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Abstract 

The structure of a trigonal crystal form of porcine 
pancreatic spasmolytic polypeptide (PSP) has been 
solved by molecular replacement and refined to 1.95 ,~ 
resolution. Three heavy-atom derivatives were 
prepared, giving unbiased phase information, which 
was used in the model building of the protein molecules. 
The final conventional R value is 19.8% with the 
inclusion of 183 water molecules. PSP crystallizes as a 
dimer in space group P3121 with a non-crystallographic 
twofold axis relating the monomers. The monomer 
consists of two very similar domains each composed of 
three loop regions. Two clefts are found in the 
monomer, one in each domain, that are proposed as 
possible substrate-binding sites. Important interactions 
have been identified in the proposed substrate-binding 
sites, where conserved water molecules probably mimic 
the hydrophilic positions of the substrate. The estimated 
cleft size is 9 × 9 x 12A. Analysis of the charge 
distribution within the clefts, by an electrostatic 
potential calculation, shows the clefts to be essentially 
non-charged. 

1. Introduction 

Porcine pancreatic spasmolytic polypeptide (PSP) 
belongs to the trefoil family of loop peptides, which 
includes at least eight different proteins/peptides 
originating from mammalian sources and six different 
frog-skin proteins/peptides (Thim, 1994). A common 
characteristic for all members of the family is a domain 
of 38 or 39 residues which includes six disulfide-bridged 
cysteines in the configuration 1-5, 2-4 and 3-6 when 
numbering the cysteines from the N-terminal end. The 
domain is also termed the P-domain motif. A large 
number of conserved residues are found within the 
characteristic trefoil domain: 14 identical and seven 
homologous, as seen in Fig. 1. 

PSP is a single-chain protein consisting of 106 
residues with a pyrrolidone carboxylic acid (PCA) as 
the N-terminal residue. The protein is made up of two 
trefoil domains, connected by a stretch of ten amino- 
acid residues, Lys48-Glu57. There is an additional 
disulfide bridge outside the trefoil domains, Cys6- 
Cysl04, that keeps the N-terminal residues in contact 

with the C-terminal tail. The molecular weight of PSP is 
11 725 Da, as calculated from the primary sequence. 

PSP was originally isolated as a by-product from the 
production of porcine insulin, and early on it was found 
that PSP is secreted into the pancreatic juice upon 
stimulation with enzymes (Thim, Jargensen & 
Jorgensen, 1982; Rasmussen et al., 1993). It has 
further been found that PSP is highly resistant to 
digestion by intraluminal proteases within the 
gastrointestinal tract (Jorgensen, Thim & Jacobsen, 
1982). The proteins have been suggested to act as 
naturally occurring healing factors for peptic ulcers 
(Wright, Pike & Elia, 1990), inflammatory bowel 
disease and other diseases of the gastrointestinal tract 
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Fig. 1. A sequence alignment of some of the mammalian proteins/ 
peptides belonging to the trefoil family. The conserved residues are 
shown as the consensus sequence in the bottom row. Partly 
conserved residues are represented above and below the consensus 
sequence line. PSP: porcine pancreatic spasmolytic polypeptide 
(Thim, Thomsen, Christensen & Jorgensen, 1985); hSP: human 
spasmolytic polypeptide (Thim et al., 1993); mSP: mouse 
spasmolytic polypeptide (Tomasetto et al., 1990); pS2: human 
breast cancer associated peptide (Tomasetto et al., 1990); hlTF: 
human intestinal trefoil factor (Podolsky et al., 1993); and rlTF: rat 

intestinal trefoil factor (Suemori, Lynch-Devaney & Podolsky, 
1991). 
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(Wright, Poulsom et al., 1990; Wright et al., 1993; Rio 
et al., 1991). 

The first three-dimensional structure of PSP was 
solved by X-ray diffraction to 2.5 ,~ resolution (Gajhede 
et al., 1993) from an orthorhombic °crystal form. The 
structure has also been solved to 2.6 A resolution (De et 
al., 1994) and by NMR spectroscopy (Carr, 1992). One 
major result of the structural analysis was the discovery 
of a groove in the trefoil-loop domain that seemed of 
appropriate size for binding with a substrate molecule. 
The groove is found to be constructed mainly from 
residues which are conserved within the trefoil family. 
Circumstantial evidence indicates that the mammalian 
members of this family of proteins are associated with 
the mucus layer of the gastrointestinal tract (Frandsen, 
Jorgensen & Thim, 1986). This mucus layer is 
primarily made of mucins (Strous & Dekker, 1992) 
which are high molecular weight glycoproteins with 
oligosaccharides attached to the side chains of Ser/Thr. 
The carbohydrates in the peripheral region of these 
oligosaccharides could be possible substrates for PSP, 
but so far a natural substrate has not been found and the 
actual function of PSP is yet to be determined. 

