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1 The main aim of this study was to identify putative b-bends and the role of the N- and C-
terminus in the CGRP receptor antagonist ha CGRP8± 37, which was measured against ha CGRP
inhibition of twitch responses in the rat prostatic vas deferens.

2 With a bend-biasing residue (proline) at position 16 in ha CGRP8±37 (1075
M) an inactive

compound was produced, while alanine at the same position retained antagonist activity (apparent
pKB 5.6+0.1 at 1075

M). Proline at position 19 within ha CGRP8± 37 (1075
M) was an antagonist

(apparent pKB 5.8+0.1).

3 Incorporation of a bend-forcing structure (beta-turn dipeptide or BTD) at either positions 19,20
or 33,34 in ha CGRP8± 37 (1075

M) antagonized ha CGRP responses (apparent pKB 6.0+0.1 and
6.1+0.1, respectively). Replacement by BTD at both positions 19,20 and 33,34 within ha CGRP8±37

competitively antagonized responses to ha CGRP (pA2 6.2; Schild plot slope 1.0+0.1).

4 Ha CGRP8±37 analogues (1075
M), substituted at the N-terminus by either glycine8, or des-NH2

valine8 or proline8 were all antagonists against ha CGRP (apparent pKB 6.1+0.1, 6.5+0.1 and
6.1+0.1, respectively), while ha CGRP8±37 (1075

M) substituted in three places by proline8 and
glutamic acid10,14 was inactive.

5 Replacement of the C-terminus by alanine amide37 in ha CGRP8±37 (10
75

M) failed to antagonize
ha CGRP responses.

6 Peptidase inhibitors did not alter either the agonist potency of ha CGRP or the antagonist
a�nities of ha CGRP8±37 BTD19,20 and 33,34 and ha CGRP8±37 Gly8 (against ha CGRP responses).

7 In conclusion, two b-bends at positions 18 ± 21 and 32 ± 35 are compatible with high a�nity by
BTD and is the ®rst approach of modelling the bioactive structure of ha CGRP8±37. Further, the N-
terminus of ha CGRP8± 37 is not essential for antagonism, while the C-terminus interacts directly
with CGRP receptor binding sites of the rat vas deferens.
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Introduction

CGRP is a single chain 37 amino acid neuropeptide with an N-
terminal disulphide loop between Cys2 and Cys7, and an

amidated C-terminus (Rosenfeld et al., 1983). The peptide is a
potent vasodilator (Brain et al., 1985; Marshall et al., 1986a,b)
and has a variety of biological actions on the heart, neuronal

tissue, skeletal muscle, immune and in¯ammatory responses
(see Poyner, 1992 for review). CGRP exerts its e�ects via
speci®c receptors, CGRP1 and CGRP2 (Dennis et al., 1989;
1990; Mimeault et al., 1991; Quirion et al., 1992). Mainly, the

distinction is based on the di�ering antagonist a�nities for the
C-terminal fragment ha CGRP8±37, which has a higher a�nity
for the former than the latter receptor.

A pre-requisite to understanding the relation between
CGRP8± 37 structure and activity, would be to establish the
structural features which determine the interaction of the

peptide with its receptor(s). The N-terminal amphipathic a-
helix may be an important feature for the interaction of the
peptide with its receptors (e.g. Lynch & Kaiser, 1988;
Mimeault et al., 1992). Structural features downstream of the

helix have not yet been identi®ed. However, both conforma-

tional and modelling studies suggested a tendency for two b-
bend formations, one terminating the a-helix around residues

17 and 21 (Lynch & Kaiser, 1988; Breeze et al., 1991; Hubbard
et al., 1991) and another around the C-terminal region 29 to 35
(Hubbard et al., 1991, Hakala & Vinhinen, 1994). Beta-turn

regions have been shown to be important features of several
biologically active peptides, including enkephalin, angiotensin
II and gramicidin S, and substantial evidence exists that many
of these peptides adopt b-turns in their active receptor bound

conformations (Smith & Pease, 1980). A b-bend is a reverse
turn, involving four residues formed by an intramolecular
hydrogen bond between the C=O of residue i (i.e., the ®rst

residue of a turn) and the N-H of residue i+3 (i.e., the residue
located three residues towards the carboxyl terminus). One
approach towards peptidomimetics is to replace these b-turn
regions with structures that bias (proline) or force (BTD;
Nagai & Sato, 1985) the conformation of the native peptide
(Figure 1).

