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ABSTRACT: Two-dimensional ‘H NMR spectroscopy has been used to obtain comprehensive sequence-specific 
resonance assignments for the putative cell growth factor porcine pancreatic spasmolytic polypeptide, which 
is a 106-residue protein containing two “trefoil” domains. The patterns of sequential (i,i+ l), medium-range 
(i,i<5), and long-range NH to NH, aCH to NH, and aCH to aCH nuclear Overhauser effects clearly show 
that the protein’s two trefoil domains adopt essentially the same secondary structure in solution. The main 
feature of each domain is a seven-residue helix followed by a short antiparallel 8-sheet formed from two 
strands of four amino acids each. This is a novel supersecondary structure, which clearly identifies the trefoil 
motif as a new class of growth factor associated module, distinct from other types of highly disulfide 
cross-linked domains, such as those found in epidermal growth factor and insulin-like growth factor I. 

Porc ine  pancreatic spasmolytic polypeptide (PSP) is a 
monomeric 106-residue protein (M, = 1 1  700) produced in 
large quantities in the pancreas and is believed to act as a cell 
growth factor (Thim et al., 1985; Hoosein et al., 1989; Thim, 
1989). The protein has been shown to inhibit both gastroin- 
testinal motility and secretion of gastric acids (Jorgensen et 
al., 1982). However, recent studies of the human analogue 

+This work was funded by the U.K. Medical Research Council. 
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hPSP (Tomasetto et al., 1990) suggest that the major role of 
the protein in vivo is to promote the healing of damaged en- 

’ Abbreviations: 2D, two dimensional; 3D, three dimensional; DQF- 
COSY, double-quantum filtered correlation spectroscopy; EGF, epider- 
mal growth factor; HOHAHA, homonuclear Hartmann-Hahn spec- 
troscopy; IGF-I, insulin-like growth factor I; NMR, nuclear magnetic 
resonance, NOE, nuclear Overhauser effect; NOESY, nuclear Over- 
hauser effect spectroscopy; PSP, porcine pancreatic spasmolytic poly- 
peptide. 
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doderm tissue, such as ulcers in the gut (Wright et al., 1990). 
Several families of small proteins with cell growth stimu- 

lating effects have now been identified and structurally 
characterized in some detail, such as those typified by epi- 
dermal growth factor (EGF) (Gregory & Preston, 1977; Cooke 
et al., 1987) and insulin-like growth factor I (IGF-I) (Rin- 
derknecht & Humbel, 1978; Cooke et al., 1991). PSP is 
composed of two highly homologous domains of about 40 
amino acids (nearly 50% identity), which each contain three 
disulfide bonds, resulting in the production of a three-looped 
structure termed the “trefoil” motif (Thim et al., 1985; Thim, 
1989). The disulfide-bond configuration determined for PSP 
is distinct from that found for the other previously charac- 
terized classes of growth factors. In addition, amino acid 
sequence comparisons detect no significant sequence homology 
with PSP (Thim et al., 1985; Thim, 1989). Hence, it has been 
proposed that the trefoil domain proteins represent a new 
family of growth factors. 

To date there are two other trefoil domain proteins known, 
in addition to PSP and hPSP, namely, the human protein pS2 
(Masiakowski et al., 1982; Brown et al., 1984; Rio et al., 
1988a; Mori et al., 1988) and the Xenopus polypeptide 
spasmolysin (Hoffmann, 1988). The 60-residue protein pS2 
is particularly interesting since it appears to be expressed at 
fairly high levels in all estrogen-dependent breast tumor cells 
(Brown et al., 1984; Foekens et al., 1990), whereas there is 
no significant expression in normal breast tissue (Rio et al., 
1987, 1988b). Clearly, understanding the role of pS2 here 
may be of great clinical importance. However, pS2 is not 
available in sufficient quantities for structural characterization; 
thus, a detailed study of the closely related protein PSP has 
been undertaken. 