The present study is based on a trigonal crystal form 
of PSP which contains a dimer in theoasymmetric unit. 
This crystal form diffracts beyond 2 A resolution. The 
enhanced resolution obtained, compared with the 
previous studies, enables a more detailed analysis of 
the grooves. The electrostatic properties of the grooves 
are characterized and an analysis of the water structure 
has revealed a few important residues as anchor points 
between the protein and a potential substrate. 

2. Experimental 

2.1. Crystallization and preparation of heavy-atom 
derivatives 

Orthorhombic crystals of PSP, crystallized in space 
group 1212121 have been described previously 
(Gajhede, Thim, Jorgensen & Melberg, 1992). 
However, the diffraction from these crystals was 
limited to 2.5 ,~,, even when using synchrotron radiation 
(Gajhede et al., 1993). Consequently, crystallization 
experiments were set up to produce an alternative 
crystal form. The experiments were carried out using 
the hanging-drop vapour-diffusion technique set up in 
Linbro tissue-culture multiwell plates (Flow 
Laboratories Inc., Mclean, Virginia 22102, USA). 
The drops were made by mixing 3 lal of the reservoir 
solution with 3ktl of the protein solution at a 
concentration of 20 mg m1-1. Well diffracting crystals, 
with a hexagonal brick-like morphology, appeared after 
2-3 weeks. The best results were obtained using a 
crystallizing solution that contained 2 .0M (NH4)2SO 4, 
7%(w/v) PEG 400 and 0.1 M Hepes buffered at pH 7.0. 
Often a two-phase system appeared with small oily 

droplets within the main drop and the crystals grew 
either at this interface or at the edge of the drop. 
Reproducing these crystals proved difficult as the 
optimal conditions for crystallization are within a very 
narrow range, especially with respect to the protein 
concentration. A screening around these conditions 
was, therefore, always set up to obtain crystals of 
optimal size and quality. The dimensions of the largest 
crystals were approximately 0.3 × 0.2 × 0.2 mm. 

Heavy-atom derivatives were searched for with prior 
knowledge of two successful reagents which bound in 
the orthorhombic crystal form of PSP (Gajhede et al., 
1992). These reagents were AgNO 3 and K2PtCI 4, both 
of which also bound to the new hexagonal crystal form. 
The soaking method was used and the final heavy-atom 
concentration in the drops was 2.5 mM in both cases. 
Later, a third derivative was obtained with 
(CH3)3PbOOCCH 3 with a final heavy-atom concentra- 
tion of 10.0mM. The soaking times for the three 
derivatives were 24, 6 and 45 h, respectively. 

2.2. Data collection and processing 

All data sets were collected in-house on a Rigaku 
R-AXIS IIC image-plate system with a rotating anode 
operating at 50kV and 180mA. Using a graphite 
monochromator and a 0 .5mm collimator, mono- 
chromatic CuKu radiation was produced. The crystal 
to image-plate distance was 112mm. The temperature 
was 274K during the native data collection while the 
derivative data sets were collected at 285 K. A detector 
offset of 20 = 15 ~ was used while recording the native 
data in order to obtain the highest possible resolution 
(24 frames, 2.0'  oscillation). No offset was used for the 
derivatives: AgNO 3 (60 frames, 1.5 ~ oscillation), PtCI 4 
(40 frames, 2.0 ~ oscillation) and (CH3)3PbOOCCH 3 (22 
frames, 2.0 ~ oscillation). The native crystals belong to 
the trigonal space group P3121 with unit-cell para- 
meters a - b = 6 0 . 6 ,  c =  113.1,~. There was no 
significant change in the unit-cell parameters for the 
derivatives. The crystals contain two molecules in the 
asymmetric unit and the solvent content was calculated 
to be 52% by use of Matthews' formula (Matthews, 
1968). The volume-to-mass ratio was 2.55 ,~3 Da-~. 

The DENZO program (Otwinowski, 1993) was used 
to integrate the raw data and to calculate standard 
deviations, whereupon programs from the CCP4 
package (Collaborative Computation Project, Number 
4, 1994) were used for scaling, merging and truncation 
of the data. 

The final data-collection statistics for all data sets are 
summarized in Table 1. 