Therefore, the major target of this study was to investigate

the putative b-bend regions of ha CGRP8±37 at the CGRP
receptor in the rat prostatic vas deferens, which contains
CGRP2 receptors (Dennis et al., 1989; Wisskirchen et al.,

1998). Using alanine (which conserves structure but removes
functionality), proline (which can bias a bend), and BTD
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(which forces a bend) as surrogates in ha CGRP8±37, these were
assayed against ha CGRP. Further, the role of the N-terminal
region and the C-terminus of ha CGRP8± 37 was investigated,

using structural modi®cations at position 8 (glycine, proline,
des-NH2 valine), in the helical region (proline8 and glutamic
acid10,14), and at the C-terminus (alanine amide37), which were
studied on ha CGRP responses. To check for possible peptide

degradation, peptidase inhibitors were tested on ha CGRP and
CGRP antagonists. Preliminary accounts for part of the
present study have been published in abstract form

(Wisskirchen et al., 1994).

Methods

Male Sprague Dawley rats (300 ± 450 g) were stunned and

killed by cervical dislocation. The vas deferens was isolated,
and the prostatic portion was suspended under 0.5 g resting
tension in Krebs solution containing (mM): Na+ 143, K+ 5.9,
Ca2+ 2.5, Mg2+ 1.2, Cl7 128, HCO3

7 25, HPO4
27 1.2, SO4

27

1.2 and glucose 11 at 378C, oxygenated with 95%O2 and
5%CO2, and allowed to equilibrate for 75 min. Contractile
responses were induced by electrical ®eld stimulation at 60 V,

0.2 Hz, 1.0 ms through parallel platinum wire electrodes either
side of the tissues. The isometric tone was recorded with Grass
FT.03 transducers.

Twitch responses to ®eld stimulation were tested for
stability for 10 min, and 40 min later, a cumulative concentra-
tion response curve to ha CGRP was obtained. The e�ect of ha
CGRP8±37 analogues (1075

M; 20 min pretreatment) was
studied on second curves to ha CGRP, 40 min later. The
analogues were substituted in position 8 by glycine (ha
CGRP8±37 Gly8), des-NH2 valine (ha CGRP8±37 des-NH2

Val8), or proline (ha CGRP8±37 Pro8), in position 8, 10 and
14 by proline and glutamic acid (ha CGRP8±37 Pro

8, Glu10,14),
in position 16 by alanine (ha CGRP8±37 Ala16), in position 16

or 19 by proline (ha CGRP8± 37 Pro
16, ha CGRP8±37 Pro

19), and
in position 19,20 and/or 33,34 by BTD (ha CGRP8±37

BTD19,20; ha CGRP8±37 37BTD
33,34; ha CGRP8±37 BTD

19,20 and

33,34). Ha CGRP8± 37 BTD19,20 and 33,34 was also tested at
361076

M (20 min pretreatment) against ha CGRP responses.
All CGRP fragments were tested on basal tone (i.e.
unstimulated preparation) and on twitch responses.

A mixture of the peptidase inhibitors (amastatin, bestatin,
captopril, phosphoramidon and thiorphan; 1076

M each;
30 min pretreatment) was studied on responses to ha CGRP

in the absence and presence of ha CGRP8± 37, ha CGRP8±37

BTD19,20 and 33,34 or ha CGRP8±37 Gly8 (1075
M). The e�ect of

peptidase inhibitors on CGRP8±37 analogues (measured

against ha CGRP responses) was compared with results

obtained in their absence. Peptidase inhibitors were tested on
basal tone and on twitch responses.

Chemicals

Amastatin, bestatin, captopril, phosphoramidon and thiorphan
were obtained from Sigma, U.K. Ha CGRP, ha CGRP8±37,

ha CGRP8±37 analogues and fragments were donated by Glaxo
Wellcome Research Laboratories (Beckenham, Kent, U.K.),
and were synthesised as described below. Apart from ha
CGRP8±37 BTD19,20 and 33,34 being dissolved and diluted in
DMSO, all other peptides were dissolved and diluted in distilled
water, to form a 1072

M stock solution, and stored at 7208C.
Peptidase inhibitors were dissolved and diluted in DMSO to
form a stock solution of 1074

M, and were stored at 7208C.

