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1 The VPAC2 and PAC1 receptors are closely related members of the Group II G protein-coupled
receptor family. At the VPAC2 receptor, VIP is equipotent to PACAP-38 in stimulating cyclic AMP
production, whereas at the PAC1 receptor PACAP-38 is many fold more potent than VIP. In this
study, domains which confer this selectivity were investigated by constructing four chimaeric
receptors in which segments of the VPAC2 receptor were exchanged with the corresponding segment
from the PAC1 receptor.

2 When expressed in COS 7 cells all the chimaeric receptors bound the common ligand
[125I]PACAP-27 and produced cyclic AMP in response to agonists.

3 Relative selectivity for agonists was determined primarily by the amino terminal extracellular
domain of the PAC1 receptor and the VPAC2 receptor. The interchange of other domains had little
e�ect on the potency of PACAP-38 or PACAP-27.

4 For chimaeric constructs with a PAC1 receptor amino terminal domain, the substitution of
increasing portions of the VPAC2 receptor decreased the potency of VIP yet increased that of
helodermin.

5 This suggests that the interaction of VIP/helodermin but not PACAP with the PAC1 receptor
may be in¯uenced (and di�erentially so) by additional receptor domains.
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Introduction

Vasoactive intestinal peptide (VIP) and pituitary adenylate
cyclase activating polypeptide (PACAP) are structurally
similar neuropeptides, with 68% conservation of amino acids.
Receptors for VIP (which also recognise PACAP with equal

a�nity) are found in both the CNS and periphery (Arimura,
1992), and may mediate the peripheral actions of PACAP as
well as VIP. High a�nity PACAP receptors (where VIP is

many fold less potent than PACAP in evoking receptor-
mediated responses) are present mainly in the CNS, but also in
the adrenal medulla (Arimura, 1992). Two genes encoding

VIP/PACAP receptors have been cloned; formerly known as
the VIP1 receptor (Ishihara et al., 1992), and the VIP2 receptor
(Lutz et al., 1993). The gene encoding the PACAP selective
receptor has been cloned by several laboratories (Hashimoto et

al., 1993; Hosoya et al., 1993; Morrow et al., 1993; Pisegna &
Wank, 1993; Spengler et al., 1993; Svoboda et al., 1993) and
has been shown to undergo di�erential splicing, for instance

®ve splice variants in the region encoding intracellular loop
three have been reported (Spengler et al., 1993). Recently, a
new nomenclature has been approved for these receptors, the

VPAC1, the VPAC2 and the PAC1 receptor respectively
(Harmar et al., 1998).

The VPAC2 and PAC1 receptor are 50% identical at the
amino acid level, and have 60% identity within the
transmembrane spanning domains (the receptor trunk). These
receptors belong to the secretin (Group II) G protein-coupled

receptor family (Segre & Goldring, 1993), which does not have
the consensus amino acid motifs which have been de®ned for
the rhodopsin/b-adrenergic (Group I) G protein-coupled

receptor family (Wess, 1997). Ligands for the secretin receptor
family are all relatively large peptide hormones (527 amino
acids); all members couple to stimulation of adenylyl cyclase

(AC), apparently through the heterotrimeric G protein Gs;
many also couple to phospholipase C (PLC) stimulation
through the Gq family (Hezareh et al., 1996; O�ermanns et al.,
1996). These receptors are highly conserved at the amino acid

level (Segre & Goldring, 1993) suggesting that there may be
common principles to the molecular mechanisms by which
these receptors transduce agonist signals from the extracellular

surface to the intracellular second messenger systems. It is
likely that these receptors have evolved from a common
ancestral gene, with strong selection pressure to maintain

certain key molecular features which are necessary for this
mechanism, but diverging in ligand speci®city.

