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Abstract 

The  heat-stable  enterotoxin  b  (STb) is secreted by enterotoxigenic Escherichia coli that  cause  secretory  diarrhea 
in animals  and  humans. It is a 48-amino  acid  peptide  containing  two  disulfide  bridges, between  residues I O  and 
48 and 21 and  36, which are  crucial  for its biological activity.  Here, we report  the  solution  structure of STb  deter- 
mined by two-  and  three-dimensional  NMR  methods.  Approximate  interproton  distances derived from  NOE  data 
were used to  construct  structures of STb using distance-geometry and  simulated  annealing  procedures.  The  NMR- 
derived structure  shows  that  STb is helical between  residues  10 and 22 and residues 38 and 44. The helical struc- 
ture in the region 10-22 is amphipathic  and  exposes several polar residues to  the  solvent,  some  of which have been 
shown  to be important in determining  the toxicity of STb.  The  hydrophobic residues on  the  opposite  face of this 
helix make  contacts with the  hydrophobic  residues of the  C-terminal helix. The  loop region  between  residues 21 
and 36 has  another cluster of hydrophobic residues and  exposes Arg 29 and  Asp  30, which have been shown  to 
be important  for  intestinal  secretory activity. CD studies  show  that  reduction  of  disulfide bridges  results in a  dra- 
matic loss of structure, which correlates with loss of function. Reduced STb  adopts a predominantly  random-coil 
conformation.  Chromatographic  measurements of concentrations  of  native, fully reduced,  and single-disulfide 
species in equilibrium  mixtures of STb in redox  buffers  indicate  that  the  formation  of  the  two  disulfide  bonds 
in STb is only  moderately  cooperative. Similar measurements in the presence of  8  M  urea suggest that  the  native 
secondary  structure  significantly stabilizes the  disulfide  bonds. 
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Enterotoxigenic Escherichia  coli synthesize two types of  entero- 
toxins,  the  heat-labile  (LT)  and  heat-stable (ST) families of en- 
terotoxins,  which  cause  secretory  diarrhea in humans  and 
animals  (Sack, 1975; Betley et al., 1986). Whereas LTs are peri- 
plasmic, STs  are extracellular  toxins. STs include the methanol- 
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soluble  STa  and  methanol-insoluble  STb  (Burgess et al., 1978; 
Whipp et al., 1981). STas  are 18-19-amino acid extracellular 
peptides that result from  two  independent  proteolytic cleavages 
on a 72-amino  acid  precursor  (pre-pro-STa)  (Rasheed  et  al., 
1990). The  mature  STa  contains  three disulfide  bridges  (Gariepy 
et ai., 1987; Shimonishi et al., 1987). The  solution  structure  for 
this  toxin  has been determined by NMR  methods  and by X-ray 
diffraction studies  (Gariepy  et al., 1986; Ozaki et al., 1991). STb 
is also synthesized as a 71-amino acid precursor (Lee et al., 1983; 
Picken  et al., 1983). Mature  STb is a 48-amino acid peptide, with 
four  Cys residues and  no  homology  to  STa  (Dreyfus et al., 
1992). The  inferred  N-terminus of pro-STb (residues 1-23) has 
characteristics of a signal  sequence  that is cleaved, presumably 
by a  signal  peptidase,  during  export to  the  periplasm,  and  the 
periplasmic STb is then  translocated to  the extracellular medium 
(Kupersztoch et al., 1990). We have demonstrated  that  export 
of  STb  to  the  periplasm  requires  both SecA and  electrochemi- 
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cal potential  (Kupersztoch et al., 1990). STa  interacts with an 
enterocyte  receptor  that  activates  guanylate cyclase, which, in 
turn, leads to  an increased  intestinal  secretion  (Field  et al., 1978; 
Guerrant et al., 1980). Recently,  it has been reported  that intes- 
tinal  particulate  guanylate cyclase  serves as  an  STa  receptor 
(Schulz  et al., 1990). In contrast  to  STa, very little is known 
about  the  mechanism of action  of  STb.  The  receptor  for  STb 
has  not been identified,  and,  unlike  STa,  STb  does  not  cause  a 
cyclic nucleotide  response  in the  gut. We have recently suggested 
that  STb  opens  a  G-protein-linked  receptor-operated  Ca2+ 
channel in the plasma membrane (Dreyfus et al., 1993), and  that 
STb  causes a dose-dependent release of  5-hydroxytryptamine 
and  prostaglandin E2  in the  gut  of  treated  rats  (Harville & 
Dreyfus, 1995). 

The  disulfide  bridges in STb have been identified by tryptic 
peptide  analysis  and  Edman  degradation  to  be between Cys 10 
and  Cys 48 and between  Cys 21 and Cys 36 (Dreyfus et al., 
1992). Figure 1 shows  the  primary  sequence of STb. Disulfide 
bridges  appear  to play a  central  role in  stabilizing the  toxin 
against  proteolytic cleavage in the  periplasm  and  also in deter- 
mining the biological activity  of  the  extracellular  STb.  There is 
evidence to suggest that  disulfide  bond  formation is a  periplas- 
mic  event (Kupersztoch et al., 1990). Mutants  that lack disul- 
fides are  more  susceptible  to  periplasmic  proteolysis  than is 
wild-type toxin (Dreyfus et al., 1992). Disulfides are also impor- 
tant  for activity; reduction  and S-carboxyamidomethylation re- 
sult in loss of toxicity (Dreyfus et al., 1992). 

