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Solution Structure of Human Calcitonin Gene-Related Peptide by 'H NMR and

Distance Geometry with Restrained Molecular Dynamics®
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ABSTRACT: The structure of human calcitonin gene-related peptide 1 (hCGRP-1) has been determined by
'H NMR in a mixed-solvent system of 50% trifluoroethanol/50% H,O at pH 3.7 and 27 °C. Complete
resonance assignment was achieved by using two-dimensional methods. Distance restraints for structure
calculations were obtained by semiquantitative analysis of intra- and interresidue nuclear Overhauser effects;
in addition, stereospecific or x! rotamer assignments were obtained for certain side chains. Structures were
generated from the distance restraints by distance geometry, followed by refinement using molecular dynamics,
and were compared with experimental NH-CaH coupling constants and amide hydrogen exchange data.
The structure of hCGRP-1 in this solvent comprises an amino-terminal disulfide-bonded loop (residues 2-7)
leading into a well-defined a-helix between residues 8 and 18; thereafter, the structure is predominantly
disordered, although there are indications of a preference for a turn-type conformation between residues
19 and 21. Comparison of spectra for the homologous hCGRP-2 with those of hCGRP-1 indicates that

the conformations of these two forms are essentially identical.

Calcitonin gene-related peptide (CGRP)! is a 37 amino acid
residue single-chain polypeptide which is characterized by a
carboxy-terminal phenylalanine amide and an amino-terminal
disulfide-bonded loop. Two forms of CGRP (designated -
and B8-CGRP, or CGRP-1 and CGRP-2) were predicted to
arise as alternative splicing products of the a- and S-calcitonin
genc complexes (Amara et al., 1982; Rosenfeld et al., 1983;
Hoppener et al., 1985; Steenbergh et al., 1985); the existence
of CGRP-1 in man was confirmed following its isolation and
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characterization by fast atom bombardment mass spectrometry
(Morris et al., 1984). The peptide was subsequently found
to have a widespread distribution in the body, being particu-
larly prevalent in the central nervous system, and peripherally
in nerves of the cardiovascular system (Gibson et al., 1984).

! Abbreviations: CGRP, calcitonin gene-related peptide; CD, circular
dichroism; NMR, nuclear magnetic resonance; hCGRP, human CGRP;
DG, distance geometry; REM, restrained energy minimization; RMD,
restrained molecular dynamics; TFE, trifluoroethanol; HOHAHA, ho-
monuclear Hartmann—-Hahn spectroscopy; DQF-COSY, double-quan-
tum-filtered two-dimensional correlation spectroscopy; E.COSY, exclu-
sive correlation spectroscopy; NOESY, two-dimensional nuclear Over-
hauser effect spectroscopy; TPPI, time-proportional phase incrementa-
tion; rms, root mean square.
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Apart from its likely role as a neurotransmitter or neuromo-
dulator in spinal cord and other central neurones (Rosenfeld
et al., 1983; Fisher et al., 1983; Kimura et al., 1987), there
is direct evidence for the involvement of CGRP in the regu-
lation of both peripheral and arterial blood flow; indeed, it is
among the most potent vasodilatory substances known
(Struthers ct al., 1986).

A further facet to the action of CGRP was recently unveiled
following the isolation of the major monomer component of
pancreatic islct amyloid, deposition of which is characteristic
of type 2, or non-insulin-dependent, diabetes mellitus. The
molecule, termed amylin, was found to be a polypeptide of 37
residues bearing 46% sequence homology to human CGRP-2
(Westermark ct al., 1987; Cooper et al., 1987). Subsequent
studies havc shown that both amylin and CGRP are potent
in vitro inhibitors of basal and insulin-stimulated glycogen
synthesis in skeletal muscle (Leighton & Cooper, 1988; Cooper
et al., 1988) and have implicated amylin both as a possible
factor in the pathophysiology of type 2 diabetes and in the
normal regulation of insulin-mediated metabolic processes.

