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Heat-stable enterotoxin (ST,) produced by a porcine strain of enterotoxigenic Escherichia coli is a peptide

of 18 amino acid residues.
17 (STp(5—17)).
distance geometry calculations.

The full toxicity is generated by a core peptide of 13 amino acids from residue 5 to
Detailed conformational analysis of ST(5—17) was performed by NMR spectroscopy and
The tertiary structure of STp(5—17) was found to have a right-handed spiral

fold throughout the whole molecule which was stabilized by the network of disulfide linkages and hydrogen

bonds.

Enterotoxigenic E. coli elaborates two kinds of heat-
stable enterotoxins (named ST, and STh) with 18 and
19 amino acid residues respectively, which are respon-
sible for acute diarrhea in infants and domestic ani-
mals.2-% The ST acts on ST-sensitive cells in the
intestine to stimulate guanylate cyclase and to increase
the level of cyclic GMP in the cells, resulting in fluid
secretion from the intestinal epithelial cells.6-9
Recently, a selective and high-affinity binding pro-
tein(s) for ST on rat intestinal cell membranes has
been identified and membrane bound guanylate
cyclase has been suggested to be bound to, or present
near this protein(s).19-12  The initial step in the bio-
logical reaction of ST is the formation of an ST-
protein(s) complex. However, details of this step are
not yet fully understood. For understanding the
molecular basis of the interaction of ST with its
receptor protein(s) and the role of amino acid residues
of ST in generation of its toxicity, an important
problem is to elucidate the molecular conformation of
ST and to identify the part(s) of the ST molecule
recognized by its receptor protein(s).

Our recent studies demonstrated that the full entero-
toxigenic activities of ST, and STy are generated by
toxic domains (abbreviated as ST(5—17) and STh(6—
18), respectively) consisting of 13 amino acid residues

This folding pattern was demonstrated in both organic and aqueous solutions.

(boxed by a broken line in Fig. 1).Y These findings
imply that this domain includes the site(s) for recogni-
tion of ST by its receptor protein(s) on the intestinal
cell membrane.’34  The conformation of the toxic
domain of STy in solution was initially studied by
us?® and by Gariepy et al.’® by 1H NMR spectroscopy
and distance geometry calculations. Both studies
provided useful information on the conformation of
the peptide backbone of the toxic domain of STh.
However, the structure of the whole molecule could
not be refined, because an efficient nuclear Overhauser
effect (NOE) could not be observed and the exact
disulfide pairings in ST were not known at that time.
Thus, the conformation of ST in solution is still
uncertain.

In this work, we investigated the conformation in
solution of STp(5—17), the toxic domain of ST,
which differs from STn(6—18) in only one amino acid
residue, by TH NMR spectroscopy and distance geome-
try algorithm analysis.’51718) ST (5—17) rather than
STrn(6—18) was chosen for confomational study of ST,
because ST, is found more often than SThx In an
organic solvent, STp(5—17) was shown to have a spa-
tial structure with a right-handed spiral stabilized by
three intramolecular disulfide linkages and hydrogen
bondings, and its structure in an aqueous solution
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Fig. 1. Amino acid sequences and disulfide linkages of heat-stable enterotoxins (ST,% and

STw*14) of enterotoxigenic E. coli.
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was suggested to be almost the same. The conforma-  function relationship of the peptide.
tion of ST (5—17) elucidated here should be useful for
understanding the molecular interaction of ST and its
binding protein(s), which proceeds in an aqueous
environment, and for examining the conformation- Resonance Assignment: The !H NMR spectrum of

Results and Discussion
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Fig. 2. DQF-COSY spectrum of ST, (5—17) at 10 °C in DMSO-de/CH3sCN-ds (v/v,
85/15). Spin systems for six Cys and two Ala residues are indicated:
Cys? (—), Cys® (== - =), Cys? (), Cyst® (——), Cyst (—+—), Cyst (), Alats
(—-+—), and Ala?® (—... —).
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STy(5—17) was measured in a mixture of DMSO-dg
and CH3CN-ds, as used in 'HNMR spectroscopy of
STn(6—19).1% Peak and sequential assignment were
achieved by analyzing spin systems of constituent
amino acid residues. These were examined by
through-bond connectivities in the DQF-COSY spec-
trum of ST(5—17) and sequential NOE connectivities
between the NH proton of an amino acid residue (:+1)
and the protons of the CosH, NH and CgH of the
neighboring residue (7) according to the procedures
described in Refs. 19 and 20, respectively.