Peptide synthesis

Peptides were prepared using solid phase synthesis with an
Applied Biosystems 432A (0.025 mmole) or 430A (0.1 mmole)

synthesizer, using Fmoc (Fluorenyloxycarbonyl) chemistry
and unmodi®ed FastMoc cycles. All peptides were synthesized
as the C-terminal amide using Rink amide resin (Novabio-

chem). Phthaloyl-BTD-OEt was synthesized with minor
modi®cations from a literature procedure (Nagai & Sato,
1985), producing the compound in six steps from L-glutamic

acid in 38% overall yield. This was deprotected using
hydrazine and base hydrolysis under pH static conditions
(pH 11.5), followed by reprotection using Fmoc chloride as

previously described (Caprino & Han, 1972), to give Fmoc-
BTD-OH.

After complete synthesis and ®nal Fmoc deprotection, the
peptide was cleaved from the resin using tri¯ouroacetic acid

with 5% triethylsilane (Pearson et al., 1989) as scavenger. The
crude material was puri®ed to homogeneity by preparative
reverse phase chromatography (HPLC) using a Poros 20 R2

(Perseptive Biosystem) (21.26250 mm) column using a linear
gradient of 5 ± 50% acetonitrile over 20 min at 4 ml min71, or
a Zorbax C8 (21.26250 mm) column using a linear gradient of

5 ± 50% acetonitrile (0.2% tri¯ouroacetic acid) over 20 min at
20 ml min71.

All peptides were fully characterized by high ®eld
(600 MHz) 1H-NMR using a Bruker AM6600 spectrometer

(initial studies were made using a Bruker AMX 500 spectro-
meter), and electrospray mass spectrometry using a VG Bio-Q
(VG Instruments) at a needle voltage of 3.75 kV, cone voltage

of 30 v tuned to 100 resolving power, scanned over mass range
500 ± 1700. The samples for mass spectrometry were prepared
(approximately 5 ± 10 pmol ml71) in acetonitrile/water (50 ±

50 v v71 with 1% formic acid) and introduced by ¯ow

Figure 1 Chemical structure of the bend-biasing amino acid proline and the BTD (beta-turn dipeptide) peptidomimetic. Bold lines
illustrate bend-biasing (proline) and bend-forcing (BTD) regions. The BTD mimic replaces the i+1 and i+2 amino acid residues of
a four residue b-turn with its backbone conformation based on a 1-thioindolizine structure. Dotted lines represent hydrogen
bonding between C=O of residue i and NH of residue i+3.
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injection into a mobile phase of the same composition at a ¯ow
rate of 3 ml min71: The molecular weight of the peptide was
determined using the +5 to +2 charge states.

Data analysis

The reduction in twitch tension of the ®eld-stimulated

prostatic vas deferens in response to applied drugs is expressed
as percentage inhibition of twitch responses. All values are
given as mean+s.e.mean. Di�erences were tested for sig-

ni®cance using one-way ANOVA, Dunnett's test and Student's
t-test (for paired and unpaired groups), as appropriate,
accepting signi®cance at P50.05.

The IC50 values (molar concentration of the agonist that
produced 50% of the maximal response) were calculated by
non-linear regression curve ®tting, using Graphpad Prism 2.0

(Graphpad Software, U.S.A.), and were used to determine the
pIC50 values (7log of IC50). The Hill slope of each non-linear
regression curve was determined (using Graphpad Prism 2.0),
to check whether curves in the absence and presence of

antagonists were parallel. In the presence of an antagonist used
at a single concentration, an apparent pKB value was
calculated, given by the equation:

pKB � log �CRÿ 1� ÿ log �B�
where CR is the concentration ratio of the IC50 values in the
presence and absence of the antagonist and [B] is the molar

concentration of the antagonist. By this method, apparent pKB

values for antagonists were determined from experiments
where the agonist maximum response was unaltered. Where

multiple concentrations of antagonist were used, a Schild plot
of log (CR-1) against log [B] was plotted, and a linear
regression carried out to derive the pA2 value and the Schild

plot slope, using Graphpad Prism 2.0. The pA2 values were
calculated from the individual control concentration response
curves and the respective curves obtained in the presence of ha
CGRP8± 37 and analogues.

Results

Twitch responses evoked by ®eld stimulation in the prostatic
vas deferens resulted in reproducible uniform phasic contrac-

tions with a tension of 1.1+0.2 g (n=7). Ha CGRP inhibited
twitch responses with a pIC50 of 8.0+0.1 (Hill slope 1.0+0.1;
n=4). Ha CGRP8±37 analogues (up to 1075

M) did not a�ect

either basal tone or twitch responses, i.e. they were devoid of
agonist activity.