In view of the manifold and potent actions of CGRP, and
its structural and functional relationship with amylin, it is of
interest to establish the three-dimensional conformation of this
polypeptide. Circular dichroism (CD) studies of CGRP have
indicated a solvent-dependent tendency to adopt a-helical
secondary structure (Lynch & Kaiser, 1988). Here, we report
a nuclear magnetic resonance (NMR) study of the confor-
mation of human CGRP (hCGRP) in 50% aqueous tri-
fluoroethanol solution, in conjunction with distance geometry
(DG), restrained energy minimization (REM), and restrained
molccular dynamics (RMD) simulations.

MATERIALS AND METHODS

Sample Preparation. Synthetic hCGRP-1 and hCGRP-2
(Bachem) were gifts from Celltech (Slough, U.K.) and Amylin
Corp. (San Diego, CA). Perdeuterated trifluoroethanol
(TFE-d;; CEA, Gif-sur-Yvette, France) was used as supplied
or after exchange of labile deuterons with protons (TFE-d,).
Peptide was dissolved to a final concentration of 10-18 mM
in either 50% H,0/50% TFE-d, or 50% D,0/50% TFE-d;.
The pH was adjusted to a glass electrode reading of 3.7
(uncorrected for isotope effects).

NMR Spectroscopy. Proton NMR spectra of hCGRP were
routinely recorded at 27 °C on Bruker AM series 500- or
600-MHz instruments, except for two HOHAHA experiments
which were acquired on a home-built 500-MHz spectrometer
comprising an Oxford Instruments magnet and a GE/Nicolet
1280 computer. Double-quantum-filtered 2-D correlation
(DQF-COSY:; Piantini et al., 1982; Rance et al., 1983) and
exclusive correlation (E.COSY; Griesinger et al., 1985, 1987)
spectra were acquired in the phase-sensitive mode by time-
proportional phase incrementation of the first pulse (TPPI;
Marion & Wiithrich, 1983). Phase-sensitive 2-D nuclear
Overhauser effect (NOE) spectra (NOESY; Jeener et al.,
1979; Kumar et al., 1981) were recorded with mixing times
of 50, 200, and 400 ms using TPPI. Homonuclear Hart-
mann—Hahn (HOHAHA; Bax & Davis, 1985) spectra were
acquired with mixing times of 28, 50, and 115 ms; phase-
sensitive detection was achieved with TPPI (Bruker AM 600
spectrometer) or by the States method (States et al., 1982)
on the home-built 500-MHz spectrometer. The solvent OH
resonance was suppressed by irradiation during the relaxation
delay (and, for NOESY, during the mixing time); in all except
the HOHAHA experiments, a lower decoupler power was also
applied throughout the ¢, period. The chemical shift reference
was set at the center of the residual CDH resonance of deu-
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teriotrifluoroethanol (3.88 ppm). Data were processed on
Bruker Aspect 3000 or GE/Nicolet 1280 data stations, or on
a Sun-4/110 computer using the FTINMR software package
(Hare Research). NOE intensities, used as input for the
distance geometry calculations, were determined from NOESY
spectra at 50- and 200-ms mixing times by counting cross-peak
contour levels and were classified into three distance ranges
(0.2-0.25, 0.2-0.35, and 0.2-0.5 nm); 400-ms NOESY spectra
were used only for assignment purposes.

Amide protons exhibiting perturbed rates of exchange with
the solvent were identified at pH 3.7 following dissolution of
protonated hCGRP-1 in 50% D,0/50% TFE-d;. Individual
resonances were monitored over a period of 6 h in rapid
(approximately 30 min) phase-sensitive COSY experiments.

Estimates of NH-CaH coupling constants (3Jxy,) wWere
obtained from one-dimensional spectra (hCGRP-1 and
hCGRP-2) or from an E.COSY spectrum acquired in pro-
tonated medium and with high digital resolution in F,
(hCGRP-2). CaH-CBH coupling constants (/) for some
residues of hCGRP-1 were recorded as passive couplings in
slices taken parallel to F, from an E.COSY spectrum (max-
imum coherence order = 3) acquired in deuterated medium.
These coupling constants were employed in conjunction with
estimates of certain intraresidue NOE intensities in the ste-
reospecific or rotamer assignment of the 8-methylene protons
of these residues. Similarly, stereospecific assignment of the
y-methyl groups of one valine residue (Val-8) was achieved
by measurement of *J,4 as an active coupling in the F, di-
mension of the same E.COSY spectrum, together with esti-
mates of intraresidue NOE intensities.