Figures 2 and 3 show the DQF-COSY spectrum of
the peptide and its NOESY spectrum in the C,H-NH
cross peak region, respectively. The chemical shifts
of all the constituent amino acid residues of STp(5—
17) were assigned except for those of Cys5 and Cys®.
These protons were assigned by comparison of the 1D
spectrum of STy(5—17) with that of [B,B-de-
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Fig. 3. NOESY spectrum of ST, (5—17) in the C,H-
NH NOE cross peak region. Sequential assign-
ments of segments 8—11 (----) and 13—17 (—)
are indicated by arrows according to the direction of
the assignment. COSY cross peak positions for
each residue are indicated by boxes.
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Cys?]STp(5—17), in which two protons on the Cg of
Cys® were replaced by deuterium, as shown in Fig. 4.
However, no sequential connectivity was detected
between Cys® and Cys® or between Cys® and Glu” in the
N-terminal segment Cys5-Cysé-Glu?, because the NH
protons were exchanged quickly with protons from a
trace of water contaminating the solvent and so the
NH protons of Cys® and Cysé could not be observed in
the spectrum and the peak of the NH proton of Glu’
became broad. The connectivities in the sequence
from Asn!! to Alal® were confirmed by through space
NOEs between the C,H of Asn!! and the CsH of Pro!2
and between the CsH and C,H of Pro!2 and the NH of
Ala®3, although Asn'! could not be connected to Pro!2
by sequential NOE connectivities. The presence of
the former NOE indicated that the peptide bond
between Asn!! and Pro'2 had the trans configuration,
and this was confirmed by construction of a molecular
model. Table 1 summarizes the resonance assign-
ment of STy(5—17).

The resonance assignments of the four Cys residues
at positions of 5, 6, 9, and 10 in ST(5—17) (corre-
sponding to 6, 7, 10, and 11 in STy) were essential to
provide the distance information in the N-terminal
region, as discussed later, because all long-range
NOEs observed in the region from Cys® to Cys!0 were
derived from the protons of these four Cys residues, as
summarized in Table 2. In a previous study of
STw(6—19),18 the spin systems of these four Cys were
not assigned, because no sequential NOEs in the
sequence containing these amino acid residues were
detected as the peptide was examined in aqueous

[B.8-d-Cys¥]STp (5-17)

STp(5-17)

PPM

Fig. 4. 1D 'HNMR spectra of ST, (5—17) and [B,B-
d2-Cys5]ST, (5—17) in DMSO-ds/CH3CN-ds (v/v,
85/15). The peaks of CgH protons of Cys® are
indicated by arrows.
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Table 1. Resonance Assignment of ST}, (5-17) in DMSO-ds/CH3CN-ds (85/ 15)”

Chemical shift/ppm

Residue
NH CoH CgH C,H CsH B-CONH:
Cys? — 3.95 3.80, 2.65
Cys$ — 4.65 3.01, 3.34
(4.88) (3.06, 3.58)
Glu” 10.33 4.17 1.91—1.94 2.30
(9.66) (4.35) (2.16) (2.46, 2.67)
Leud 7.51 4.39 1.58,1.78 1.48 0.82, 0.90
(7.38) (4.69) (1.59, 1.86) (1.51) (0.89, 0.94)
Cys? 8.22 4.31 2.77, 3.09
(8.35) (4.41) (2.91, 3.27)
Cyst0 6.95 411 3.00, 3.30
(4.50) (3.32, 3.51)
Asnit 6.73 4.94 2.55, 2.73 7.58, 8.20
(7.12) (5.16) (2.79, 2.87) (7.12, 7.90)
Prot? 4.13 1.85, 2.22 1.74, 1.91 3.59
(4.34) (1.99, 2.35) (2.00) (3.75)
Ala13 8.78 4.13 1.21
(8.49) (4.32) (1.37)
Cysi* 7.32 4.17 2.70, 3.10
(7.70) (4.37) (3.14—3.16)
Alals 8.81 3.94 1.20
(8.71) (4.21) (1.41)
Glys 8.84 3.38, 3.96
(8.87) (3.80, 4.11)
Cys!? 7.34 4.42 2.77, 2.94
(7.63) (4.81) (2.98, 3.14)