E�ect of proline and alanine replacement around the
predicted central bend region of ha CGRP8± 37

Ha CGRP8±37 Pro16 (1075
M), with proline in position 16,

failed to alter responses to ha CGRP (Figure 2a; Table 1), i.e.
incorporation of a bend-biasing residue16 in ha CGRP8±37

abolished antagonism. Ha CGRP8±37 Ala16 (1075
M) and ha

CGRP8±37 Pro
19 (1075

M), with proline further downstream at
position 19, antagonized ha CGRP responses (Figure 2b and
c), and gave apparent a�nities similar to that of ha CGRP8±37

(Table 1). These data indicated that incorporation of a bend-
biasing residue (proline) retained antagonism of ha CGRP8±37

in position 19 but not in position 16.

Figure 2 E�ect of replacement by either proline16, alanine16 or proline19 in ha CGRP8±37 on ha CGRP responses in the rat
prostatic vas deferens. Concentration response curves to ha CGRP on twitch responses, and in the presence of 1075

M of (a) ha
CGRP8±37 Pro16 (b) ha CGRP8±37 Ala16 and (c) ha CGRP8±37 Pro19. Results are expressed as percentage inhibition of twitch
responses. Points and error bars represent the mean+s.e.mean of four or ®ve separate experiments.

Table 1 Antagonist a�nities of ha CGRP8±37 and analo-
gues on ha CGRP-induced twitch inhibition in rat prostatic
vas deferens

Antagonist pA2/pKB* value Schild slope

ha CGRP8±37

ha CGRP8±37 Pro16

ha CGRP8±37 Ala16

ha CGRP8±37 Pro19

ha CGRP8±37 BTD19,20

ha CGRP8±37 BTD33,34

ha CGRP8±37 BTD19,20 and 33,34

ha CGRP8±37 Gly8

ha CGRP8±37 des-NH2 Val8

ha CGRP8±37 Pro8

ha CGRP8±37 Pro8 Glu10,14

6.0
55*

5.6+0.1*
5.8+0.1*
6.0+0.1*
6.1+0.1*

6.2
6.1+0.1*
6.5+0.1*
6.1+0.1*

55*

0.9+0.1
±
±
±
±
±

1.0+0.1
±
±
±
±

Apparent pKB values (*) were obtained from concentration
ratios using 1075

M of antagonists, where values were
expressed as mean+s.e.mean. PA2 values were obtained
from a Schild plot by linear regression of various concentra-
tions of the antagonists, where the Schild slope was expressed
as mean+s.e.mean. The pA2 for ha CGRP8±37 was quoted
from previous studies (Wisskirchen et al., 1998). Results were
obtained from at least four separate experiments.
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E�ect of BTD replacement in the predicted bend regions
of ha CGRP8± 37

Ha CGRP8± 37 BTD19,20 (1075
M), with BTD at positions 19

and 20, antagonized ha CGRP responses (Figure 3a; Table 1).
Similarly, ha CGRP8± 37 BTD33,34 (1075

M), with replacement
by BTD at positions 33 and 34, antagonized responses to ha
CGRP (Figure 3b; Table 1). Ha CGRP8±37 BTD19,20 and 33,34

(361076 and 1075
M), with two BTD molecules in positions

19,20 and 33,34 concentration-dependently antagonized ha
CGRP consistent with competitive antagonism (Figure 4;
Table 1). These results demonstrated that enforcement of a b-

bend with BTD in positions 19,20 and 33,34, preserved the
antagonist activity of ha CGRP8±37.

E�ect of structural modi®cations at the N-terminal
region of ha CGRP8±37

Ha CGRP8±37 analogues (10
75

M), replaced by either glycine8

(ha CGRP8±37 Gly8), des-NH2 valine
8 (ha CGRP8±37 des-NH2

Val8) or proline8 (ha CGRP8±37 Pro8) antagonized ha CGRP
responses with similar a�nities (Figure 5a ± c; Table 1), i.e.

structural changes at the N-terminus did not signi®cantly alter
antagonism of ha CGRP8± 37 (P40.05). Ha CGRP8±37 Pro8

Figure 3 E�ect of replacement by BTD at either positions 19,20 or 33,34 in ha CGRP8±37 on ha CGRP responses in the rat
prostatic vas deferens. Concentration response curves to ha CGRP on twitch responses, and in the presence of 1075

M of (a) ha
CGRP8±37 BTD

19,20 and (b) ha CGRP8±37 BTD
33,34. Results are expressed as percentage inhibition of twitch responses. Points and

error bars represent the mean+s.e.mean of four or ®ve separate experiments.