Structure Calculations. Analysis of the NMR data pro-
duced 353 distance restraints, classified into distances as de-
scribed previously. x' dihedral angle restraints for certain
residues based on rotamer classifications about the Ca—Cg
bond were also obtained (see Table II). The allowed ranges
of these angles were £60°. For residues Leu-15 and Leu-186,
for which the E.COSY cross-peaks could be fitted to either
the g2t? or t%g? rotamers and which could not be further dis-
tinguished from the NOESY data, x! was constrained in the
combined ranges, i.e., 180° £ 60° and -60° £ 60°. These
data were used to generate structures using the program
DISMAN (Braun & Go, 1985). A total of 50 structures were
generated in this manner, and the best 24, based on an ar-
bitrary final error function cutoff, were subsequently refined
by REM and RMD using the GROMOS suite of programs (van
Gunsteren & Berendsen, 1987).

Each of the structures to be refined was first subjected to
100 steps of steepest descents REM. The RMD simulations
were performed as follows. Structures were equilibrated for
2 ps coupled to a temperature bath at 600 K with a T, of 0.01
ps (Berendsen et al., 1984). The time step used throughout
the simulations was 2 fs, and bond lengths were kept rigid by
using the SHAKE algorithm (van Gunsteren & Berendsen,
1977). The force constant for the NOE distance restraints
(Ky) at this stage was 4000 kJ mol™' nm™, and the force
constant for the dihedral (Kj,) was 50.0 kJ mol™!. RMD was
then performed for 5 ps at 600 K (7, = 0.1 ps) using a K
of 8000 kJ mol™* nm™ and a K, of 50.0 kJ mol™'. This was
followed by 10-ps cooling to 300 K (7, = 2.0 ps) and 5-ps
RMD at 300 K (T, = 0.1 ps) with a Ky of 1000 kJ mol™ nm2.
These last 5 ps, with a configuration saved every 0.1 ps, were
used for analysis of time-averaged properties. The last 2 ps
were averaged, and the resulting structures were energy-
minimized (K4 = 1000 kJ mol™ nm2, Ky, = 7.0 kJ mol™')
to provide “final” structures for conformational analysis. All
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FIGURE 1: Region of the 600-MHz DQF-COSY spectrum of
hCGRP-1 recorded in 50% TFE/50% H,0, pH 3.7, 27 °C, showing
NH-CaH cross-peaks labeled according to residue.

computational procedures were performed on Sun-4 series
computers.

RESULTS

Sequential Assignment and Secondary Structure Elements.
Initial NOESY spectra of hCGRP-1 or hCGRP-2 recorded
at pH 3.7 in 90% H,0/10% D,O (the latter was present to
provide a lock signal) were devoid of all but a few intraresidue
and sequential (/—i+1) NOEs, indicating rapid conformational
fluctuation and/or a lack of weli-defined three-dimensional
structure under these conditions. Because CD analysis of
hCGRP had indicated that addition of trifluoroethanol in-
creases the apparent helical content of the molecule (Lynch
& Kaiser, 1988), subsequent experiments were conducted in
50% H,0 (or D,0)/50% TFE.

At pH 3.7 and 27 °C in H,0/TFE-d,, it was possible to
identify 35 out of 36 theoretically observable amide proton
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resonances in the NH~CaH (“fingerprint”) cross-peak region
of DQF-COSY spectra of hCGRP-1 (Figure 1) or hCGRP-2.
Virtually complete assignment of resonances in both hCGRPs
was achieved by the sequential assignment procedure of
Wiithrich et al. (1982); chemical shifts for hCGRP-1 are
presented in Table I. Briefly, the technique entails establishing
the identity of amino acid spin systems from DQF-COSY
(which manifests connectivities between protons separated by
up to three bonds), HOHAHA (giving remote connectivities),
and NOESY spectra; individual spin systems are placed in the
amino acid sequence by identification of characteristic
(“sequential”) interresidue NOEs (typically, NH~NH |,
CaH~-NH,,,, and CBH,~-NH,,,). Only the meta and para
ring protons of Phe-27, and all the ring protons of Phe-37,
evaded assignment owing to near-degeneracy of resonances
and a lack of NOEs to these protons (the latter presumably
due to relatively high local mobility of the C-terminal residue;
see later). It is notable that all spectra were very similar for
both hCGRP-1 and hCGRP-2; indeed, the only major reso-
nance shifts were associated with protons assigned to the three
substituted amino acid residues themselves.