In recent years it has been conclusively shown that NMR 
spectroscopy can provide detailed three-dimensional structural 
information for small proteins (M,  < 20 000) in solution, at 
a resolution comparable to that obtained by X-ray crystal- 
lography (Hard et al., 1990; Schwabe et al., 1990; Breg et al., 
1990; Billeter et al., 1990; Clore et al., 1990, 1991). In the 
study reported here, 2D ‘H NMR spectroscopy has been used 
to obtain comprehensive sequence-specific ‘H resonance as- 
signments for PSP. This has allowed us to determine the 
secondary structure of the protein and therefore of the two 
trefoil domains, on the basis of the characteristic patterns of 
short-range (<OS nm) through-space NOE effects observed 
in 2D NOESY spectra (Wuthrich, 1986). 

MATERIALS AND METHODS 
Purified PSP was obtained as a gift from Dr. L. Thim of 

Nova Nordisk. The NMR experiments were carried out on 
0.6-mL samples of 5 mM PSP adjusted to pH* 6.2, dissolved 
in either 100% D 2 0  or 90% H20/10% D 2 0  as appropriate 
(pH* values refer to the actual pH meter readings uncorrected 
for deuterium isotope affects). 

The ‘H NMR experiments were carried out on a Varian 
Unity 600 spectrometer operating at a ‘H frequency of 600 
MHz. All the 2D ‘H NMR spectra were acquired in the 
phase-sensitive mode using the method of States et al. (1982). 
The NMR measurements were made at 40 OC. The following 
experiments were carried out on both D 2 0  and H 2 0  samples 
of PSP: DQF-COSY (Rance et al., 1983), HOHAHA 
(Braunschweiler & Ernst, 1983; Davis & Bax, 1985), using 
isotropic mixing times of between 55 and 100 ms, and NOESY 
(Jeener et al., 1979; Macura et al., 1981) with NOE buildup 
periods of 75 and 150 ms. The HOHAHA spectra were 
acquired using a spin-lock field of around 8 kHz produced by 
an MLEV17 pulse sequence (Bax & Davis, 1985). 

Biochemistry, Vol. 31, No. 7, I992 1999 

Water suppression in 2D ‘H NMR spectra recorded from 
samples of PSP dissolved in 90% H20 was achieved by the 
use of selective on-resonance presaturation. In addition, to 
prevent the recovery of the solvent signal during the mixing 
time of NOESY experiments, a 180’ pulse was applied at the 
center of this period. In order to observe cross peaks involving 
protons resonating at, or very close to, the chemical shift of 
the water, the 2D experiments also employed a 60-ms SCUBA 
sequence immediately after the presaturation period (Brown 
et al., 1988). The D 2 0  samples of PSP were prepared from 
protein repeatedly freeze-dried from D20, thus, in most cases 
it was not necessary to suppress the very small residual HOD 
signal. 

The 2D lH NMR experiments were typically carried out 
over a period of 20-40 h, collecting 300 pairs of tl  increments, 
48-1 12 scans per increment, and 8 192 points per scan. The 
spectra from D 2 0  samples of PSP were acquired with a 
spectral width of 6500 Hz, while for H 2 0  samples a value of 
8000 Hz was used. 

The 2D data were processed on a SUN SPARC-330 
workstation using the Varian VNMR software package. The 
original data were usually zero filled to 2048 complex points 
in F1 prior to Fourier transformation, and mild resolution 
enhancement was achieved by applying a a/3-shifted sine- 
squared apodization function in both dimensions. 

RESULTS AND DISCUSSION 
( i )  Sequence-Specific Assignments. In the case of PSP, 

sequence-specific ‘H resonance assignments were obtained 
using the well-proven sequential assignment procedure de- 
veloped by Wiithrich and co-workers, which relies upon cor- 
relating amino acid sequence and NMR data (Wagner and 
Wuthrich, 1982; Wuthrich, 1986). Thus, signals were initially 
grouped into amino acid spin systems, assigned to particular 
types or classes of residues, and then sequential NOES were 
used to identify stretches of neighboring amino acid spin 
systems, which could be compared to the known protein se- 
quence in order to obtain sequence-specific assignments. 