Figure 4 E�ect of replacement by BTD at positions 19,20 and 33,34 in ha CGRP8± 37 on ha CGRP responses in rat prostatic
vas deferens. Graph (left) showing a concentration response curve to ha CGRP on twitch responses, and in the presence of ha
CGRP8±37 BTD

19,20 and 33,34 at 361076
M and 1075

M. The Schild plot (right) for ha CGRP8± 37 BTD
19,20 and 33,34 against ha CGRP.

Results on the graph are expressed as percentage inhibition of twitch responses. Points and error bars represent the mean+s.e.mean
of four separate experiments. On the Schild plot, points represent individual data of eight separate experiments.
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Glu10,14 (1075
M) substituted by proline8 and glutamic acid10,14

did not antagonize ha CGRP responses (Figure 5d; Table 1).

E�ect of an alanine replacement at the C-terminus of ha
CGRP8± 37

Ha CGRP8±37 Ala37 (1075
M), with alanine amide at position

37, failed to alter ha CGRP responses (pIC50 8.2+0.1 and
8.1+0.1 (n=4 each) for ha CGRP in the absence and presence
of ha CGRP8±37 Ala37, respectively), i.e. incorporation of

alanine at the C-terminus abolished antagonism.

E�ect of peptidase inhibitors

A mixture of peptidase inhibitors (amastatin, bestatin,
captopril, phosphoramidon, thiorphan; 1076

M each) in
DMSO or DMSO alone had no e�ect on basal tone or

twitch responses. The antagonist activity of either ha

CGRP8±37 BTD19,20 and 33,34 or ha CGRP8± 37 Gly8 on ha
CGRP responses was not signi®cantly altered in the presence
of peptidase inhibitors (P40.05; Figure 6a and b). The
apparent pKB values were 6.2+0.1 and 6.5+0.1 for ha
CGRP8±37 BTD19,20 and 33,34 and 6.1+0.1 and 5.9+0.1 for ha
CGRP8±37 Gly8, before and after treatment with peptidase
inhibitors, respectively. Incubation (for 30 min) with 1075

M

thiorphan alone did not alter the pIC50 value for ha CGRP
or the pKB value for ha CGRP8±37 (1075

M against ha
CGRP; P40.05; data not shown).

Discussion

This study extends the known pharmacology of the bioactive
conformation of ha CGRP8±37 at the CGRP receptor, by
providing evidence for two b-bend regions and their exact

location (18 ± 21 and 32 ± 35) by the use of BTD as a

Figure 5 E�ect of replacement by either glycine8, des-NH2 valine8, proline8 or proline8 and glutamic acid10,14 in ha CGRP8±37 on
ha CGRP responses in the rat prostatic vas deferens. Concentration response curves to ha CGRP on twitch responses, and in the
presence of 1075

M of (a) ha CGRP8±37 Gly8, (b) ha CGRP8±37 des-NH2 Val8, (c) ha CGRP8±37 Pro8 and (d) ha CGRP8±37 Pro8

Glu10,14. Results are expressed as percentage inhibition of twitch responses. Points and error bars represent the mean+s.e.mean of
four or ®ve separate experiments.
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conformational probe. Further, the present data con®rm that

the N-terminus is not important for antagonism by ha
CGRP8±37, while the C-terminus is essential for interaction
with CGRP receptor binding sites in the rat vas deferens.

Both CD and two-dimensional 1H-NMR spectroscopy

suggested that following the a-helix in CGRP, residue 18
(arginine) may be involved in a b-bend formation (Lynch &
Kaiser, 1988; Breeze et al., 1991). However, in terms of the

helical content and its termination reports from the use of
CD (Manning, 1989; Hubbard et al., 1991) and NMR
(Boulanger et al., 1995) have reached di�erent conclusions.

