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Abstract

Ž . Ž . ŽSecretin and growth hormone releasing factor GRF have a weak affinity for VIP vasoactive intestinal peptide rPACAP pituitary
.adenylate cyclase activating polypeptide receptors, but discriminate between VIP rPACAP and VIP rPACAP receptors. This previously1 2

allowed us to develop modified secretin and GRF derivatives as high affinity and highly selective VIP rPACAP receptor ligands. We1

tested the hypothesis that the presence of a Gln residue at position 24 and a Leu residue at position 22 was responsible for their
w 24 x w 22 xVIP rPACAP receptor selectivity. Gln VIP was not different from VIP but Leu VIP had a 100-fold lower affinity for VIP rPACAP1 2

receptors as compared to VIP rPACAP receptors. The substitution of Tyr22 by Phe22 in VIP had no significant effect on the recognition1
w 22 xof both receptors but Ala VIP had a reduced affinity for the VIP rPACAP receptor. This indicated that an aromatic residue at position2

22 of VIP was required for a high affinity for the VIP rPACAP receptor but not for the VIP rPACAP receptor. q 1998 Elsevier Science2 1

B.V.

Ž .Keywords: VIP vasoactive intestinal peptide analog; VIP rPACAP receptor; VIP rPACAP receptor1 2

1. Introduction

Ž .VIP vasoactive intestinal peptide recognizes two dis-
tinct high-affinity receptors, named the VIP rPACAP1
Ž .pituitary adenylate cyclase activating polypeptide and the
VIP rPACAP receptors, that have been cloned in rats2
Ž .Ishihara et al., 1992; Lutz et al., 1993 and humans
Ž .Couvineau et al., 1994; Svoboda et al., 1994 . The mouse

ŽVIP rPACAP receptor has also been cloned Inagaki et2
.al., 1994 . Both receptor subtypes are coupled to G pro-s

teins and their occupancy by agonists stimulates adenylate
cyclase activity. VIP and PACAP are equally potent on
both receptors and do not exhibit a significant preference
for one receptor subtype. The tissue distribution of the
mRNA coding for each receptor subtype has been investi-

Ž .gated by in situ hybridization Usdin et al., 1994 and has
revealed a tissue-specific expression.

We recently found that the cyclic peptide analogue of
Ž . Ž .VIP, RO 25-1553 O’Donnell et al., 1994a,b see Fig. 1 ,

) Corresponding author. Tel.: q32-2-555-6215; fax: q32-2-555-6230.

is a highly selective agonist ligand for the VIP rPACAP2
Ž .receptor subtype Gourlet et al., 1997a . Secretin and

Ž .growth hormone releasing factor GRF have poor affinity
for VIP rPACAP receptors, and almost no affinity for1

Ž .VIP rPACAP receptors Gourlet et al., 1997b . We took2

advantage of this property to develop selective agonists
Ž . ŽGourlet et al., 1997b and a selective antagonist Gourlet

.et al., 1997c for the VIP rPACAP receptor. The location1

of the two receptor subtypes in the rat brain was studied
Ž .with these new tools Vertongen et al., 1997 and con-

firmed the results obtained by in situ hybridization.
Comparison of the amino acid sequences of non-selec-

tive VIPrPACAP receptor ligands and of selective
Ž .VIP rPACAP receptor ligands Fig. 1 suggested that the1

amino acid residues at position 22 and 24 could be impor-
tant for receptor discrimination: the selective VIP rPACAP1

Ž .receptor ligands had a leucine L residue instead of a
Ž . Ž .tyrosine Y residue at position 22 and a glutamine Q

Ž . Ž .residue instead of alanine A or asparagine N at position
24 of PACAP and VIP, respectively.

w 22 x w 24 xWe prepared Leu VIP and Gln VIP and evaluated
their ability to interact with rat and human VIP rPACAP1
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Fig. 1. Amino acid sequences of the VIP selective peptide, RO 25-15532
Ž . ŽO’Donnell et al., 1994a,b , of the two non-selective agonists common

.PACAP and common VIP and of two agonists that preferred
ŽVIP rPACAP receptors to VIP rPACAP receptors human GRF and1 2

.porcine secretin . The boxes indicate the residues that are identical in the
two VIP rPACAP-selective ligands, and different from the correspond-1

ing residues in the two non-selective ligands.