The spin-system assignments obtained for PSP were based 
mainly on the through-bond connectivities observed in DQF- 
COSY (Rance et al., 1983) or HOHAHA (Braunschweiler 
& Ernst, 1983; Davis & Bax, 1985) spectra and on the fine 
structures of DQF-COSY cross peaks. For example, it was 
possible to identify the BCH to 7/7’CH3, aCH to 7/7’CH3, 
and N H  to aCH connectivities for all seven valine residues, 
while six of the seven also gave rise to N H  to BCH and N H  
to 7/7’CH3 relayed cross peaks. Complete spin-system as- 
signments for the aromatic residues, though, also relied upon 
the identification in NOESY (Jeener et al., 1979; Macura et 
al., 1981) spectra of NOES between the aromatic ring signals 
and their corresponding NH, aCH, or BCH resonances. To 
give some indication of the quality of the PSP data and types 
of cross peaks observed, Figures 1 and 2 show the aromatic 
portion of a HOHAHA spectrum and the high-field region 
from a DQF-COSY experiment. From the selection of spectra 
recorded, it proved possible to characterize fully the following 
61 amino acid spin systems from PSP, which were subse- 
quently used as anchor points in the sequential assignment 
procedure: Alanine (6/6), threonine (3/3), valine (7/7), 
leucine ( l / l ) ,  isoleucine (3/3), tyrosine (2/2), phenylalanine 
(7/7), tryptophan (2/2), lysine (3/4), proline (2/12), glycine 
(1/6), serine (6/9), cysteine, aspartate or asparagine (15/24), 
and glutamate, glutamine, or methionine (3/14). In addition, 
partial spin-system assignments were obtained for one histidine, 
four glycines, two prolines, and one cysteine, aspartate, or 
asparagine residue. 
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In common with the other signals from the protein, the 
dispersion of the chemical shifts of the N H  and aCH reso- 
nances of PSP is particularly good, as illustrated by the fin- 
gerprint region of the DQF-COSY spectrum shown in Figure 
3. Thus, there are fewer degenerate signals from backbone 
protons than might be expected for a typical protein of 106 
amino acids. Consequently, the identification of the sequential 
N H  to N H  [NN (i,i+l)], aCH to N H  [aN (i,i+l)], and 
BCH to N H  [BN (i,i+l)] NOES required to make se- 
quence-specific assignments was relatively straightforward, 
allowing long stretches of neighboring amino acids to be de- 
termined (up to 19 residues), as illustrated by the NN/aN 
(i,i+l) sequential walk from glutamate 76 to aspartate 87 
shown on the NOESY spectrum in Figure 4. Even in cases 
where chemical shift degeneracies produced branch points in 
the sequential assignment pathways, it was usually possible 
to discriminate between the possibilities on the basis of either 
additional supporting sequential NOES or compatibility with 
the amino acid sequence of the protein. Resonance assign- 
ments for a few residues of PSP, such as those in the region 
from glycine 20 to threonine 25, are based upon the identi- 
fication of stretches of only two or three neighboring amino 
acids, principally due to signal overlap precluding the complete 
tracing of proline spin systems. However, these regions contain 
many unique dipeptide and tripeptide sequences involving 
amino acids with readily identifiable spin systems. Thus, at 
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FIGURE 1: Aromatic region from a HOHAHA spectrum of PSP 
acquired with a 55-ms mixing period. Sequence-specific assignments 
for the tyrosine, phenylalanine, and tryptophan resonanca are indicated 
at  the 2,6 to 3 3  (Y70, Y106, F21, F30, F36, F85, and F97), 2 to 
3 (F47 and F96), or 4 to 5 (W45 and W94) cross peaks, with the 
vertical lines shown leading to peaks arising from relayed connectivities. 
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FIGURE 2: Aliphatic portion from a DQF-COSY spectrum of PSP. The relatively well-resolved connectivities involving the terminal methyl 
groups of alanine, threonine, valine, leucine, and isoleucine residues have been labeled, in order to give some indication of the ease with which 
particular types of cross peaks can be identified to obtain amino acid spin-system assignments. 
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FIGURE 3: Fingerprint (NH to aCH)  region from a DQF-COSY 
spectrum of PSP, illustrating the good resolution of signals from the 
backbone protons. The N H  to a C H  cross peaks are labeled according 
to the position of the amino acid residue in the protein sequence. The 
peak marked with an asterisk arises from an a C H  to PCH correlation. 

