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ABSTRACT: The solution conformation of synthetic Ecballium elaterium trypsin inhibitor 11, a 28-residue 
peptide with 3 disulfide bridges, has been studied by IH 2D N M R  measurements. Secondary structure 
elements were determined: a miniantiparallel @-sheet Met 7-Cys 9 and Gly 25-Cys 27, a ,&hairpin 20-28 
with 0-turn 22-25, and two tight turns Asp 12-Cys 15 and Leu 16-Cys 19. A set of interproton distance 
restraints deduced from two-dimensional nuclear Overhauser enhancement spectra and 13 4 backbone torsion 
angles restraints were used as the basis of three-dimensional structure computations including disulfide bridges 
arrangement by using distance geometry calculations. Computations for the 15 possible S-S linkage 
combinations lead to the proposal of the array 2-19, 9-21, 15-27 as the most probable structure for EETI 
11. 

T e  Cucurbitacaea family has recently provided an inter- 
esting series of powerful trypsin inhibitors, the squash family, 
characterized by their very short length, about 30 residues 
(Hojima et al., 1982; Leluk et al., 1983; Pham et al., 1985). 
The sequences of a dozen of these inhibitors have been pub- 
lished recently (Polonowski et al., 1980; Wilusz et al., 1983; 
Joubert, 1984; Wieczorek et al., 1985). One of them has been 
synthesized (Kupryszewski & Rolka, 1986). Some structural 
indications concerning the secondary structure and the three 
disulfide bridges arrangement have been published (Siemion 
et al., 1984; Hider et al., 1987), based either on the structural 
analogy with wheat germ agglutinin or on CD' spectroscopic 
data. However, no complete NMR study was presented to 
support the structural assignments presented. 

EETI I1 (Favel et al., 1988), a trypsin inhibitor extracted 
from Ecballium elaterium, a member of the cucurbitacaea 
family widespread around the Mediterranean area, has been 
recently isolated and the primary sequence determined. EETI 
I1 has a large homology with the other members of the squash 
family, as seen in the comparison presented in Figure 1. It 
is peculiarly characterized by the very large amount of glycine 
residues and the replacement of the very constant tyrosine by 
a phenylalanine. A 28-residue peptide bearing the sequence 
of EETI I1 has been synthesized, the air cyclization of which 
gave a product having the same affinity constant to trypsin 
( 5  X lo-") as the natural product. The synthesis yielded the 
rather large quantities needed for structural studies by NMR. 

Synthesis. Synthetic EETI I1 was obtained at a 50-mg scale 
by solid-phase synthesis; the details of the synthesis, cyclization, 
and purification will be published elsewhere. 

NMR Measurements. For the NMR experiments about 
20 mg of peptide was dissolved in 0.4 mL of a mixture of 
H20 /2H20  (95/5) and 20 or 10 mg in 100% 2H20  at pH 2. 
The pH meter reading was used without correction for isotope 
effect. In 2 H 2 0  two sets of experiments were done. In the 

'This work was partially supported by the French MinistQe de la 
Recherche et de 1'Enseignement SupCrieur (Project No. 87 C 0573). 

* Correspondence should be addressed to this author. 

MATERIAL AND METHODS 

first set the acquisition was started just after the dissolution 
of the peptide; in the second set acquisition was started after 
several lyophilizations of the peptide in 2H20 to remove all 
exchangeable protons. 

All 2D 'H NMR spectra were recorded at 32 OC on a 
Bruker WM 360 WB spectrometer equipped with an Aspect 
3000 computer. COSY (Aue et al., 1976; Nagayama et al., 
1980), RELAYED-COSY (Wagner, 1983), DQF-COSY 
(Rance et al., 1984), and NOESY (Bodenhausen et al., 1984; 
Otting et al., 1986) were recorded as described previously, 
using quadrature detection in both dimensions. The spectra 
were obtained with 2048 points for each value of t l .  There 
were 512 t l  measurements, except in DQF-COSY, where 800 
tl values were used. NOESY spectra were obtained with loo-, 
200-, and 300-ms mixing time. For experiments in H 2 0  the 
solvent was eliminated by continuous low-power irradiation 
applied all along the sequence and stopped prior to the ac- 
quisition. The carrier frequency was centered on the water 
signal, and a recycle delay of 1 s was used in all spectra. Prior 
to Fourier transformation, the time domain data were mul- 
tiplied with phase-shifted sine bell window (*/8 in w2 and 7r/4 
in wl) for phase-sensitive experiments and with no phase- 
shifted sine bell for magnitude spectra. The digital resolution 
for NOESY spectra was 3.5 Hz/point in t2 dimension and 7.0 
Hz/point in t l  dimension. For DQF-COSY spectra the digital 
resolution was 3.5 Hz/point in both dimensions. 