The  loop  formed by Cys 21 and Cys 36 contains  four glycine 
residues and  has several charged residues. The  contribution of 
some residues in the  loop  to  the toxicity of  STb  has been exam- 
ined by site-directed  mutagenesis (Dreyfus et al., 1992). The ac- 
tivity of  the  mutants was determined by directly measuring  the 
volume  of  the  fluid  accumulated in  ligated rat  intestinal  loops 
following  STb  injection  (Whipp, 1990). Among  the  three  mu- 
tant  peptides  that were competent  to  translocate  through  the 
E. coli inner  and  outer  membranes,  the activity of mutant L26I 
was indistinguishable from  that  of  the wild-type peptide. In con- 
trast, R29S had - 10%  of  the  activity of the wild-type peptide, 
and D30V had  -40%  of wild-type  activity,  suggesting that R29 
and D30 are  among  the residues important for toxicity. The  mu- 
tants R29S and D30V could  not  compete with native  STb, sug- 
gesting that these mutant  peptides d o  not efficiently  bind the 
putative  receptor  (Dreyfus  et  al., 1992). Recent  evidence  sug- 
gests that  the positive  residues K22 and K23 are  also very im- 
portant  for  toxic activity (Fujii et al., 1994). 
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We have determined  the  solution  structure  of  STb  in  an  at- 
tempt  to  understand  the  mechanism  of  secretion  and  the  toxic 
activity  of  STb (see Kinemage 1). The  structure of STb  would 
also be useful  in the design of appropriate fusion proteins  to im- 
prove the antigenicity of the peptide, in attempts  to develop STb- 
based vaccines, and  also in the design  of drugs  that  inhibit  the 
toxic  activity  of STb. In addition,  STb has two disulfide  bridges 
that  are crucial for biological  activity, and  the  structure  of  STb 
would  provide  an  opportunity  to  examine  the  importance of 
these in stabilizing the  structure.  The  structure was  examined by 
2D  and  3D  NMR  methods  and  CD  spectroscopy.  A set of ap- 
proximate  interproton  distances derived from  an  analysis of 
NOES along with the  two disulfide covalent constraints was used 
to  generate  structures  of  STb using distance  geometry  and sim- 
ulated  annealing.  The  effect of reducing  the disulfides on the 
structure of STb was examined by CD  spectroscopy.  The  coop- 
erativity  of disulfide  bond  formation  and  the role  of secondary 
structure  inherent  to  STb in stabilizing the disulfide bonds were 
investigated by chromatographic analysis  of equilibrium mix- 
tures  of  STb in redox  buffers  containing oxidized and reduced 
DTT. 

Results and  discussion 

Experimental conditions for NMR experiments 

Initial  experiments were aimed  at  determining  the  appropriate 
pH  and  temperature  for  NMR  experiments.  CD  experiments 
suggested that  the  secondary  structure  of  STb is fairly indepen- 
dent of pH between 4.0 and 11 .O. A pH of 4.0  was chosen  for 
NMR  experiments in order  to keep the  saturation of amide res- 
onances  due  to  water  suppression  to  a  minimum.  Preliminary 
2D  NMR  experiments suggested that  the best data  could be ob- 
tained  at 15 "C. 

Initially,  3D  NOESY-HMQC  and  3D  TOCSY-HMQC  data 
were collected in water  at  pH 4.0 and 15 "C. Under these con- 
ditions,  although  data  for  most  of  the residues were of  good 
quality, several of the residues in the  C-terminal half of the mol- 
ecule showed broad peaks in  the 'H-I5N  HSQC spectra (Fig. 2A), 
which resulted in a poor signal-to-noise ratio in the 3D data sets. 
A  preliminary  structural  model built  based on  these  data sug- 
gested that  the  molecule exposes hydrophobic residues (in the 
region 35-45) to  the  solvent, which might  result in aggregation. 
We reasoned  that such an  aggregation might  result  in exchange 
broadening. We therefore  examined  the  effect  of  adding  meth- 
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Fig. 1. Amino  acid  sequence of STb. Disulfide  bonds  are  indicated.  Numbering  of  residues  refers  to  the  mature  protein,  after 
the  cleavage of the  presequence. 
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Fig. 2. 'H-15N HSQC spectra of STb at pH 4.0 and 15 "C in water (A) and in the presence of 13% CD,OD (B) under the same 
conditions. Assignment of the cross oeaks to individual amide groups is indicated. Notice considerable sharpening of several 
crosy peaks in B. 

anol  to  the  STb  sample on the  HSQC  spectra.  Addition of in- 
creasing  amounts of methanol progressively sharpened several 
cross peaks.  Figure 2 compares  the  HSQC spectra of STb in wa- 
ter (Fig. 2.4) and 13% (v/v) methanol  (Fig. 2B) at 15 "C.  The 
cross  peaks are considerably sharper in 13% methanol  and have 
a  better  signal-to-noise  ratio.  It is interesting  to  note  that  the 
broadening in water is rather selective,  suggesting that it might 
also be due  to  an  intramolecular  conformational exchange, with 
methanol  making  the process faster, driving it from  the  fast side 
of the  intermediate  exchange  to  fast  exchange.  Comparison of 
CD spectra in water  and 13% methanol  at  pH 4 showed  that 
they are virtually superimposable. In addition,  the  HSQC spec- 
tra  under these two  conditions  are very similar  and no signifi- 
cant  differences were observed in the  NOE  data, except for  the 
observation of additional  cross  peaks involving the  sharpened 
amide  resonances in the  data  obtained with 13% methanol. 
Thus,  the  structure of STb is not affected by the  addition of 13% 
methanol  and we used the  data  acquired in this solvent  system 
for  structure  determination. 

Resonance assignments 

Resonance  assignments were obtained by first  identifying  the 
spin systems characteristic  of  different  amino  acids, using 2D 
TOCSY  and 3D TOCSY-HMQC  data.  All  the  NOEs  to  a  par- 
ticular amide  proton were compiled by analyzing the 2D (wl,  w3) 
planes at  the  corresponding I5N  chemical shift (w2). Sequential 
a N  ( i ,  i + l),  PN ( i ,  i + l),  and NN ( i ,  i + 1) NOES were then 
used to  arrive  at  sequence-specific  assignments.  The  individual 
planes were then  arranged according to  the  amino acid  sequence 

as the  assignment  progressed.  Sequential  amide-amide NOES 
could be observed for  most of the molecule,  facilitating  assign- 
ments.  Table 1 lists the chemical shifts  for  STb in water  at 
pH 4.0 and 15 "C.  Unambiguous  assignments  for  some of the 
side-chain protons could not be obtained by this procedure. Fig- 
ure 3 shows composites of 2D (wl, w3) planes from 3D 'H-l5N 
NOESY-HMQC  spectra  corresponding  to  the  N-terminal helix 
(residues 5-23). 

Secondary  structure 

Figure 4 summarizes  the  sequential  and  medium-range  NOEs 
observed in the 3D NOESY-HMQC  and 2D NOESY spectra. 
Also shown in Figure 4 is the  a-proton  chemical  shift  index, 
which allows correlations  to be made between the chemical  shift 
and  the  secondary  structure  (Wishart et al., 1992). Both  the se- 
quential amide-amide NOEs  and  the  medium-range ab ( i ,  i + 3) 
NOEs  qualitatively suggest that  the molecule is helical  between 
residues 6 and 23 and 35 and 46. This is consistent with the 
a-proton chemical shifts.  With  a few exceptions,  the H a  chem- 
ical shifts of  residues 6-23 and 34-47 are  shifted upfield  rela- 
tive to their  random-coil values. In contrast, H a  chemical shifts 
of several of the residues  in the  loop region  (residues 24-34) are 
close to  the  random-coil values. 