a) Values in parentheses indicate chemical shifts (ppm) in H2O/D20 (80/20) at 17°C and pH
5.6. Chemical shifts are shown with reference to internal tetramethylsilane in DMSO-ds/
CH3CN-ds (85/15) and sodium 3-(trimethylsilyl)-1-propanesulfonate in H2O/D20 (8/2).

Table 2.

Input Distance Constraints (in A) for the Distance Geometry Calculations on ST, (5—17)

Proton pair?

Upper limit of distance?/A

Proton pair?)

Upper limit of distance?/A

in DMSO?® in H,0% in DMSO® in H,0%
Cyss Co,H Cysl® CgP 5.0° NH Asn!! NH 3.5
Cyss CoH Leut NH 3.5 NH Cysl® CgP 4.1°
CH Cys® C.H 3.5 (4.0) Asnit C,H Ala®®* NH 4.0
C.H Cys® NH 3.5 C.H Proz CsP 3.5 4.0°
C.H Cys® NH 3.5 NH Cys¢ NH 4.0
C.H Asn!! NH 3.5 (4.0) CgP  Ala3 NH (5.0%
C.H Cys# CgP 4.5° (5.0% NH Asn!! CgP 4.1° 41°
Glu” C,H Leut NH 3.5 Pro? C,P Ala®® NH 4.5 4.5
NH Leu® NH 4.0 4.0 CsP  Ala® NH 4.5 4.5
CgP  Leu® NH 5.0° C.H Cys” CgP 5.0°
NH Glu’” CgP 4.1° Ala® C,H Cys¢ NH 3.0 (4.0)
Leu8 C,H Leu® C5Q 4.7° 47 CsM  Cysit NH 4.5 (5.0
CH Leu® C,H 3.5 NH Cys* NH 3.0 3.0
NH Leu? CgP 4.1° 4.6° NH Ala® CgM 3.6° 3.6°
CH Cys® NH 3.5 4.0 Cysi* C,H Ala¥® NH 3.0 2.5
NH Cys® CH 4.0 CgP  Ala®® NH 4.5° 4.5
NH Cys® NH 3.0 3.5 NH  Cysi¢ CgP 3.6° 3.1°
NH Cys?® NH 3.5 Ala’s C,H Gly® NH 3.0 2.5
Cys® C,H Asn! NH 3.5 3.5 CsM  Glys NH 4.5°
C.H Cysi® NH 3.5 NH Alals CgM 3.6 3.6°
NH Cysi® NH 3.5 C.H Cys'7 NH 4.0
NH Cys® CgP 4.6° Gly®s C,P Cysi” NH 4.5° 4.5°
Cys®® C,H Asn! NH 3.5 4.0 NH Cysi7 NH 3.5 3.5
CgP  Asn' NH 5.0° Cys” NH  Cys!7 CgP 4.1° 3.6

1) P and M indicate pseudoatoms of methylene (including B-amido) and methyl protons, respectively. The
pseudo position for methyl protons of leucine is Q in Ref. 25. 2) Upper limit of interatomic distances
containing pseudoatoms include their corrections of a 1.0, b 0.6, and ¢ 1.7 A.  3) NOE cross peaks were
collected from NOESY spectra in DMS0-ds/ CHsCN-ds (85/15) at 10°C.  4) NOE cross peaks were collected
from NOESY spectra in H20/D20 (80/20) at pH 5.6 and 17 °C. All these NOEs were also observed at 5°C.
Values in parentheses indicate upper constraints for NOEs detected only at 5°C.
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conditions. This was probably the reason for lack of
the distance information in the N-terminal region,
resulting in uncertainty about the conformation of
STr(6—19).