We have found marked functional di�erences in respect to

ligand selectivity, levels of expression and second messenger
coupling for the VPAC2 and PAC1 receptors when transiently
expressed in COS 7 cells. The VPAC2 and PAC1 receptors not
only stimulate AC (Lutz et al., 1993; Morrow et al., 1993) but
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couple to other signal transduction pathways as well (Mac-
Kenzie et al., 1996;McCulloch et al., 1995; Spengler et al., 1993).
In the present study we have begun to characterize receptor

domains which confer the characteristics of agonist recognition
for thePAC1 and theVPAC2 receptors by exchanging equivalent
regions between the two types of receptor (see Figure 1), with
divisions at the extracellular boundary of transmembrane region

1 (tm1) and within transmembrane region 5 (tm5). Chimaeric
receptors were designated according to a scheme describing
amino N-terminal portion/junction site/Carboxyl C-terminal

portion (for example, the construct consisting of NH2-PAC1

receptor/junction site in TM5/VPAC2 ±COOH was designated
P5V). Four chimaeric receptors thus were constructed between

the rat VPAC2 and the rat PAC1 receptor. Wild-type and
chimaeric receptors were transiently expressed in COS 7 cells.
Levels of expression at the plasma membrane were determined

bywhole cell ligandbinding.The ability of PACAP-38, PACAP-
27, VIP and helodermin to activate cyclic AMP production at
each receptor was then compared. All chimaeric receptors were
functionally expressed at levels lower than those found for the

PAC1 receptor, butwere 2 ± 5 fold higher than that of theVPAC2

receptor. Some of these results have been published in
preliminary form (Lutz et al., 1994; 1996).

Methods

Drugs and chemicals

Tissue culture media were obtained from Life Technologies,
Paisley, UK; DEAE dextran was from Pharmacia Biotech
Ltd., St Albans, UK. [125I]PACAP-27 (2200 Cimmol71) and
[125I]VIP (2200 Cimmol71) were obtained from DuPont (UK)

Ltd, Stevenage, UK. Peptides were supplied by Calbiochem-

Novabiochem (UK) Ltd, Nottingham, UK. Standard labora-
tory chemicals of Analar grade were obtained from Sigma-
Aldrich Chemical Company, Poole, UK. Oligonucleotide

primers were synthesized by Cruachem Ltd, Glasgow, UK or
Oswel DNA Service, Southampton, UK.

Construction of chimaeric receptors

Chimaeric receptors were made by exchanging the equivalent
regions between the VPAC2 receptor and the short intracellular

loop 3 (i3) splice variant of the PAC1 receptor, at exchange sites
within tm1 and tm5 (Figure 1). The tm5 chimaeric receptors
V5P: VPAC2(1 ± 294)PAC1(319 ± 467) and P5V: PAC1(1 ±

318)VPAC2(295 ± 437) were made by utilizing a conserved
restriction (HincII) site in the region encoding the ®fth
transmembrane region within the VPAC2 and PAC1 receptor

cDNA sequences. The N-terminal V1P: VPAC2 (1 ±
127)PAC1(155 ± 467) and P1V: PAC1(1 ± 154)VPAC2(128 ±
437) chimaeric receptors were made by overlap extension
polymerase chain reaction (PCR) mutagenesis (Huang et al.,

1995). For each junction site a set of four oligonucleotide
primers was used, two external primers derived from ¯anking
sequences of the vector and two internal primers one of which

(the overlap primer) contained sequences derived from both
receptor encoding cDNAs and which spanned the junction site
of the chimaeric construct [PAC1(155 ± 467): 5'-CGTTTTA-

TATTCTGGTGAAGGCTCTCTACACAGTC; VPAC2

(128 ± 437) 5'-GATTATTACTACCTGTCGGTGAAGGC-
CATTTATACCTTGG). The second internal primer (cDNA

speci®c primer) contained sequences complementary to the 5'
end of the overlap primer and corresponding to the cDNA
encoding the receptor portion 5' of the junction site [VPAC2

(1 ± 127): 5'-CACCAGAATATAAAACGTGATCTTAC);

