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The solution structure of surafotoxin-6b in water has lmn determined using hngh remiuuun NMR spc'.lroscc:py. !27 prclan proten cmmm.e me:u-
urements and thice ¢ dihedral nngle constrxintz derived from NMR spectra were used to caleulate the selution strueture uzing b eambimation of
distunce geometry and resirained molecular dynamics. The major struetural featurs of the resulting: family of five struciures was a ngm hiirded
- a-helix extending ftom K9 to @17, In contrast, the Cuterminal region of the peptide appeurs nat ta-adopl 4 preferred conformation in uqueous .
solution. The present structure is compared with those prewmuly determincd for endmhelin peptides iy nan-aqueous selvants,

Sarafotoxin; Endotheling NMR: Protein Stru:_turc; Branchoconstriction: Dislance Geomeuy

1. INTRODUCTION

The sarafotoxins are a group of 4 peptide toxins first

isolated in 1982 from the venom of the Israeli burrow- -

ing asp, Atractaspis engaddensis [1,2]. These 21-residue
peptides show remarkable sequence homology to the
recenily discovered endothelins, to date the most potent
endogenous  vasoconstrictors in mammalian
vasculature [3]. '

Together, these pepudes foxm a ncwly dcfmcd family

of vaso- and bronchoconstrictors, all of which evoke -

similar physiological responses by binding to a unique
group of receptors. The primary physiological effect,
peripheral vasoconsiriciion, is generally believed to
- result from a polyphosphoinositide-mediated increase
~of intracellular Ca**

[31.
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double quantam filtered correlaied spectroscopy; rf, radio-
frequency; 23 NGESY, two-dimensional nuclear Overhauser effect
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teimperaiure rélaxation time of bakh; Ay, timie 3iep; Kay, TOree consiant
for NMR restraints; «CH, w-carbon proton; NH, amide proton;
BCH, fA-carbon proton; RMSD, root mean square deviation; nOe,
I]UC]Ldl‘ Overhauser effect .
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.in vascular smooth musele cells

Chemical modifications of endothelin [4] and
sarafotoxin [3], such as destruction of one or both
disulphide bridges, cleavage of the intramolecular laop’
by lysyl endopeptidase, ar rernoval/modification of the
C-terminal Trp, all lower vasoconstrictive potency with

- respect to the native peptide. This suggests that these

structural features are essential for vasoconstrictive ac-
tivity. '

Recent NMR studics of endothelin-1 (ET-1) in non-
physiological solvents such as DMSO or  acetic:

acid/water mixtures have identified an irregular helix

between residues K9 and C15 (e.g. [6-9]). However,
whilst Saudek et al. [6,10] propose that the region from
H16 to W21 is closely associated ‘with the N-terminal
portion of ET-1, Endo et al. [7] concluded that the C-
terminal tail does not adopt a defined conformation:
We present here a preliminary agueows sulution
structure of S6éb, the most potent of the sarafotoxins;
we believe this to be the first structure of a member of
the endothelin/satafotoxin family which has been

~ determined in pure water solvent. The structure of S6b

was determined by using distance and torsion angle

“constraints derived from '"H-NMR experiments in con~ -

junction with distance geometry (DG) and restrained
molecular dynamics (RMD) calculations. -

2. MATERIALS AND METHODS

2.1, Materials :

5 ‘mg of sarafoloxin’ 86b- (amino  acid sequence =
CSCKDMTDRECLYFCHGDYIW) was obiained from the American
Peptide Co. (Santa Clara, CTA), Tetramethylsilane was from Aldrich
Chemieal Co, (Milwaukee, WI). All other:reagents were analytical
grade. The DG program, DISMAN was Kindly provided by Dr.
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Wetner Bmuri {Itiryxe of Molecular Biology and Biophysies,

Zurkehy, The RMD program, GROMOY, was i’fmn HOMOS

{Universiey of Croningen, The Metherlands),

23 ca evperiments

Circulu divhraism (CD) spectra were rewrdtd on a Jobin Yvon .