The 'H NMR spectrum of STp(5—17) was also mea-
sured in aqueous solution to obtain information
about the conformation of the peptide in an aqueous
environment. Chemical shifts were assigned by two
procedures: sequential assignment as described above,
and assignment of the NH and C,H protons derived
by titration of the peptide in DMSO-ds/CH3CN-d3
with H20. Results on resonance assignment are
listed in Table 1.

Folding Pattern of STp(5—17): The data on inter-
atomic distance constraints obtained from NOEs are
summarized in Table 2. The folding pattern of the
peptide backbone of ST(5—17) was calculated from
these data and disulfide pairings by distance geometry
algorithm analysis.’® Thirty calculations were per-
formed using different random initial structures.
The value of the target function (T-value)!517 should
be zero if a calculated structure satisfies all constraints.
Therefore, T-values were used for evaluating the cal-
culated structures. In addition, the compatibility of
the interatomic distances in the calculated structures
with the input data was examined by checking indi-
vidual NOE distance constraint violations. For non-
bonded contact, 0.1 A was an acceptable allowance
within the range of possible contacts between two
atoms. Among the 30 calculated structures, 14 exhi-
bited no individual violations or non-bonded contacts
of more than 0.1 A.  All these structures had T-values
of less than 0.1. The convergency of these structures
was estimated by calculating the RMSDs between
these structures, because the average RMSD of calcu-
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lated structures with the same folding pattern fell
within 2.8A, as seen in Table 3. The averaged
RMSD was 1.80 A for atoms in the peptide backbone.
All these structures showed the same folding pattern,
as seen in Fig. 5(R).

For conformational analysis by distance geom-
etry calculation, sufficient distance information is
required to define the correct folding pattern of the
peptide backbone.?? In previous conformational
studies of ST, its unique conformation could not be
determined because of lack of sufficiently useful NOE
data, as described above.151) The question arose of
how much interatomic distance information was
necessary for defining the conformation of the ST
molecule. Therefore, we examined the relationship
between the amount and kind of distance information
and the folding patterns of the calculated structures, as
summarized in Table 3. Thirty calculations were
carried out for all cases and T-values were used to
evaluate the folding patterns of calculated structures.
When the distance information was only that for
disulfide pairings, the structure (7<<0.1) were roughly
classified into five folding patterns by viewing the
folding patterns obtained by computer graphics; (1) a
right-handed spiral fold (R), (2) a left-handed spiral
fold (L), (3) R in the N-terminal region end L in the C-
terminal region (RML), (4) L in the N-terminal and R
in the C-terminal (LMR). and (5) a fold in which the
N-terminal portion passes through the loop formed in
the central region (C). These folding patterns are
drawn as ribbon models in Fig. 5. Examination of
the folding pattern of the peptide using intra-residual
and sequentially connected NOEs and disulfide pair-
ings excluded two folding patterns (LMR and C) and
revealed three folding patterns (R, L and RML). By

Table 3. Amount of Distance Constraints Used and Fold Patterns of Calculated Structures
3 Number of Total RMSD in
Constraints conformers RMSD Type of Y fold type
used —_— fold pattern —_—
(x/n) A
R (8) 2.10
L (5) 2.40
S-S 24/30 3.63 RML (3) 1.81
LMR (3) 2.80
C (5) 1.87
S-S+ R (3) 2.20
Short-range 9/30 3.50 L 4) 2.02
NOEs RML (2) 1.90
S-S
+ 14/30 R (14) 1.80
All NOEs
All NOEs 12/30 R (12) 1.62

a) R, right-handed spiral fold pattern; L, left-handed spiral fold pattern; RML, R in the N-
terminal region and L in the C-terminal region; LMR, L in the N-terminal region and R in
the C-terminal region; C, the peptide backbone passes through the loop formed by disulfide
linkages. Values in parentheses indicate numbers of conformers to the respective folding

patterns.
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(RML)