PAC1 (1 ± 154); 5'-CACCGACAGGTAGTAATAATCCTG).
In the ®rst round of PCR ampli®cation the 5' region encoding
the N-terminal end of the chimaeric receptor was ampli®ed

with the cDNA speci®c primer along with the corresponding
¯anking external primer while the 3' region encoding the C-
terminal end was ampli®ed with the overlap primer and

corresponding ¯anking external primer. PCR reactions were
set up in 100 ml volumes containing 15 ng cDNA, 15 pmol of 5'
and 3' primer, in PCR bu�er with 2 mM MgCl2, 100 nM dNTPs
and 10% DMSO and overlaid with mineral oil. The reaction

was heated to 958C for 5 min, then maintained at 808C while
adding 2.5U Pfu polymerase (Stratagene), after which the
reaction was put through 30 cycles with denaturing at 948C
(1 min), annealing at 578C (1 min) and extension at 728C
(3 min). After the ®rst round of PCR, 10 ml samples were
analysed by electrophoresis. The remaining PCR reactions were

puri®ed by extracting with Wizard cDNA puri®cation system
(Promega), then in the second round of PRC ampli®cation 1 ml
of each appropriate extract were mixed and ampli®ed using the

¯anking pBluescript primers under the same conditions as the
®rst round of ampli®cation. The polymerase enzyme was
removed byWizard cDNA puri®cation system and the reaction
digested with either EcoRI or EcoRI+XhoI, then run on

agarose gels for size selection. These were ligated into
pBluescript for selection of appropriate clones by sequence
analysis, then inserted into the expression vector pcDNA 1

(InVitrogen, R&D Systems Europe Ltd., Abingdon, UK) for
functional expression in COS 7 cells.

Transfection of COS cells

COS 7 cells were transfected using DEAE dextran as described
previously (Morrow et al., 1993) and allowed to recover for

Figure 1 Exchange sites for construction of the tm1 and tm5
VPAC2/PAC1 chimaeric receptors. Schematic diagram of the seven
transmembrane-spanning receptor. Junction sites for making the
chimaeric receptor constructs are shown below and are labelled with
the transmembrane domain in which they occur.
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24 h. Transfected cells were then trypsinized and plated into 12
well plates (for whole cell binding) or 24 well plates (for cyclic
AMP assays). Assays were performed 48 h after plating.

Receptor binding assay

Transfected cells in 12 well plates were washed twice and

incubated at 08C for 1 h in ice-cold medium 199 containing
0.2% BSA with [125I]PACAP-27 (14,000 c.p.m. per well) in the
absence or presence of increasing concentrations of unlabelled

PACAP-27 or with [125I]VIP (30,000 c.p.m. per well) in the
absence or presence of increasing concentrations of unlabelled
VIP. Non-speci®c binding was de®ned with 300 nM PACAP-

27 or 3 mM VIP respectively as preliminary experiments
showed that higher concentrations began to displace ligand
binding non-speci®cally from COS 7 cells transfected with

empty vector. Unbound radioactivity was removed by washing
cells three times with Earle's Balanced Salt solution (EBSS)
containing 0.1% BSA. Bound radioactivity was removed by
acid wash (0.2 M acetic acid, 0.5 M NaCl) for 5 min on ice, and

measured by g-counting.

Cyclic AMP formation assay

Transfected cells were treated essentially as described
previously (Morrow et al., 1993). Forty-eight hours after

trypsinisation cells were washed twice in MEM containing
0.25% BSA, and preincubated at 378C for 15 min in the
presence of 0.5 mM isobutyl methylxanthine (IBMX). Peptides

were directly added, and incubations were continued at 378C
for 5 min. The reaction was stopped by adding an equal
volume of ice-cold 0.2 M HCl and frozen. Cyclic AMP levels
were measured by radioimmunosassay with antibodies to

cyclic AMP kindly provided by Dr Ian Gow, Department of
Physiology, University of Edinburgh, UK.