We also  carried out deuterium  exchange  experiments at pD 4.0 
and 15 "C, in order  to evaluate the protection  of amide  protons. 
The  deuterium  exchange was monitored by measuring  HSQC 
spectra  of  the  sample in D,O as a function of time. In the  ear- 
liest HSQC  spectrum  that could be recorded, -20 min after dis- 
solution,  only  the  cross peaks corresponding  to residues 13-20, 
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Table 1. 'Hand ''N chemical shifts of STb in aqueous methanol (13/87, v / v ) ,  at pH 4.0 and 15 "C 

Residue 

Ser 1 
Thr 2 
Gln 3 
Ser 4 
Asn 5 
Lys 6 

Asp 8 
Leu 9 

Lys 7 

c y s  10 
Glu 1 1  
His 12 
Tyr 13 
Arg 14 
Gln 15 
Ile 16 
Ala 17 
Lys 18 
Glu 19 
Ser 20 
c y s  2 1 
Lys  22 
Lys  23 
Gly 24 
Phe 25 
Leu 26 
Gly 27 
Val 28 
Arg 29 
Asp 30 
Gly 31 
Thr 32 
Ala 33 
Gly 34 
Ala 35 
Cys 36 
Phe 37 
Gly 38 
Ala 39 
Gln 40 
Ile 41 
Met 42 
Val 43 
Ala 44 
Ala 45 
Lys 46 

Cys 48 
Gly 47 

N 

120.03 
127.32 
122.06 
126.11 
126.51 
124.89 
124.89 
128.13 
120.44 
125.70 
122.46 
122.06 
124.49 
125.70 
124.49 
128.54 
122.87 
121.25 
117.60 
121.65 
126.51 
125.30 
113.96 
124.89 
127.32 
113.15 
123.68 
127.73 
124.89 
112.74 
117.96 
130.16 
1 11.53 
128.94 
121.65 
124.89 
109.10 
128.54 
122.06 
125.70 
124.49 
122.06 
124.49 
126.92 
119.22 
112.34 
127.73 

~ 

~ 

H N  
~ 

8.82 
8.59 
8.48 
8.49 
8.32 
8.19 
8.18 
8.27 
8.74 
8.41 
7.90 
8.28 
8.77 
8.14 
7.78 
7.94 
8.07 
8.01 
8.24 
7.79 
7.59 
8.35 
8.31 
8.22 
8.22 
8.06 
7.86 
8.45 
8.21 
8.36 
8.20 
8.34 
8.46 
8.25 
8.25 
8.37 
8.48 
8.04 
8.28 
8.09 
7.55 
7.55 
7.32 
8.73 
7.59 
7.89 
7.71 

~ 

~ 

H 

4.30 
4.30 
4.32 
4.69 
4.12 
4.08 
4.43 
4.08 
4.80 
4.09 
4.42 
4.17 
3.93 
4.00 
3.71 
3.95 
3.87 
4.03 
4.25 
4.68 
4.21 
4.22 
3.77,  3.95 
4.57 
4.23 
3.89 
4.04 
4.27 
4.60 
3.98 
4.32 
4.17 
3.92 
4.20 
4.23 
4.25 
3.63, 3.88 
4.16 
3.94 
3.65 
4.09 
3.93 
4.21 
4.02 
4.23 
3.87-3.97 
4.58 

39-46, and 48 could be detected.  These  cross  peaks were still de- 
tectable  after l l h of  exchange.  This  exchange  behavior is con- 
sistent with the assignment of helical structure  to these residues. 

Distance-geometry calculations 

Distance-geometry  calculations  provide a means of generating 
conformations  that  are  consistent  with  NMR-derived  distance 
restraints,  starting  from  randomized  coordinates  (Havel et al., 

HO 

4.29 
4.10 
1.99, 2.07 
3.80, 3.89 
2.86,  2.70 
1.85 
1.85 
2.69 
1.77 
2.97,  3.12 
2.15 
3.20, 3.37 
2.95, 3.12 
1.83, 1.96 
2.15-2.22 
1 .83 
1.32 
1.87 
2.06 
3.70,  3.86 
2.97, 3.19 
1.83 
1.80 

3.08 
1.59 

2.07 
1.72, 1.82 
2.73 

4.27 
1.32 

1.47 
2.94, 3.20 
2.98,  3.10 

1.49 
2.18,  2.29 
1.81 
1.95, 2.28 
2.09 
1.39 
1.38 
1.86 

2.87, 3.19 
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Other 

4.09 
H Y ,  1.21 
H', 2.36; H', 6.92,  7.59; N', 115.55 

H', 6.96,  7.67; N6, 115.65 
HY, 1.46;  H*,  1.70;  H',  2.87 
HT, 1.46; H6, 1.64; H', 2.86 

HY, 1.62; H6, 0.86 

H', 2.41 
2H, 8.39; 4H, 7.14 
H*,  7.15;  H', 6.81 
HT, 1.56; H', 3.09,  3.21; NH, 7.39 
HT, 2.41; H*,  6.86, 7.65; N', 115.10 
HY (CH2). 1.35; H7 (CH3), 0.82; H', 0.56 

HY, 1.32,1.49; H6, 1.64; H', 2.91 
H Y .  2.42 

H', 1.44; H*, 1.62 
H? , 1.46; H6, 1.64;  H',  2.98 

H',  7.22 
H', 1.48; H*, 0.82 

H Y ,  0.89 
H7, 1.57; H6, 3.12; NH, 7.22 

HY,  1.15 

H6, 7.16 

H Y ,  2.58;  H6,  6.82,  6.91; N*, 114.00 
HY (CH2),  0.91, 1.25; HY (CH3), 0.72; H', 0.54 
H', 2.57 
H Y ,  0.80, 0.91 

H', 1.38;  H*,  1.73 

These  structures,  after  they  are  refined  to  bring  the  structures 
into  agreement with the  distance  restraints,  represent  the  range 
of conformations  compatible with the NMR data. A total of 390 
distance  restraints  derived  from  the  NOE  data, of  which 144 
were intraresidue, 133 sequential, 99 medium-range (i, i + 2, 54; 
i, i + 3,  38; i ,  i + 4,  7), and 14 long-range, were incorporated 
into  calculations  as  upper  bounds  on  corresponding  interpro- 
ton  distances.  Additional  NOEs were present  but  could  not  be 
assigned unambiguously  because  of  the  degeneracy of the ' H  