NH-CaH coupling constants were determined on a 1D 
spectrum with a digital resolution of 0.2 Hz/point. 

Computing Procedure. The DISGEO distance geometry 
program (Havel, 1985; Havel & Wiithrich, 1984; Havel et al., 
1983) was used for the calculation of 3D molecular structures 

I Abbreviations: 2D, two-dimensional; CD, circular dichroism; CMTI, 
Cucurbiia maxima trypsin inhibitor; COSY, two-dimensional correlated 
spectroscopy; CPTI, Cucurbiiu pepo trypsin inhibitor; CSTI, Cucumis 
sativa trypsin inhibitor; DQF-COSY, double quantum filtered homonu- 
clear correlation spectroscopy; EETI, Ecballium elaierium trypsin in- 
hibitor; MRTI, Momordicu repens trypsin inhibitor; NMR, nuclear 
magnetic resonance; NOE, nuclear Overhauser effect; NOESY, two- 
dimensional nuclear Overhauser enhancement spectroscopy, RE- 
LAYED-COSY, two-dimensional relayed coherence transfer spectros- 
copy; TSP-d,, sodium 3-(trimethylsilyl) [2,2,3,3-IH4] propionate. 
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FIGURE 1: Alignment of the primary sequences of EETI 11, CMTI 
I (Wilusz et al., 1983), CPTI 11, CSTI IV (Wieczorek et al., 1985), 
and MRTI I (Joubert, 1984). The boxed residues are those that differ 
from the sequence of CMTI I. 

compatible with the constraints deduced from NMR data. 
Substructures containing the atoms N ,  Ha ,  C, Cj3, and Cy 
and the pseudoatom QR in place of the aromatic ring were 
first computed, subsequent calculations leading to complete 
structures. By use of different initial random number seed, 
different possible conformations were generated. 

The computed structures were visualized and compared by 
using the MANOSK molecular graphics package (Vaney et 
al., 1985) running on a Microvax-hosted PS330 Evans and 
Sutherland graphic display. 

For the best structures, hydrogen atoms were fixed in the- 
oretical positions, and listing of distances between hydrogen 
atoms of less than a threshold value were generated. This 
allows careful comparison between computed structures and 
NMR data. 
'H-'H Distance Constraints Derived from the NMR 

Measurements for Use in the DISGEO Program. Distance 
constraints were derived from the NOESY spectra recorded 
with loo-, 200-, and 300-ms mixing times. Among the 105 
assigned cross peaks, 15 corresponding to sequential NOES 
between CO, and NH,+l were not used because, in the absence 
of diastereotopic assignment, the derived distance constraints 
were looser than the ones fixed by the covalent structure. 

The calibration between NOESY cross-peak heights and 
'H-'H distance constraints was established in the manner 
already described (Williamson et al., 1985) on a 100-ms 
mixing time NOESY spectra. NOEs that are not observed 
on a 100-ms time scale but are detected on 200- or 300-ms 
mixing time NOESY spectra are considered weak ones. 

For medium- and long-range distances, we empirically assign 
upper bounds of 2.5 8, to strong NOEs, 3.5 8, to medium 
NOEs, and 4.0 8, to weak NO&. If the connectivity involved 
side-chain protons, the upper bounds were raised respectively 
to 3.0, 4.0, and 5.0 A, to accommodate with the higher as- 
sumed internal mobility (Williamson et al., 1985); however, 
these corrections were not applied to cysteines that are part 
of disulfide bridges. 

For sequential connectivity, we used upper limits of 2.5, 3.0, 
and 3.5 8, for daN and 3.0 (strong and medium NOEs) and 
4.0 (weak NOEs) for dm. All the distance constraints thus 
defined were corrected to account for the use of pseudoatoms 
when necessary (Wiithrich et al., 1983). 