Data analysis

Curve ®tting and standard error calculation was performed

using a non-linear regression program, P-®t (Elsevier Biosoft,
Cambridge, UK).

Results

Cell surface expression of wild-type and chimaeric
receptors in COS 7 cells

To determine cell surface receptor levels and binding

characteristics for the wild-type and chimaeric VPAC2 and
PAC1 receptors, Bmax and IC50 values were measured by
homologous displacement of [125I]PACAP-27 binding (at 08C)
to whole cells expressing VPAC2 or PAC1 receptors (Table 1).
Ligand a�nities measured by this in vivo method for cell
surface binding are routinely lower than those found in vitro
membrane binding (presumably as a result of di�erent assay

constituents and conditions). Nevertheless, this approach gives
information on cell surface expression of receptors, rather than
the entire cellular complement, and allows direct internal

comparisons between the di�erent constructs in this study.
Receptor expression levels monitored in this way varied
between 59 fmol1075 cells (the VPAC2 receptor) and 494

fmol1075 cells (the PAC1 receptor). The chimaeric receptors
displayed levels 130 ± 215 fmol1075 cells (between 26 and 44%
of the levels found for the PAC1 receptor). Table 1 also shows
the IC50 values for PACAP 27 displacement of [125I]PACAP-27

binding in whole cells expressing wild-type and chimaeric
receptors. Values for wild-type receptors were 19+1 nM for

VPAC2 and 30+1 nM for PAC1. The a�nity of wild-type
receptors and chimaeric constructs for PACAP-27 was very
similar in all cases with IC50 values at the chimaeric receptors

di�ering by less than 2 fold from their corresponding wild-type
controls (Table 1). This indicates, in general terms, that the
ability of the chimaeras to recognise an appropriate agonist
ligand is not grossly perturbed by the presence of exchanged

domains. Both the best ®t slope values from curve ®tting
(ranging from 0.81 ± 1.22) and Scatchard-type plots of the data
gave no cause to suggest the presence of multiple components

in [125I]PACAP-27 binding under these conditions. Pilot
experiments were carried out using [125I]VIP as a ligand in a
similar protocol. Binding that was displaceable with high

a�nity by unlabelled VIP was observed in each case, but the
computed Bmax values varied considerably from those obtained
with the broad speci®city ligand [125I]PACAP-27 probably as a

result of the heterogeneous a�nity of [125I]VIP for VPAC2/
PAC1 receptors. Since results would not be directly compar-
able with those obtained using [125I]PACAP-27 (Table 1), these
studies were not pursued any further. It was possible to

con®rm however that [125I]VIP can label, with relatively high
a�nity (39+9 nM), a subpopulation of the PAC1 receptors
identi®ed by [125I]PACAP-27 binding (approximately 44% in

our hands compared to 32% in the previous report of
Hashimoto et al., (1993). The nature of this subpopulation is
unclear.

Agonist activation of cyclic AMP production mediated
by wild-type and chimaeric receptors

We have previously shown that the wild-type VPAC2 and
PAC1 receptors expressed in COS 7 cells show clear di�erences
in agonist speci®city. VIP and PACAP-38 are equipotent in

stimulating cyclic AMP production at the VPAC2 receptor
(Lutz et al., 1993), whereas VIP is 50 fold less potent than
PACAP-38 at the PAC1 receptor (Morrow et al., 1993). In

order to determine which receptor domains were involved in

Table 1 Relative receptor expression levels and IC50 values
for PACAP-27 displacement of [125]PACAP-27 binding at
wild-type and chimaeric receptors