the end of the sequential assignment process, when signals from 
only these few residues remained to be identified, sequence- 
specific assignments could be made with confidence. In ad- 
dition, the assignments obtained for these residues have been 
recently confirmed by cross peaks observed in 3D NOESY- 
HOHAHA spectra (M. D. Carr and C. J. Bauer, unpublished 
results). Hence, it was possible to obtain complete se- 
quence-specific assignments for 84 residues and partial as- 
signments for a further 21 (Table I) using the sequential NOES 
identified in 2D NOESY spectra, which are summarized in 
Figure 5 .  The only residue for which no sequence-specific 
assignments could be made is serine 26. 

(ii) Secondary Structure Determination. The elements of 
regular secondary structure found in proteins give rise to 
characteristic patterns of sequential (i,i+l), medium-range 
(i,<i+5), and long-range NOEs involving backbone protons 
(Wuthrich, 1986), the majority of which are identified as part 
of the sequential assignment procedure. For example, helices 
are characterized by relatively large N H  to N H  (i,i+l) and 
weak aCH to N H  (i,i+3) NOEs, whereas the extended 
backbone conformation found in @-sheets gives rise to large 
sequential aCH to NH, as well as long-range N H  to NH, 
aCH to NH, and a C H  to aCH, NOEs. 

The sequential and medium-range backbone to backbone 
and backbone to side chain NOES identified for PSP are 
summarized in Figure 5. Residues 27-33 from domain I and 
76-82 from domain 11, which occupy equivalent positions in 
the two domains, are characterized by N N  (i,i+l), N N  (i,- 
i+2), a N  (i,i+3), and a@ (i,i+3) NOEs and therefore clearly 
form two seven-residue helices. In contrast, observation of a 
si&icant number of long-range backbone to backbone NO&, 
linking together two analogous four-residue stretches within 
each domain, shows that residues 34-37 and 45-48 from 
domain I as well as 83-86 and 94-97 from domain I1 form 
two short antiparallel @-sheets, as illustrated in Figure 6. The 
arrangement of the two P-strands in each sheet is further 
supported by the fact that the amide protons of residues 35, 
47, 84, and 96 persist for many months in D20 solutions, 

e 

' e  
8 

i :  
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Table I: *H Resonance Assignments for P S P  
residue N H  a a’ B @’ y y’ 6 6’ c other 
p-Glu 1 4.29 2.49 2.01 2.38 
Lys 2 
Pro 3 
Ala 4 
Ala 5 
Cys 6 
Arg 7 
Cys 8 
Ser 9 
Arg 10 
Gln 11 
Asp 12 
Pro 13 
Lys 14 
Asn 15 
Arg 16 
Val 17 
Asn 18 
Cys 19 
Gly 20 
Phe 21 
Pro 22 
Gly 23 
Ile 24 
Thr 25 
Ser 26 
Asp 27 
Gln 28 
Cys 29 
Phe 30 
Thr 31 
Ser 32 
Gly 33 
cys 34 
cys 35 
Phe 36 
Asp 37 
Ser 38 
Gln 39 
Val 40 
Pro 41 
Gly 42 
Val 43 
Pro 44 
Trp 45 
Cys 46 
Phe 47 
Lys 48 
Pro 49 
Leu 50 
Pro 51 
Ala 52 
Gln 53 
Glu 54 
Ser 55 
Glu 56 
Glu 57 
Cys 58 
Val 59 
Met 60 
Gln 61 
Val 62 
Ser 63 
Ala 64 
Arg 65 
Lys 66 
Asn 67 
Cys 68 
Gly 69 
Tyr 70 
Pro 71 
Gly 72 
Ile 73 
Ser 74 
Pro 75 
Glu 76 
Asp 77 