{RoussebJovan, Francey Dichrographe (11 tha had been calibratd at
304 nm agalnst an epiamdrasierone stundard, A 2 nm bandpass was
used witly 2 time consiant af 205 aad a pathlength af | mm. The pep-
nde was disselved in waler ar & coneentration of 0.29 mM and ad-
jusied wo the desired pH by the addivon of NaQH, Blank specira were
resorded with water anly in the eptieal cell, Mean vesldue ellipticiiies
were ¢alewlaned using nomean residue moleeular weightof 122.1, based
an & peptide molecular weight of 2564,

2.3 NMMR experiments

S6b was cissolved inn mixture of 95% Hx025% DO 10 gi\m\ {ina!
concentration of 1.9 mM, amd | mM sodiuny azide was added, Bs-
periments were condueted on the sampleat pH Y.6 Gnd 310K, and pH
3.1 and 303K, Dilue HEL and NaOH were used 1o adjust the pH.

A higli resolution one-dimensional (1D} NMR spectrum was cols
lecioet at pH 3.1, 303K for the mensurement of *umaen caupling tou-
stants. 128 summed F1Ds were collegted in 16 000 dain peinty, Prior
1o Fourier transformation, the time damain was zera-filted onge and
muluphcd by a Loreniz-Gaussian function, The final dng!ml resolue..
tion was ~0,21 Hz/pt.

Twa- ahmcnslonnl (2D) NMR specira were recarded in phase-
sensitive mode. using the TPPI methad [11] on Bruker AMX-400
wide-bore and AMX-600 narrow-bore spectrometers, Spectra at-
quired on these spectrometers had similar signal:tosnolse ratios

 (~330:1) as a dedicated proton probe was available For the AMX-400
spectrometer whilst far the AMX.600 spectrometér, proton ex-
periments were performed with an inverse probe which ultimately
failed 10 meet signal-1o-noise specifications. The spectral widthy were
4800 and 6600 Mz at 400 and 600 MMz, respectively. The sumple was
not spufk in 4ny experiment,

The raw data for each 2D cxpcnmenl consisted of 480-5!2 FIDs,
each consisting of. 64-144 scans inte 4000 complex data points.
Generally, zero-filling and shifted sine bell apodization were
employed in each dimension prier to Pourier transformation.
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Fig. 1. CD spectra of S6b in H20 at pH 3.6 (@) and pH 7.5 (); nole:
- the similarity of the spectra collected at these different pH values, The

shoulder in both spectra at ~ 223 nm is indicative of a-helical secon-
_ dary structure.
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Fowever, wome NOFRY spectra were apadized wibing 8 l,t!rwmx»t,muﬂ

" fumation In the reatstime dimemlan. Typhally, the final dimemilons

af the 20 spedira were 4000 ¢ 1000 vl Jata palniy, Basdlines were
currectéd wsing & thirg arder polynamial Tuagtion, .

The spin-lack iy 20 HOHAHA experimenty, which was obtaingd
using 8 MLEV=17 pulse seguence [12), bad an ef figld sirengihv of -4
k&, The irim pulses were 2,8 my. Continvous saturation of (he wiler

©pevananed wad perfermed durng the relaxation ime t1.5 §) inall ex-

periments and addidonally during the mising pertads in NOESY and

"HOHAKA specira.

Sequince-specliic  resonance  assignmenis  and  proton-praton .
distunce constraints were derived from 2D NOESY experiments. The
presence af érasspeaks rexulling from spin diffusion was asseired by
Tollowing the buitd-up of crosspedk intensity in NOESY specira ob»
tained with mixing periods {r«) ranging from 200-300 ms. Afler
eliminating cresspeaks arising from ‘spin-diffusion, protoni-praton
cistanee construintx were derived from erosspedk intensities inn 2D
NOESY spectrum with i = 330 ms; this NOESY represented a
svitablle compromise between reasonabie srosspesk imcnmy and
ininimal spin diffusion efrects,

24, Calewlitlon vf solution serueiure

Dipolar couplings were alassified into the following 3 groupsof up-
per distance consirainis necording 1o their inwmh} level as judged by
counting contour leveis: 2.8 A (strong), 3.3 A (medium), and 4.3 A
(weak). In addition, the 4 torsion angles were constrained 1o the range

~90° 10 = 30* for Mymwcu = 5.0 Bz The disulphide bridges,
C1-Cl3and CI-CLL, were fixed in the DG caleulntions by consteain-
ing the $-8 distance 1o an upper limitef 2.1 A and the §-2C distances