Additional Distance Constraints. Disulfide bridges were 
imposed by adding constraints of 2.0-2.1 A on the S,Sj bond 
and of 3.0-3.1 8, on the Si-Cj3] and S,-CPi distances across 
the bridge. Moreover, a value of about &80-10O0 was imposed 
to the x 3  dihedral angle (Richardson, 1981) by a distance 
constraint of 3.75-3.95 A between the two C&-C@,. 

Hydrogen bonds between amide protons and carbonyl ox- 
ygen that could be inferred from slow amide proton exchange 
rates and at least two observed NO& were imposed by adding 
constraints of 1.8-2.0 8, on the NH-O distances and of 2.7-3.0 
8, on the N-0 distances. 

Dihedral Angfe Constraints. Trans planar geometry for all 
the peptide links was assumed and imposed, and the planarity 
of the aromatic ring of the Phe 26 was achieved by forcing 
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all the corresponding dihedral angles to zero value. 
Some 9 angles were constrained in the range -90' to -40' 

In addition, eight x1 angles (6 Cys, Phe, and Asp 14) for which 
a preferential rotamer was determined by examination of 
intraresidue coupling constants and NOES strength were 
constrained in the corresponding range (Wagner et al., 1987); 
all these angle constraints were ensured by fixing three dihedral 
angles around the rotating bond (Have1 & Wiithrich, 1985). 

Assignment of the ' H  NMR Spectrum. The elucidation of 
a peptide or protein structure by NMR needs the sequential 
assignment of resonances. This was accomplished by well- 
established methods (Wagner & Wiithrich, 1982; Billeter et 
al., 1982). The identification of amino acid spin systems was 
first established by the mean of direct and relayed through- 
bond connectivities (COSY and RELAYED-COSY) followed 
by sequential resonance assignments using through-space NOE 
connectivities (NOESY) essentially between NH, CaH, and 
Cj3H protons. 

Spin Systems Identification. In HzO, on 1D spectrum, we 
observed 25 resonances (in the range 9.6-7.3 ppm) corre- 
sponding to all expected amide protons. The 2D COSY 
spectra showed 26 NH-CaH cross peaks (8 corresponding to 
4 Gly residues). This led to the identification of 22 NH-CaH 
connectivities (3 CaH being obscured by H 2 0  residual signal; 
no NH-CaH cross peaks were detected for 3 residues). In 
the same way 18 NH-Cj3H connectivities were observed in 
the 2D RELAYED-COSY. 

In 2H20 the CaH-CPH cross peaks of the DQF-COSY 
could be divided into three regions on the 2D contour plot map 
(Neuhaus et al., 1985): the first one corresponds to Gly and 
Ser residues (Figure 2A), the second one to Cys, Asp, Asn, 
and Phe residues with typical AMX patterns (Figure 2B), and 
the third one to Ala, Val, Leu, Ile, Met, Gln, Pro, Arg, and 
Lys residues (Figure 2C). Gly resonances were easily rec- 
ognized due to their typical AX spectrum with a large doublet 
splitting arising from their large geminal coupling constant. 
Ser residue was identified as an AMX spin system with all 
chemical shifts greater than 3.8 ppm. The other AMX systems 
were identified by the fact that the chemical shifts of the j3 
protons were at higher field than those of serine and at lower 
field than those of aliphatic side chains: generally between 
3.7 and 2.5 ppm. Phe and Asn residues were distinguished 
from the other AMX spin systems by the NOES observed 
between their CBH and aromatic protons for Phe and N6H2 
protons for Asn. The sequential resonance assignment was 
necessary to differentiate the six Cys and two Asp residues. 
In the third contour plot region Ala residue was identified by 
a cross peak with a methyl at about 1.4 ppm. For Met and 
Gln residues two spin systems were attributed, but these two 
residues were only distinguished by the sequential assignment. 
The Ile and Val spin systems were identified by the fact that 
they possess only one j3 proton that is coupled with one yCH3 
for Ile and two yCH3 for Val (see Figure 2C). 

Sequential Assignments. The short-range NOES involving 
the NH, CaH, and CPH protons as well as C6H protons of 
proline are summarized in Figure 3, and the resulting reso- 
nance assignments are listed in Table I.  A part of the se- 
quential assignment is presented in Figure 4. Since the peptide 
contains unique Ala, Val, Ile, Ser, and Phe residues, any of 
these could be used as a starting point. 

