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ABSTRACT: The solution structure of the 22-residue peptide hormone motilin has been studied by circular
dichroism and two-dimensional 'H nuclear magnetic resonance spectroscopy. Circular dichroism spectra
indicate the presence of a-helical secondary structure in aqueous solution, and the secondary structure can
be stabilized with hexafluoro-2-propanol. Sequence-specific assignments of the proton NMR spectrum of
porcine motilin in 30% hexafluoro-2-propanol have been made by using two-dimensional NMR techniques.
All backbone proton resonances (NH and «CH) and most of the side-chain resonances have been assigned
by using double-quantum-filtered COSY, RELAYED-COSY, and NOESY experiments. Simulations of
NOESY cross-peak intensities as a function of mixing time indicate that spin diffusion has a relatively small
effect in peptides the size of motilin, thereby allowing the use of long mixing times to confidently make
assignments and delineate secondary structure. Sequential «CH-NH and NH-NH NOESY connectivities
were observed over a significant portion of the length of the peptide. A number of medium-range NOESY
cross-peaks indicate that the peptide is folded into a-helix from Glu9 to Lys20, which agrees favorably with
the 50% helical content determined from CD measurements. The intensities of selected NOESY cross-peaks
relative to corresponding diagonal peaks were used to estimate a rotational correlation time of approximately
2.5 ns for the peptide, indicating that the peptide exists as a monomer in solution under the conditions used

here.

Motilin is a small gastrointestinal peptide hormone (M,
= 2699) found in blood and in some endocrine cells situated
in the gut (Usellini et al., 1984). The hormone stimulates
gastrointestinal peristalsis, notably during the interdigestive
period (Mutt, 1982; McIntosh & Brown, 1988; Schubert &
Brown, 1974), and it has been associated with phase III of
migrating myoelectric complexes (Jacobowitz et al., 1981).
The receptors for the hormone are located primarily in the
smooth muscle of the duodenum (Kondo et al., 1988). Ele-
vated levels of the hormone are observed in many disorders,
particularly diarrhea (Ohe et al., 1980; Imura et al., 1980;
Christofides & Bloom, 1981).

Although numerous physiological and clinical studies have
been performed on motilin, no crystallographic or solution
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structural data are available for this peptide hormone. Motilin
is known to consist of a single peptide chain of 22 amino acids
with the sequence FVPIFTYGELQRMQEKERNKGQ
(Brown et al., 1973; Schubert & Brown, 1974). Recently it
has been shown from corresponding cDNA sequences that
human and porcine motilin have identical sequences (Dea et
al., 1989). These studies also suggest that motilin is syn-
thesized as a higher molecular weight precursor from which
the 22 amino acid peptide is subsequently cleaved. The eight
amino terminal residues are largely hydrophobic, while the
remainder of the molecule can be classified as hydrophilic.
Physiological studies on canine motilin reveal that the active
portion of the molecule lies between residues 6 and 16 (Poitras
et al., 1987). However, studies conducted with synthetic
porcine motilin indicate that the whole molecule is responsible
for biological activity (Ueda et al., 1977).
Two-dimensional nuclear magnetic resonance techniques
have proven to be useful in the study of structural properties
of small proteins and peptides (Wagner, 1983; Wuthrich, 1986;
Wright et al., 1988). Through-bond or through-space con-
nectivities are established either via spin—spin scalar coupling
or through dipole—dipole interactions. Spin—spin scalar con-
nectivities are visualized as correlation peaks in two-dimen-
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sional homonuclear correlated spectra (COSY)! (Aue et al.,
1976; Bax & Freeman, 1981) or two-dimensional relayed
coherence transfer (RELAYED-COSY) experiments (Eich
et al., 1982; Bax & Drobny, 1985). Dipole-dipole connec-
tivities with interproton distances less than 5 A are realized
as correlation peaks in two-dimensional nuclear Overhauser
enhancement spectroscopy (NOESY) experiments (Jeener et
al., 1979). Distance constraints determined from 2D NOESY
spectra can form the basis for three-dimensional structure
determinations using distance geometry methods (Havel &
Wuthrich, 1985; Braun & Go, 1985) or restrained molecular
dynamics calculations (Clore et al., 19877, de Vlieg et al.,
1988).

In this paper we present the sequence-specific assignments
of motilin in 30% hexafluoro-2-propanol. Fluorinated alcohols
such as hexafluoro-2-propanol and trifluoroethanol have been
used in solution studies of a number of peptides (Clore et al.,
1986; Tappin et al., 1988; Gooley & MacKenzie, 1988; Bazzo
et al., 1988). It has been argued that these compounds do not
create new secondary structures but actually stabilize a-helices
which exist normally in aqueous solution in rapid equilibrium
with random coil (Nelson & Kallenbach, 1986; Dyson et al.,
1988b). This is most likely true except in sequences that have
nearly equal tendencies to exist as a-helix or 3-sheet, in which
case the equilibrium will be shifted in favor of helix. We have
used HFP here to facilitate the assignment of the NMR
resonances to specific residues. Results obtained in the absence
of fluorinated alcohol will be presented elsewhere.