(LMR) (C)

Fig. 5. Typical folding patterns of R, L, RML, LMR and C in Table 3.
When the amounts of distance information were not sufficient, the single
fold pattern could not be defined. The fold patterns of the peptide
backbone are shown as ribbon models.

use of the distance information of all NOEs, all struc-
tures (7<<0.1) gave the R-folding pattern. These
results indicated that the distance information of
NOEs shown in Table 2, especially the inter-residual
NOE set, was indispensable for defining the folding
pattern of STy(5—17).

During the process of these calculations the possi-
bility was suggested that disulfide pairings can be
determined using only the distance information of
NOEs, even if the positions of disulfide linkages are
not known. Since STy(5—17) contains six Cys
residues, there are 15 possible combinations of disul-
fide linkages. Of these combinations, the disulfide
pairings that satisfied the constraints of NOEs were
searched; that is, the correct disulfide pairings should
not affect the violation of NOE constraints and the
structure of the peptide with 7<0.1 should be
obtained in the calculation using the distance infor-
mation of NOE and a given combination of disulfide
linkages as well as only the distance information of
NOEs. Ten calculations were carried out using ran-
dom initial structures for each combination of disul-
fide linkages. In each case, the structure with 7<0.1
was obtained with only one combination of disulfide
linkages, which was the same as that determined
chemically.¥ This result demonstrates that with a
sufficient amount of distance information, not only
the unique folding pattern of ST(5—17) but also its
disulfide pairings can be determined. These proc-
esses may be useful not only for calculation of the
folding pattern of ST, but also for determination of

disulfide linkages in natural ST and synthetic ST
analogs in which the disulfide pairings are unknown,
if a NOE set such as that in Table 2, and especially
inter-residual NOEs, can be obtained.

The distance constraints from NOEs of ST(5—17)
in aqueous solution are also summarized in Table 2.
Almost all NOEs in an aqueous solvent were the same
as those in an organic solvent, although only about
40% of the NOEs of the N-terminal region of the
peptide observed in an organic solvent were detected
in an aqueous solvent. From twenty calculations
using constraints of disulfide linkages and NOEs in
an aqueous solvent (Table 2), eight structures (7<0.1)
were obtained and they all exhibited the R-folding
pattern (not shown). Their average RMSD was
1.98 A for backbone atoms. This result demonstrated
that the folding pattern of ST(5—17) was the same in
an organic solvent as in an aqueous solvent.

Refinement of Tertiary Structure of STy(5—17):
From an H-D exchange experiment (not shown) five
NH protons of Cys?, Asn!l, Alai3, Cys4, and Cysl7 were
found to show slow H-D exchange, although four
amide protons of Asni2, Ala!4, Cys!5, and Cys'8 of STy
(corresponding to Asnll, Alal3, Cys!, and Cys',
respectively, in ST,) were reported to be involved in
hydrogen bondings in Ref. 16. The signals of these
NH protons were still observed in the spectrum 6.5 h
after addition of 500 pl of D20 to the peptide solution
in 500 pl of DMSO-ds/CH3sCN-ds (v/v, 85/15). The
NH proton of Cys!” was most labile among these
protons. Taking account of the size of STy(5—17),