The type and relative intensity of sequential and longer
range NOEs observed in a given region of the sequence can
yield clues to the prevailing secondary structure; these are
summarized for hCGRP-1 in Figure 2. Figure 3 shows the
NH-NH region of the 200-ms NOESY spectrum of
hCGRP-2. A preponderance of strong NH-NH,,;, NOEs
(together with relatively weak CaH,~NH;s, NOEs) in the
sequence between Thr-6 and Arg-18 was suggestive of helical
structure in this region. This inference was further supported
by the observation of NOEs between the Ca proton of residue
i and the amide proton of residue i+3 for most of the residues
between Ala-5 and Ser-17 (Figure 2). Also characteristic of
a-helical structure were a number of CaH~CS8H,4; and
CaH-NH,,, NOEs in this region of the sequence. Consistent
with these NOE patterns were the apparent NH-CaH cou-
pling constants measured from 1-D spectra of both hCGRPs
and from E.COSY spectra of hCGRP-2, which for residues
Thr-6 to Ser-17 (excluding Gly-14) were all within the range
4.4-5.8 Hz (Figure 4); these are close to the “classical” a-helix
value of 3.9 Hz. Furthermore, the amide protons of Thr-9,
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FIGURE 2: Diagrammatic representation of sequential and secondary structural interresidue NOEs observed for hCGRP-1 in 50% TFE/50%
H,0, pH 3.7, 27 °C. NOE intensities are indicated by the heights of the bars. Unfilled bars indicate uncertainty in assignment of NOEs
involving the amide protons of Gly-20 or Gly-21, whose resonances were almost coincident; the asterisk denotes NOEs to the C6H protons
of Pro-29. Also shown are residues for which slow exchange of NH protons with deuterons was observed.
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Table I: Proton Chemical Shifts of hCGRP-14

chemical shift (ppm)

chemical shift (ppm)

residue NH aH GH others residue NH aH SH others
Ala-1 4.00 BCH, 1.47 Val-22 0.93
Cys-2 8.77 4,84 3.02 Val-23 7.81 4.00 2.04 yCH, 0.88
311 0.88
Asp-3 8.64 483 2.70 Lys-24 8.03 4.24 yCH 1.38
2.88 1.38
Thr-4 7.36 4.55 4.57 yCH, 1.32 SCH 1.63
Ala-5 8.92 4.05 BCH, 1.44 1.65
Thr-6 8.03 3.89 4.00 yCH, 1.13 ¢CH 2.94
Cys-7 7.68 4.12 3.19 2.94
3.35 ¢{NH,* 7.50
Val-8 8.36 3.53 2.05 yCH,; 0.90 Asn-25 8.10 4.60 2.67 dNH 7.39
0.98 2.73 6.63
Thr-9 8.28 3.88 415 yCH, 1.24 Asn-26 8.13 4.63 2.61 §NH 7.30
His-10 7.83 4.30 3.28 2H 8.49 2.67 6.61
3.34 4H 7.28 Phe-27 7.97 4.55 3.01 2,6H 7.18
Arg-11 8.19 4,11 1.96 yCH 1.65 3.07 3,5HNR
2.06 1.84 4H NR
§CH 3.18 Val-28 7.62 4.30 1.98 yCH, 0.85
3.18 0.88
eNH 7.12 Pro-29 4,36 1.94 yCH 1.99
Leu-12 8.41 4.09 ¥CH 1.70 2.22 1.99
6CH, 0.81 S6CH 3.55
0.83 3.66
Ala-13 8.21 3.97 BCH, 1.41 Thr-30 7.78 421 4,19 yCH, 1.17
Gly-14 7.90 3.77 Asn-31 8.23 4.69 2.76 ONH 7.42
3.84 2.82 6.66
Leu-15 7.90 4.13 yCH 1.68 Val-32 7.84 4.00 2.08 yCH, 0.88
6CH; 0.86 0.90
0.86 Gly-33 8.24 3.86
Leu-16 8.55 4.05 yCH 1.74 3.93
§CH; 0.78 Ser-34 7.94 4.33 3.82
0.78 3.91
Ser-17 8.01 4,24 3.97 Lys-35 8.05 4,24 1.72 yCH 1.38
4,01 1.79 1.38
Arg-18 7.69 4.32 1.87 yCH 1.69 6CH 1.63
1.96 1.76 1.65
SCH 3.15 ¢CH 2.94
3.15 2.94
eNH 7.14 ¢{NH,* 7.50
Ser-i9 7.94 441 3.92 Ala-36 7.91 4,14 BCH, 1.18
3.97 Phe-37 7.67 4.52 2.96 2,6H NR
Gly-20 8.12 3.90 3.15 3,5H NR
3.98 4H NR
Gly-21 8.11 385 CONH 6.85
3.93 7.19
Val-22 7.69 403 2.06 yCH, 0.89