MATERIALS AND METHODS

Porcine motilin was kindly provided by Professor Viktor
Mutt of Karolinska I[nstitute, Stockholm, Sweden. It was
prepared essentially as described earlier (Brown et al., 1971,
1972), and its identity with the previous preparation was
chekced by comparison of amino acid compositions. Hexa-
fluoro-2-propanol-d, (98% D) was obtained from Cambridge
Isotope Laboratories. D,O (99.98% purity) and acetic acid-d,
(99.5 atom % D) were obtained from Aldrich. NMR sample
tubes (535-PP) of 5-mm outer diameter were obtained from
Wilmad Glass Co.

Circular dichroism spectra were recorded on a Jasco J-600
spectropolarimeter using a cuvette with a 2-mm light path.
The initial sample contained 28 uM motilin in 20 mM acetic
acid, to which increasing amounts of HFP were added as
indicated. The spectra were corrected for dilution. The spectra
were also base line corrected.

Samples for 2D NMR studies were prepared by dissolving
5 mg of motilin in approximately 0.5 mL of H,O. The pH
was adjusted to 3.9 with a few microliters of 1 M CD;COOD.
The pH was determined with a Radiometer glass electrode
and was not corrected for the deuterium isotope effect (Bundi
et al., 1979). The final NMR sample volume was adjusted
to 1 mL to give 1.8 mM motilin in 60% H,0, 30% HFP, and
10% D,O (v/v).

All NMR experiments were performed on a Varian VXR
500 spectrometer interfaced to a Varian VXR-4000 computer.
Chemical shifts are referenced to the H,O resonance at 4.80
ppm at 21 °C. The H,O peak chemical shift was measured

! Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser enhancement; NOESY, two-dimensional nuclear Overhauser
enhancement spectroscopy; COSY, two-dimensional homonuclear cor-
relation spectroscopy; DQF-COSY, double-quantum-filtered homonu-
clear correlation spectroscopy; HFP, hexafluoro-2-propanol; RE-
LAYED-COSY, relayed coherence-transfer spectroscopy: CD, circular
dichroism; ppm, parts per million.
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relative to sodium 4,4-dimethyl-4-silapentanesulfonate (DSS)
in a separate experiment. Field-frequency lock was maintained
by the 10% D,O in the solvent.

Phase-sensitive double-quantum-filtered COSY spectra
(Rance et al., 1983) and phase-sensitive NOESY spectra
(States et al., 1982) were collected according to standard
procedures. Phase-sensitive spectra were collected with the
hypercomplex method (States et al., 1982). In all 2D COSY
and NOESY experiments, 1024 data points were collected in
the ¢, domain and zero-filled to 2048 points before Fourier
transformation. In the ¢, domain, 360 time increments were
collected and the data were also zero-filled to 2048 points. In
general, 40 transients were averaged for each ¢, time incre-
ment. Spectral widths of 5000 Hz were collected in both
dimensions. Mixing times of 90-450 ms were used in the
NOESY experiments. Prior to Fourier transformation, the
data were multiplied by a Gaussian apodization function with
a small amount of additional resolution enhancement applied
with a positive exponential. The intense water peak was re-
moved in all experiments by saturation of the water resonance
frequency during the relaxation delays, and in the NOESY
experiments also during the mixing time (Wider et al., 1983).
Both carrier and decoupler frequencies were set equal to the
water resonance frequency in all experiments (Zuiderweg et
al, 1986). A few double RELAYED-COSY spectra were
used to confirm assignments and were collected by using
standard procedures (Sauriol et al., 1987) with a total time
for each relay step (i.e., 7/2-180°-7/2) of 0.04 s. In the
RELAYED-COSY experiments, 1024 data points were col-
lected in the ¢, domain, and 512 increments were collected in
the ¢, domain, with 64 transients averaged for each increment.

Simulations of the time dependence of the intensities of
NOESY diagonal and cross-peaks have been calculated on a
Macintosh II by using programs written in TrueBASIC with
the Scientific Graphics library (Hanover, NH) and also in
Mathematica (Wolfram Research). Copies of the programs
are available from one of us (J.S.). The programs make use
of the equations described by Keepers and James (1984),
Massefski and Bolton (1985), and Boelens et al. (1989).
Briefly, the programs provide the matrix of peak intensities,
A, as a function of the NOESY mixing time, ¢,:

A(ty) = xe ™Moy (1

where A is a vector made up of the eigenvalues of the relaxation
matrix, R, and x is the matrix of eigenvectors of R. The
elements of R are

Ry =2p;+po*
J
Rj =0y (2)

p* is the “leakage” rate to the lattice and is assigned the value
1 57! (Clore & Gronenborn, 1989). The individual rate con-
stants are given by

= U ) + 310) + do)

Pij (27r)2r,-j6 2w 1w olw
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0, =
j
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[6/2(w) = Jo(w)] (3)

where Jy(w), J1(w), and Jo(w) are the spectral densities that
characterize the motion of the protein relative to the proton
resonance frequency w. Substitution of appropriate values for
the distances r;; and the rotational correlation time allows for
a description of the buildup of the NOESY peaks as a function
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FIGURE 1. Circular dichroism spectra of porcine motilin collected in
20 mM acetic acid (pH 3.3) in the presence of various amounts of
hexafluoro-2-propanol at 22 °C. The mean residue ellipticity is
reported as deg-cm?/dmol. The protein concentration was 27 uM.
The hexafluoro-2-propanol concentration was 0% (—), 5% (---), 10%
(0), 15% (a), 30% (---), and 40% (@).

of t,,, Conversely, if a given distance is known, the magnitude
of a cross-peak relative to a corresponding diagonal peak (at
a given mixing time) may be used to estimate the rotational
correlation time.