Starting from Phe 26, the assignment proceeded via daN 
connectivities until Gly 28 in one direction and Gly 25 in the 
reverse direction. Similarly, starting from Val 20 and Ile 5 

(3JNH-PaH < 4 HZ) Or -160' to -80' (3JNH4aH > 8.5 HZ). 

RESULTS AND DISCUSSION 
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FIGURE 2: Expansion of the region containing the H w H a  and Ha-Hb 
cross peaks in a phase-sensitive DQF-COSY spectrum of a 8 mM 
solution of EETI I1 in 2 H 2 0  at 32 'C at pH 2. Identification of the 
spin systems of glycines and serine (A), CaH-CBH2 AMX systems 
other than serine (B), CorC/3H2 spin systems of prolines, methionine, 
glutamine, lysine, arginines, and leucines and CaH-CBH-CyH3 
connectivities of valine and isoleucine (C). 

Table I: Resonance Assignments for EETI I1 Protons" 

1 
2 
3 

4 

5 

6 

7 

8 

9 
10 

1 1  
12 
13 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 

24 
25 
26 

27 
28 

position residue NH Ha HP others 
Gly - 3.91-3.82 - - 

8.69 5.02 3.12-2.84 - 
- 4.42 2.38-1.79 yCHz 2.09, 6CH2 

8.58 4.37 1.93-1.72 7CH2 1.69, 6CH2 

7.54 4.22 1.68 yCH2 1.38-1.05, 

4.20-3.7 1 

3.25, cNH 7.18 

TCH, 0.86,6CH3 
0.87 

0.79-0.76 
8.71 4.45 1.72-1.57 -/CH 1.53, 6CHj 

9.12 4.68 2.07-1.87 yCH2 2.68-2.52, 

8.71 4.58 1.70-1.62 yCH2 1.58-1.18, 
SCH3 2.19 

6CHz 2.96-2.90, 
cNH 7.05 

8.26 4.85 3.17 - 
8.34 4.48 1.89-1.79 yCH2 1.44, 6CH2 

1.69, cCH2 3.00, 
{NHZ 7.55 

7.84 4.75 2.35-2.08 yCH2 2.23 
9.55 4.18 3.17-3.06 - 
8.46 4.33 4.13-3.89 - 
7.72 4.80 3.31-2.95 - 
7.79 5.02 3.28-2.75 - 
8.69 4.27 1.76-1.60 yCH 1.76, 6CH3 

0.97-0.94 
8.10 4.13 1.40 - 
8.61 4.48-3.63 - - 
8.23 4.99 3.56-3.11 - 
8.80 4.34 2.11 yCH3 0.90-0.82 
8.49 4.93 2.90-2.53 - 
8.37 4.50-4.19 - - 
- 4.48 2.40-2.05 yCH2 2.10, 6CH2 

8.12 4.75 3.26-3.03 6NH2 7.70-7.00 
8.33 3.99-3.76 - - 
7.33 5.39 3.13-2.76 2,6H 7.06, 3,4,5H 

8.87 5.22 3.17-3.02 - 
9.38 4.55-4.15 - - 

3.84-3.74 

7.29 

'H chemical shifts of EETI I1 in H20  at pH 2, 32 "C. Values were 
measured =t0.02 ppm relative to TSP-d4 as internal reference. Note 
that there were slight differences in the chemical shifts of one CaH 
proton of Gly 28 and one CBH proton of Asp 14 compared to EETI I1 
in 2Hz0 shown in Figure 2. This is because the pHs of the two samples 
were not exactlv the same. 

residues led to sequential assignment of the segments 15-22 
and 3-1 1 ,  respectively. A strong NOE observed between C6H 
protons of Pro 3 and an CaH proton at 5.02 ppm led to the 
attribution of Cys 2 and Gly 1.  The C6H protons of the second 
proline gave a NOE with two CaH protons and allowed the 
assignment of Pro 23 and the confirmation of Gly 22 and 
indicated that the peptide bond 22-23 is trans as the 2-3 one. 