w 22 xand VIP rPACAP receptors. Leu VIP but not2
w 24 xGln VIP had a reduced affinity for the VIP rPACAP2

w 22 xreceptor. Similar results were obtained with Ala VIP but
w 22 xnot with Phe VIP, indicating the crucial role of an

aromatic residue at position 22 of VIP for a high-affinity
interaction with the VIP rPACAP receptor.2

2. Materials and methods

2.1. Cell lines

Ž .Four Chinese hamster ovary CHO cell lines express-
ing recombinant receptors were used for receptor charac-
terization. The cell lines expressing the rat VIP rPACAP1
Ž .850 fmolrmg of receptor of membrane protein and the

Ž y1human VIP rPACAP 200 fmol receptor mg membrane2
. Žprotein receptors were previously described Ciccarelli et

.al., 1994; Svoboda et al., 1994 . The cell line expressing
Žthe rat VIP rPACAP receptor 500 fmol receptorrmg2

.membrane protein was kindly provided by Dr. E.M. Lutz
from the MRC Brain Metabolism Unit, Edinburgh, and the
cell line expressing the human VIP receptor was estab-1

lished by electroporation transfection of the cDNA cloned
Ž .in pcDNA 3 plasmid Invitrogen and selection by sub-

cloning of a CHO cell clone expressing around 800 fmol
of receptorrmg membrane protein. This clone has already

Ž .been used in previous studies Gourlet et al., 1997b,c .
All the cell lines were cultured in the same medium, as

Ž .described previously Ciccarelli et al., 1994 .

2.2. Membrane preparation and receptor identification

Transfected CHO cells were harvested with a rubber
policeman and pelleted by low-speed centrifugation; the
supernatant was discarded and the cells were lysed in 1
mM NaHCO solution and immediately frozen in liquid3

nitrogen.
After thawing, the lysate was first centrifuged at 48C for

10 min at 400=g and the supernatant was further cen-
trifuged at 20 000=g for 10 min. The pellet, resuspended

in 1 mM NaHCO , was used immediately as a crude3

membrane fraction.
ŽBinding was performed as described Ciccarelli et al.,

. w125 x1994; Vertongen et al., 1997 , using I VIP for charac-
w125 xterization of the rat and human VIP receptor and I RO1

25-1553 for characterization of rat and human VIP recep-2
w125 xtors. I RO 25-1553 had a 3-fold higher affinity than

w125 xI VIP for VIP rPACAP receptors, so that the results2

obtained with this tracer were technically more satisfac-
w125 xtory. The competition curves obtained with I VIP and

w125 x ŽI RO 25-1553 were superimposable Vertongen et al.,
.1997 . In all cases, non-specific binding was defined as the

residual binding in the presence of 1 mM VIP. Binding
was performed at 378C in a 20-mM Tris–maleate, 2 mM
MgCl , 0.1 mg mly1 bacitracin, 1% bovine serum albu-2

Ž .min pH 7.4 buffer. Bound radioactivity was separated
from free by filtration through glass fibre GFrC filters
presoaked for 24 h in 0.01% polyethyleneimine and rinsed

Ž .three times with a 20 mM pH 7.4 sodium phosphate
buffer containing 1% bovine serum albumin. Adenylate
cyclase activity was determined by the procedure of Sa-

Ž . Ž .lomon et al. 1974 . Membrane protein 3–15 mg was
incubated in a total volume of 60 ml containing 0.5 mM
w 32 xa- P ATP, 10 mM GTP, 5 mM MgCl , 0.5 mM EGTA,2

1 mM cAMP, 1 mM theophylline, 10 mM
Ž .phospho enol pyruvate, 30 mgrml pyruvate kinase and 30

mM Tris–HCl at a final pH of 7.5. The reaction was

w125 xFig. 2. Inhibition of I VIP binding to membranes from CHO cells
Ž . w125 xexpressing the rat VIP rPACAP receptor upper panel and of I RO1

25-1553 binding to membranes from CHO cells expressing the rat
Ž . Ž . w 22 x Žw 22 x .VIP rPACAP receptor lower panel by VIP v , A VIP Ala VIP2

Ž . w 22 x Žw 22 x . Ž . w 22 x Žw 22 x . Ž .I , F VIP Phe VIP ` and L VIP Leu VIP n . The
results are the means of three experiments.
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Fig. 3. Dose–effect curves for adenylate cyclase activation of membranes
Ž .from CHO cells expressing the rat VIP rPACAP receptor upper panel1