RESULTS

Circular Dichroism. Figure 1 shows a series of CD spectra
of motilin collected in the presence of various concentrations
of hexafluoro-2-propanol (HFP). There is a significant in-
crease in both the positive and the negative CD bands with
increasing HFP concentration. The intensity at 222 nm
changes from a mean residue ellipticity of 4300 deg-cm?/dmol
at 0% HFP to -18 000 deg:cm?/dmol at 30% HFP. No further
increase in ellipticity is observed above 30% HFP. Other CD
spectra indicate that the increased intensity induced by HFP
can be abolished with the addition of 6 M guanidinium hy-
drochloride (data not shown).

Initial NMR Spin System Identification, Assignments, and
Connectivities. Assignment of the NMR resonances of valine
2, isoleucine 4, threonine 6, and leucine 10 can be initiated
by noting the methyl resonances in the high-field region
(Figure 2). There is only one copy of each of these residues
in porcine motilin, which further facilitates identification.

Isoleucine 4 is easily assigned due to its characteristic spin
system (Wuthrich, 1986). All isoleucine 4 resonances can be
unambiguously assigned at this stage except for the NH
resonance for which there are two potential «CH-NH
NOESY cross-peaks (amide proton at 7.09 or 8.17 ppm), and
the high-field connectivities are outlined in Figure 2. Likewise,
the spin system of valine 2 is easily found. The NOESY
connectivity between the Val2 NH and the N-terminal Phel
«CH is observed in the fingerprint region at 4.2, 7.53 ppm.?

This leaves a single high-field cross-peak which can be
assigned to 8CH;—yCH, of leucine 10. The NH resonance
of leucine 10 was not assigned at this point since the COSY
spectrum showed three possibilities (7.92, 8.22, and 8.39 ppm)
for its assignment (see below for the final assignment).

In the COSY spectrum at 21 °C only three cross-peaks were
observed in the region expected for «CH-BCH, cross-peaks
of aromatic amino acids [i.e., approximately 3.2, 4.2 ppm: a
pair of cross-peaks and a single intense cross-peak (data not
shown)]. Two pairs of «CH-BCH, cross-peaks near the H,O
signal were “bleached out” due to high-power irradiation of
the water signal as described by Kumar et al. (1980). How-

2 Cross-peak coordinates are referenced throughout as F; chemical
shift vs F, chemical shift in ppm, i.e., Fy, Fs.
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FIGURE 2: High-field region of the 500-MHz 'H COSY spectrum
of porcine motilin. The protein concentration was 1.8 mM in 30%
HFP, 60% H,0, and 10% D,0 at pH 3.9 and 21 °C. Selected
J-connectivities are indicated for valine 2 (—), isoleucine 4 (--) and
threonine 6 ().

ever, these peaks were clearly observed in 100% D,0 at § °C
(data not shown) and also in DQF-COSY and NOESY ex-
periments.

Figure 3 illustrates the assignment procedure for the two
phenylalanines, tyrosine, and asparagine using NOESY con-
nectivities. These are the only examples of AMX spin systems
in motilin. Note that the long mixing time used in this ex-
periment gives some of the advantages of a RELAY experi-
ment. The NOESY cross-peak at 4.13, 7.94 ppm in the fin-
gerprint region (Figure 4) allows connection of the Tyr7 to
Thr6. Ina NOESY experiment with a long mixing time (450
ms), an obvious pair of cross-peaks with F; coordinates of 2.83
and 2.95 ppm is seen at the F, levels of 6.84, 7.61, and 7.99
ppm (Figure 3). This is a typical pattern for asparagine
(Wuthrich, 1986). The two yNH, protons have different
chemical shifts and are connected by a strong NOESY (and
also a COSY) cross-peak at 6.84, 7.61 ppm. The assignment
of the amide proton is straightforward from the lower pair at
7.99 ppm. The assignment of the «CH is accomplished sim-
ilarly. It lies very close to the water signal, but it can be clearly
seen in 100% D,0.

The remaining two pairs of AMX «CH-BCH, cross-peaks
must belong to the two phenylalanines. Since Phel forms the
N-terminal residue of the molecule, it was inferred that the
aCH which deviates most from the random coil value
(Wuthrich, 1986) must be phenylalanine 5.