In HzO, the CaH protons of Gln 1 1 ,  Asp 14, and Asn 24 
being obscured by the residual water signal, the a-N cross 
peaks 11-12, 14-15, and 24-25 were not observed in the 
NOESY spectra; however, we detected NOEs between CaH 
Pro 23 and N H  Asn 24 and between CaH Ser 13 and N H  
Asp 14. No aN 12-13 NOE was detected, but PN 12-13 and 
NN 12-13 NOEs led to the unambiguous assignment of Asp 
12 (the sequence containing only one Ser residue in position 
13). In addition, on a NOESY spectra made on a freshly 
prepared 2Hz0  solution, the slow exchanging rates of Cys 15 
and Gly 25 amide protons led to the observation of a N  cross 
peaks 14-15 and 24-25. 

Secondary Structure. In addition to the short-range NOEs, 
Figure 3 provides a summary of the slowly exchanging amide 
protons and the 'JNHXnH coupling constants measured on the 
1D spectrum in HzO. All NOEs observed in the NOESY 
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FIGURE 3: Sequence of EETI I1 together with a summary of the observed short-range NOEs involving the NH, CaH, and COH protons as 
well as the C6H protons of proline residues (dotted lines). NH protons that were still present after 24 h of dissolving the peptide in 2H20 
are indicated by solid squares (m). 3 J ~ ~ ~ I , ~  >8.5 Hz and <4  Hz are represented by solid circles (a) and open circles (0), respectively. No 
spin-spin coupling constants were given for glycines. The secondary structure elements are indicated at the to? of the figure. 
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FIGURE 4: Contour plot of the NH-CaH region of the 300-ms 'H 
NOESY spectrum of EETI I1 in H20. Connectivities from Cys 15 
to Gly 18 and from Gly 25 to Gly 28 were followed via d , ~  NOEs. 

spectra in H20 and 2H20 were summarized in a diagonal plot 
in Figure 5 .  The presence of CaH-CaH NOE between Phe 
26 and Arg 8 and the backbone proton-backbone proton 
NOES presented on the diagonal plot in Figure 5 ,  where several 
NOEs form a continuous line perpendicular to the diagonal, 
indicated that the sequences Met 7-Cys 9 and Gly 25-Cys 
27 adopt an antiparallel j3 structure (Wuthrich et al., 1984). 
This is in good agreement with the large ' & H e a H  coupling 
constants of Met 7, Cys 9, and Phe 26 and the slow exchanging 
rate of Met 7, Cys 9, and Cys 27 amide protons. 

The observation of several spin-spin coupling constants 
3JNH<aH > 8.5 Hz (Pardi et al., 1984), the CaH-CaH NOE 
between Cys 21 and Cys 27, and another set of NOEs forming 
a line perpendicular to the diagonal proved that the sequence 
20-28 adopts an antiparallel j3 structure with a reversal in the 
region 22-26. This folding presented a NNi,i+z NOE between 
Asn 24 and Phe 26, suggesting that we have located a 23-26 
turn with a hydrogen bond between N H  of Phe 26 and CO 

- 01 

: b p m )  
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. 

FIGURE 5: Diagonal plot of short-, medium-, and long-range NOEs 
in EETI I1 derived from 300-ms NOESY spectra obtained in H20 
and 2H20 at pH 2 and 32 "C. Sequential NOEs corresponding to 
short duN (solid box) and dNN (latticework box) distances are plotted 
above and below the diagonal, respectively. Nonsequential interre- 
sidues NOES, backbone-backbone (brickwork box) and side chainside 
chain (hatched box), are reported above the diagonal, and back- 
bone-side chain NO& (stippled box) are plotted below the diagonal. 

of Pro 23 and probably a j3 bulge (Richardson et al., 1978) 
in position Gly 22. In fact, the presence of the sequence 
Gly-Pro-Asn-Gly, highly favorable to form a B turn according 
to Chou and Fasman (1978), led us to propose a turn 22-25 
with an hydrogen bond between the N H  of Gly 25 and CO 
of Gly 22. In this situation, the proximity of the amide protons 
of Asn 24 and Phe 26, giving a weak NOE, was observed on 
molecular models. The two /3 sheets are shown schematically 
in Figure 6. 

Two C Y N ~ ~ + ~  NO& observed between Ser 13 and Cys 15 and 
between Ala 17 and Cys 19 led us to propose two tight turns: 
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FIGURE 6:  Schematic diagram of the two antiparallel f i  sheets of EETI 11. The interstrand backbone NO& and hydrogen bonds are indicated 
by arrows and dashed lines, respectively. The slowly exchanging protons are represented by open H’s. 