1142

these NH protons with slow H-D exchangeability
were assumed to be involved in hydrogen bondings.
The most plausible CO groups forming hydrogen
bonds with these NH groups were searched according
to the following criteria: (1) Structures with 7<0.1
should be obtained for the correct pairing of a given
NH and CO, because additional information on a
hydrogen bonding does not increase interatomic dis-
tance violations. (2) Hydrogen bonding pairs with
an angle ZN-O-C of 100° to 140° are expected to be
present in the tertiary structure of the peptide, because
in the molecular structure of an analog of ST,
([Mpr5]ST,(5—17)) the angles /ZN-O-C for all intra-
molecular hydrogen bonds are in this range.22 (3)
The NH protons may be hydrogen-bonded with the
CO oxygens in the same loops, as seen in the folding
pattern of STy(5—17) in Fig. 5(R). Furthermore,
upper and lower constraints of 2.5 A and 2.0 A, respec-
tively, were input into the calculation as the distance
of the hydrogen bonding between an NH proton and a
CO oxygen. Ten calculations were carried out from
different random initial structures in all cases using
the distance constraints of NOEs that were obtained
from the measurement of ST,(5—17) in an organic
solvent (Table 2).

First we examined the hydrogen bonding of the NH
proton of Cys® with either the CO group of Cys® or
Cys® or Glu7 in the segment from Cys? to Cys1® in the
first loop from the N-terminus, as depicted in Fig.
5(R). Structures with 7<<0.1 were obtained for the
CO groups of both Cys® and Cys® and the values of
/N-O-C were 73°£6° and 100°%0.5° for Cys® and
Cysé, respectively. According to the second criterion
described above, the acceptor of the NH proton of Cys?
was concluded to be the CO group of Cys. Sim-
ilarly, the acceptors of the NH protons of Cys and
Cys!? in the segments from Cys! to Cys!4 and from
Cys™ to Cys!7 in the second and third loop, respec-
tively, in Fig. 5(R) were examined and determined to
be the CO of Asn!! and the CO of Cys!4, respectively.
The CPK-model constructed from the calculated
structures at this stage suggested that the acceptor in
the hydrogen bonding with the NH proton of Asn!
was the CO group of Cys® or Cys®. The CO of Cys®
gave structures with 7<<0.1, while the CO of Cys? did
not. However, the hydrogen bonding of the NH of
Asn!! to the CO of Cys® was excluded by the second
criterion. The NH proton of Asn!! might be present
close to the CO of Cys in the interior of the molecule.
Finally, the acceptor for the NH of Alal® was con-
cluded to be the B-CO of Asn!!, because only this CO
can be present in the space where the NH of Ala!® can
interact. This type of hydrogen bonding between the
side-chain and the main-chain has been reported.23
These results (in Table 4) indicate that the hydrogen
bondings were between the NH of Cys® and the CO of
the Cys®, the NH of Cys'* and the CO of Asn!i, the NH
of Cys17 and the CO of Cys!4, and the NH of Ala!? and

H. Ozaxi, H. Kusota, T. Sato, Y. Hipaka, H. Tamaoki, Y. KoBAYASHI,
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Table 4. Pairing of Hydrogen Bonds and Bond
Angles (/N-0O-C) in Calculated Structures

h dI;airingbOf 4 Number of 4
ydrogen bonds
g structures (/N-0-C)
NH Cco (T<0.1)
Cys® 3 7316
1 Cys® Cys® 2 10010.5
Glu’ 0
Cysto 0
a Asn!! 2 11310.5
Z Gy prow 0
Glys 0
Alat3 0
3° Cys”  Cyst 2 102-+0.5
Alats 2 8312
o Cys® 3 16448
4 Asnii Cys® 0
5° Alal3 Asni}(B8-CO) 2 117+1

Information on disulfide bonds and all NOEs were
used for all calculations. a, b, and ¢: additional infor-
mation on hydrogen bonds was used: a, the NH of
Cys? and the CO of Cys8; b, a and the NH of Cys4 and
the CO of Asn'}; ¢, b and the NH of Cys!7 and the CO
of Cys?4. d: Averaged angles of ZN-O-C under consid-
eration are shown in degrees.

the B-CO of Asnll

Thirty calculations were carried out using con-
straints from three disulfide bonds, all NOEs and the
four hydrogen bonds determined above. Seven struc-
tures (7<<0.1) were obtained and the average RMSD
between them was 1.13A for all backbone atoms.
Thus, the RMSD was further improved by using addi-
tional information of hydrogen bondings. Four
structures with similar low T-values were superim-
posed on the structure with the lowest T-value, as
shown in Fig. 6.