The two aCH-B8CH, cross-peaks of Pro3 (not shown) are
identified by the absence of a corresponding «CH-NH con-
nectivity (since proline does not have an NH proton) along
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FIGURE 3: A portion of the 500-MHz '"H NOESY spectrum of motilin showing the assignments and connectivities of the AMX spin systems.
Sample conditions were as described in the legend of Figure 2, and the NOESY mixng time was 450 ms. The logic of the assignment of the
aromatic residues of motilin is illustrated. The following selected connectivities are indicated: 2,6H, 3,5H, NH, «CH, and 3CH, protons
of tyrosine 7 (---); the NH, yNH, and 8CH, protons of asparagine 19 (—); the 2,6H, «CH, and 8CH, of phenylalanine 5 (-+); and the 2,6H,

aCH, and BCH, of phenylalanine 1 (—).
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FIGURE 4: The aCH-NH cross-peak region of the 500-MHz 'H
NOESY spectrum of motilin. Sample conditions were as described
in the legend of Figure 2 with a mixing time of 450 ms. Se-
quence-specific assignments from proline 3 to glutamine 14 via al-
ternating «CH~NH,,, and «CH~NH,,, connectivities are shown
with solid arrows.

a 4.635 F, trace in the fingerprint region of the COSY
spectrum in H,O. The «CH-BCH, cross-peaks occur at 4.365,
1.85 ppm and 4.365, 2.22 ppm. Proline yCH,-6CH, cros-
speaks are prominently placed at 2.016, 3.55 ppm and 2.016,
3.72 ppm, as expected from chemical shift data for small
peptides. The 6CH, protons of proline 3 exhibit NOESY
connectivities to Val2 yCH; and «CH at 0.87, 3.55 ppm, 0.87,
3.72 ppm and 3.55, 4.35 ppm, 3.72, 4.35 ppm, respectively.
The NOESY connectivity between the «CH of valine 2 and

4.’1 44‘0 3.‘9 3.8 3.7
F1(ppm)
FIGURE 5: An enlarged section of the fingerprint region of the 500-
MHz 'H NOESY spectrum of motilin. Sample conditions were as
in Figure 2. Backbone connectivities are shown from glutamine 15
to asparagine 19 and from lysine 20 to glutamine 22.

™ ” T
4.5 4.4 4.3 4.2

the 6CH, of proline 3 indicates that proline exists in a trans
configuration (Dyson et al., 1988a). A strong NOESY
cross-peak between Pro3 «CH and an NH is observed at
4.365, 7.09 ppm, thus allowing assignment of the Ile 4 NH.

The glycine 8 «CH, pair was assigned sequentially from
tyrosine 7 via the NOESY cross-peak at 4.265, 8.215 ppm
(Figure 4); i.e., the «CH of Tyr7 shows a NOESY connectivity
to a NH resonance at 8.215 ppm, which in turn has connec-
tivities to the two «CH protons of glycine 8 at 3.81 and 3.91
ppm. The other pair of cross-peaks at 3.94, 8.43 ppm and 4.05,
8.43 ppm, were assigned to glycine 21. In fact, there are two
sets of Gly 21 NOESY cross-peaks in the fingerprint region
(Figure 5): a major inner pair (at 3.96, 8.43 ppm, and 4.05,
8.43 ppm) with a minor pair (at 3.93, 8.43 ppm and 4.08, 8.43
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Table I: Proton NMR Resonance Assignments of Porcine Motilin

chemical shifts (ppm)®

residue NH aCH BCH others

Phel 4.2 3.19, 3.11 2,6H, 7.245; 3,5H, 7.36;
4H, 7.35%

Val2 7.53 4.35 1.99 yCH,;, 0.87

Pro3 4.365 1.85,2.22 ~CH,, 2.016, 2.016; 6CH,,
3.72, 3.55

iled 7.09 3985 1.79 vCH,, 1.39, 1.15; yCHj,,

0.854; 6CH;, 0.835

PheS 7.84 4.61 3.28,3.14 2,6H, 7.21; 3,5H, 7.34; 4H,
7.37
Thré  7.84 413 4.24 vCHj, 1.265

Tyr7 794 4265 3.145
Gly8 8215 3.81,391

2,6H, 7.12; 3,5H, 6.8

Glu9 792 4.18 215,223  CH,, 2.4

Leul0 822 4.18 1.58,1.85 ~yCH, 1.74; 5CH,, 0.88,
0.89

Ginll 8.17 3.98 2.12 +CH,, 2.23, 2.28; 6NH,,
6.46, 6.565

Argl2 795 4.09 1.97,2.06 8CH,, 3.245; vCH,, 1.66,
1.89; NH, 7.27; NH,,
6.635

Metl3 839 4.18 234,224  ~vCH,, 2.61, 2.74; «CH,,
2.06

Ginl4 834 4.5 2.235,2.18 ~CH,, 2.6, 2.355; NH,,
6.4, 6.13

Gluls 8.07 4.07 2,192 2.225 yCH,, 2.43, 2.495

Lysl6 8.085 4.135 2.045 ¢CH,, 3.03; 6CH,, 1.745;
¥CH,, 1.61, 1.53

yCH,, 2.46

6CH,, 3.255; yCH;,, 1.84,
1.74; NH, 7.36; NH,,
6.67

vNH,, 7.61, 6.84

yCH,, 1.55; 6CH,, 1.76;
¢CH,, 3.08

Glul7 8.16 4.165 2.19, 2.09
Argl8 8.06 422 1.97

Asnl9 799 4.76 2.95, 2.83
Lys20 8.01 4.3 1.96

Gly2l 8.43 394,405
Gln22 78 4275 2.235,2.02 ~CH,, 2.37; §NH,, 6.63,°

7.79%

¢Chemical shifts are referenced relative to DSS. ¢ Ambiguous as-
signment.

ppm). NOESY connectivities from glycine 21 lead
straightforwardly to the assignment of the backbone protons
of glutamine 22 and lysine 20 (Figure 5).