_a¢ross edch bridge to an upper limit of 3.1 A [13)

Using the DISMAN program on a Silicon Graphies RIS 4D
wotrkstation, 50 DG structures were caleulated from randany starling
conformations using 127 upper distance constraints and three ¢ angle
constraints, Nine structures, selected on the basis of their final penalty
function values, were then chosen for further refinement. Thisinvalv:
ed 200 steps of steepest restrained energy minimisation, followed by
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‘ F‘u: 2. A portion of 2 NOESY spectrum (7., = 350 ms) of S6b (3 9

mM, pH 3.1, 303K) showing sequential NH-NH connectivities (i.e.
‘connectivities between the backbone amide protons of neighbouring
residues), The arrowed lines trace out the connectivities from C11 to
V19, The weak dipolar coupling between E10 and Ci1 can only be
seen in contour plols containing lower-intensity contour lavels,
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Proven revanane muynmwmi fog mrﬁl’mmln b ar pHE 30, JOMKS
[ Residue NI [ oCh | BCH | BCH | CH | YCR | 1CE° 1 voWs | 6CH | 8CH | 6CH» | 8CHs | «CH
Ci S 4323 334 1Y
§2 894 474 38T
<3 B8 496 3140 196
K4 807 415 172 S 140 13 2.9
DS 886 453 LI 289 -
Mé 1.92 4.10 .20 i88 250 2.43 ‘
T . - 1.96 4.45 463 ' 1.34
o B84 445 22 : ‘ B
K9 §.44 3.99 1.86 1.717 1.54 141 ‘ .70 301
" EIO 773 406 223 . 264 258
Cil 8353 463 319 :
LIz 803 403 L77  L3T 169 086 083
13 848 477 320 291 : S
Q- 806 432 210 194 228
DI B35 467 290 274 _ :
Vi 7.85 404  LB6 : 077 0.65
120 800 416 L9 CL38  LI0 083 0.81
Residue "NH | oCH | PCH | PCH | 2H 206H | 3.5H | 4&H SH 6H TH NH ]
Y13 758 425 3,06  3.00 683  6.75 *
Fl4 B.S8 431 322 308 737 7150 741
‘H16 789 463 336 334 w53 7.23 : C
w21 813 471 337 323 .24 765 708 722 746 1003

“Chemical shifts are referenced to internal tetramethylsilane at .00 ppm

20 ps 6!‘ RMD refinament [14], The sysiem was equilibrated fof 4ps

. al 9DOK ‘by coupling to a 900K temperature bauh [15] ‘with a
-~ temperature relaxation time (7)) of 0.01 ps. The force constant for
NMR restraints (Kye) was 20 000 kJ - mol™ '+ nm " * and the time step
C(Af) was 2 fs, with all bond lengihs being kept rigid using the SHAKE
“algorithm [16). This was followed by 4 ps of RMD at 900K with 7, =
0,1 ps. Over the next 6 ps, the system was cooled by coupling to a bath
© at 300K (7 = 1.0 ps). The system was then maintained al 300K for
10 ps (re = 0.1 ps) with Ku. set at 1000 kI - mol ™' - nm =2,
The conformations during the last 5 ps of RMD were averaged and
minimised with restraints to provide the final structures for this study.
_Graphical analysis of DG-derived structures was performed using the
~ilasPius suite of programs (University of California, San Fran~
clsco). ' ‘

3. RESULTS

The biological activity of the S6b sample was con-
firmed by assay of bronchoconstrictive activity in
isolated human bronichus; it was fond in this assay to in-
. duce a mean maximal contractile response significantly
. greater than that induced by ET-1 and ET-2 (previously

‘pubhshed data; {17]).

The smular]ty of CD spectra of S6b at pH 3.6 and pH

7.4 (Fig. 1) indicates that the gross conformation of the
peptide in agueous solution is unaltered between,
physiological pH (7.4) and the acidic pH (3.6) required
for NMR. observation of labile amide protons. Further-

‘more, the shoulder observed at ~223 nm in both CD

spectra is indicative of a component of w-helix m the
native solution: structure of S6b.