-1 OOOL 

FIGURE 7: Ultraviolet circular dichroism spectra of EETI I1 in H 0 

and cell path length 2 mm. 
Asp 12-Cys 15 and Leu 16-Cys 19 with hydrogen bonds CO 
Asp 12-.NH Cys 15 and CO Leu 16-NH Cys 19, respec- 

(- - -) pH 2; (-) pH 7.9. Peptide concentration was 1.1 X 10- b M 

tively. The type of these turns were not defined due to lack 
of information and the reasons discussed by Wuthrich (1986). 

No more experimental structural elements were available, 
but the fact that the amide proton of Ile 5 has a slow ex- 
changing rate and that Cys 2 is involved in a disulfide bridge 
led us to make a reversal in the Cys 2-Ile 5 segment. 

In EETI I1 no interaction of the type i,i+3 typical of a 
helical structure was detected in the NOESY spectra, so we 
concluded that the peptide contains no a helix, as corroborated 
by CD spectra shown in Figure 7 (two positive extrema at 197 
and 220 nm instead of a positive extremum at 191 nm and 
two negative extrema at 207 and 222 nm for a helix). The 
conformation of CMTI I, which possesses 20 common amino 
acids compared to EETI 11, was recently studied by Hider et 
al. (1987) on the basis of CD and Chou-Fasman analysis. 
These authors concluded that their peptide contains 4 0 4 5 %  
a helix with two segments corresponding to helical confor- 
mation. The comparison of the Chou-Fasman secondary 
structure analysis for CMTI I and EETI I1 (supplementary 
material) shows that the two peptides are indeed different: 
CMTI I exhibits a higher a helix tendency than EETI 11, 
especially in the 7-10 and 16-25 regions. Strikingly, EETI 
I1 shows a very high /3 turn propensity at Gly 22 (turn Gly- 
Pro-Asn-Gly) that is completely absent in CMTI I. 

The Disulfide Bridges Problem. In hirudin, an inhibitor 
of coagulation, Sukumaran et al. (1987) associated the CPH- 
CPH NOES between two pairs of cysteines to two disulfide 
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FIGURE 8: Histogram of the residual violations of input distance 
constraints for the six best computed DISGEO structures for EETI 11: 
S1 (2-19,9-21, 15-27); S2 (2-19,9-15,21-27); S3 (2-9, 15-19, 
21-27); S4 (2-15,9-19,21-27); S5 (2-19,9-27,15-21); S6 (2-27, 
9-15, 19-21). 

bridges. In our peptide, we observed strong NOES between 
C@H of Cys 15 and Cys 19, on one hand, and Cys 9 and Cys 
21, on the other hand. From these observations we could 
conclude that we had located three disulfide bridges, 2-27, 
9-21, and 15-19, the same as proposed by Hider et al. for 
CMTI I. On the other hand, the presence of a NOE between 
CcvH of Cys 21 and CcvH of Cys 27 did not permit us to 
exclude a disulfide bridge 21-27, this NOE being observed 
in several peptides possessing only one disulfide bridge (Sugg 
et al., 1988; Liu et al., 1988; Fehrentz et al., 1988). In fact, 
we could observe on a mechanical molecular model that di- 
sulfide bridges are very close to one another and that it was 
possible to interchange them without any drastic changes in 
the secondary structure. A similar situation has been described 
by GariEpy et al. (1986) for the toxic domain of the Escher- 
ichia coli heat-stable enterotoxin ST I. 

Hence, we checked the 15 disulfide bridge possible com- 
binations using the distance geometry program DISGEO. 

DISGEO Modelization. For each of the 15 possible combi- 
nations of cysteines-S1-S 15-we computed three different 
conformations that led to 45 total structures. Angle constraints 
as well as hydrogen bonds were not included in the first 
calculations, but subsequently added. 