Glutamate 9 is simply assigned sequentially via the two
NOESY cross-peaks from glycine 8 (Figure 4). Thus the
amide and «CH resonances of this residue are assigned.

As indicated above, there were initially three choices for the
amide proton of leucine 10. We found that only one of these
can be connected to glutamate 9. From the NH-8CH, and
NH-6CH,; intraresidue NOESY connectivities, it can be
concluded that the amide resonance of leucine 10 must be at
8.22 ppm.

This leaves the eight residues from glutamine 11 to arginine
18 to be delineated. The assignment of the two arginines (i.e.,
12 and 18) was initiated by using the connectivities between
the side-chain ¢eNH resonances and the §CH, protons clearly
observed in the COSY spectrum. Complete assignment of one
arginine could be made by using the DQF-COSY map, and
NOESY connectivities at a mixing time of 450 ms were
considered to delineate the intraresidue couplings between the
side-chain and «CH/NH resonances for the other arginine.
Cross-peaks between backbone NH and ¥ and 8 protons were
also seen. A strong NOESY cross-peak (at 4.22, 7.99 ppm)
from the previously assigned NH proton of asparagine 19 to
an aCH allows assignment of the first arginine to Argl8. By
elimination, the other arginine must be residue 12.

Final Assignments (Table I). It seemed initially that the
highly unusual COSY connectivity at 3.985, 7.09 ppm (Figure
4) was a reasonable choice for the intraresidue aCH~NH
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connectivity of GInl1 since there appeared to be a strong
NOESY connectivity to the previously assigned arginine 12
amide proton. However, strong NOESY connectivities be-
tween an amide resonace at 8.17 ppm and the SCH, and
¥CH, leucine 10 resonar.~es made the cross-peak at 3.98, 8.17
ppm the more logical choice for the aCH-NH connectivity
of Ginl1. The cross-peak from Glnll «CH to Argl12 NH is
not aligned perfectly for some unexplained reason. The as-
signment of the Glnl1 NH allows the NOESY connectivity
to Leul0 «CH to be made at 4.18, 8.17 ppm. This cross-peak
is clearly composed of at least one other peak, and as shown
below, it is actually three overlapping cross-peaks. The unusual
cross-peak at 3.985, 7.09 ppm was now assigned to isoleucine
4, which was confirmed in particular by a RELAYED-COSY
experiment and the NOESY connectivity in the fingerprint
region to phenylalanine 5 (Figure 4). Thus the Ile4 NH
resonance is shifted rather dramatically upfield and is no-
ticeably far away from all the other NH peaks. In the absence
of hexafluoro-2-propanol the Ile4 «CH-NH cross-peak was
at 4.05, 8.09 ppm (data not shown).

Making the sequential assignment from residue 14 to 15
is not straightforward. Following the backbone connectivities
entirely within the NOESY fingerprint region, the Glnl4
intraresidue NH~aCH; cross-peak connects through a well-
isolated ®CH,-INH,,, sequential cross-peak (at 4.05, 8.16 ppm)
to a NH;~aCH; intraresidue cross-peak at 4.165, 8.16 ppm
(Figure 5). This latter intraresidue cross-peak on the other
hand could be sequentially connected through a sequential
cross-peak to the NH,~«CH; intraresidue cross-peak of ar-
ginine 18; and in the reverse direction through a sequential
cross-peak to the lysine 16 intraresidue cross-peak at 4.135,
8.085 ppm. This implies that the isolated «CH,~NH,,, peak
at 4.05, 8.16 ppm does not lead from Ginl4 to Glul5. The
more probable assignment for the intraresidue cross-peak at
4.165, 8.16 ppm must be glutamate 17, and not glutamate 15.
The logical solution is to assign the intense «CH,~NH, in-
traresidue cross-peak at 4.07, 8.07 ppm to glutamate 15. This
implies that the intraresidue «CH-NH(15,15) and the «CH-
NH(14,15) sequential cross-peaks are nearly coincident. To
confirm this assignment, three-dimensional stack plot data
were examined. It was observed that this cross-peak was
significantly (3-fold) larger than neighboring peaks. Similarly,
the stack plot shows that the now assigned intraresidue
cross-peak of glutamate 17 at 4.165, 8.16 ppm is much more
intense than adjacent resonances. This is consistent with our
previous assignment of a sequential NOESY connectivity
between residues 10 and 11 at 4.18, 8.17 ppm.

The backbone connectivity from GlulS5 to Glul7 is com-
pleted by assigning the cross-peak at 4.135, 8.085 ppm to an
intraresidue NH~aCH connectivity. This implies that the
intense cross-peak noted above at 4.07, 8.07 ppm and 4.165,
8.16 ppm contains interresidue NOESY cross-peaks, i.e., each
actually is composed of three cross-peaks, which is consistent
with their intensities relative to other peaks in 3D stack plots.
The NH-BCH,/yCH, region (Figure 6) was examined
thoroughly in the long mixing time NOESY and in the
DQF-COSY experiments in order to assign the glutamine 11,
glutamine 14, glutamate 15, and glutamate 17 side-chain
resonances.