@ Assignments were obtained in 50% TFE/50% H,O (or D,0) at 27 °C and pH 3.7, and are quoted relative to the residual CDH resonance of
TFE-d, or TFE-d, (3.88 ppm). NR indicates resonance not resolved under these conditions,

Leu-12, Ala-13, Leu-15, Leu-16, and Ser-17 in hCGRP-1 were
relatively slow to exchange with solvent deuterons (Figure 2),
consistent with participation in hydrogen bonds.

NOE:s observed between residues in the N-terminal region
of hCGRP reflected the influence of the disulfide bond between
Cys-2 and Cys-7. A comparatively well-defined loop structure
was indicated by NOEs between Cys-2 CaH and both Cys-7
Cg8 protons, and from both Cys-2 Cg8 protons to the pro-S
v-methyl protons of Val-8; indeed, NOEs to Val-8 y-methyl
protons from protons in residues Asp/Asn-3, Thr-4, Ala-5,
Thr-6, and Cys-7 were observed. 3Jyp, coupling constants
(measured as apparent splittings in an E.COSY spectrum of
hCGRP-2) assumed moderately large values for Asn-3 (9.1
Hz) and Thr-4 (8.0 Hz), and a very small value for Ala-5
(<3.0 Hz), indicating that this region of the sequence has a
relatively constrained conformation enforced upon it by the
disulfide bond.

While the helical region (as defined by the NOE, coupling
constant, and hydrogen bond information) clearly terminates
in the region of Arg-18, it proved rather more difficult to
establish with confidence the main-chain conformation in the

region immediately following this residue. Certain features
suggestive of a turn configuration were observed (for example,
slow exchange of the amide proton of Arg-18 of hCGRP-1);
however, unequivocal identification by NMR of distances
characteristic of the “classical” turn types [e.g., d N(i+]1,i+2),
d n(i+1,i+3), and dyn(i+2,i43) for type 11 B-turn; dyn(i+-
1,i+2) and d,n(i+2,i+3) for type T B-turn] depends critically
upon resolution of the NH proton chemical shifts of residues
i+2 and /+3. In the case of both hCGRP-1 and hCGRP-2,
a strong NOE interaction was indeed observed between the
Ca proton of Ser-19 and the NH proton of either Gly-20 or
Gly-21, but the virtual coincidence of the amide proton shifts
of these latter residues hampered discrimination between
possible turn types. Also precluded was the observation of any
NH,;,—NH;,; NOE interaction which, again, would be an-
ticipated for any of the standard turn types. A NOESY
spectrum of hCGRP-1 acquired at 12 °C failed to alleviate
the chemical shift overlap.