2.3. Heavy-atom derivatives 

Ris o values [Ri.~o = ~--~hkl IFpn(hkl) - Fp(hkl)l/ 
Y'~hkl FeH(hkl)], were used as an initial indication as to 
whether a collected set of data was a derivative 
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Table 1. Data-collection statistics 

Only fully recorded reflections were used in the data processing for the Pt derivative. The rows are interpreted as follows. Total number of 
reflections with a partiality above 0.5. Number of rejections after merging. Number of unique reflections within the used resolution range. 
Completeness is the percentage of reflections used compared to the number of theoretically obtainable measurements. Outermost shell is the 
highest resolution shell with an internal R factor, gmerg e, below 20%, gmerg e : ~-~l S i  II(hkl)i- (l(hkl))l/~-]~hk, ~-'~i I(hkl)i. I/tr(1)> 2 is the 
percentage of data intensities greater than two standard deviations. 

Native Ag Pt Pb 

No. of reflections 31498 44580 48102 16116 
No. rejected 427 1325 24 87 
No. of unique reflections 15581 8689 11139 5395 
Completeness (%) 87.3 99.9 80.9 85.4 
Lowest resolution (A,) 50.0 30.0 30.0 30.0 
Outermost shell (A) 2.05-1.95 2.63-2.50 2.27-2.15 2.95-2.80 
Completeness outermost shell (%) 73.4 99.5 82.8 86.1 
Overall I/cr(1) > 2 (%) 81.5 95.5 87.4 92.0 
Outermost shell I/cs(1) > 2 (%) 56.3 92.0 72.9 85.6 
Rmerg e (%) overall 4.8 4.2 5.1 4.9 
Rmerg e (%) outermost shell 18.7 7.7 16.7 11.7 

Table 2. Space-group determination and phasing statistics 

Comparison of the mean figure of merit (FOM) for the two enantiomorphic space groups: P3121/P3221. The space-group numbers are 152 and 
154, respectively, according to International Tables for Crystallography (1995, Vol. A). Phase calculations with the SQUASH program were 
made with all the heavy-atom sites included. Rcutlis and phasing powers are calculated using root mean squares (r.m.s.). E = lack of closure, 
E' = r.m.s.(E), Rcu,, s =r.m.s.(E)/R,~ o, phasing power = r.m.s.(f~t/E). E = ~ IIFe~, +Eel - f n l ,  E' = (E2/n) °s. R.m.s. f t / =  (Y~J2/n) °5, 
n = number of terms. Ris o -- ~-~hkl IF~'H -- Fel/~h*l Fp. 

MLPHARE 
Heavy atoms included (FOM) 152 (FOM) 1s2 (FOM) 152 

Pt 0.360 0.269 -- 
Pt, Agl 0.351 0.302 -- 
Pt, Agl,  Ag2 0.399 0.314 -- 
Pt, Agl, Ag2, Pb 0.451 0.331 0.631 

Derivative Ag Pt 

Rcullis (centric reflections) 0.89 0.70 
Phasing power (centric reflections) 0.40 0.80 0.40 
Phasing power (acentric reflections) 0.60 1.10 0.50 
R,s o (%) 19.7 19.5 

Table 3. Heavy-atom parameters 

Pt and Agl are bound at the same positions in the structure of 
molecule B, between the two residues: Met99 and Met60. Ag2 is 
bound at an analogous position in molecule A. The Pb atom is bound to 
the atoms O31 and 032 of Asp87A. 

x y z 

Pt 0.344 -0.037 0.655 
Agl 0.347 -0.037 0.651 
Ag2 0.518 0.296 0.582 
Pb 0.511 0.182 0.422 

Isomorphous Anomalous 
occupancy occupancy B (,~2) 

0.683 0.633 43.5 
0.293 0.189 12.4 
0.351 0.303 17.9 
0.206 0.250 22.9 

(Rico-~ 15%), or if it was differently indexed with 
respect to the native data, which would give extremely 
h i g h  Ris o values (Ris o "~ 5 0 % )  due to a possible rotation 
of 60 C~ in the hk0 layer. A difference Patterson map was 
produced and interpreted for the Pt derivative in space 
group P3121 keeping in mind that the heavy-atom 
position might have to be inverted, as the correct 
enantiomorphic space group (P3~ 21/P3221) was not yet 
determined. After refinement of the Pt site with the 
program HEAVY (Terwillinger & Eisenberg, 1983), 

SQUASH 
(FOM) 152 

0.493 

Pb 

0.88 

12.7 

phases were calculated to 3A, resolution using 
MLPHARE (Collaborative Computational Project, 
Number 4, 1994) and afterwards improved with the 
SQUASH program (Zhang & Main, 1990) using the 
options: solvent flattening, histogram matching and 
Sayre's equation. A cross Fourier synthesis with the 
other derivatives revealed two heavy-atom sites in the 
Ag derivative and one site in the Pb derivative. With the 
inclusion of the anomalous differences for all deriva- 
tives, the phasing statistics, as shown in Table 2, clearly 
demonstrate that the correct space group is P3~21. The 
final heavy-atom positions, occupancies and B factors 
are listed in Table 3, where it is also seen that the Pt site 
and one Ag site are located at the same positions in the 
unit cell. 