8.14 4.53 
4.44 

8.57 4.15 1.43 
8.20 3.34 0.57 
9.66 
7.89 3.96 2.05 
7.89 5.20 3.51 3.06 
8.70 4.19 3.81 3.68 
7.14 4.42 
6.92 4.60 1.98 1.86 2.19 2.13 
9.40 4.64 2.75 2.65 

8.33 4.01 1.73 1.37 1.65 
8.13 4.89 3.14 2.83 
6.96 3.99 1.46 
9.50 4.22 1.99 1.08 
8.81 4.45 2.70 
8.57 4.72 3.12 2.56 

4.00 3.65 
6.19 5.11 3.18 3.08 

4.04 3.76 

3.94 3.80 
4.27 3.72 

7.41 3.85 0.68 1.47 1.30 0.60 
7.87 4.40 4.54 1.33 

7.89 4.46 2.61 2.53 
7.53 3.96 2.22 1.90 2.43 
8.44 3.90 3.08 2.81 
8.49 5.36 3.12 2.94 
8.37 3.92 4.30 1.33 
7.61 4.52 4.13 4.05 
8.04 4.19 
7.76 4.54 3.31 2.71 
8.24 4.26 2.15 0.62 
6.39 5.86 2.33 1.93 
9.13 4.64 3.01 2.66 
8.38 2.49 
8.08 3.90 2.26 2.16 2.46 2.31 
7.98 4.52 1.83 0.91 0.83 

8.73 3.95 3.62 
7.11 4.72 2.14 0.72 0.58 

8.19 5.07 2.86 2.26 
8.13 5.99 3.29 2.66 
9.47 5.74 3.16 2.59 
8.60 4.70 1.97 1.84 1.60 1.49 1.78 

4.45 1.99 1.90 2.10 1.71 3.67 
8.58 4.53 1.53 1.47 1.73 0.97 0.65 

4.41 2.38 1.80 2.08 3.89 3.64 
8.39 3.96 1.28 
7.40 4.65 1.64 2.35 
8.81 3.98 2.08 2.31 
7.59 4.73 3.83 3.77 
8.98 4.02 2.02 2.29 2.22 
8.84 4.37 
7.53 4.94 3.33 2.84 
7.40 3.91 2.13 1.08 0.73 
7.57 4.25 2.25 1.95 
9.24 4.22 2.16 1.97 2.68 2.40 
8.94 3.31 2.01 1.01 0.92 
8.01 4.16 4.00 3.87 
7.48 4.38 1.50 
6.99 4.20 1.65 1.94 3.25 
9.59 4.68 2.10 1.52 1.72 
8.88 4.46 2.89 2.74 
9.04 4.41 2.59 1.41 
8.10 4.16 3.29 
6.39 5.02 3.11 

4.24 3.74 

4.81 2.40 2.00 2.10 3.83 

4.18 2.43 1.77 1.86 3.73 3.42 

3.92 3.78 

7.45 3.90 0.67 1.63 1.43 0.55 
8.47 4.72 

4.37 2.31 
8.73 3.93 1.97 2.39 
7.92 4.54 2.75 2.57 

8.01, 7.37 (NH,) 

2.96 
8.30, 6.72 (NH,) 

7.15 (2,6), 7.28 (3.5). 7.31 (4) 

0.91 (yCH,) 

7.50, 6.83 (NH,) 

7.61 (2,6), 7.48 (3,5) 

6.97 (2,6), 7.34 (3,5), 7.46 (4) 

7.26, 6.54 (NH,) 

9.40 (l) ,  7.09 (2), 7.65 (4), 7.29 (5), 7.31 (6), 7.45 (7) 

6.85 (2), 7.04 (3), 7.19 (4), 7.59 (5), 7.25 (6) 
3.08 

3.01 

6.92 (2,6), 6.73 (3,5) 