Expressed receptor
Bmax

(fmol 1075 cells)
IC50 (nM)
PACAP-27

PAC1 494 30+1

P5V 202 30+6

P1V 130 48+16

VPAC2 59 19+1

V5P 163 32+5

V1P 215 16+2

Receptor expression levels (Bmax) were measured for intact
cells and are expressed as fmol 1075 cells. Receptor a�nity
was measured by homologous displacement of [125]PACAP-
27 from whole cells at 08C. Values are the means+s.e.mean
(n=3±6).
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agonist recognition, transiently-transfected COS 7 cells were
stimulated with VIP, PACAP-38, PACAP-27 and helodermin
before cyclic AMP levels were measured (Table 2). All peptides

caused a concentration-dependent increase in cyclic AMP
levels in COS 7 cells transfected with the wild-type and
chimaeric receptors. As predicted from the [125I]PACAP-27
binding data, both PACAP-27 and PACAP-38 showed very

similar EC50 values for cyclic AMP production at wild-type
PAC1 and VPAC2 receptors and at all the chimaeric constructs
(Table 2). This con®rms that viable coupling to second

messenger production is not in itself impaired by the presence
of non-matching domains in the construct. Responses to VIP
and helodermin however showed a number of di�erences

between the receptors. The most striking di�erence correlated
closely with the presence of particular N-terminal domains. All
receptors with the VPAC2 N-terminal domain (wild-type

VPAC2, V5P and V1P) displayed high a�nities for VIP and
helodermin at sub-nM concentrations similar to those shown
for PACAP-38 and PACAP-27. All receptors with the PAC1

N-terminal domain (wild-type PAC1, P5V and P1V) showed

lower a�nities for VIP and helodermin. The clear segregation
of pharmacological characteristics according to the presence of
VPAC2 or PAC1 receptor N-terminal domain strongly suggests

that this domain acts as the primary determinant of agonist
recognition in these receptors. In general terms, VPAC2-like or
PAC1-like characteristics are conferred by the presence of a

VPAC2- or PAC1-receptor N-terminal domain respectively.
However, the VPAC2 and PAC1 receptors clearly di�er in

the extent to which additional receptor elements a�ect agonist

potency. The potency of VIP and helodermin at receptors with
the VPAC2 N-terminal domain was unaltered (no more than 2
fold changes) by replacement of the tm5 ±C-terminal domain
(in V5P) or the tm1 ±C-terminal domain (in V1P). In receptors

with the PAC1 N-terminal domain however, the progressive
replacement of tm5 ±C-terminal (in P5V) and tm1 ±C-terminal
(in P1V) with corresponding VPAC2 receptor domains led to a

decline in VIP potency by 3.6 fold and 6.7 fold respectively.
In contrast, the potency of helodermin was increased when

the tm1 ±C-terminal segment of the PAC1 receptor were

replaced with homologous VPAC2 receptor domains (in P5V
and P1V). In the case of the tm5 ±C-terminal substitution the

e�ect was marginal (1.6 fold) but when the tm1 ± tm5 segments
were additionally replaced, a very marked (16 fold) increase in
helodermin potency was apparent. The concentration-response

data for the key shifts in potency of VIP and helodermin (but
not PACAP-38) between wild-type PAC1 receptors and the
P1V chimaeric construct are shown in Figure 2. There was no
evidence that any agonist at any receptor investigated

produced a maximal response less than that of PACAP-38.

Discussion

The present data accord closely with the general idea that the

main determinant of agonist response pharmacology at the
VPAC2 and PAC1 receptors is within the N-terminal
extracellular domain of the receptors. This broadly matches
conclusions on the in¯uence of the PAC1 receptor N-terminal

domain derived from experiments with PAC1/VPAC1 receptor
chimaeric constructs (Hashimoto et al., 1997; Van Rampel-
bergh et al., 1996). This issue has not been previously

addressed in the VPAC2 receptor, but chimaeric and mutant

Figure 2 Comparison of agonist-evoked cyclic AMP responses at
the wild-type PAC1 receptor and the P1V chimaeric receptor
construct. COS 7 cells transiently expressing the wild-type PAC1