With these phases an electron-density map was 
calculated using the CCP4 program FFT and the map 
was thoroughly inspected with the modelling program O 
(Jones, Zou, Cowan & Kjeldgaard, 1991). Unfortu- 
nately, the map was of very poor quality without any 
obvious or recognizable features that could be used as 
starting points in the tracing of the protein molecules. 
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M e a n w h i l e ,  the o r t h o r h o m b i c  c rys ta l  f o r m  o f  PSP ,  
w h i c h  also c rys ta l l i zes  as a d i m e r ,  had  b e e n  so lved  to 
2 . 5 A  re so lu t ion  (Ga jhede  et al . ,  1993) and  cou ld  
t h e r e f o r e  be used  as a s ea rch  m o d e l  in a m o l e c u l a r -  
r e p l a c e m e n t  s ea rch  aga ins t  the t r igona l  c rys ta l  fo rm.  

2 .4 .  Molecu lar  rep lacement  

P r o g r a m s  f r o m  the X - P L O R  p a c k a g e  (Brf inger ,  
1992a ,b)  w e r e  used  for  the m o l e c u l a r - r e p l a c e m e n t  

100  / / ' " : ; :  ,,~ ,;,,", • ? .~ :~ - "~ , .  ,- " ' ?  ~,'" ,~, ., . - : "  - .  , 

1 
,' :',7',,;" ', !~q\  ;." 'J " " . -  ~ ' - ' ,  . ~" ' , " "  ! ' - ' : : ,  '. , '  ;J " . " - - , " - : v ' , ' , ' ~  
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Fig. 2. Rsfit and B-factor plot. The molecules A and B are represented 
by the colours magenta and cyan, respectively. Rsfit values were 
calculated using all atoms within a residue and these are shown as 
dashed lines. The average main-chain B factors are shown as full 
lines. The higher thermal mobility of the C-terminal domain 
compared to the N-terminal domain can clearly be seen. The region 
connecting the two domains is Lys48-Glu57. 
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Fig. 3. Ramachandran plot of the dimer. The Ramachandran plot for 
all 212 residues is shown. Glycine residues are shown as triangles 
and other residues as squares. The only non-glycine residue in the 
disallowed region is GIu91A. Line borders are shown for the most 
favored regions, as defined by PROCHECK. There are 172 non- 
glycine/proline residues of which 89.0% are inside the most 
favoured regions, 10.5% of the residues in the additional allowed 
regions and 0.6% are in the generously allowed regions. 

Tab le  4. R values  as a f unc t i on  o f  resolut ion 

The R and Rfree values are calculated from reflections within the 
specified resolution ranges whereas the accumulated R and Rfree values 
are based on reflections within the range 50 A to the highest specified 
resolution. The test set comprises 10% of randomly selected 
reflections over the whole resolution range and these reflections 
have been omitted for all refinement steps. The R factors are defined as 
R = ~--~hkt IF(obS)hkt -- F(calC)hkM ~-~hkl F(obS)hkl" 

Working set Test set 
dmin~dmax R value R~e 

(A) Nob s R accum. Nob s R~e e accum. 
3.90-50.00 1915 0.1422 0.1422 226 0.2016 0.2016 
3.10-3.90 1923  0.1533 0.1473 202 0.2310 0.2142 
2.70-3.10 1890  0.2025 0.1597 235 0.2848 0.2304 
2.46-2.70 1851 0.2308 0.1696 226 0.2927 0.2397 
2.28-2.46 1839  0.2677 0.1800 212 0.3103 0.2470 
2.15-2.28 1651  0.2688 0.1870 193 0.2854 0.2502 
2.04-2.15 1537  0.2864 0.1928 155 0.3366 0.2542 
1.95-2.04 1461  0.2980 0.1976 136 0.3432 0.2576 