1.01 (rCH,) 
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Table I (Continued) 
residue NH a a' j3 B' y y' 6 6' c other 

Cys 78 8.26 3.98 3.16 2.88 
Ala 79 8.20 4.22 1.49 
Ala 80 7.90 4.22 1.59 
Arg 81 7.17 4.37 1.99 1.83 1.89 1.77 3.23 
Asn 82 8.27 4.34 3.09 3.01 7.41, 6.79 (NH,) 
Cys 83 7.19 4.40 3.13 2.54 
Cys 84 8.48 4.16 1.96 1.07 
Phe 85 8.55 5.95 3.00 2.71 7.08 (2,6), 7.32 ( 3 3 ,  7.48 (4) 
Ser 86 8.91 4.30 4.12 3.56 
Asp 87 8.08 2.59 1.33 1.14 
Thr 88 6.95 3.78 4.12 1.21 
Ile 89 7.76 4.71 1.67 1.43 1.12 0.79 1.04 (-/CHJ 
Pro 90 4.79 2.55 2.11 2.16 3.97 3.87 
Glu 91 8.82 3.80 2.15 2.24 
Val 92 7.30 4.66 2.16 0.85 0.67 
Pro 93 4.17 2.28 1.61 1.89 3.78 3.40 
Trp 94 8.06 5.13 2.88 2.41 9.86 (l), 7.06 (2), 7.85 (4), 7.36 (5), 7.36 (6), 7.44 (7) 
Cys 95 8.51 6.12 3.12 2.66 
Phe 96 9.26 5.61 3.13 2.60 6.68 (2), 6.91 (3), 7.15 (4), 7.55 (5), 7.33 (6) 
Phe 97 8.24 4.88 3.39 3.00 7.38 (2,6), 7.52 (3,5), 7.48 (4) 
Pro 98 4.68 2.04 4.10 3.95 
Met 99 9.01 4.71 
Ser 100 8.41 4.44 4.08 3.87 
Val 101 8.24 4.36 2.52 1.06 0.93 
Glu 102 8.43 4.09 2.04 2.30 
Asp 103 8.33 4.56 2.67 
Cys 104 7.70 4.39 3.14 2.68 
His 105 4.59 3.36 3.26 8.65 (2), 7.39 (4) 
Tyr 106 8.42 4.70 3.63 2.78 7.37 (2,6), 6.83 (3,5) 
The 'H chemical shifts (ppm) are referenced to DSS (sodium 4,4-dimethyl-4-silapentane- 1-sulfonate). 
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FIGURE 5 :  Summary of the sequential (i,i+l) and medium-range 
(i,i<5) NOEs identified for PSP. The height of the bar used to 
represent an NOE is an indication of its intensity, while open bars 
are shown for NOEs involving proline &protons. The dashed lines 
represent possible medium-range NOES which could not be unam- 
biguously identified due to resonance overlap. Closed circles below 
residues denote backbone amide protons that persist for many months 
in D20 solutions. The positions of the main elements of regular 
secondary secondary in PSP, identified from the characteristic patterns 
of sequential, medium-range, and long-range NO&, are shown above 
the protein sequence, as are the locations of the three disulfide-closed 
loops present in the trefoil domains. 

mined secondary structure of PSP clearly shows this to be the 
case. The sequence-specific 'H resonance assignments reported 
here will now form the basis of a complete three-dimensional 
structural determination of PSP, based on analysis of 2D 

A 

B 

FIGURE 6: Schematic representation of the arrangement of the short 
antiparallel j3-sheets found in domains I (A) and I1 (B) of PSP. The 
observed interstrand NOEs are indicated by arrows, while hydrogen 
bonds implied by very slowly exchanging amide protons and NOEs 
are denoted by broken lines. 

NOESY and 3D NOESY-HOHAHA (Oschkinat et al., 1988; 
Vuister et al., 1988) spectra. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Two figures showing the aliphatic and N H  to aliphatic 

regions from HOHAHA spectra of PSP (2 pages). Ordering 
information is given on any current masthead page. 
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