receptor or the P1V chimaeric construct were preincubated with
IBMX for 15 min before stimulation for 5 min with agonists: (a)
PACAP-38; (b) VIP; (c) helodermin. All values are means +s.e.mean
(n=4±12). Error bars not shown fall within the dimensions of the
symbol.Table 2 EC50 values for PACAP-38, PACAP-27, VIP and

helodermin-stimulated cAMP production at wild-type and
chimaeric receptors

Expressed EC50 cAMP production (nM)
receptor PCAP-38 PACAP-27 VIP helodermin

PAC1 0.4+0.1 0.9+0.1 23+2 39+3

P5V 0.3+0.1 0.6+0.1 82+14 24+3

P1V 0.3+0.1 1.5+0.4 155+13 2.4+0.5

VPAC2 0.8+0.1 0.4+0.1 0.5+0.2 0.4+0.2

V5P 0.8+0.1 0.7+0.1 0.6+0.1 0.6+0.1

V1P 0.7+0.2 0.7+0.1 0.4+0.1 0.8+0.2

EC50 values for cyclic AMP production were determined
from concentration response curves by non-linear curve
®tting and are expressed as the means+s.e.mean (n=4±12).
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constructs of the VPAC1 receptor suggest that elements in the
N-terminal domain are also key determinants of its agonist
selectivity (Couvineau et al., 1995; Hashimoto et al., 1997;

Holtmann et al., 1995; Van Rampelbergh et al., 1996).
There is increasing evidence that the e�ective potency of

agonists at some receptors in the family is not always a simple
re¯ection of docking a�nity (Hjorth et al., 1996; Stroop et al.,

1995). For example, it has been recently demonstrated that
VIP binds with high a�nity to the rat secretin (Holtmann et
al., 1996) and PAC1 receptors (Hashimoto et al., 1997),

although it has much lower potency in activating cyclic AMP
production at these receptors. Similarly, a report on a
chimaeric construct between the N-terminal domain of the

PAC1 receptor and the body of the VPAC1 receptor described
its high a�nity binding of [125I]VIP although binding to the
wild-type PAC1 receptor was not noted (Van Rampelbergh et

al., 1996). This suggests the idea that some agonists, for
example VIP at the PAC1 receptor, may bind strongly (at least
to a subpopulation of sites) but display a reduced molecular
e�ciency in causing the conformational changes that elicit

signal transduction. Together with results from the literature,
our data suggest that at the VPAC2 receptor, PACAP-38,
PACAP-27 and VIP dock strongly and e�ciently activate

cyclic AMP production. In contrast at the PAC1 receptor,
while PACAP-38 and PACAP-27 both dock and activate
strongly, VIP appears to show rather low potency of cyclic

AMP production (25 fold less than PACAP-27) despite
labelling almost half of the PAC1 receptors identi®ed by
[125I]PACAP-27 binding with a very similar a�nity (39+9 nM

for VIP; 30+1 mM for PACAP-27). This is consistent with the
hypothesis that VIP may show a reduced activation e�ciency
at the PAC1 receptor compared to PACAP.

Chimaeric VPAC1/PAC1 receptor studies have shown that

the VPAC1 receptor contains auxiliary sites within the
extracellular loops (el ± 3) of the receptor trunk which facilitate
VIP activation of cyclic AMP production (Hashimoto et al.,

1997; Van Rampelbergh et al., 1997). Unlike chimaeric
VPAC1/secretin receptors where the N-terminal domain was
largely su�cient to confer VPAC1-like pharmacology to the

secretin receptor trunk (Holtmann et al., 1995; 1996),
chimaeric VPAC1/PAC1 receptors also required a segment
encompassing e3 (Hashimoto et al., 1997). When either the
VPAC1 N-terminal ± tm1 segment or the e3 segment (tm5 ±

tm7) was inserted into the corresponding region of the PAC1

receptor, VIP potency in activating cyclic AMP production
was increased 21 or 16 fold respectively, compared to wild-type