Only 5 of the 12 slowly exchanging amide protons could be 
unambiguously attributed to H-bonds with known donor atom, 
particularly among the elements of secondary structure de- 
termined above; the following hydrogen bonds were thus im- 

19 Cys NH4==C Leu 16,27 Cys NH-O--C Met 7,28 Gly 
NH-O=C Val 20. 

Then the constraints on 4 dihedral angles were first intro- 
duced, and subsequently those on x1 angles. 

posed: 9 CYS NH-*O--C Gly 25,15 CYS NH***O=C Asp 12, 

Table 11: RMS Deviations4 between Pairs for the Six 
Best-Computed Structures for EETI I1 

s1 s2 S3 S4 S5 S6 
s1 - 1.38b 1.03 1.35 1.05 2.00 
S2 1.84 - 1.57 1.55 1.55 2.10 
S3 1.40 2.08 - 0.96 0.88 1.46 

1.34 1.51 S4 1.81 2.12 1.40 - 
S5 1.49 2.00 1.30 2.00 - 1.59 
S6 2.37 2.64 1.92 2.09 1.94 - 

~~ 

'The 1-4 segment was not included in the calculations due to its 
The above-diagonal entries are between a undetermined folding. 

carbons; the below-diagonal entries are between all heavy atoms. 

At last, in consideration of the high probability of @-turn 
folding for the segment Gly-Pro-Asn-Gly, as shown in Figure 
6 (Chou & Fasman, 1978), we also imposed the hydrogen 
bond between the carbonyl of Gly 22 and the amide proton 
of Gly 25, although it could not be unambiguously inferred 
from NOE data. 

The use of all these additional constraints did not increase 
significantly the number or the height of violations of the 
imposed constraints, which seems indicative of the quality of 
the data. Finally, with all the constraints described above, only 
one conformer giving rather low residual violations was ob- 
tained for each set of disulfide bridges, which probably comes 
from a rather severe set of constraints. 

Figure 8 shows the residual violations of input distance 
constraints for the six best computed structures. The results 
obtained for these structures show that there are no severe 
inconsistencies in the experimental data. No violations ex- 
ceeding 0.7 A or few degrees were found for the four best 
structures. 

Visual inspection of the six best 3D structures (Sl-S6) 
reveals that the overall folding is quite similar in all of these, 
except for the 1-4 segment. The folding of these residues is 
only determined by the imposed disulfide bridge for cysteine 
2, since we have no NMR constraints on the four first residues. 
The conservation of the global folding between the different 
structures has been quantified by the root mean square de- 
viation between fitted structures as given in Table 11. 

The global folding and the elements of secondary structure 
determined above can be seen from the stereoview of structure 
S1 (Figure 9), although slightly distorted: antiparallel @ sheet 
7-9 and 25-27,@ hairpin 20-28, and turns 12-15 and 16-19. 

It can be seen from Figure 8 that disulfide links between 
cysteine 2 and respectively cysteines 21 and 27 are unlikely 
and that the preferred linkage of cysteine 2 is with cysteine 
19 and, to a lesser extent, with cysteines 9 or 15. 

CONCLUSION 
The NMR study and the distance geometry calculations 

presented here led to the determination of the overall folding 
and approximate spatial structure of EETI 11. We have shown 
that at least 6 of the 15 possible disulfide bridge arrangements 
could be accommodated with only minor changes in the 
backbone folding. 

FIGURE 9: Stereoview of the main chain and disulfide bridges of the most probable DISGEO structure S1 for EETI 11. 
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However, given the results shown in Table 11, we can pro- 
pose the structure S1 (disulfide bridges 2-19, 9-21, 15-27) 
as the most likely. The structures S2 (2-19, 9-15, 21-27) and 
S4 (2-15,9-19,21-27) that cannot be excluded on the extent 
of distance violations are in fact rejected because of the values 
obtained for the x3 dihedral angles for the disulfide bridges 

-4'). The structure S3 (2-9, 15-19, 21-27), which also gives 
rather good results, seems unlikely in a biochemical sense 
because the three disulfide bridges are independent, with no 
overlapping able to ensure the overall rigidity of the molecule. 

This model of EETI I1 will be very useful in facilitating the 
refinement of the X-ray structure of the EETI II/trypsin 
complex that is now in progress (in collaboration with J. P. 
Mornon and C. Gaboriau). It provides a better understanding 
of the structural features of the new squash inhibitors family, 
and it stands as an interesting model for folding processes. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Complete listing of observed NOES and complete DISGEO 

violation table for the 15 disulfide bridge structures and the 
Chou-Fasman analysis of EETI I1 and CMTI I (7 pages). 
Ordering information is given on any current masthead page. 
This information can also be obtained from the authors (B.C.). 

(S2, xj(21-27) = 4-4'; S4, ~3(9-19) = -173O, ~3(21-27) = 

Registry No. Trypsin inhibitor, 9035-8 1-8. 
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