In contrast to the relatively well-defined secondary structure
of the amino-terminal half of the molecule, the region between
Val-22 in hCGRP-1 (Met-22 in hCGRP-2) and the C-ter-
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FIGURE 3: Region of the 500-MHz NOESY spectrum of hCGRP-2
showing sequential NH-NH connectivities in the region from Ala-5
to Gly-20 labeled according to residue. The spectrum was recorded
with a mixing time of 200 ms in 50% TFE/50% H,O, pH 3.7, 27 °C.

minus at Phe-37 was characterized by close-to-random-coil
resonance shifts, the presence of CaH~NH,;; and NH~NH,,
NOEs of similar intensity, and a complete lack of identifiable
medium-range interactions. Experimentally determined 3J/yy,
coupling constants for this region of the polypeptide chain were
all in the range 5.9-7.9 Hz (Figure 4), typical of “random coil”
or dynamically averaged ¢ dihedral angles. Nor (with the
exception of Val-22 and Val-23) were rates of exchange of
amide protons with solvent deuterons noticeably perturbed over
most of this region in hCGRP-1, consistent with a lack of any
stable, hydrogen-bonded structure (Figure 2). Collectively,
these observations constitute evidence for a predominantly
disordered structure over this stretch of the polypeptide chain.
Interestingly, any conformational heterogeneity in the region
of Pro-29 was not manifested in the observed NOEs; the
presence of NOEs betwen the NH proton of Val-28 and the
Cé4H protons of Pro-29 in the absence of C«H-CaH NOEs
for these residues indicates the exclusive adoption of the trans
peptide bond conformation by Pro-29.

While certain sccondary structure elements could be iden-
tified from the NOE data as described above, there was no
evidence for the existence of a well-defined tertiary fold in
hCGRP; no NOEs were observed between residues more than
five removed in the sequence, implying an absence of stable
close contacts between the N-terminal loop and helix region
and the poorly defined carboxy-terminal tail in solution.

Stereospecific assignments of prochiral 8-methylene protons
and of isopropy! groups of valine residues can lead to better
definition of the backbone fold in addition to establishing the
x' dihedral angle where there is one predominant side-chain
rotamer (Hyberts et al., 1987; Driscoll et al., 1989). For
hCGRP-1, cross-peak overlap or values of 3/,4 coupling con-
stants or intraresidue NOE intensities indicative of motional
averaging of the side chain precluded rotamer assignment in
most cases. However, unequivocal stereospecific or rotamer
assignments, or excluded values of x!, could be obtained for
a few residues in the N-terminal loop and helix regions; these
are summarized in Table I1.

Structure of hCGRP by Distance Geometry and Molecular
Dynamics. Following DISMAN, 24 structures were subjected
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Table II: Side-Chain Rotamer Assignments for hCGRP-14
(i} B-Methylene Groups

rotamer
residue Ja‘gH JaﬁL da‘gH daﬂL dNHﬂH dNHﬂL (*600)

Asp-3 4.1 5.9 S S W/M M +60°
Leu-15 6.1 9.2 NR NR M M not +60°
leu-16 41 108* NR NR W/M NR  not +60°
Ser-17 5.0 4.1 S S NR NR  +60°
Ser-19 5.1 5.2 S S NR NR  +60°

(ii) y-Methyl Groups

rotamer
residue Jug daﬂ dNHB da.7H dc,.’L dNH'yH dNHyL (*60°)

Val-8 102 M/S S S S w S 180°

?The table lists residues in h\CGRP-1 for which it was possible either
to obtain unequivocal side-chain rotamer assignments or to exclude one
of the preferred rotamers. 3J,4 coupling constants (in hertz) for resi-
dues containing B-methylene groups were measured as passive dis-
placements (except for asterisk, active coupling) from an E.COSY
spectrum of hCGRP-1 recorded in deuterated medium; the value of
3J,4 for Val-8 was determined as the active coupling from the same
spectrum. Estimates of intraresidue NOE intensities were obtained
from phase-sensitive NOESY spectra recorded in protonated medium
with mixing times of 50 and 200 ms, and were classified into five dis-
tance ranges (weak, weak/medium, medium, medium/strong, and
strong); NR indicates cross-peak insufficiently resolved to provide a
reliable estimate of NOE intensity. Suffixes H and L indicate high-
field and low-field members of pairs of methylene protons or y-methyl
groups, respectively. The assignment of the side-chain to the preferred
rotamer (£60°) most closely corresponding to the data is indicated.
All other side chains for which 3J,4 coupling constants could be deter-
mined yielded values incompatible with a single preferred rotamer.