search .  T h e  d i m e r  f r o m  the o r t h o r h o m b i c  c rys ta l  f o r m  
o f  PSP ,  wi th  the exc lu s ion  o f  w a t e r  m o l e c u l e s ,  was  used  
as sea rch  m o d e l .  T h e  ro ta t ion  sea rch  gave  a set o f  
solut ions ,  f r o m  w h i c h  6000 wi th  the h ighes t  R f  va lues  
w e r e  fu r the r  re f ined  by  m e a n s  o f  Pa t t e r son  c o r r e l a t i o n  
(PC)  r e f i nemen t  (Br i inger ,  1990).  The  sea rch  m o d e l  
was  d iv ided  into four  r ig id  bod ies ,  s ince  each  m o n o m e r  
con ta ins  two  h o m o l o g o u s  d o m a i n s .  The  four  r ig id  
bod ies  w e r e  def ined  by  the res idues  1 -53  and  5 4 - 1 0 6  
in bo th  m o l e c u l e s  A and  B. Af t e r  the c o n v e n t i o n a l  
ro ta t ion  search ,  the c o r r e c t  so lu t ion  had  the 12th h ighes t  
R f  va lue ,  but  this was  d r a m a t i c a l l y  i m p r o v e d  af ter  PC 
r e f i nemen t  w h e n  it b e c a m e  the top solu t ion ,  wi th  a 
he igh t  o f  7.5o-. T h e  ro ta t ion  so lu t ion  is g i v e n  by  the 
E u l e r  ang les  01 = 105.57 °, 02 = 75.03 °, 03 = 53 .44  ° 
a c c o r d i n g  to X - P L O R  c o n v e n t i o n s  (Brf inger ,  1992a ,b) .  
W i t h  this ro ta t ion  the t r ans la t ion  sea rch  was  s t ra ight for -  
w a r d  us ing  an X - P L O R  scr ipt  (Brf inger ,  1992a ,b) .  A 
u n i q u e  so lu t ion  for  the t rans la t ion  func t ion  (t --  0 .540,  
0 .186 ,  0 .018)  was  found  for  the space g r o u p  P3121.  

Fig. 4. Secondary-structure elements of the monomer. A view of the 
monomer seen along the internal twofold axis. The secondary- 
structure elements in PSP are very few and short. It is 
predominantly loops (grey) and very short /%strands (green), 
including only four residues each. The u-helices and 310-helices 
(blue) lie on each side of the antiparallel /3-sheets and in the C- 
terminal tail of PSP. 
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Table 5. Assignment of secondary-structure elements 

/J-strands 1 and 2 form a short antiparallel fl-sheet in the N-terminal 
domain and likewise/j-strands 3 and 4 in the C-terminal domain. The 
3~0-helix D in the C-terminal tail lies outside the two trefoil domains. 

N-terminal domain C-terminal domain 

a-Helix A 4-10 310-Helix A' 55-59 
a-Helix B 25-32 a-Helix B' 74-81 
310-Helix C 12-16 310-Helix C' 61-65 
/j-strand 1 35-37 /j-strand 3 84-86 
/j-strand 2 45-47 /J-strand 4 94-96 

310-Helix D 100-104 

The following rigid-body refinement resulted in a 
satisfactory packing of the symmetry-related molecules, 
confirmed with the modelling program O (Jones et al., 
1991). The R value after rigid-body refinement was 
40.6% to 4.0,~, resolution. 

2.5. Model building and refinement 

The dimer model of PSP has been refined using the 
program X-PLOR (Brfinger, 1992a,b). All data within 
the resolution limits 50.0-1.95A was used in the 
refinement. To help avoid model bias in the refinement, 
10% of the reflections were randomly selected and kept 
out of the refinement procedures. This gave a test set of 
1585 reflections, from which Rfree values could be 
calculated (Briinger, 1992a,b), while the working set 
comprised 14 067 reflections. The reflections in the test 
set are not completely unbiased by the model, because 
of the non-crystallographic twofold axis. The refine- 
ment was carried out using the standard slow-cool 
protocol and non-crystallographic symmetry (NCS) 
restraints were used on the main-chain atoms. The 
side chains can have very different orientations in the 
two monomers, therefore, NCS restraints were not used 
for these atoms. An NCS energy, term weight of 
100kcalmol-i ~-2 (418.4kJmol-i A-z) was found to 
be useful, as it allowed some deviations in the main- 
chain trace. B factors were refined using restrained 
individual B-factor optimization. A bulk solvent correc- 
tion was performed after calculation of a bulk solvent 
mask and determination of the optimal scale and B 
factor for the solvent. The scale and B factor were 0.355 
and 120~, 2, respectively. After a refinement cycle the 
molecules were manually adjusted in the program O 
(Jones et al., 1991). 