Ž . Ž . w 22 xand the rat VIP rPACAP receptor lower panel by VIP v , A VIP2
Žw 22 x . Ž . w 22 x Žw 22 x . Ž . w 22 x Žw 22 x .Ala VIP I , F VIP Phe VIP ` and L VIP Leu VIP
Ž .n . The adenylate cyclase activity increased from 40 to 300 and 30 to
240 pmol cAMPrmin per mg protein in the presence of 1 mM VIP in
membrane from cells expressing rat VIP rPACAP and rat VIP rPACAP1 2

receptors, respectively. The results, expressed as % of the maximal value
obtained in the presence of 1 mM VIP, are the means of three experi-
ments.

initiated by adding membranes and was terminated after a
15-min incubation at 378C by adding 0.5 ml of a 0.5%
sodium dodecylsulfate solution containing 0.5 mM ATP,

w 3 x0.5 mM cAMP and 20 000 cpm 8- H cAMP. cAMP was
separated from ATP by two successive chromatography
steps on Dowex 50 W=8 and neutral alumina.

2.3. Peptide synthesis

The peptides were synthesized as C-terminal amides by
solid phase methodology on an automated Applied Biosys-

Ž .tems apparatus Foster City, CA , using the 9-fluoren-
Ž .ylmethoxy carbonyl strategy Ambrosius et al., 1989 .

They were purified by reversed-phase chromatography on
˚ Ž .Jordi-Gel DVB 300 A 10=1 cm and by ion exchange

Žchromatography on Mono S HR 5r5. Peptide purity )
.95% was assessed by capillary electrophoresis and the

sequence conformity was verified by sequencing and elec-
trospray mass spectrometry.

3. Results

[ 24] [ 22]3.1. Interaction of Gln VIP and Leu VIP with VIP r1

PACAP- and VIP rPACAP receptors2

w 24 xAs mentioned in the introduction, Gln VIP and
w 22 xLeu VIP were synthesized to test the hypothesis, based

Ž .on amino acid sequences comparison Fig. 1 , that the
introduction of a glutamine at position 24 and a leucine at
position 22 would promote selectivity for the VIP rPACAP1

w 24 xreceptor subtype. Gln VIP was not different from VIP,
in terms of both its affinity for the rat- and human recom-

Žbinant VIP rPACAP and VIP rPACAP receptors Table1 2
.1 , and its ability to stimulate adenylate cyclase activity
Ž . w 22 xresults not shown . Leu VIP was indistinguishable from
VIP at both rat and human VIP rPACAP receptors but1

was 100-fold less potent than VIP at the VIP rPACAP2
Ž .receptors Figs. 2 and 3 and Table 1 .

[ 22] [ 22]3.2. Interaction of Phe VIP and Ala VIP with VIP r1

PACAP- and VIP rPACAP receptors2

These two analogues were synthesized to test whether
w 22 xthe low affinity of Leu VIP for the VIP rPACAP recep-2

tor was due to the lack of an aromatic function or to its
replacement by a highly hydrophobic residue.

w 22 x ŽPhe VIP was similar to VIP which has a Tyr residue
. w 22 xat position 22 and Ala VIP was comparable to

w 22 xLeu VIP in all the systems tested. The affinity of
w 22 xAla VIP for the VIP rPACAP human receptor was1

w 22 x Ževen lower than that of Leu VIP Figs. 2 and 3 and
. w 22 x w 22 xTable 1 . Ala - and Phe VIP were full agonists on

Žadenylate cyclase stimulation Figs. 2 and 3 and data not
.shown .