1983; Crippen & Havel, 1988; Kuntz et al., 1989; Havel, 1991). chemical shifts. An  attempt was made  to assign additional NOEs 
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Fig. 3. 2D ( w l ,  w3) strips  from  the 3D NOESY-HMQC  speclruni  of  STb,  arranged  according t o  the  amino  acid  scquence.  Rep- 
resentativc  data for residues 5-23 are  shown.  Data were obtained i n  13% aqueous  methanol  at pH 4 and 15 "C with  a  mixing 
time of 150  ms.  Individual  strips  are  centered (k0.06 ppm)  around  the  chemical  shift of the  amide  proton in w3 dimension. I n  
the  amide  region,  the  diagonal  peaks  arc  shown  with  only a few outer  conlours  and  an astel-isk in thc  center in order  to  facili- 
tate  recognition of sequential  amide-amide  NOES. In  the H" region,  the  cross  peaks  corresponding  to cuN (i, i + 3) are  boxed 
and identified  with  an  arrowhead.  Dashed box indicates  overlap of this  medium-range  NOE with a sequential  NOE. 
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Fig. 4. Summary of sequential  and  medium-range ( 1  i - j 1 5 4) NOES  observed in the  3D  NOESY-HMQC  and  2D NOESY spec- 
tra  of STb. Filled  bars  indicate  the  observed  NOEs;  the  thickness of the  bars  reflects  the  intensity  of  the  NOEs, which are clas- 
sified as  weak,  medium,  and  strong.  The  intensities  were  measured by counting  thc  number of contours  and  normalizing  them 
relative to  the  number of contours  observed  for  the  corresponding  amide  group  in  the 'H-"N HSQC  spectrum.  Unfilled bar 
indicates  an  NOE  that  might be present,  but  whcrc  unambiguous  assignment was not possible due to rcsonance  overlap. A blank 
space  indicates  that  the  NOE was absent. a0 ( i ,  i + 3) NOES were observed  in  the 2 0  NOESY  spectrum  under  the  same  condi- 
tions.  The  Wishart  index (A6Ha index) is indicated  at  the  bottom of the  figure. A downward  bar  indicates  an H" resonance 
upfield  shifted  relative to  the  random-coil  value  for  that  residue;  an  upward  bar  indicates a downfield-shifted  resonance; a cir- 
cle indicates  an  H"  chemical  shift  within  the  range  for a random  coil. 
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after  the  structure  determination,  but  this was not  fruitful  due 
to  the  fact  that  ambiguities involved  residues  in the  loop (resi- 
dues 21-36) whose orientation relative to  the rest of the molecule 
is not well defined  in  the  structure. Details of  the  distance- 
geometry procedure  are described in the Materials and  methods. 
A total of 20 distance-geometry structures were generated. Two 
of  the  distance-geometry  structures  had relatively high  error 
function values compared  to  the rest and were discarded  from 
further  analysis.  The  remaining  structures were analyzed  for 
their  violations  from  the  input  distance  restraints  and  similar- 
ity of their backbone  conformations. These structures satisfy the 
input  distance  restraints  reasonably well. Most of the  violations 
were <0.1 A, with a few in the  range 0.1-0.7 A. The  average 
violations for  the individual distance-geometry structures ranged 
from 0.07 t 0.11 to 0.07 t 0.13 A. An  analysis of the  RMSDs 
showed that  the  backbone  conformation converged to  different 
extents  in different  parts of the molecule, and  the extent  of  con- 
vergence correlated  with  the  number of restraints in  a given re- 
gion. For example,  when residues 5-48 of the distance-geometry 
structures were superimposed  on  the  average  structure,  the av- 
erage  RMSDs were 2.5 t 0.8 A for  superimposing  backbone  at- 
oms  and 3.0 t 0.74 A for  superimposing all heavy atoms. If the 
loop  region, residues 21-36, is excluded from  superposition,  the 
average  RMS values drop  substantially  to 1.27 2 0.29 A and 
1.93 f 0.44 A for  backbone  and heavy atoms  superpositions, 
respectively. Thus,  the  loop region from residues 21 to 36 con- 
verges poorly, relative to  the rest of  the  molecule.  The  average 
RMSDs for this region of the molecule considered separately are 
2.6 t 0.24 A and 3.5 t 0.32 A for  backbone  and heavy atom 
superpositions, respectively. Also,  the  orientation of the loop 
region 21-36 relative  to  the  rest  of  the  molecule  converges 
poorly,  due  to  the  absence of NOES between  these two  parts of 
the molecule.  Figure  5 shows a superimposition of the Ca trace 
of all the  distance-geometry  structures.  This overlay  was ob- 
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tained by superimposing  backbone  atoms  of residues 3-21 and 
36-48 as  one  structural  unit  and  those of the  loop region  (resi- 
dues 21-36) separately. It is evident from this  superposition that 
backbone  conformation  for residues 5-22 and 35-46 converges 
reasonably well. Two  alternate  conformations  appear  to  be 
equally  compatible with the NOE data  around  residue 47. 

One of the  distance-geometry  structures,  that with the low- 
est error  function  value, was further  refined by restrained en- 
ergy minimization.  The  details of the  procedure  are  described 
in the  Materials  and  methods.  Figure 6 and Kinemage  1 show 
the resulting structure. A variable  width  ribbon, which  reflects 
the relative average  RMSDs at each  residue, is superimposed on 
the  structure.  These  average  RMSDs  are derived from  the  su- 
perposition of distance-geometry  structures  shown in Figure 5. 
In this  structure,  the  backbone 6, $ dihedral angles  of  all resi- 
dues, with the  exception of  Leu  9 and  Thr 32, are within the  al- 
lowed  regions  of the  Ramachandran  map  (Ramachandran & 
Sasisekharan, 1968). We have  carefully  examined  the NOE as- 
signments involving these residues for possible spin-diffusion  ef- 
fects and  did  not  find  any.  The  deviation of L9 and  T32 is 
presumably a result of energy minimization in the  absence of 
solvent and/or  due  to a conflict between multiple pseudo-force 
constants representing the  distance  restraints. These distortions 
are relieved when energy minimization was carried out in the ab- 
sence  of restraints.  This yielded a structure with  a very similar 
backbone  conformation  but,  as  expected, this structure  shows 
larger violations from  the input  distance  restraints. Both of these 
minimized structures share  the structural features described below. 

