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Solution structure of g-conotoxin GIIIA analysed by 2D-NMR and
distance geometry calculations
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W have mvestigated the structure of g-conoton GIHA by 2D NMR mcethads | he asaignment of T NMR spectra and o guantitative analy sis
of NOI and Jewoupling data are presented  These results were used for the calbulation of sceondary structure cletients of g conatoxin GHIA
Distance geometry calaulations were varned out to detine the global folding of the pepude

a-Conotoxin GIHITA, Geographutoxin NMR, 2D, Distanee geometry, Peptide syndiesis Conns geographus

1 INTRODUCTION

w-Conotoxin GUHIA (GIIIA), a peptidic neurotoxin
from the manne snail Conus geographus sclectively
blocks Na channels of sheletal muscle, but not neuronal
or heart sodium channels [1,2] This peptide can be used
as specific igand to probe the biochemical mechamisms
by which the toxin blochs the sodium conductance {3].
The three-dimensional structure of the peptide will
allow an evaluation of the structure-function relation-
ship of the toxin with the channel proten.

Conotoxin GVIIA consists of 22 amino acids with 3
disulfide bonds (Fig 1) The synthesis and characten-
cation of GIIIA have been published [3-5] and more
recently, Hidaka et al [6) determined the disulfide
linkages for GIIIA, To determine the three-dimensional
solution structure, high resolution 2D 'H NMR expen-
ments were carried out. Structures which are consistent
with experimental data were calculated with distance
geometry algorithms, which can be used as start confor-
mations for energy mnimzations and molecular
dynamucs calculations [7]
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Abbreviauons Hyp., 4 trans-hydroxy-L-proline, NOE, nuclear
Overhauser enharicemant, dNA, distance between He(1) and HN(),
dAN, distance between Hea (1) and HN{G+ 1), dNB, dBN, dNN similar
for H2 and HN, NMR, nuclear magnetic resonance, DQf COSY,
double quantum filtered correlated spectroscopy, NOESY, 2-dimen-
sional (2D) nuclear-Overhauser-enhancement spectroscopy, ROESY,
rotating frame Overhauser enhancement spectroscopy, E COSY, ex-
clusive COSY, TOCSY, total cnrrelated spectroscopy; HPLC, high
pressure hiquid chromatography, Mitr, 4-methoxy-2,3,6-trimethyl-
benzenesulphonyl
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2 MATLRIALS AND METHODS

Samples were sshithesized Dy two ditterent strategies 1o the st
sthatepy, the prepatanon, pantication and char wienizauon ot GIHHA
nodesanibed in (4] whide the svnthesis using the s seond strategy 18
deseribed i (8] The HPLC punified product was lvophilized several
tmes from (01 % v/v) TEA/water 10 remove ammaonum daeelale
The samples were prepared by dissolving § my and 108 mg of the dried
powder in 05 il of H0/5% DO

Phase sensitive 21 NMR spedira were recorded at 291K, 303K and
315K with a Biuker 500 MHs NMR spectiometer  NOLSY (8],
ROESY [9.10] and TOCSY [11} spectra were avquired with 512 in-
crementsin £y and 2A data pointsan 2 Mixing tumes in NOESY and
ROESY specira range trom 50 ms to 300 my TOCSY spectra were
recorded with MLEV-17 spin lock field ot 7 2 KH/ strength [12) and
mising times between 12 and 80 ms Transversal Overhauser en-
peniments were obtamed with a continuous 2 5 hkHe By ficld DQF-
COSY [13,14), E COSY {15,16) and 1D NMR spedtra can be used
to determune values tor dihecdrat angles For correlated spectra with
mulu-quantum tiltening, 1K . wnts for £, and 4K data ponts for f»
were acquired The speciral widt, was 5000 Hz for all spectra The
data matrices were zero tilled to give tiaa] matrices of 2A real pomts
in both dimensions Intcratonuc distances were deduced from a senes
of 3 NOESY spedira with nixing umes ot 50, 125 and 200 ms