The unique spin systems of M6, T7, L12, Vi9and 120
could be sequence-specifically assigned in all 2D
HOHAHA and DQF COSY spectra, whereas assign-
ment of the remaining spin systems, of which 12 were .
AMX-type, required the combined results of spectra -
caollected at both pH/temperatura conditions. This was
necessitated by the unusually large number of a-carbon
protons, resonating close to the frequency of solvent:
water. By shifting the water resonance (which chemical
shift' is both pH- and temperature-dependent)
downfiekl, it was possible to. assign all «CH
resonances. Fuftheériors, there were fewer degenerate

DMH resonances at pH 3.1, 303K, which proved essential. -

for unequivocal assignment of nQOe crosspeaks involv-
ing NH resonances. Sequential NH-NH connectivities

249



Volume 282, number 2

i poo w i : o
‘EHG’H.OMTﬁNK@’.‘L\‘th"ﬁﬁ\“!w

Wit -

wris) @ D R el
dptrin; e o BN e o Se——

.d.Nli.s.‘-}; % ‘ _'“ Vjs’"—*- 2201

'

Fig. 3. Summary of the inter-reddue nOe conneetivitiex and low

Jrunen vislues observed for $60 In this study, ‘The solid bars indicae

the presence of an nQOe and the height ofthe bar is proportional o the

nQe intensity. The hatehed area hiphlights nQe eonngetivities and
Jrnwtre values indicarive of an evhelix,

d,.ii.i-m

Jesti

FERS LETTERS

May 1991

between residues & and 19 (Flgs 2 and 3} and sequential

aCH-NH connectiviries between residues 12 and 31

enabled the unequivocal sequence-specific assignment

“af all resonances in the segment 8-21, In the xegment

1=7, K4 and D3 were then nssigned through a process of
climination. The remaining spin systems, C1 and C3,
were discriminated by the presence of sequential

- NE-NH as well as aCH-NH cornectivities between

vesidues '3 and 6, and sequential 8CEH-NH connee-
tivities. ‘ : ‘ '
All resonances were assigned for S6b at pH 3.1, 303K
and the chemical shifes are given in Table 1. A summary
of abserved nOes is given in Fig. 3. Inspection of this
fugure reveals not only & stretch of sequential NH-NH
connectivities between residues 8 and 19, wbich is

characteristic of helices, but also a large number of

medium range connectivities (i.e. i1+, dii +4) and low
values of Juyaen in this region, which are more
specifically indicative of a-helices. Complete analysis of
NOESY spectra vielded a total of 127 structurally im-

Fig. 4. Stereo views of the backbone atoms. (N, C, aC, 0) of the family of solution structures of $6b obtained from combined DG/RMD caleuta-
tions: (a) a view showing all residucs from three of 1he final five siructures (two are omitted for clarity) superimposed for minimum RMSD over
the region K9-Q17; (b) four of the family of structures (residugs 3-16 anly) viewed down the long axls of the helical region. This view illustrates
‘ : the two sub-families of structures which satisfy the present NMR constraints,
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partant dipolar-couplings which were used in the DG
-and RMD ealoulations: 6% intra-résidue, 48 sequential
and LU medium-range. The ¢ dihedral angles of K9,
L12, and Y13 were restraingd to the range - 0% to

= 90® in these caleulations based on their low values of

JuHacn { < 5.1 Hz),

A family of § structures resulted from the combined
DG and RMD caleularions (see Fig. dab). The major
steuctural feature of the pepiide Is a well-defined right-
hunded c-helix exiénding from K9 to Q17 (average
RMSD for the buckbone atoms over this segment =
0.44 A); Fig. 5 shows that the ¢ and ¢ angles of the
f‘amlly of structures converge to = 60® in this region.