The  structure shows two helical regions, one  from residues 10 
to 22 and  the  other  from residues 38 to 44. The  backbone di- 
hedral angles  in  these  regions are  more  distorted  from  the ideal 
helical values in the  structure shown in Figure 6 and Kinemage 1 
but are closer to  the ideal values in the  structure minimized with- 
out restraints. The N-terminal helix  is amphipathic, with the side 

Fig. 5. Stereo  diagram of superposition of 18 of 
20  distance-geometry  structures  calculated  using 
the NOE data.  Backbone  atoms of residues 5-23 
and 34-48 are  superimposed  as  one  structural  unit. 
Backbone  atoms of residues 21-36 are  super- 
imposed  separately.  Only C" atoms  are  shown for 
clarity.  Heavy  atoms of Cys residues  are  also 
shown.  Selected  residues  are  labeled. 

45 



1724 M .  Sukumar et al. 

E 19 

H1 

chains  of  Asp  8,  His 12, Gln 15, Lys 18,  Glu 19, Lys 22, and 
Lys 23 pointing  into  the  solvent,  making a highly polar  surface. 
It is interesting to note  that Lys 22 and Lys 23 have been shown 
to be  important  for  toxic activity (Fujii et at., 1994). The  role 
of  other  charged residues in this region of  the molecule in de- 
termining  the  toxic  activity  has  not yet been explored. Several 
hydrophobic residues from  the  opposite  face of the  N-terminal 
helix are in contact with the  hydrophobic residues from  the 
C-terminal helix. For  example,  Tyr 13 and  Arg 14 extend  their 
side  chains  into  the  hydrophobic  interior  of  the molecule and 
make  contacts with Val 43, whereas  Ala 17 side  chain is in con- 
tact with Ala 39 and  Gln 40 side  chains.  The helices pack rather 
loosely,  leaving a gap  of  subatomic  dimensions between  these 
two  clusters. 

The  C-terminal helix is relatively more  hydrophobic; He 41, 
Met 42, and  Phe 37 form a hydrophobic  cluster,  and Ile 41 also 
makes contact with the side chain  of R29 in the  loop region. The 
loop region  (residues 21-36), linked by the  disulfide  bond,  may 
be defined as  an R loop (Leszczynski & Rose, 1986). This region 
is devoid of regular secondary  structure, with the exception  of a 
type I l l '  &turn centered around residues 35 and 36. The Ca-C" 
distance between the  ends  of  the  loop is short (4.7 A) and 
the  loop  forms a well-packed structure by itself. Residues Phe25, 
Val 28, Ala 33, and Ala 35 in the  loop region form a hydrophobic 
cluster, while exposing  the  charged residues Arg 29 and  Asp 30 
to  the solvent. We have  previously shown  that  mutation  of  either 
of  these  charged  residues  significantly  affects  the  toxic activity 
of  STb  (Dreyfus  et  al., 1992). 

The  chirality  of  the  disulfide  could  not  be  deduced  from  the 
NOE  data  due  to  overlap  of  Cys H/3 resonances. The  CD spec- 
trum  of  STb in the  near UV region  (Fig. 7) enables  estimates  of 
the  magnitude  of  the  dihedral  angle  around  the S-S bond  to  be 
made.  At  pH 6.5, the  CD  spectrum in the  near UV region shows 

Fig. 6. Stereo diagram of energy  minimized  struc- 
ture of  one  of the distance-geometry structures, 
with  least-error function. Heavy atoms are shown. 
A variable width ribbon that reflects the average 
RMSD at every residue (for the superposition of 
distance-geometry structures shown in Fig. 5) is 
shown.  The average RMSDs ranged from 0.9 to 
3.5 A for residues 3-48 and were 5.7 A and 8.8 A 
for  residues I and 2, respectively.  Selective  residues 
are labeled. Side chains of residues that  have  been 
shown to be important  for  toxicity  are  given as ball 
and stick representations. 

a single  negative band  around 270 nm. Because this region  of 
the CD spectrum  could  have  overlapping  contributions  from the 
tyrosyl side  chain,  the  pH  of  the  sample  was increased to 1 1  in 
order  to  ionize  the  tyrosyl  side  chain  and  thus  shift  the  tyrosine 
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Fig. 7. Near-UV CD spectrum of  STb showing disulfide bond contri- 
butions at pH 6.5 and pH 1 1 .  Five-millimeter  pathlength cells were  used 
at a protein concentration of 50 pM, in 5 mM KPi, pH 6.5 ( - -) or 
5 m M  CAPS, pH 1 1  .O (-). 
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contribution  to a higher wavelength. This reveals a positive band 
at 248 nm.  At  this  pH,  the negative band  around 270 nm is re- 
tained.  Although it is difficult  to  delineate  the  contributions of 
the  two disulfide bonds  to these two  bands,  the  strong  CD  band 
at 248 nm suggests that a significant population of the  rotamers 
have S-S dihedral angles  close to -t9Oo. The  long wavelength 
band  at 270 nm suggests  a contribution  from  rotamers with  di- 
hedral angles deviating by -30"  from 90" (Boyd, 1972; Don- 
zel et al., 1972). This  estimate is consistent with the  dihedral 
angles observed in the  distance-geometry  structures. 

Role of disulfide bonds in stabilizing the structure of  STb 

The  disulfide  bonds in STb  have been shown  to be crucial  for 
its toxic activity (Dreyfus et al., 1992; Y. Arriaga, B.A. Harville, 
and  L.A.  Dreyfus,  unpubl. results). We examined  the  effect of 
reducing the disulfide bonds  on  the  secondary  structure of STb 
by CD spectroscopy.  STb was reduced by incubating in I O  mM 
DTT  at 37 "C and  the  reduction was followed by testing aliquots 
on  reverse-phase  HPLC.  After  the  reduction was judged  com- 
plete by HPLC,  the  CD  spectrum  of  the reduced form was re- 
corded  after  appropriate dilution.  Figure 8 shows the  CD spectra 
of  native  and  reduced  STb  at  pH 7 and 10 "C. It is evident  that 
reduction is accompanied by dramatic loss of structure. Estima- 
tion of secondary  structure  for each  of  these  spectra by CONTIN 
(Provencher & Glockner, 1981; Provencher, 1982) indicated that 
native  STb  has  about 73 -t 2% helix and 4 k 2%  @-structure, 
and  22%  remainder, whereas  reduced STb is composed of 20% 
helix, 29%  0-structure,  and  51%  remainder.  Thus,  the disulfide 
bonds  stabilize  the  native  structure of STb. 