The tertiary structure of STp(5—17) had a right-
handed spiral fold throughout the whole molecule
with three loops along this spiral. The first loop
(Cys5-Cys!0) was fixed by the disulfide bond between
Cys® and Cys!® and the hydrogen bond between the
NH of Cys? and the CO of Cysé. The second loop
(Cys1o-Cys!4) was stabilized by the two disulfide bonds
between Cys® and Cys® and Cys® and Cys! and the two
hydrogen bonds between the NH of Cys!* and the CO
of Asn!! and the NH of Ala!® and the 8-CO of Asnil
The third loop (Cyst*-Cys!7) was stabilized by the two
disulfide bonds between Cys® and Cys!4 and Cys® and
Cys!7 and the hydrogen bond between the NH of Cys!?
and the CO of Cys%. The formation and stabiliza-
tion of the B-turn in each loop were attributed to the
hydrogen bonds between the backbone atoms. Thus,
the spatial structure of ST(5—17) was strongly stabi-
lized by the network of disulfide and hydrogen bonds.

Comparison of the Conformations of STp(5—17) in
Solution and the Solid State: Recently we deter-
mined the molecular structure of an analog of ST(5—
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Fig. 6. Stereo view of backbone structures of ST, (5—17) superimposed to
give the minimum averaged RMSD. The all structures exhibited viola-
tions of less than 0.1 A.

17) in which Cys was replaced by Mpr at position 5
([Mpr?]STp(5—17)).22  We compared the structure of
STp(5—17) in solution with that of [Mpr5]ST,(5—17)
in the solid state, because [Mpr5]ST(5—17) lacks only
the N-terminal NHa-group of STy(5—17) and there-
fore the structure of this Mpr5-derivative should be
very similar to that of STy(5—17). The backbone
structure of STp(5—17) was superimposed on that of
[Mpr5]STy(5—17) in the solid state, as shown in Fig. 7.
The two structures had the same folding pattern.
Four intramolecular hydrogen bonds and three S-
turns in the structure of STH(5—17) in solution
have also been observed in the solid structure of
[Mpr3]ST,(5—17). The common folding pattern and
secondary structure in solution and the solid states
might be caused by the tight stabilization by the net
work of disulfide and hydrogen bonds. The RMSD
values for backbone atoms in the first, second, and
third loops were 0.92, 0.45, and 0.76 A, respectively.
The second loop had the smallest RMSD value and
fitted extremely well to that in the solid state, imply-
ing that this region is scarcely perturbed in solution.
The slightly larger deviations of the first and third
loops of the structure in solution from those in the
solid state might be due to fluctuations in these loops.

In conclusion, the toxic domain of ST} in solution
could be defined by *HNMR spectroscopy and dis-
tance geometry calculations. The conformation of
STy(5—17) in solution was almost the same as that of
[Mpr5]ST,(5—17) in the solid state, indicating that the
toxic domain of ST, has a stable conformation with
low perturbation in solution. The present finding
should be useful for understanding the part(s) of ST,
recognized by its receptor protein(s) and for conforma-
tional analyses of analogs of ST, and its confor-
mation-activity relationship.

Experimental

Boc-amino acids were purchased from the Peptide Insti-
tute Inc. (Minoh, Osaka). Deuterated solvents, DMSO-ds
(99.96%), CHsCN-ds (99.6%), and D20 (99.95%), were
obtained from CEA (Commissariat a L’Energie Atomique,
Cedex, France). All other reagents were commercial prod-
ucts and were purified further before use in analytical

Fig. 7. Comparison of the backbone structure of ST,
(5—17) in solution (——) with that of [Mpr5]ST;
(5—17) in the solid state (—).

experiments.