Figure 7 depicts the NH-NH through-space connectivities
for motilin. It is observed that most sequential connectivities
seen in the «CH-NH region are also observed in this region,
thereby substantiating the sequential assignments. Sequential
NH,-NH,,, connectivities can be followed from isoleucine 4
to phenylalanine 5, from threonine 6 to leucine 10, from
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FIGURE 6: The BCH,-NH and yCH,-NH region of the 500-MHz
TH NOESY spectrum of motilin. Sample conditions were as described
in the legend of Figure 2. The vertical position of selected NH’s on
the 2D map are labeled. Connectivities between selected residues are
indicated with solid vertical lines.
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FIGURE 7; The NH-NH region of the NOESY spectrum of motilin.
Connectivities NH~NH,;, from residues 6 to 10, 11 to 15, 17 to 19,
and 20 to 22 are outlined. The spectrum is symmetric about the
diagonal, so for the sake of clarity, connectivities are indicated only
on one side or the other. Some medium-range cross-peaks are also
indicated. The mixing time for the experiment shown here was 450
ms.

glutamine 11 to glutamate 15, from glutamate 17 to aspara-
gine 19, and from lysine 20 to glutamine 22. Sequential
NH;,-NH,,, cross-peaks due to 15, 16 and 19, 20 would be
too close to the diagonal to observe, so their absence does not
indicate that they do not exist. Likewise, 5 and 6 have the
same chemical shift, and a cross-peak would not be observed.
Noticeably absent is the 10, 11 NH-NH cross-peak.
Nonsequential NOEs. In addition to the sequential NOE
cross-peaks observed, numerous connectivities were identified
between distant residues on the peptide chain. Some of these
are illustrated in Figures 5, 6, and 8. Of particular interest
are those between residues i and i + 3. Such medium range
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FIGURE 8: A graphical summary of the observed NOE connectivities
in porcine motilin along with the region of the helix predicted by the
Chou-Fasman procedure. The relative intensities of the cross-peaks
are indicated by the bar width, except for the «CH-NH(i,i+1)
connectivities where the narrowest bar indicates that the connectivities
could not be observed due to overlap of resonances or the absence
of an NH (in the case of proline 3).

i, i + 3 NOESY cross-peaks are observed in the fingerprint,
amide—amide, and a—@ regions of the NOESY spectrum. The
ones in the fingerprint region are Glu9 «CH-Argl2 NH,
GInll a«CH-GInl4 NH, Metl3 «CH-Lysl6 NH, GInl4
aCH-Glul7 NH, Lys16 aCH-Asn19 NH, and Glu17 aCH~-
Lys20 NH. In addition, a few i, i + 3 cross-peaks were
observed in the region F| = 1.0~3.0 ppm, F, = 3.0-4.8 ppm.
These include Gly8 «CH-GInl1 SCH,, Glul5 «CH-Argl8
BCH,, and Lyslé «CH-Asn19 BCH,. Medium-range
NOESY cross-peaks were also observed in the amide-~amide
region: LeulO NH-Met13 NH, Met13 NH-Lys16 NH, and
Ginl4 NH-Glul7 NH. A couple of weak NOESY cross-
peaks between residues i, i + 4 and /, i + 2 were also observed
in these regions. These are lled «CH-Gly8 NH, Glnll
aCH-Glu15 NH, Pro3 «CH-Phe5 NH, GIn11 NH-Met13
NH, and Argl2 NH-GInl4 NH. Figure 8 presents a sum-
mary of the observed NOEs.

Two cross-peaks are seen in the NH-NH region of the
NOESY spectrum which have not been assigned. These occur
at 8.40, 8.48 ppm and 8.03, 8.11 ppm. There are no additional
cross-peaks at these chemical shifts to peaks at higher field,
indicating that these are not amino acid residues, and we
attribute them to impurities in the sample.

Rotational Correlation Time and Spin Diffusion. We have
measured the rotational correlation time of motilin in solution
from the 2D NOESY data by using the integrated intensities
of selected cross-peaks relative to a corresponding diagonal
peak. The most convenient peaks for this purpose were the
NOESY peaks which occur in uncrowded regions of the
spectrum, allowing the measurement of both the diagonal and
cross-peak intensities. The two & protons of Pro3 are partic-
ularly good examples due to their proximity, viz., 1.78 A, so
that the NOESY peak intensities would be expected to be little
affected by spin diffusion. The ratio of the diagonal peak
intensity to the cross-peak intensity (collected at 90-ms mixing
time) was compared to simulated data calculated by using
either (1) a two-spin system with a separation of 1.78 or (2)
an eight-spin system intended to model the vicinity of the 6
protons of proline 3, i.e., the «CH and NH of valine 2 and
the 8, v, and & protons of proline 3 in an extended chain
conformation. Similar results were obtained with either the
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two-spin or eight-spin system, and the best fit of the data was
obtained with a rotational correlation time of 1.2 ns.