to refinement by RMD, yielding a mean sum-of-restraint-
violations of 2.06 £ 0.18 nm and a mean potential energy of
-2017 £ 132 kJ mol™!. The convergence achieved over the
well-defined region was also good: the rms deviation for the
backbone atoms of residues 2-18 is 1.08 A, while for all atoms
it is 1.99 A.

The distribution of backbone dihedral angles in these
structures (Figure 4A,B) reflects the extent to which con-
formation has been defined by NOE restraints. The di-
sulfide-bridged loop (residues 2~7 inclusive) apparently falls
into either of two closely similar minimum energy confor-
mations upon minimization, but discrimination between the
two on the basis of best fit to the NMR data is not possible.
Good agreement was observed between the experimentally
determined and calculated values of ¢ for the helical region
(Val-8 to Leu-16). In contrast, the lack of convergence to a
consensus structure from residue Ser-19 onward reflects the
absence of structurally significant NOE data for this region
of the polypeptide. Although the NOE restraints for this
region are clearly time-averaged values, they are exclusively
of the i-i+1 type, and hence their use in conventional static-
bounds DISMAN/RMD simulations has not unacceptably
prejudiced the searching of conformational space, as might
have occurred had longer range NOEs been observed (Torda
et al.,, 1990).

Calculated hydrogen bond occupancies for residues Leu-12,
Ala-13, Leu-135, and Leu-16 from the RMD trajectories are
all in excess of 90% and show the expected NH~CO,_, pattern,
in agreement with the observation of slowly exchanging NH
resonances for these residues. However, similar analyses for
residues Thr-9, Ser-17, Val-22, and Val-23 show no correlation
with hydrogen bonds characteristic of any regular secondary
structure. Thr-9 shows no long-lived hydrogen bonds during
the simulations, while Ser-17 shows an a-helical (NH~CO.,)
hydrogen bond to Ala-13 for approximately 40% of the time.
Val-22 and Val-23 show NH~CO,_;-type hydrogen bonds
present for only ca. 30% of the time. Thus, the structures
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FIGURE 4: (A) Comparison of backbone ¢ dihedral angle as a function of residue number derived experimentally (O) or from the 24 final
dynamics structures (+) for \CGRP-1. Apparent 3Jyy, coupling constants were obtained from 1-D spectra or E.COSY spectra recorded with
high digital resolution in the acquisition dimension and are not corrected for line-width contributions (NH line width was typically 3.5-4.5
Hz). ¢ dihedral angles were calculated according to the equation given by Pardi et al. (1984). Where experimentally determined coupling
constants are consistent with more than one ¢ dihedral angle, both are indicated except in regions of the sequence for which NOE information
predicted helical structure. (B) ¢ angles calculated from the final structures plotted versus residue number.

calculated do not completely explain the observed pattern of
slowly exchanging amides in hCGRP-1 (Figure 2).

Figure 5A shows a superposition of all 24 structures (only
the well-defined region covering residues Cys-2 to Arg-18 is
shown for clarity). The apparent lack of convergence in the
N-terminal loop results primarily from variability in its relative
position with respect to the helical section. Figure 5B shows
the loop overlaid over the backbone atoms of residues 2—7 only.
The two alternative conformations of the disulfide bridge can
be seen.

DiscussioN

We have been able to achieve virtually complete assignment
of the '"H NMR spectrum of hCGRP-1 in a 1:1 TFE/water
solution; moreover, the spectrum of hCGRP-2 was sufficiently
similar to be assignable by comparison with that of the former
analogue, without recourse to de novo sequential assignment.
Regions of defined secondary structure could be identified

readily from the observed NOE patterns, although a sub-
stantial portion of the sequence was apparently devoid of
regular structure according to this criterion. These inferences
were corroborated by experimental amide-a proton coupling
constants and by amide proton exchange information. NOEs
identified from 50- amd 200-ms NOESY spectra of hCGRP-1
were classified according to intensity and employed as distance
restraints for structure calculations by using the distance ge-
ometry program DISMAN and subsequent refinement with the
molecular simulation package GROMOS.