Therefore, the present study investigated whether region
15 ± 18 or 18 ± 21 in ha CGRP8±37 could be involved in a b-
turn. For region 15 ± 18 (leucine15, leucine16, serine17,

arginine18), a bend formation is unlikely since incorporation
of a bend-biasing structure16 (proline) abolished antagonism,
while a residue with structure-conserving character (ala-
nine16) retained weak antagonist activity, indicating that

leucine16 side chains are not essential for receptor
interaction. The loss of antagonism by proline16 may be
due to disruption of the ordered helical folding, which

would agree with the proposal that the a-helix is a critical
factor for interaction with the receptor in the rat vas
deferens (Lynch & Kaiser, 1988; Dennis et al., 1989;

Mimeault et al., 1991; 1992). For region 18 ± 21, a bioactive
bend structure appears likely, as incorporation of a bend-
biasing residue19 (proline) retained antagonism, indicating
that serine19 side chains are not essential for receptor

interaction. From examination of the sequence, an 18 ± 21
bend terminating the helix is reasonable, as the residues
within this region are arginine18, serine19, glycine20, glycine21,

and glycine residues are `helix breakers' (Chou & Fasman,
1977) and being ¯exible, favour turns.

The present data con®rm that a b-turn at position 18 ± 21 is

compatible with high a�nity binding, as enforcement by BTD
at positions 19,20 produced no loss of antagonist activity of ha
CGRP8±37. The nature of the semi-rigid BTD structure is such
that it forces a bend at the point of substitution (i+1 and i+2;

Figure 1), and therefore mimics a four-residue b-bend
structure. The retention of antagonism by this bend-forcing
structure19,20 in ha CGRP8±37 indicates that serine19 and

glycine20 residues are not essential for receptor interaction and
are not involved in the helical folding. Therefore, the helix may
be terminated at residue 17 by an 18 ± 21 b-turn.

Initial CD spectroscopic studies predicted another bend in
the C-terminal region around residues 29 to 34 of CGRP
(Hubbard et al., 1991), which would be favoured by the

presence of glycine33. Molecular modelling studies suggested
either a four-residue 32 ± 35 b-turn or a three residue 32 ± 34 g-
turn (Hakala & Vihinen, 1994), while a model CGRP peptide
(CGRP6±37 Pro7 Pro8 Cys31 Cys36) with a stabilized b-bend
(cysteine-induced) between 32 and 35, showed binding a�nity
and biological activity (adenylate cyclase activation) in a rabbit
lung assay (Hakala et al., 1994). A recent structure a�nity

relationship study on CGRP27± 37 analogues pointed to the
possibility of either a 32 ± 35 or a 33 ± 36 b-turn (Rist et al.,
1998). The current study shows that a 32 ± 35 b-bend (valine32,

glycine33, serine34, lysine35) is a tolerated conformation in ha
CGRP8±37, as enforcement of this bend by BTD33,34 (i.e. in the
i+1 and i+2 position) produced the same antagonist a�nity
as ha CGRP8± 37, indicating that glycine33 and serine34 residues

are not essential for receptor recognition. Therefore, a b-turn
at position 32 ± 35 is a possible bioactive structure in ha
CGRP8±37.

Evidence that both turns 18 ± 21 and 32 ± 35 are biologically
relevant is provided by the ®ndings that constraint by BTD at

Figure 6 E�ect of peptidase inhibitors (amastatin, bestatin, captopril, phosphoramidon, thiorphan; 1076
M) on antagonism by ha

CGRP8±37 BTD19,20 and 33,34 and ha CGRP8±37 Gly8 against ha CGRP responses in the rat prostatic vas deferens. Concentration
response curves to ha CGRP on twitch responses, and in the presence of 1075

M of (a) ha CGRP8± 37 BTD19,20 and 33,34 and (b) ha
CGRP8±37 Gly8, before and after treatment with peptidase inhibitors. Results are expressed as percentage inhibition of twitch
responses. Points and error bars represent the mean+s.e.mean of four separate experiments.
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19,20 and 33,34 preserved ha CGRP8± 37 antagonism, in the vas
deferens. Therefore, the current study is consistent with the
idea that the bioactive conformation of ha CGRP8± 37 is

characterized by two chain reversals, which by their virtue of
folding the peptide chain would ensure a more compact
formation of ha CGRP8±37 upon interaction with its receptors.