A symmetry-averaged multiple isomorphous replace- 
ment (MIR) electron-density map was used whenever 
the 2F o -F,. electron-density map was difficult to 
interpret. The initial mean figure of merit of the MIR 
map, after solvent flattening, histogram matching and 
Sayre's equation, was 0.631 to 3.0A resolution. A 
better envelope was made with the program MAMA 
(Kleywegt & Jones, 1993), based on the partially 
refined coordinates of the B molecule and the NCS 
operator was determined with the Lsq_improve option 

within the program O. The monomers are related by the 
Euler angles 01 -- 241.5, 02 -- 73.5, 03 = 299.4 ~>. Aver- 
aging of the electron-density map with the CCP4 
program DM (Cowtan, 1994) greatly improved the 
map and the figure of merit increased to 0.791. The 
correlation coefficient between the two electron-density 
regions related by non-crystallographic symmetry, 
increased from 0.265 to 0.853 after 50 cycles of 
averaging. 

Water molecules were included in the structure if 
they appeared in both the 2F o - F  c and the F o - F  c 
electron-density maps and if reasonable hydrogen bonds 
could be established. The 2F o - F~ electron-density map 
was contoured at lcr whereas the F o - F~ was contoured 
at 3.2o'. After a refinement cycle, water molecules were 
examined and rejected from the model if the B factor 
had exceeded 70 ~2. A total of 183 water molecules are 
included in the final structure with a mean B factor of 
39.3 ~2 and the highest B factor being 66.5,~ 2. The 
RSFit correlation coefficients and the B factors for all 
residues in the A and B molecule are shown in Fig. 2. It 
can be seen that the higher B factors correspond to the 
less well defined electron-density regions. The highest 
temperature factors occur for the residues Phe21, Pro22 
and Glu54 in both molecules and Gly80 in molecule A. 
There is no electron density for the side chain of Glu54 
in both molecules, whereas it is poorly defined for 
Phe21, Pro22 and GIy80A. The average B factor for 
1624 non-H protein atoms is 24.6 ,~2. An analysis of the 
protein geometry was performed with the program 
PROCHECK (Laskowski, MacArthur, Moss & Thorn- 
ton, 1993) and the Ramachandran plot, Fig. 3, shows 
that the only non-glycine/proline in the disallowed 
regions is Glu91A, (~0 = 56.2, ~ -- 4.2c3. This residue 
is involved in an intermolecular hydrogen bond, which 
is probably responsible for the non-standard geometry 
of the residue. The r.m.s, deviations from ideality for 
bond length, bond angles, dihedrals and impropers are 
0.014A, 1.685, 26.76 and 1.635 ~', respectively (Engh 
& Huber, 1991). The final R values and the Rfree values 
are shown as a function of the resolution in Table 4. 

2.6. Description of structure 

The secondary-structure assignment (Kabsch & 
Sander, 1983) is shown for the monomer in Table 5. 
It has been divided into two domains, the N-terminal 
and the C-terminal domain, to emphasize the intra- 
molecular similarities. There are three helices and one 
short antiparallel /3-sheet in each domain and an 
additional 3~0-helix in the C-terminal tail. In the N- 
terminal domain, the two u-helices A and B, lie on each 
side of the ,8-sheet (,8-strands 1 and 2). The same 
arrangement is found in the C-terminal domain, but the 
counterpart of oe-helix A has become a 310-helix with 
two fewer residues. Fig. 4 shows the secondary- 
structure elements of the monomer. Molecule B is, in 
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general, marginally better defined by the electron 
density, compared to molecule A, therefore, molecule 
B will be referred to in the forthcoming analysis. 

Superpositioning the Cot atoms in the two domains 
(5-53 and 54-102), using the Lsq_improve option in the 
program O, gives a root-mean-square deviation 
(r.m.s.d.) of 1.94A. Each domain contains three loop 
regions. In the N-terminal domain loop 1 is defined by 
residues 8-18, loop 2 by residues 19-34 and loop 3 by 
residues 35-46 and in the C-terminal, the loops are 
defined as: loop 1 residues 58-67, loop 2 residues 68-83 
and loop 3 residues 84-95. There is one residue less in 
loop 1 of the C-terminal domain compared to loop 1 in 
the N-terminal domain. This probably causes the change 
of the first helix in the C-terminal domain, from an 
ot-helix to a 310-helix. A cleft is situated between loop 1 
and loop 2 in each domain and the walls of the cleft in 
the N-terminal domain are defined both by backbone 
atoms (residues 19-26, 42-46) and side-chain atoms 
(residues 18, 22-26, 29, 36, 44-46). Nearly all residues 
in the cleft are part of the consensus sequence as seen in 
Fig. 1. Trp45 is completely conserved within the family 
and the side chain makes a hydrophobic wall suitable for 
substrate stacking. Another important and conserved 
residues is Argl6B which stabilizes the area to the back 
of the cleft through hydrogen bonds between 
Argl6 Nr/1 • • .Pro44 O (2.9 A) and Argl6 N02. • .Asp37 
062 (2.7 A). The 2F o - F,. electron density is shown for 
this area in Fig. 5. 