PAC1 receptors (Hashimoto et al., 1997). The combination of
both regions caused an additional 11 fold increment in VIP
potency. Conversely the replacement of segments containing

e1 and then e2 plus e3 domains in the VPAC1 receptor with
those of the PAC1 receptor, progressively reduced the ability of
VIP to activate cyclic AMP production for chimaeric VPAC1/

PAC1 receptors compared to the wild-type VPAC1 receptor
(Hashimoto et al., 1997). Site-directed mutagenesis of the
VPAC1 receptor has also indicated that, in addition to
elements within the N-terminal domain, sites within e1 and

tm3 are important in ligand recognition and selectivity
(Couvineau et al., 1996; Du et al., 1997). Di�erences in the
structure ± function relationships of agonist recognition by

VPAC1 and VPAC2 receptors have recently been emphasised
in experiments to mutate corresponding residues in the two
receptors (Nicole et al., 1998). In the present study with

VPAC2/PAC1 chimaeric constructs, we found no evidence that
the ability of the VPAC2 receptor to respond to PACAP-38,
PACAP-27, VIP or helodermin was reduced by the replace-
ment of tm5 ±C-terminal or tm1 ±C-terminal segments by

equivalent domains of the PAC1 receptor. This could mean
either that agonist recognition and activation of the cyclic
AMP production response by the VPAC2 receptor is little

in¯uenced by sequence motifs outwith the N-terminal domain,
or that any requisite motifs were perfectly replaced by the
homologous domains of the PAC1 receptor.

Although receptors with a VPAC2 N-terminal domain were

insensitive to changes in other regions of the receptor, the same
was not true of those with a PAC1 N-terminal domain. For
these receptors, recognition and action of PACAP-38 and

PACAP-27 was unaltered by substitutions from tm1 to the C-
terminal, indicating that the PAC1 N-terminal domain alone is
fully su�cient for recognition of PACAP-38 and PACAP-27

and their activation of cyclic AMP production. It is possible
that the VPAC2 receptor sequences fully replace the requisite
motifs in the non-N-terminal extracellular domains. The

ligands VIP and helodermin however were di�erentially
recognised by wild-type and chimaeric PAC1-N-terminal
receptors. The reduction in [125I]VIP binding a�nity and in
VIP potency of cyclic AMP production as tm5 ±C-terminal

and tm1 ±C-terminal of the PAC1 receptor were progressively
replaced with VPAC2 sequences suggests that recognition of
VIP by the PAC1 receptor (and consequent cyclic AMP

responses) optimally requires elements in the tm1 ±C-terminal
segment as well as the N-terminal domain. The presence of
equivalent domains substituted from the VPAC2 receptor does

not enhance VIP potency even though the wild-type VPAC2

receptor is potently activated by VIP. This indicates that the
substitutions do not make the chimaeric constructs more

VPAC2-like but instead remove the supportive in¯uence
provided by tm1 ±C-terminal tail segment in the PACAP
receptor. The lack of alteration in PACAP-27 and PACAP-38
recognition by the same chimaerics shows that a generalized

disruption of recognition and function is not the reason for
reduced VIP potency in the receptors. Although directly
comparable constructs were not made in the study of chimaeric

VPAC1/PAC1 receptors (Hashimoto et al., 1997) PAC1

receptor constructs with the tm3 ± tm5 segment and tm5 ± tm7
segment of the VPAC1 receptor showed 1.6 fold and 16 fold

increases in VIP potency at cyclic AMP in the face of minimal
changes in [125I]VIP binding a�nity. Thus, while substitutions
of VPAC1 receptor sequences in these segments can enhance
VIP action but not docking, substitution of VPAC2 receptor

sequences results in reduced binding a�nity for VIP and
corresponding reduced potency in cyclic AMP production.
This implies that the tm1 ±C-terminal tail segments of VPAC1

and VPAC2 receptors make very di�erent contributions to the
recognition of VIP (at least in the context of a PAC1 receptor
N-terminal domain).