After processing to a hnal 2R x 2K matnis a contour plot was used
to define boses around each cross-peah The cross-peah volumes as a
tunction of the mixing tume were automatkally fitted to a single-
esponenual function [17] From the minal build-up rates, the inter-
proton distances «ould be calculated [18] The distances were scaled
byusingamean lue ot the rates of cross-peahs of geminal protons
The error on these distances 1s smaller than 0 15 A

To determine the conformation of the individual anino acid, NOEs
between amide, Hax and HJ proton resonances and amude protons of
the following residue (dnw, den, den) as well as intraresidual ones
(dn s, dwn) were used [19,20] in combination with coupling constants
(') [21,22] (Fig 3) The harplus equation with parameters given in
{21,23] was used 1o calculate dihedral angles trom coupling constants
Applying a combinauon of these methoda, possible ranges for the ¢,
w and x' angles can be obtained

The DISMAN piogram [24] was used to calculate structures from
amifio acud sequence and esperimental constraints The concept of
pseudoatoms [25] was used to define distances to protons in
methylene and methy! groups, which are not exphicitly asigned
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1 RESUI TS

By reverse phase HPT O, omass spedtiometine and
competinon hindmg esperimments the sample synthesi/-
ed by the published methods was proven to be pure with
igh activaty (data not shown)  The NMR spectia of the
fust sample ichicated moie than one contormation ot
this species (T 2). This was indicated by the owcun
renee of mote than the evpected cross-pedhs m the
fingerprnt region As an example, two different sets ot
resonance positons could be identtied tor the protons
of Thi® and Ala®™ The overlapping 1esonances at 8 3
ppm and 4 3 ppomdicated a random col structure fo
at least parts of the molecule In the 1D 'FH NMR spec-
tum additiondl resonances for atomatic protons were
tound. We have assumed that they are residual Mt pro-
tecting groups of argmme side chans The improved
synthesis led to a complete cleavage ot protecting
groups and to a simphtied purification and prepaia-
ton In the spectra of this sample there 1s no evidence
for more than one stable conformes

TOCSY cxpeniments yield a map of through-bond
couphngs for the individual amino acids. The tirst step
I resonance assignment was the sdentification ot the
spin systems NOESY and ROESY ewperiments con-
tamed information about nterproton distances. Se-
quenunal assignment of the amino acid resonances was
performed by klentifying connectivities between amide
proton tesonances of one amino aaid and He and Hg
proton resonaices ot adjacent ones i NOLSY and
ROESY spectra. This assignment was confirmed by se-
quential amide-amide proton resondance connectivities
For Hyp the Hé protons were used instead of anmude
protons i other anmuno acids Resonances overlapping
with the water proton resonarnce at a given temperature
were assigined 1n the spectra recorded at a different
temperature The mtegrated NOESY cross-peaks were
examined for possible ovellapping of the resonances
and for unusual line shapes 80 interproton distances
could be clearly assigned, about 40 NOEs had to be
discarded for the first analysis. Unfortunately, most of
the long range NOEs important for determining the
global folding were ambiguous due to resonance
overlap. For all pairs of proton resonances all NOESY
and ROESY spectra were searched for corresponding
cross-peaks In cases where unambiguously no NOEs
were observed, the lower limut of this distance was set to
3.5 A The resuliing more than 700 ‘non-NOEs' were
used as upper himit constraints in DISMAN calcula-
uons. A qualitative comparison of corresponding NOE
and ROE intensities indicated that the contribution of

tifferences m the contelation tme s spall Coupling
comstants were estiacted from 1D, double quantum
Miltered COSY and E COSY experitients (Table 1)

A Diest, at was only possible o assumie o disulfide
budge between residues 3 and 15, which was confinmed
by & NOTL between Cyvs' Ha and Cys'* [, and between
Cys' B and Cys' I,y

NOL connectiv ity patterns tor regulat secondary
stitivtural clenments hike a-helives o Wipleated sheets
(26) were nat tound  The stereospeaifie assignment of
the 113 protons was based on modelling and caleula-
tions of substructures using intormation on shott range
NOS and ‘1, coupling constants, also with 1espect to
the mterpretation of ‘T couplings the detetmmanon ot
aprehminary substructure was necessiry, Smee there s
no singularity in the Karplus equation only a combina-
tion of distances and couphing constants can restrict the
difterent possibihties of dihedral angle ranges. This will
be demonsirated m the following example.