The incorporation of BTD has been shown to be a useful

method to identify two potential bend regions in ha CGRP8± 37,
and con®rms that the motifs are accessible and consistent with
b-turns at position 18 ± 21 and 32 ± 35. The successful mimicry

of these turns by BTD whilst retaining antagonism of ha
CGRP8± 37, is the ®rst approach towards a structural model of
the peptide's bioactive conformation. However, whether ha
CGRP8± 37 may adopt alternative conformations in these
regions (e.g. 19 ± 21 g-turn, Boulanger et al., 1995; 32 ± 34 g-
turn, Hakala & Vihinen, 1994; 33 ± 36 b-turn, Rist et al., 1998),

cannot be excluded by the current data.
For the N-terminus of ha CGRP8±37, both CD spectroscopy

and structure activity studies suggested that valine8 does not
participate in the formation of the a-helix or in the binding

a�nity at CGRP receptors (Mimeault et al., 1991; 1992). The
current study indicates that valine8 is not essential for receptor
interaction, since deletion of both the N-terminal charge (des-

NH2 valine) and the iso-propyl side chain (glycine) is tolerated
without loss of antagonism. Further, valine8 is probably not
important for maintaining the integrity of the a-helix, since
neither a helix breaker8 (glycine) nor a helix promoting
residue8 (proline, which can bias the folding of a helix if
placed at its N-terminus (Presta & Rose, 1988)) altered the

antagonist a�nity of ha CGRP8± 37. Therefore, in agreement
with the literature, this study concludes that the N-terminus
does not play a role in antagonism by ha CGRP8±37 at the
CGRP receptor in the rat vas deferens.

For the N-terminal a-helical segment in ha CGRP8±37, it has
been suggested that its length and amphipathic structure is
critical for interaction with CGRP receptors (Mimeault et al.,

1991; 1992). However, it has not been possible to show an
obvious relationship between the aqueous solution structure of
this region and antagonist potency in a variety of alanine-

substituted analogues (e.g. Boulanger et al., 1996). In the
current study, it was hoped to increase the helical stability of
ha CGRP8±37 by introducing helix promoting (proline8) and
hydrophilic residues (glutamic acid10,14), but this resulted in

loss of a�nity. While there is no direct evidence about the
e�ect of these substitutions on the a-helix one explanation
could be that the triple substitution abolished its amphipathic

character. However, what remains unclear is whether the helix
in ha CGRP8±37 is important in presenting the correct
orientation or not.

It has been suggested that an intact C-terminus (F-NH2) is
essential for biological activity and receptor binding of CGRP
(Thiebaud et al., 1991; Poyner et al., 1992), and conforma-
tional studies indicated no signi®cant di�erence between the

solution structure of CGRP and des-F-NH2 CGRP (O'Connell
et al., 1993). The current investigation on the C-terminus of ha
CGRP8±37 indicates that phenylalanine37 (F-NH2) is directly

involved in the interaction with receptor binding sites, since
deletion of the hydrophobic phenyl group (alanine amide37)
abolished antagonism. This would agree with previous ®ndings

by Rist et al., (1998) who reported that even the substitution of
F-NH2 by Y-NH2, which has only one additive hydroxyl
group, destroyed receptor recognition of ha CGRP27± 37, in

human SK-N-MC cells. Therefore, the present study con®rms
that the C-terminus interacts directly with CGRP receptor
binding sites, and that the phenyl group is essential for
receptor recognition.

A number of ha CGRP8±37 analogues have been identi®ed
as useful tools to determine the presence of bend structures and
the role of the N- and C-terminus in ha CGRP8±37. The a�nity

determinants produced by the active ha CGRP8±37 analogues
closely match those to ha CGRP8±37, supporting the presence
of a CGRP2 receptor in the rat vas deferens. Furthermore, the

observation that antagonist a�nities were not increased in the
presence of various peptidase inhibitors is consistent with
previous reports (Wisskirchen et al., 1998), and agrees with the

conclusion that peptidergic degradation is not a factor that
a�ects the a�nity of ha CGRP8± 37 in the rat vas deferens.

In conclusion, the present ®ndings provide evidence for two
possible bioactive b-bend regions at positions 18 ± 21 and 32 ±

35 in ha CGRP8± 37. The successful incorporation of BTD as a
mimic of these b-turns is the ®rst approach towards a
structural model for ha CGRP8±37 at its receptor(s).

Furthermore, these studies con®rm that the N-terminus does
not play a role in antagonism of ha CGRP8±37, while the C-
terminus is essential for receptor interaction. The discovery of

equally potent ha CGRP8±37 analogues may be helpful in
characterizing CGRP receptors further.

We thank David Cooper (MS) and Paul Sanderson (NMR) for their
analytical expertise.
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