of LGA™.

In conclusion, NH2 terminus plays an more impor-
tant role in the recognition of specific receptors than
the COOH-terminal. No particular amino acid residue is
responsible for the decreased potency of PACAP-27 and
PACAP-38. Further study is needed to determine the sites
important to the structure and functions of PACAP.

COMMENTS

Background

Pituitary adenylate cyclase-activating polypeptide (PACAP) was originally iso-
lated because of its similarity with vasoactive intestinal polypeptide (VIP). PA-
CAP-27 corresponds to the N-terminal 27-amino acid sequence of PACAP-38
and shows a 68% identity with VIP. The effects of PACAP and VIP on the
cardiovascular system and gallbladder have extensively studied. The effects
of PACAP on excretion and motility of the gastrointestinal tract have also been
investigated. The findings suggest that PACAP may participate in regulation
of the gastrointestinal circulation. The influence of PACAP on left gastric blood
flow was observed in the present study.

Research frontiers
Small arteries and arterioles in the gastrointestinal tract and pancreas are in-
nervated by VIP- or PACAP-positive fibers. Their actions on the gallbladder are
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opposite: VIP relaxes the gallbladder whereas PACAP induces its contraction.
Both peptides were found to be very potent vasodilators of the gastrointestinal
blood vessels in conscious dogs, suggesting that PACAP may participate in
regulation of the gastrointestinal circulation.

Innovations and breakthroughs

Flow probes of an ultrasound transit-time blood flowmeter were placed around
the left gastric artery (LGA). Connectors of the probes were pulled out of the
abdominal cavity through a subcutaneous tunnel and fixed at the chest. After a
recovery period, the animals were restrained in Pavlov stands and the experi-
ments were conducted in the conscious state. This method can also be used in
other experiments on gastrointestinal blood flow.

Applications

The motility and secretion function of gastrointestinal tract are closely related
with blood flow. Based on the mechanisms of motility and secretion, the effects
of brain-gut peptides on blood flow help understand the physiology of the diges-
tive system and treatment of digestive diseases. The methods can also be used
in other experiments on the effects of peptides on gastrointestinal blood.

Peer review

In this study, peptides including PACAP-27, PACAP-38, amino acid substituted
PACAP-27 and C-terminal truncated analogues PACAP (27-38) were synthe-
sized and blood flow from the LGA of dogs was measured in response to these
peptides infused at various concentrations. The results indicate that amino acid
substituted PACAP can cause a concentration dependent vasodepressor ac-
tion similar to that caused by PACAP-27. The study is interesting, but the data
should be further clarified.
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