The resonance of the amino proton of glutamine 14 is also
isolated, and its cross-peak with its own «CH and the NH of
glutamate 15 can be used in a similar manner. Two model
spin systems were used: a 6-spin system and a 13-spin system,
both extracted from an energy-minimized a-helical fragment.
The protons in the 6-spin system were the NH, «CH, and a
BH of residue 1 and the NH and 8H of residue two. The
protons in the 1 5-spin model were the a, 8, and NH protons
of residues 1-3 along with the NH of residue 4 and the yH’s
of residue 2. Similar results were obtained with both models.
The rotational correlation time derived from the ratio of the
diagonal peak intensity for the NH of Glul4 to the cross-peak
between the NH and the aH of Glu14 was 2.5 ns.

It would therefore appear that the rotational correlation time
for motilin under the conditions used here (i.e., in 30% hex-
afluoropropanol) is between 1.2 and 2.5 ns, with the latter
value reflecting the correlation time of the helical portion of
the peptide and the shorter value for Pro3 indicating increased
flexibility in the hydrophobic amino terminus. The 2.5-ns time
is comparable to the correlation time of 2.2 ns predicted
(Cantor & Schimmel, 1980) for an isotropically rotating
peptide with a molecular weight of 2700 in 30% hexafluoro-
2-propanol, which has a viscosity twice that of water (L. Qiu
and J. Shriver, unpublished data). Thus it would appear that
motilin under the conditions used here exists as a monomer.

One of the advantages of working with a protein the size
of motilin is the effectiveness of the two-spin approximation
for measuring distances. However, the small rotational cor-
relation time results in relatively small NOESY cross-peaks.
In order to make assignments with confidence, and particularly
to investigate the existence of secondary structure in motilin,
we have increased the signal/noise ratio of the NOESY
cross-peaks by using relatively long mixing times, e.g., 450 ms.
It is important to assess the effect of spin diffusion on the
precision of the results obtained from the use of such long
mixing times. Figure 9 shows the NOE cross-peak buildup
curves expected for «H~NH;, «aH~-NH,,, NH~-NH,,,, and
aCH~NH,;; NOE’s in an a-helical (A) and extended-chain
(B) segment in a peptide with a correlation time of 2.5 ns.
Shown for comparison are the buildup curves for isolated
two-spin systems with separations of 2.5, 2.8, 3.0, 3.5, 4.0, and
4.5 A. Clearly, spin diffusion does have an effect, and the
estimated error in distance determinations at mixing times of
450 ms can be on the order of 0.3-0.5 A. However, these
errors are not large enough to allow false assignments of
secondary structure. (Not shown are the intensities of the
diagonal peaks which decrease significantly over a period of
500 ms and become comparable in magnitude to the cross-
peaks.) A more complete analysis of the buildup of NOESY
cross-peaks in motilin will be presented elsewhere.

DiscussioN

The circular dichroism studies on motilin clearly indicate
the presence of secondary structure in solution. Although a
detailed analysis has not been performed on the CD data in
this work, the shoulder at 222 nm indicates the presence of
a-helical structure. The negative ellipticity band increases
significantly with increasing concentrations of HFP, and the
resulting CD spectrum is clearly indicative of a-helix. A more
detailed analysis of the CD spectra will be presented elsewhere.
The mean residue ellipticity of —18 000 deg-cm?/dmol at 222
nm can be used to estimate an average a-helical content in
motilin under conditions similar to those used in the NMR
experiments. Using a mean residue ellipticity at 222 nm of
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FIGURE 9: Simulations of the dependence of the intensities of the
CICH‘:_NH'- {n). CYCHFNH;.H (O), NHI'_NHH'I (.ﬁ.), and aCH;—NH;...;
{v) NOESY cross-peaks on the mixing time (r,,) for protons in an
a-helix (A) and the extended chain (B) with a rotational correlation
time of 2.5 ns (isotropic rotation is assumed): - A grid of NOE curves
(dotted lines) for isolated two-spin systems (rc = 2.5 ns) is shown
for comparison with separations of 2.5, 2.8, 3.0, 3.5, 4.0, and 4.5 A,
The a-helix simulations in (A) used a 15-spin system (105 distances)
extracted from an energy-minimized helix composed of glutamate,
arginine, asparagine, and lysine (i.e., residues 17-20 of motilin, which
comprise a region predicted to be in an a-helix according to the
Chou—-Fasman rules). The spins used in the simulation were the «
and NH protons of the Glu, Arg, and Asn, the NH of Lys, the H’s
of the Glu, Arg, and Asn, and the yH's of Arg. The four “backbone”
proton cross-peaks had the following distances: aCH~NH,, 2.76 A;
aCH~NH,,,, 3.56 A; NH~-NH,,,, 2.81 A; «CH-NH,,,, 3.53 A,
The extended-chain simulations in (B) used a 9-spin system (36
distances) extracted from an extended chain of the same four residues.
The spins used were the NH and aCH of each residue along with
two additional spins that could enhance the effects of spin diffusion:
a v proton on Glu (2.01 A from the NH of Arg) and a v proton on
Arg (2.53 A from the «CH of Arg). The four “backbone” proton
cross-peaks had the following distances: oCH,-NH,, 2.94 A;
a«CH-NH,,,, 2.49 A; NH-NH,,,, 4.47 A; NH-NH,,,, 11.6 A,