Very few residues are involved in the intermolecular 
interactions between the two monomers. Three 
intermolecular hydrogen bonds are found 
Asn 15A O61 ...Asn67B N62 (3.2 ,~,), VaI62A N. • • 
Glu91BOel (3.1 .~,) and GIu91A061 ...VaI62BN 
(3.3*). Also a hydrogen-bonded chain, involving a 
water molecule, is found between GIu91AO61 ...  
HOH96 (2.9.4,) and HOH96...Met60BO (3.0.~). This 
interaction stabilizes loop 3 of molecule A, which fits 
into the interdomain region of molecule B, as seen in 
Fig. 6. 

Attempts have been made to find a substrate model to 
complex with PSP, but at present it has only been 
possible to soak oligosaccharides into the groove of the 
orthorhombic crystal form of PSP (manuscript in 
preparation). The same experiment did not work with 
the trigonal crystal form, possibly because of a lower 
solvent content and different packing of the protein 
molecules. However, these experiments have not 
revealed the natural substrate of PSP, which is likely 
to be a complicated branched oligosaccharide (Strous & 
Dekker, 1992). Hence, soaking experiments with 
simple oligosaccharides are only expected to give 
limited information about the substrate binding. In 
contrast to this, a detailed analysis of the water structure 
in the binding pocket will give information about 
hydrophilic positions of the true substrate. A general 
hydrogen-bonding pattern was found in the four grooves 

of the dimer trigonal crystal form. Hydrogen bonds 
between four water molecules and four residues 
were found in the cleft. The interactions in the 
N-terminal cleft are Asn18061.. .HOH40 (3.4A), 
Giy23 N. • -HOH85 (2.6 ,~,), I1e24 O. • .HOH95 (3.0 A) 
and Cys46N...HOH173 (3.4A). A view from the top 
into the N-terminal cleft is shown with a solvent- 
accessible surface (Connolly, 1983) in Fig. 7. The 
important protein atoms involved in hydrogen bonding 
to the four water molecules are shown as balls. 

3. Discussion 

The structural investigation of PSP has revealed that it 
is a two-domain protein with a cleft area in each 
domain. From the sequence alignment of the known 
proteins belonging to the trefoil family, Fig. 1, it is 
found that all conserved residues are in the vicinity of 
the cleft areas. 

An analysis of the structure shows a high internal 
symmetry. Superimposing the residues defining the N- 
terminal cleft upon those in the C-terminal cleft reveals 
a high degree of positioning similarity. There is, 
however, a minor difference in the main-chain progres- 
sion because of an altered carbonyl O-atom orientation 
at Cysl9 in the N-terminal cleft compared to Cys68 in 
the C-terminal cleft. This difference is seen in both 
molecules A and B and also in both molecules from the 
orthorhombic crystal form of PSP. The carbonyl O 
atom of Cys68, in molecule B, is kept !n place through a 
hydrogen bond to Arg81N01 (2.7A) but a similar 
hydrogen bond cannot be established in the N-terminal 
cleft to Cysl9 as a serine, Ser32, is present at the 
analogous position to Arg81. The main-chain differ- 
ences affect the width of the clefts in a way that enlarges 
the N-terminal cleft, Pro22Cot-Trp45Ca (9.8A), 
compared to the C-terminal cleft, Pro71 Cot-Trp94 Cot 
(8.6 A). 