Cooperativity of disulfide bond formation and the role of 
secondary structure in stabilizing the disulfide bonds 

The  CD studies discussed above have shown that disulfide bonds 
are  important in  stabilizing the  native  secondary  structure. We 
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Fig. 8. CD spectra of native and reduced  STb  at  pH 7 .  Protein  concen- 
tration was -7 p M .  Data collected  every  nanometer for 3 s were  aver- 
aged  over  three  scans,  baseline  subtracted,  and  smoothed. 

wanted  to investigate the  importance of secondary  structure  on 
the stabilities  of  disulfides and  also  examine if the  formation of 
two disulfide bonds is cooperative, by measuring the equilibrium 
populations of native, fully reduced,  and single-disulfide inter- 
mediates in equilibrium  mixtures  of  STb in DTT  redox  buffers. 
Similar  studies on  apamin,  an 18-residue peptide  containing two 
disulfide  bonds, have shown  that  disulfide  bond  formation in 
this  peptide is very cooperative and  that the  native  disulfides are 
only  moderately stabilized by urea  denaturable secondary  struc- 
ture  (Chau & Nelson, 1992). Figure 9A shows  the HPLC  chro- 
matogram of an equilibrium  mixture of STb in 1:lOO DTT: 
DTT-oxidized.  The  peaks  due  to  the native and  reduced  STb 
were identified by analyzing STb under fully oxidizing or reducing 
conditions, respectively. In Figure 9A, in addition  to  the native 
and fully  reduced  species,  significant concentrations of single- 
disulfide  intermediates  could  be  detected, which suggests that 
the  disulfide  bond  formation in STb is only  moderately  coop- 
erative. For  STb, with four Cys  residues, six single-disulfide  in- 
termediates  and  two  two-disulfide species (in addition  to  the 
native  form)  are possible. At least seven of these  species could 
be detected in the equilibrium mixture;  some of these were over- 
lapped in the HPLC  chromatogram  and  could  not  be resolved 
further.  Although  unambiguous  assignment  of  these  peaks 
to  the  individual species is difficult,  two well-resolved peaks 
marked  SD  are  at higher concentrations relative to  the  others. 
If these are assigned to single-disulfide intermediates with native- 
like disulfides, we obtain  an equilibrium constant of -4 X IOu3 
for  the  formation of a single-disulfide intermediate from  the re- 
duced  form  and  an  equilibrium  constant of -7 X IO-' for  the 
formation of the  second  disulfide  bond, based on  the  integra- 
tion of  peak areas.  This  represents  an 18-fold  increase  over the 
formation of the  first  disulfide, which is quite  moderate  com- 
pared to the cooperativity  observed in apamin where the  forma- 
tion of the  second  disulfide  has an equilibrium  constant  that 
represents a  680-fold  increase  over the  first  one  (Chau & Nel- 
son, 1992). This suggests that in STb  the  formation of the  first 
disulfide bond  does  not constrain the molecule as much  as it does 
in apamin, to favor  the  formation of the  second  disulfide. 

In  order  to  evaluate  the  role of urea  denaturable  secondary 
structure in determining  the stabilities of  the  native  disulfides, 
a similar experiment was carried out in the presence of 8 M urea. 
Figure  9B  shows the  chromatogram.  The relative concentrations 
of reduced and  native species change  dramatically in the pres- 
ence  of  urea.  Integration of peak  areas  shows  that  the equilib- 
rium  constant  for  the  formation  of  native  from fully  reduced 
STb decreases by a factor of -40 in the presence of urea.  On 
the  other  hand,  the  equilibrium  constant  for  the  formation of 
single-disulfide  intermediate  from  reduced decreases only by a 
factor of 5-10. Thus, it appears  that  the helical structure plays 
a greater  role in stabilizing  the  two  disulfide  bonds  simultane- 
ously and is  less crucial for maintaining any  one of the disulfides. 

The results presented  here  show  that  STb is a predominantly 
helical molecule,  and  the helical structure is significantly stabi- 
lized by the  disulfide  bonds. Several of  the residues  in the  loop 
region  between  residues 21 and 36 have been shown to be  im- 
portant  for  toxic  activity.  The  importance  of  other residues  in 
the helical structural  unit, stabilized by disulfide  bonds or the 
N-terminal  nine  amino  acids,  remains  to be explored.  The  mo- 
bility of  the  loop  region  observed in the present study  may be 
of  functional significance. It will be  of  interest  to  examine  if a 
peptide  corresponding to the  loop region 21-36, incorporating 
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Fig. 9. HPLC traces of equilibrium  mixtures of STb in a  DTT  redox  mixture  in  the  absence (A) and in the  presence (B) of 8 M 
urea. N and R refer to native  and  reduced  STb,  respectively.  Peaks  that  are  tentatively  assigned  to  single-disulfide  intermedi- 
ates,  with  native-like  disulfides, are labeled  SD.  See text for  details  of  experimental  procedures. 

the  disulfide  bond between 21 and  36, is sufficient  for toxicity. 
These  studies  are  currently  underway. 

Neither  the  amino  acid  sequence  nor  the  disulfide  bonding 
pattern of STb  shares  any similarities with other peptide or  pro- 
tein toxins  containing  disulfides.  The  3D  structures of  several 
of these toxins  have been determined, for example,  antimicrobial 
defensins  (Pardi et al., 1992), the  scorpion  toxins  iberiotoxin 
(Johnson & Sugg, 1992), P05-NH2  (Meunier et al., 1993), spi- 
der  toxin w-Aga IV B (Yu  et  al., 1993b), the  toxin-agglutinin 
Hevein (Andersen et al., 1993), the  snake venom  toxins sarafo- 
toxin  SRTb  (Atkins et al., 1995), fasciculin (Le  Duet  al., 1992), 
cardiotoxin VI14 (Rees  et al., 1990), bungarotoxin (Oswald et al., 
1991), cardiotoxin (Gilquin  et al., 1993), cobrotoxin I1 (Yu  et al., 
1993a), sea anemone  toxin  ATX  IA  (Widmer et al., 1989), bee 
venom  toxin,  tertiapin  (Xu & Nelson, 1993), and  snail  toxin 
w-conotoxin (Davis et al., 1993). None of these structures resem- 
bles the  structure of STb determined  here. The  central  structural 
motif in STb,  two  disulfide  bonds linking two helices, is rela- 
tively rare  in  protein  structures. We found  only  three  examples 
of a disulfide linking two helices in the  Protein  Data Bank  (Bern- 
stein  et al., 1977; Abola et al., 1987); one of the disulfide bonds 
in crambin  (Teeter, 1984) and in glutathione reductase (Karplus 
& Schulz, 1987) links two  short helices. In  phospholipase  A2, 
two  disulfides link two  long helices that  are perfectly antipar- 
allel (Dijkstra  et  al., 1981). 