+3900 deg-cm?/dmol for random coil (Greenfield & Fasman,
1969) and —38 000 deg-cm?/dmol for a-helix (Toniolo et al.,
1979), we estimate the a-helical content of motilin to be about
50% in 30% HFP. A similar evaluation of the CD spectrum
obtained in the absence of HFP gives an estimated a-helical
content of 20%. The CD titration data (Figure 1) clearly show
a narrow isodichroic region from 200 to 204 nm, which sug-
gests that two major structural elements prevail: «-helix and
random coil. However, since there is a isodichroic region
rather than a point, the structural transition that occurs during
the titration involves more than two elements. A more detailed
analysis will be required to determine if the CD spectra support
the presence of the reverse turn indicated by the NMR data.
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The NMR studies presented here clearly indicate the lo-
cation of the helical secondary structure indicated by the CD.
Although the observation of a single NH,~NH,,; NOE con-
nectivity does not indicate a unique structure, a sequential
series of NH,~NH,;; NOE connectivities occur in regions of
the peptide that exhibit a-helical structure (Wuthrich et al,,
1984). More conclusive proof for a-helical structure is
characterized by medium-range «CH~NH,;3, NH~NH,,;,
and «CH-BCH,,; NOE's (Billeter et al., 1982; Wuthrich et
al., 1984; Wuthrich, 1986).

In motilin, sequential NH-NH NOE connectivities are
observed from restdues 6 to 10, 11 to 15, 17 to 19, and 20 to
22. Connectivities may be obscured between residues 5 and
6, 15 and 16, and 19 and 20 due to nearly coincident chemical
shifts. No sequential NH-NH connectivities can be observed
from residues 1 to 4 since the phenylalanine amino protons
are in fast exchange with the solvent, and proline 3 has no
amide proton. The observation of 7, i + 3 «CH-NH NOESY
cross-peaks from Glu9 to Lys20 (Figure §) indicates the
presence of a-helical structure which extends from residues
910 20. These results are in good agreement with the predicted
a-helical structure obtained by using the Chou-Fasman me-
thod (Chou & Fasman, 1974a,b).

The unusual chemical shift of the amide resonance of iso-
leucine 4 suggests structure in the N-terminal hydrophobic
region of motilin. In addition, the «CH resonance of phe-
nylalanine 5 is shifted relatively far downfield near the water
resonance. These observations, plus a weak NOE connectivity
between the «CH of proline 3 and the NH of phenylalanine
5, a strong «CH-NH(3,4) connectivity, and a weak NH-N-
H(4,5) NOE, indicate a reverse turn conformation from
residues 2 to 5 (Wuthrich et al., 1984; Dyson et al., 1988a).
This would place proline 3 in position 2 of the turn, a very
favorable position (Rose et al., 1985; Richardson, 1981). The
low intensities of the «CH-NH(3,5) and NH-NH(4,5) NOE
cross-peaks indicate that other conformations may be present
as well. Restrained molecular dynamics studies are presently
underway to clarify the structure of the peptide in this region
as well as the rest of the molecule.

The distribution of charged residues in motilin is worth
noting. Charged residues appear from residues 9 to 20, which
corresponds to the helical region determined by the NMR
study. Dipole, side-chain, and electrostatic interactions all
contribute to helix stability (Shoemaker et al.,1987; Sundar-
alingam et al., 1985). Bierzynski et al. (1982) and Rico et
al. (1984) in studies on ribonuclease S and C peptides have
found salt bridges as helix-stabilizing factors. Salt bridges and
ion pairs particularly have been found to stabilize helices in
short, synthetic peptides (Marqusee & Baldwin, 1987). In
a low dielectric constant environment charge pairs would be
more strongly favored than in aqueous solution. In motilin,
GluS/Argl2, Glul5/Argl8, and Glul7/Lys20 are most likely
to form salt bridges and ion pairs. We also note that the
COOH-terminal region of the a-helix contains positively
charged residues (arginine 18 and lysine 20) while the N-
terminal has an acidic residue (glutamate 9). Such a place-
ment of charge would stabilize the macrodipole of the helix,
an important factor for helix stabilization on the basis of the
helix dipole mode! (Shoemaker et al., 1987).

The estimated amount of a-helical structure from the CD
data collected in 30% HFP (i.e., 50%) is essentially equal to
that estimated from the NMR studies (i.e., 12 helical residues
out of 22, or 54%). This indicates that in 30% HFP the peptide
is predominantly in a single, stable «-helical structure, span-
ning residues 9-20. A more detailed analysis of NOE inten-
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sities and buildup rates is presently underway in order to more
precisely define the structure of motilin in solution by using
restrained molecular dynamics.

HFP has been used here to stabilize secondary structure
which is thought to exist in aqueous solution. By stabilizing
the structure with HFP, we are permitted a more complete
characterization of the extent of the structure. Although it
cannot be stated for certain at this point whether or not this
structure is physiologically relevant, it is unlikely that a random
coil conformation of the peptide hormone is active. Rather,
it is more likely that the hormone adopts a conformation such
as that defined here in its active form in aqueous solution in
the vicinity of the membrane receptor.
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