The discovery of a general hydrogen-bond pattern in 
the binding pockets, has provided new information 
about the true substrate of PSP and the possible residues 
involved in substrate binding. Four important residues 
have been identified as possible anchor points for a 
substrate, Asnl8, Gly23, Ile24 and Cys46. The three 
residues Gly23, Iie24 and Cys46 make hydrogen bonds 
through a main-chain atom, while Asnl8 makes a 
hydrogen bond through a side-chain atom. Cys46 is the 
only residue that is completely conserved within the 
family, as it makes a disulfide bridge to Cys29, which is 
essential for the formation of the binding pocket. Gly23 
and Ile24 are not conserved residues, but the main-chain 
atoms might be at almost the same positions, whether it 
is a Thr or a His, which are the residues found in other 
proteins from the trefoil family of loop peptides, at the 
position of Glu23 or if it is a Val which can be present at 
the position of Ile24. An Asp can also be found at the 
position of Asn l8. This means that the donor/acceptor 
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property of  the residue i s  conserved and a hydrogen 
bond to the substrate can still be formed. The size of  the 
binding pocket  and the locations of  the anchor  points in 
the protein,  suggests that two monosacchar ide  sites are 
present in the groove.  A s n l 8  O31 is most l ikely to make 
a hydrogen bond to the terminal  unit of  an oligo- 
saccharide as well as Cys46N,  while Gly23 N and 
I l e 2 4 0  are most l ikely to interact with the second 
oligosaccharide unit. The side chain of  Trp45 will act as 
a hydrophobic  wall and stack correct ly  against the 
second oligosaccharide unit. 

Analysis  of  the charge distribution shows essentially 
non-charged cleft areas, Fig. 8, but the minor  

differences in the main-chain trace as well as the 
Ser32/Arg81 'subst i tut ion ' ,  makes the N-terminal  cleft 
slightly negatively charged and the C-terminal  cleft 
slightly posit ively charged. This difference might  result 
in a substrate specificity that is in accordance with 
binding studies made with PSP and mucus f rom the 
gastrointestinal tract f rom rats (Frandsen et al., 1986). 
A high-affinity low-capacity binding site and a low- 
affinity high-capacity binding site was proposed with 
K d's of  1.3 x 10 -7 and 4.2 x 10 -6 mol 1-1 , respectively. 
The unequal  Kd's might  also reflect the fact that binding 
in one cleft could introduce steric hindrance towards 
substrate binding in the other cleft area. This is 
plausible as the mucus consists of  very large glycopro-  
teins with molecular  weights up to 1.6 MDa (Strous & 
Dekker ,  1992). A comparison of  this high-resolut ion 
tr igonal crystal  form and the or thorhombic  crystal  form 
shows a very high agreement  with an r .m.s .d ,  of  the Ca  
atoms of  0.930 A between the two A molecules and a 
r .m.s .d ,  value at 0 . 8 2 7 A  for the B molecules.  Minor  
differences occur in the assignment of  the secondary- 
structure elements,  o~-Helix A (4-10) has been extended 
by one residue in the N-terminal  end and a former  
hydrogen-bonded turn (100-103) has now been assigned 
as a 310-helix D (100-104).  

The atomic coordinates and the structure factors have 
been deposited in the Brookhaven Protein Data Bank.* 

* Atomic coordinates and structure factors have been deposited with 
the Protein Data Bank, Brookhaven National Laboratory (Reference: 
2PSP, R2PSPSF). Free copies may be obtained through The 
Managing Editor, International Union of Crystallography, 5 Abbey 
Square, Chester CH1 2HU, England (Reference: JN0015). 

Fig. 5. The final electron-density map. The 2F o -F~ electron-density 
map is shown for a region at the back of the binding pocket. Argl6 
stabilizes the back of the binding pocket and Trp45 is one of the 
most important residues in the binding pocket. The map is made 
with the map_cover option in the program O, which means that 
density that is more than 0.95,~ away from a protein atom, is not 
shown. 

Fig. 6. A stereoview of the Cot atoms in the dimer. The two monomers 
in the asymmetric unit pack with a limited number of interactions. 
The tip of loop 3 in one molecule fits into the interdomain region of 
the other molecule. This seems to be the driving force in the 
dimerization of PSP. 

Fig. 7. The substrate-binding area of PSP. A view from the top of the 
N-terminal cleft area is shown. The four protein atoms involved in 
hydrogen bonding to water molecules are showed as balls, with N 
atoms in blue and O atoms in red. The size of the cleft is 
approximately 9 x 9 x 12A being the width, depth and length, 
respectively. 
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Fi~ 8. Topology and electrostatic potential charge distribution. The 
electrostatic potential charge distribution of molecule B as 
calculated using the DelPhi program (InsightlI Version 2.3.0, 
Biosym Technologies, 1993). The environment of the molecule is 
that present in the crystalline state, e.g. pH, ionic strength and 
dielectricity of the crystallization media. The mapping was 
performed with the GRASP program (Nicholls, Bharadwaj & 
Honig, 1993). At the right side of the molecule, a sideview of the 
N-terminal cleft is seen and the C-terminal cleft is seen from the top 
at the left side of the picture. The dark red colour corresponds to a 
potential <-6 kT e -1 , blue colour to a potential >+6 kT e -~ . 
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