Materials and  methods 

STb preparation 

STb was purified by a modification of a previously reported 
method  (Dreyfus et al., 1992). Briefly, E. coli 1790 (Shannon 
C.  Whipp, U.S. Department of Agriculture,  Agricultural Re- 
search Services, National  Animal Disease Center,  Ames, Iowa) 

harboring  pPD21K  (Urban et al., 1990), a  kanamycin-resistant 
derivative of plasmid pPD21, used as a source  of the  STb  gene, 
was grown  at 37 "C with vigorous  aeration in 24 L of M9 me- 
dium  (Maniatis et al., 1982) containing  0.2% glucose and  kana- 
mycin (50 pg/mL).  After 18 h of growth,  the bacterial cells were 
removed by filtration  at  room  temperature  through a 0.1-pm 
hollow  fiber cartridge  attached  to  an  Amicon DC-IO prepara- 
tive ultrafiltration device. High  molecular weight material was 
removed  from  the  filtrate by passage through a  100-kDa  exclu- 
sion  spiral  membrane  cartridge.  The  filtrate was concentrated 
over  a  3-kDa exclusion spiral  membrane cartridge to a final vol- 
ume of approximately 1 L.  The  concentrated  filtrate was then 
pumped  at a  flow rate of 30 mL/min  onto a DeltaPak  C4 RCM 
preparative (25 mm x 100 mm)  HPLC  column.  Bound  mate- 
rial was eluted from  the  column with a  step  gradient  of  methanol 
containing 0.05% TFA.  The  eluate was monitored  at 220 nm. 
STb eluted at 60% methanol.  Methanol was evaporated,  and the 
solvent  was exchanged  over a Fast Desalt column  (Pharmacia, 
Piscataway, New Jersey)  equilibrated in 0.05 M sodium  phos- 
phate  buffer  (pH 6.5). The  sample was then  fractionated by 
cation-exchange  FPLC  on a mono-S  column equilibrated in the 
same  buffer.  Material  that  bound  to  the  mono-S  column was 
eluted  with a  linear gradient  of  NaCl (0-1 .O M) in phosphate 
buffer,  pH 6.5. STb  eluted  as a  single  peak at approximately 
0.3 M NaCl.  Aliquots  of the STb-containing peak were analyzed 
for  purity by reverse-phase FPLC  on a PepRPC 15 column 
(Pharmacia,  Piscataway, New Jersey)  equilibrated in water con- 
taining 0.05% TFA  and  developed with  a  linear gradient  of 
0-100% acetonitrile  containing 0.05% TFA.  Pure  STb  eluted 
as a  single sharp  peak  at  approximately 60% acetonitrile.  The 
material was further analyzed by SDS-PAGE (12.5% T, 6%  C) 
in tricine  buffer (Schagger & von  Jagow, 1987) and  automated 
Edman  degradation using a model 470 automated sequencer 
(Applied Biosystems, Foster  City,  California). 
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"N-labeled STb was prepared  in  the  same  manner  as  un- 
labeled STb with the exception that "NH4C1 ("N, 97%;  Cam- 
bridge  Isotope  Laboratories,  Andover,  Massachusetts) was the 
sole  source of nitrogen in the M9-glucose medium. 

CD 

CD spectra were recorded on  an Aviv model  62DS  spectrometer, 
using cells of  I-mm  pathlength.  The  temperature was regulated 
by a built-in thermoelectric  holder. Peptide  concentrations were 
-7 pM in 5 mM  citrate  (pH  4-9,  phosphate  (pH 6-7), Tris 
(pH 8-9), or CAPS  (pH 10-1  1) buffer.  Higher peptide concen- 
trations  and  5-mm  pathlength cells were  used for  recording  the 
CD signal  in the  near-UV region (240-300 nm).  Data collected 
every nanometer  for 3 s were averaged  over  three  scans, base- 
line subtracted,  and  smoothed. Estimates  of  secondary structure 
were obtained  using  the  program  CONTIN  (Provencher & 
Glockner, 1981; Provencher, 1982). 

NMR spectroscopy 

All the  NMR  data were acquired on a Varian VXR500 spectrom- 
eter  operating  at a ' H  frequency  of 500 MHz. All the  data were 
obtained  at 15 "C  on 1.5-2.0 mM  samples in 90%  H20/10% 
D 2 0  or 87%  Hz0/13%  CD30D  at   pH 4.0, in a total  sample 
volume  of 0.7 mL.  Samples  uniformly labeled  with  I5N  were 
used for  2D  HSQC,  3D NOESY-HMQC, and 3D TOCSY-HMQC 
experiments. Both labeled and unlabeled samples were used for 2D 
NOESY and  2D  TOCSY experiments.  Chemical  shifts were mea- 
sured with respect to  TMSP as an  internal  standard. I5N  chemi- 
cal  shifts were measured relative to  an external standard (200 mM 
I5NH4Cl in 1 M HC1 referenced at 24.93 ppm).  Data processing 
was done  on a Silicon Graphics  4D/25  Personal Iris workstation 
using the  program Felix (Biosym Technologies Inc.). All the spec- 
tra were acquired in phase-sensitive mode with quadrature detec- 
tion (States et al., 1982). A  relaxation delay of 1 s was used in all 
cases. Two-dimensional NOESY (Jeener et al., 1979; Kumar et al., 
1981) and TOCSY (Davis & Bax, 1985) spectra were acquired with 
a  spectral  width  of 6,800  Hz in both dimensions and mixing times 
of 150 and 60 ms, respectively. The water signal was suppressed 
by low-power presaturation,  and, in the case of "N-labeled sam- 
ples, nitrogen was decoupled during ' H  evolution and  during  the 
acquisition  time.  A WALTZ17 (Bax, 1989) mixing sequence was 
used for  TOCSY experiments with the  introduction of two delays 
before  and  after  the 180" pulse for  the suppression of cross relax- 
ation  (CLEAN-TOCSY) (Griesinger et al., 1988). Two x 256FIDs, 
each of 768 complex points, were acquired with 64 scans per FID. 
A zero-order baseline  correction was applied after  Fourier  trans- 
formation of the  t2  dimension,  and linear prediction  of the first 
point of each FID was used to  obtain flat  base  planes. Data were 
apodized using Gaussian or shifted sine-bell functions.  Zero fill- 
ing and Fourier transformation in t 1 and  t2 dimensions yielded ma- 
trices of I K  X 1K real points. 