A di�erent mode of action is revealed in the same receptors
by the use of helodermin as agonist rather than VIP or
PACAP. In this case, substitution of the tm5 ±C-terminal and

tm1 ±C-terminal segments of the PAC1 receptor by equivalent
VPAC2 receptor domains lead to increased potency of
helodermin in cyclic AMP production. This might suggest
that elements in the tm1 ±C-terminal segment of the VPAC2

receptor facilitate helodermin recognition and action. How-
ever, this is unlikely, since in VPAC2 N-terminal receptors, the
replacement of tm5 ±C-terminal and tm1 ±C-terminal seg-

ments with PAC1 receptor sequences had no detectable e�ect
on helodermin potency. It is possible that in¯uences are
context-speci®c in that with a VPAC2 N-terminal domain, no

further contributions are needed for helodermin recognition,
whereas with a PAC1 N-terminal domain auxiliary sites are
supportive and can be supplied by a VPAC2 but not PAC1

receptor body. Instead it seems most likely that elements in the
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PAC1 receptor tm1 ±C-terminal segment exert a negative e�ect
on the recognition of helodermin by the PAC1 N-terminal
domain or its subsequent cyclic AMP response. Such negative

regulatory elements have been described in the PTH, secretin
and VPAC1 receptors (Couvineau et al., 1996; Holtmann et al.,
1996; Turner et al., 1996). Corresponding elements from the
VPAC2 receptor would appear to lack this in¯uence. It is not

yet clear whether this negative gating in¯uence is exerted at the
level of helodermin binding a�nity or its subsequent
e�ectiveness in signal transduction.

In conclusion, we have provided evidence that ligand
recognition and action at the rat VPAC2 receptor is largely
determined by the N-terminal segment of the receptor.

Additional motifs in other parts of the receptor appear to
make relatively little contribution to modulation of this, in
contrast to observations with the VPAC1 receptor (Hashimoto

et al., 1997). While agonist recognition and activation of the
PAC1 receptor is primarily in¯uenced by the N-terminal
domain, this receptor also shows important auxiliary
in¯uences of other domains in the recognition of and

activation by the agonists VIP and helodermin (but not
PACAP). Hashimoto et al., (1997) indicated that a subpopula-
tion of PAC1 receptor sites can bind [125I]VIP with high a�nity

but only weakly activate cyclic AMP production in response to
VIP. Our data (Tables 1 and 2) are consistent with this

although the di�ering usage of in vivo/in vitro binding assays
means that the ligand a�nity values are not directly
comparable between the two studies. The ®ndings suggest the

presence of elements that normally restrict e�ectiveness of, but
not a�nity for, VIP. However, VIP appears to bene®t from the
in¯uence of auxiliary sites in the tm1 ±C-terminal of the PAC1

receptor, in its activation of cyclic AMP production.

Replacement of these domains with corresponding VPAC2

receptor sequences further reduces the potency of VIP at cyclic
AMP production and reduces the a�nity with which this

ligand binds to the receptor. The actions of helodermin at the
PAC1 receptor appear to be quite di�erently regulated.
Replacement of the tm1 ±C-terminal segment with VPAC2

receptor sequences appears to remove a selective inhibitory
in¯uence which normally suppresses the potency of heloder-
min. These observations strongly emphasise that the struc-

ture ± activity relationships for agonist docking and
e�ectiveness in the PAC1 receptor but perhaps not the VPAC2

receptor are agonist-dependent and complex.

We wish to thank Marianne Eastwood for helping prepare the
manuscript, Elma Clark for help with sequencing the constructs,
and John Bennie and Sheena Carroll for help with the radio-
immunoassays. R Mitchell and M Johnson are members of the
Membrane Biology Group of the University of Edinburgh.
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