Our structure for hCGRP in this solvent consists of a
well-defined N-terminal loop followed by approximately three
turns of a-helix; this ends in a poorly defined turn leading into
the C-terminal region which is predominantly unconstrained
by the NMR data and, by implication, lacks significant stable
structure. In contrast, our initial characterization of hCGRP
in aqueous medium indicated that the molecule is devoid of
any regular secondary structure under these conditions, con-
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FIGURE 5: (A) Stereoview of the 24 final structures of hCGRP-1 overlaid over the backbone atoms of residues 2-18 (this well-defined region
only is shown for clarity). (B) shows the disulfide-bridged loop (residues Cys-2 to Cys-7) overlaid over the Ca atoms of these residues, demonstrating

the divergence of the structures in this region.

sistent with CD studies which have indicated a significant
increase in the a-helical content of rat CGRP in buffer con-
taining 50% TFE over that detected in purely aqueous medium
(Lynch & Kaiser, 1988). This is a characteristic which CGRP
evidently shares with a number of other peptide hormones
predicted to form amphiphilic a-helices (Kaiser & Kezdy,
1984). The influence of lipid micelles or organic solvents such
as TFE on the experimentally determined secondary structure
of such hormones is commonly held to be consistent with a
role for the membrane lipid-water interface in stabilizing an
active conformation at the receptor. Our identification of a
10-residue «-helical region displaying an amphiphilic distri-
bution of hydrophobic and hydrophilic amino acids lends
further credence to this mechanism for CGRP; furthermore,
the localization of stable a-helix to a discrete region of the

molecule demonstrates that the induction of secondary
structure by TFE/water mixtures is not indiscriminate and
vindicates the use of this solvent for such studies.

Existing information concerning the relationship between
structure and activity for CGRP largely hinges upon the effects
of residue deletions/substitutions and of chemical modifications
on biological activity. All tryptic fragments of CGRP are
inactive, indicating that essentially the intact sequence is re-
quired (Breimer et al., 1988). Furthermore, both N- and
C-terminal regions seem to be important for agonist activity:
linearization of the N-terminal disulfide-bonded loop region
by reduction and S-carboxamidomethylation abolishes activity,
while acetylation of the N-terminus or of either lysine residue
results in a marked reduction in potency (Breimer et al., 1988).
Conversely, the synthetic fragment hCGRP-(8-37) has re-
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cently been demonstrated to be a specific antagonist for CGRP
receptors in rat liver plasma membranes (Chiba et al., 1898).
Hence, it appears that the amphiphilic a-helix identified here
is likely to play a major role in the interaction of the molecule
with its receptor, while the N-terminal loop region may
principally be involved in triggering the ensuing signal-
transduction process.

CGRP causes insulin resistance in skeletal muscle in vitro,
a property it shares with amylin, the monomer component of
the type 2 diabetic pancreas amyloid (Leighton & Cooper,
1988). There exists 46% overall sequence homology between
amylin and hCGRP-2, with particularly high agreement in
the N- and C-terminal regions (Cooper et al., 1987). Since
both polypeptides are of the same length (37 residues) and
possess a disulfide bond between cysteines-2 and -7 (Cooper
et al., 1987), it is probable that at least some of the secondary
structural characteristics identified here for CGRP (particu-
larly in the N-terminal loop and helix regions) are shared by
amylin. Although a weaker homology to the A chain of insulin
was identified (Cooper et al.,, 1987), comparison of our
structure for CGRP with the X-ray crystal structure of porcine
insulin showed both the geometry of the polypeptide backbone
and the disposition of the side chains, particularly in the di-
sulfide-bonded loop regions where the highest degree of hom-
ology was detected, to be quite different in the two molecules.
It therefore seems unlikely that the sequence homology is of
any functional significance.
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