IH-I'N HSQC  spectra  (Bodenhausen & Ruben, 1980) were 
recorded with spectral widths of 6,800 Hz in the  proton dimension 
and 1,290 Hz in the nitrogen dimension. A 3-ms spin-lock purge 
pulse was  used to  suppress  the  water signal (Messerle et al., 
1989),  which  was further  removed  during  data processing  with 
a  low-frequency filter in the time domain  (Marion et al., 198913). 
Two X 100 FIDs of 768  complex  points with 32  scans per FID 
were  collected and  processed  as  described  above  to  obtain  ma- 

trices of 5 12 X 5 12 real  points  after  discarding  all  the  data  up- 
field to  water in the w2 dimension. 

Three-dimensional IH-15N TOCSY-HMQC  and  NOESY- 
HMQC  (Marion et al., 1989a, 1989c; Zuiderweg & Fesik, 1989) 
data were acquired using  pulse  sequences adapted  for solvent 
suppression with two spin-lock  purge pulses of 0.5 and 2  ms du- 
ration (Messerle  et al., 1989). The spectral  widths along w3,  w2, 
and wl dimensions were 6,800  Hz, 1,290 Hz,  and  5,400  Hz, re- 
spectively; 768 complex t3 ,29 complex  t2,  and 1 IO complex t 1 
data  points were obtained with 16 scans  per  FID, resulting in a 
total  acquisition  time  of  -3  days.  The mixing times used  were 
50 and 150 ms for  the  TOCSY-HMQC  and  NOESY-HMQC, re- 
spectively.  A low-frequency filter  was applied  before  data  pro- 
cessing (Marion et al., 1989b). The  apodization  functions used 
were a  Gaussian for  the  t3  domain, a 45"  shifted  sine bell added 
to a  100-Hz line-broadening  exponential  for  the  t2  domain  (Fe- 
sik & Zuiderweg, 1990), and a 70 degree-shifted sine bell for  the 
t I domain.  Zero-order baseline corrections were applied  after 
Fourier transformation  along  the  t3  and  t2 dimensions, and  the 
first point of each  FID  along  the  t2  and t l  domains was calcu- 
lated by linear  prediction.  Zero filling and  removal  of  the ali- 
phatic  part of the spectrum in the w3 dimension yielded matrices 
consisting of 512 X 64 x 512  real points. 

Distance  geometry 

Distance-geometry  calculations were carried  out using the  pro- 
gram  DGII within Insight11 (NMRchitect  software, Biosym 
Technologies,  San Diego, California)  on a  Silicon Graphics 
4D/25  Personal Iris workstation.  The  DGII  program is based 
on  the  EMBED algorithm (Havel et al., 1983; Kuntz et al., 1989; 
Havel, 1991). The  calculation  starts with randomized  coordi- 
nates and involves bound  smoothing,  embedding,  majorization, 
and  optimization using  a simulated  annealing  protocol.  The 
NOES were  classified as  strong,  medium,  weak,  or very weak 
in intensity  based on  the  number of contours in the  cross  peaks 
and 2.7, 3.3,  4.0,  or 4.5 A were used as  upper  bounds  for  the 
corresponding  interproton  distances.  The region from residues 
10-22 forms a well-defined helix and  the  NOE intensities in this 
region of  the molecule  were  used as guidelines for this  classifi- 
cation.  Methyl  and  methylene  groups were replaced by pseudo 
atoms  at  their  corresponding  centers of mass,  and  the  upper 
bounds were corrected  appropriately, by adding 1 and 1.5 A, 
respectively. Distance restraints were incorporated  into  the cal- 
culation in the  form  of skewed biharmonic  potential energy 
functions, with a force  constant of 30 kcal .mol-' . A - 2 .  A to- 
tal of 20 distance-geometry  structures were calculated  and  an- 
alyzed for convergence of backbone  conformation  and  for their 
violations  from  the  input  distance  restraints. 

For  further  refinement  of  the  structure,  one  of  the  distance- 
geometry  structures was subjected  to restrained  energy  minimi- 
zation in the presence of  the  same set of distance  restraints  as 
was used for distance-geometry  calculations.  A 12-A cut-off was 
used for  nonbonded  interactions.  Charge  interactions were in- 
cluded  and a distance-dependent dielectric, set to 1 x internu- 
clear distance, was used. A quartic  nonbonded  form was used 
during  initial  stages  of  minimization, which was later replaced 
by a Lennard-Jones  potential. A consistent valence force field 
was used without  Morse  and  cross  terms  (Dauber-Osguthorpe 
et al., 1988). Atomic  coordinates of the energy-minimized struc- 
ture (access code  IEHS)  and  the list of NMR-derived  distance 
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restraints (access code  RIEHSMR)  have been deposited at  the 
Brookhaven  Protein  Data  Bank. 

HPLC analysis of STb in redox  buffers 

The redox  reaction was initiated by dissolving a lyophilized sam- 
ple of STb in  redox buffer - 50 mM potassium phosphate, 0.2 M 
KCI, and 1 mM  EDTA  adjusted  to  pH  8.7,  containing 10 mM 
redox  mixture (1: 100 DTT:DTT  oxidized), predegassed under 
sonication  and  kept  under  nitrogen  atmosphere  (Creighton, 
1986). The  final  concentration  of  STb was 25 p M  in  a total vol- 
ume of 200 pL. The  mixture was  left at  room  temperature  un- 
der  nitrogen.  At  various  intervals,  the  exchange was quenched 
by adding 100 pL  of  25%  TFA  and  analyzed  immediately by 
HPLC  on  an  analytical reverse-phase C18  column  (Vydac), 
using an  acetonitrile-water  gradient.  Equilibration was gener- 
ally achieved within 2 h.  The  gradient was optimized to  resolve 
the  maximum  number  of species. The  following  gradient was 
chosen: 10-27% acetonitrile in the  first 5 min, 27-35'70 aceto- 
nitrile in the next 17 min, 35-100% acetonitrile in the last 24 min. 
Solvents contained  0.1% TFA.  The  absorbance of the eluate was 
followed at 220 nm. 

Supplementary material in the Electronic Appendix 

One  table of  NMR-derived restraints used in the  generation 
of distance-geometry  structures is contained in the  Electronic 
Appendix. 
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