Table 1
Ž . w 24 x w 22 xIC values in nM for binding of VIP, Gln VIP, Leu VIP,50

w 22 x w 22 xPhe VIP and Ala VIP to rat and human VIP rPACAP and1

VIP rPACAP receptors2

Ž .Peptide tested IC nM50

Rat Human

VIP r VIP r VIP r VIP r1 2 1 2

PACAP PACAP PACAP PACAP
aGRF 80 30000 100 30000

aSecretin 300 30000 1500 5000
VIP 2 10 2 10

24w xGln VIP 2 3 1 3
22w xLeu VIP 3 800 8 1000
22w xPhe VIP 1 20 1 10
22w xAla VIP 4 3000 10 1000

The IC values were established, using the LIGAND programme, from50

inhibition of tracer binding by increasing concentrations of unlabelled
peptides. The results were the means of three determinations and the

Ž .standard deviation S.D. was less than 0.1 log unit in all cases.
a Ž .Previously published data Gourlet et al., 1997b .
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4. Discussion

Owing to the broad distribution of the VIP receptors in
the pulmonary systems, gastrointestinal tract, genito-urinary
tract, as well as in vessels, heart, endocrine glands, brain
and immunocompetent cells, the potential applications of
VIP as a drug are large, but the expected undesired effects
are numerous. The recent discovery that VIP interacts with
two distinct receptor subclasses, with different tissue and
cell distributions, and the development of selective ago-

Ž .nists Usdin et al., 1994; Gourlet et al., 1997a,b,c has
increased interest in pharmacological applications of this
class of peptides. At present, relatively little is known
about the structural basis for the high-affinity interaction
of VIP with each receptor class.

We previously established that the carboxy terminus
was important for VIP –VIP receptor discrimination: ana-1 2

logues truncated at the carboxy terminus had a decreased
affinity for both VIP receptors but this effect was more
pronounced for the VIP rPACAP receptor than for the2

Ž .VIP rPACAP receptor Gourlet et al., 1996a . Conversely,1

analogues that were carboxy-terminally extended had a
higher affinity for the VIP rPACAP receptor than for the2

Ž .VIP rPACAP receptor Gourlet et al., 1996b . Studies1

conducted before the molecular cloning of the VIP - and1
ŽVIP rPACAP receptors on SUP-T1 cells that express the2

VIP rPACAP receptor: Robberecht et al., 1989; Svoboda2
.et al., 1994; Robberecht et al., 1996 and on rat liver and

Žpancreatic membranes that express the VIP rPACAP re-1
.ceptor: Robberecht et al., 1987 suggested that amino-

terminally modified VIP analogues also had the ability to
wdiscriminate between the two receptor subclasses: D-

4 x w 4 xAla VIP and D-Phe VIP had a 100-fold higher affinity
for VIP receptors than for VIP rPACAP receptors. These1 2

results were recently confirmed with the recombinant re-
Ž .ceptors Gourlet et al., 1997d .

The present data indicate that the side chain of the
amino acid residue at position 22 is also of importance for

Žreceptor discrimination: an aromatic residue tyrosine or
.phenylalanine is necessary for a high-affinity interaction

with the VIP rPACAP receptor but not with the2

VIP rPACAP receptor. Indeed, the introduction of a hy-1
Ž .drophobic residue leucine or alanine in that position

markedly reduced the affinity of VIP for the VIP rPACAP2

receptor only.
w 22 xThe observation that Ala VIP is a full agonist with a

high affinity for human- and rat-VIP rPACAP receptors1

suggests that a reinterpretation of previous data from
O’Donnell et al., 1991 is necessary. These authors synthe-
sized VIP analogues systematically modified with single

Ž .alanine substitutions ‘Ala-Scan’ and tested the peptides
in binding assays with guinea pig and human lung prepara-
tions, in bioassays measuring the relaxation of guinea pig
tracheal preparations, and, in vivo, by peptide instillation
into the trachea. In all these experimental models, the
w 22 xAla VIP analogue was 50- to 400-fold less potent than

w 22 xthe corresponding Tyr peptide. This suggests that the
VIP rPACAP receptors were the main contributors to the2

VIP-induced broncho-tracheal relaxation. This conclusion
is in line with the finding that the stable VIP analogue RO

Ž25-1553, a potent broncho-relaxing agent O’Donnell et
.al., 1994a , is a highly selective VIP rPACAP receptor2

Ž .agonist Gourlet et al., 1997a . In membranes from total
Žlung homogenates, binding and functional studies Rob-

.berecht et al., 1982, 1988 however indicate a major
contribution of VIP rPACAP receptors, which could be1

Ž .located on the epithelial cells Usdin et al., 1994 . Thus,
the present results, besides offering new perspectives for
the design of selective analogues, also focus the attention
on the fact that the previously published VIP ‘Ala-Scan’
Ž .O’Donnell et al., 1991 was probably tested on
VIP rPACAP receptors only.2
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