The occurrence of specific C= O to NH;. 4 hydrogen.

bonds was estimated as the percentage of time for which
a particular bond was present during the lust 5.ps of the
RMD trajectory [18], averaged over the entire family of
structures, The backbone amide protons of residues
[2~18 were found to be involved in specific hydrogen
bonds of this type for >60% of the time, which agrees
with preliminary amide temperature coefficient data
obtained on the peptide (10 be published elsewhere).
Examination of the overlaid structures (Fig. 4)
reveals two sub-families differentiated by the direction
in which the polypeptide chain travels after exiting from
‘the N-terminal end of the a-helix. This is highlighted in
Fig. 4b, which shows a view looking down the'long axis
- of the helical region of the overlaid structures. Ex-
- amination of Fig. 5 indicates that this variation is large-
ly caused by variation in the sign of the ¢ angle at T7.
It remains to be seen whether this variation in the loop
region of the peptide is due to conforinational flexibili-

-180 T Pl Lk e

1 2 2 4 8 u 7 8 9mn121314!51151710:0_2031
Residue number

Fig. §. Phi {¢) and psi {(¢) angles for each residue in the final 5 sirue-

tures resulting from the combined DG/RMD calculatons. For

resiclues between K9 ang Q17 inclusive, there is stroig convergence of

both the ¢ and ¥ angles to ~60°, which is characteristic of o helix.

Note, however, the divergent ¢ angles for T7, which seem to be'large-

Iy responsible for the divergent paths the backbones .of the two

families of structures take after exiting froin the N- termmal end of the
ac«hehx
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‘ty or & lagk 'oF NMRJE constraints; swreospecific

aAssignments, espacially af the Lym inyl BCELY, may help -
1o declde this issue,

The DG and RMD - caleulations cweﬂl that C -

terminal tail of $6b (DI8-W21) appears to have no well-

- defined conformation in aqueaus solution, consistent
-with the few nQe constraints obtained from this region,

(Asaresult, the avernge RMSD for the backbone atoms -~
over the entire molecule is 3.53 A.) However, there are
some short-range dipolar interactions between thie side-
chains of V19, 120, and W21 and the downfield shifting

- of one of the V-19 y-methyl protons is presumably dug

to ring-current shift effects arising from proximity to
the W21 indole ring. Hence, there may be . loeal
hydrophobic interactions involving the lhrcec termmal '

residues,

4, DISCUSS!ON

The present studly has revealed a regular right- handed
a-helix in S6b extending from K9 to Q17. Previous

- NMR studies of endothelin in non-physiological

solvents have also revealed helical stretches; however,
these have usually involved fewer residues, ranging
from K9-C15 for ET-1 in DMSOQ [6,7] and ET-3in 10%
acetic acid [8] to' X9-H16 for ET-1 in 40% acetic: acid

[9]. Furthermore, all of the helical regions reported for
ET-1 and T-3 in these non-physiological solvents are ir-
regular and far removed from being standard right-
handed c-helices. It is unlikaly that these discrepancies

with the present structure represent intrinsic conforma-

tional differences between the solution structures of ..

86b and ET-1/ET-3 since the amino acid sequences of
these peptides are identical in the region X9-H16, More

likely is that the helices in the NMR-determined ET

structures are distorted due to the nature of the solvents
used in these studies or because the structures (with the
exception of those in [6]) have not been fully refined us-
ing RMD. -
The present study fajled to find ev;dence of any in-

. teraction between the C-terminus of S6b and the N-

terminal portion of the peptide. This concurs with all

previous NMR studies on ET peptides except those by

Saudek’s group on ET-1 [6,10] and ET-3 [8] in DMSO.
Determination of the solution structure of a member of *
the endothelin family in pure water solvent may help to

“decide whether this’ discrepancy is' due to the non-

agueous solvent used in these studies or the result of
better nOe data collected by the Saudek group.-
In summary, we have determined the structure of Sﬁb ‘

in aqueous solution and consequently believe it to be the - '
- best representation thus far of the binlogically active

conformation of * a member. of the endothelin/
sarafatoxin family, The structure néeds to be. further
refined before attempts can be made to correlate con-
formational features of the peptide with its biological -
activity. With this in mind, we are currently attempting
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to improve the quality of t‘hé family of solutlon strug-

tures by making stereospecific NMR: pssignments ane

measuring temperature ¢oeflicients for the baekh@ne-

amicle protons.

Ae‘mmw«'dnmwm: We thank the Austabian Madonal Hean Foun,
dation and the Uindvensity of Queensland for- finaneial suppor), Ms,
Karen MoKay for aysays of $8b uetivity, and Dr. Viadimir Snudm lor
praviding manusdripty pmw 10 puhlmulnn
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