Syntheses of STp(5—17) and [B,B-d2-Cys?]STp(5—17):
STp(5—17) was synthesized by the solid-phase method.*
[B,B-d2-Cys?]ST(5—17) was prepared by the same procedure
as ST(5—17), except for the use of Boc-p,B-dz-Cys(MeBzl)
at position 5 in the sequence of ST, instead of Boc-Cys-
(MeBzl). The synthesis of Boc-B,B8-dz2-Cys(MeBzl) was de-
scribed previously.24

NMR Spectroscopy: 2D 'HNMR spectra were measured
in DMSO-ds/CH3CN-ds (v/v, 85/15) (8 mmol dm=3) at 10°C
and in H2O/D:20 (2.4 mmoldm=3) at 3—20°C in a JEOL
GX-500 spectrometer. DMSO-ds/CH3CN-ds was chosen as
solvent, because ST(5—17) was soluble in DMSO but was
gradually destroyed under the conditions for 1H NMR mea-
surement, while ST;(5—17) was stable in CH3CN but not
soluble enough in this solvent. 2D DQF-COSY and
NOESY were performed in the phase-sensitive detection
mode by the four-quadrant method.?® Chemical shifts
were measured relative to the methyl resonance of tetra-
methylsilane added as an internal standard. For NOESY in
an organic solvent, a mixing time of 150 ms was adopted,
because it was short enough to exclude the effects of spin
diffusion and coherent magnetization transfer.!® NOESY
spectra in an aqueous solvent were recorded with mixing
times of 100, 150, and 300 ms. From evaluation of second-
ary effects, NOEs for distance geometry calculation were
collected from the NOESY spectra recorded with a mixing
time of 150 ms. The sizes of the time domain data were 2K
or 4K points for the t; direction and 256 points for the #
direction. The data size was zero-filled once or twice in the
t; direction.

The H-D exchange experiment was performed by addi-
tion of D20 to a sample solution in DMSO-ds/CH3CN-ds.
The time course of change in 1D spectra of this sample was
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recorded in a JEOL GX-400 at 22 °C.

Distance Constraints: The intensities of the NOE peaks
were translated into the coresponding interatomic distances
based on the relation, NOE intensity o« 1/76.18 The apti-
tude of the interpretation method was discussed in a pre-
vious paper.!518) The intensity of NOE was evaluated from
the number of lines in contour plots of the NOESY spectra
of the peptide, and the intensity of the strongest NOE
between two Cg protons of Cys was used as a standard
intensity for the distance 1.75A. The relative intensities
with 7—5, 4—3, 2 and 1 contour lines were estimated to be
2.5,3.0,3.5, and 4.0 A, respectively. These values were used
as the upper distance constraints. The lower distance con-
straints were assumed to be the sums of the core radii of the
two protons, i.e., 2.0A. Information of three disulfide lin-
kages provided an additional distance constraint of 2.04 A
on the S-S bond (where St and §' are the sulfur atoms of
Cys' and Cys residues, which are linked by a disulfide bond)
and 3.05A on the S'-Cg¢ and Si-Cg' distances across the
disulfide bridge.?® Since the dihedral angles X3 (Cg-S-S-
Cp) of disulfide bonds in all proteins observed by high
resolution X-ray crystallography are approximately +90°
+10°,27 this value of X3 was defined by a distance constraint
of 3.86 A on the C4-C4/ distance.

Since protons on a methylene or methyl group could not
be assigned stereospecifically, these protons were replaced by
pseudoatoms as reference points by the method suggested by
Wiithrich and his associates.?8)

Distance Geometry Calculations: The distance geometry
program DADAS1) was used to construct the tertiary
structure of STH(5—17). DADAS defines the target func-
tion (T) as an error function consisting of the square sum of
the differences between atomic distances in calculated struc-
tures and the input distance constraints. The initial struc-
ture is constructed by generating the random values for
dihedral angles. Then T is minimized by the algorism
working in the dihedral angle space.’51") Calculations
were performed with ACOS S2020 and SX-2N computers at
the Computer Center of Osaka University. The computed
structures were visualized and analyzed using a computer
graphics program VENUS at the Research Center for Pro-
tein Engineering, Institute for Protein Research, Osaka
University.
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