The NOE between Cys' He and Cys? HN was weah
which mdicated a negative » value Ia, of Cys' s
small, limiting the ¢ value to a range of —60° to 0°, A
small *T, and a large *J. 7 15 observed m ganche
trans’ o1 hans*-gauche® contormations We were able
to distinguish between these two by comparing NOEs
between the Hg protons and the anude proton of the
following residue For the gauche®-trans® conformation
two strong NOEs should be observed, while tor the
other conformauion one strong and one weah NOE
would be expected In GIILA a strong NOE ot one of
the Cys' Hgs to the HN of Cys ! resiricted the ¢ value of
Cys' to a range of +40° to —140° Since the distance
between Cys® He and Cys* HN 1s larger than about 3 A
a further restriction to the range of —~40° to +40° for
the ¢ angle was possible

In the same way the conformations of the other Cys
residues were analyzed The two possible assignments
for the HG piotons of Cys® led to x! angles of —60° or
0°. This1ange could be used as a dihedral restraint For
Cys'® we assume a x' angle of —60° Also for Cys®° the
stereospecific assignment of HG resonances was possi-
ble and a 3! value of +60° was determined

The two adjacent Hyp restdues were expected to have
a distinct secondary structure. A very strong cross-peak
between the H@ ot Thr® and one of the Hé of Hyp® in-
dicated a rrans peptide bond. It was not possible to find
any NOE between protons of Hyp® and Hyp’, which
showed that the planes of the two Hyp rings are arrang-
ed at an angle of almost 90° with respect to each other
and the peptide bond 1s 1n the cis configuration The
NOESs expected between the two hydroxyprolines in this

161



Al

Voluime 27y, mmnber

var

VEBS PO I RS

Januwary )

A !
i 1 I
T ' | t
L " & - . : a4
" 9 b '
» i | |
| & |
- 1 .
——g 1 S e - :
03 ! i
o ,} f”.;" A . T 0.'.
49-‘3?'.:" ‘ LA
S, G - - — W b h 44y
, 1
I S _ _ 4 0 S Y,
LRI O ¥
I DU N N _,l_ N L)
f
]
) - SR I . e ﬁ_‘gg., —— 4 00
i : E | —— -
9 00 8 00 ) U a0 U PO 600 4w
8 1
I
gn1a
0 Oka o400
wR19 . \
‘ . 0
] !
&014 = C Bk : e - 420
: [ 00 [ i
- z | | -
wea i ! | )] a4l
W | } ', . A A
| i : [ t
! I ’ I} j ]
! c20 lipCa . . 4.60
. . B | 0~ 6%;\22
1
. I ! | i
1 1 | ' 1
' | * ! 0 [ . 4.80
' ' C15
o e
; @2021 . 5.00
TR T T T T T T T T VT
8.00 8.80 8.50 8,40 8.20 8.00 7 80

g 2 HN-Ha tingerprint region ot the COSY spectra of (A) GIIIA synthesized by the method described in [4],

aud (B) after modifying the syn-

thews (5] In (B) the assgnment ot the resonances 1s indicated

conformation were not detected because of ovetlap of
both the He protons and the H32 resonances Lys'® and
Hyp!'” are connected by a trans peptide bond which was
indicated by NOEs between Lys'® HN and both Hyp!?
Hé proton:

Addiunonal HN-Ha NOEs between amino sacid
residues separated by two sequennal steps confirmed
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the modelling of the loop structures. These NOEs were
observed between residues 3 and 5, 10 and 12, 13 and
16,17 and 19, 18 and 20 With this additional informa-
tion, the calculations resulted in loop structures in be-
tween Asp? and Tyr’. This loop resembles a type I &-
turn. Turn structures were also found for the sequence
Cys'®to Arg'. Two kinks 1n the course of the backbone
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P bV Sequenttal voitectivities and 1 couphing vonstants Tor GUIA Small and large bars mdicate weak and strong NOL s, respectinely  Filled
airdes ssmbolize S couphing values larger than 7 ¢ He, open ardes inchivate coupangs smatler than 6 S He

between Hyp'™ to Cys®! were deternnned (Fig. 4) Hav-
ing defned these substructures, the wlentity of some
long range NOEs, wlhuch were ambiguous due to
resnnance overlap could be confumed: Asp® Ho and
Cys*' Hp are overlapping  In the modelled loop no
NOTE 13 expected between Asp® Ho and Cys' Her,
therefore confirming the assignment of this NOE to

Cys®' Hy This 1s i agreement with the disulfide bonds
between Cys® and Cys?*!,

Fimnally, starting from nitial random structures 30
different conformations were obtained 1n a distance
geometry calculation. 80 upper limats, 780 lower Limits,
10 dihedral ranges and 18 distances for the disulfide
bridges restiicted the possible conformations (Ng. 5).

fable |
Chemieal slufts and couphng constants for GUHIA at 293K

HN HA HB2 1B3 HG athers 1n, LI 3, -
1 Arg 797 401 (1 90,1 98) 152,148
2 Asp Yy 06 475 (1 06,3 00) 67
2 Chys R 97 413 297 262 54 2-3" 10-11*
4 Cys R 12 452 (3 50,2 83) 78 <12t 3-4
5 Thr 763 417 493 122 <5
6 Hpr - 48 197 237 461 403379
7 Hpr - 412 228 2138 457 367,348
8 Lys 8 87 398 (1931 82) 125 163,298 50
9 Lys 82 82
10 Cys 736 43 318 277 <5 12? st
11 Lys 8 38 416 (193,172) 13,14 16,2093 82
12 Asp 796 468 306 296 75 ~5 ~ 5
13 Arg 923 388 (1 95,1 83) 167,1 63 < 5
14 Gln 8 98 416 (2 42,2 03) 58
1s Cys 790 48 (3053 15) <5
16 Lys 765 403 (1 92,1 82) 14,15 1629 75
17 Hpr - 46 23 19 444 321,3 785 6-8 6-8
18 Gin 7 88 412 (2 47,2 32) 20 60
19 Arg 914 401 (195,1 83) 170 <5
20 Cys 8 55 4355 3182 303 55 4 4°
21 Cys 788 492 (3 19,2 93) 92
22 Ala 792 425 140 75

Cheimnical shifts are reported in ppm relative to external TSP Coupling constants are given 1n Hz Values for & proton resonances given i1n brackets
were not selectively assigned

? Values obtained directly from COSY or 1D spectra

® Coupling constants determined trom the E COSY spectra
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Fig 4 Sterco views of the superimposed substructures calculated using the DISMAN program The substructures are taken trom the overall con-
formations ot G11iA, they aie superimposed at the backhbone ators of the displayed tiagment (A) Sequence Asp® to Tvr®, (B) sequence Tyr® to
Lys®, (C) sequence Lys® to Asp'?, (D) sequenve GIn'® to Cys®!

4. DISCUSSION

In order 10 ¢lucidate the three-dimensional soluuion
structure of GIIIA, and here we present details of the
secondary structure elements and a hypothesis for its
global folding

First the NMR spectroscopy was used as an analytical
tool 1o optimize the GIIIA synthesis in order to obtain
a pure sample, which was the basis for sequential
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assignment and accurate structural analysis. The high
dispersion of the armide proton resonances, many >Jna
couphing constants different from 7.5 Hz and some-
times large differences 1n the chemical shift of the HG'
and HS" proton resonances indicated a defined folded
structure, The secondary structure elements are restric-
ted to different loop structures. The loops between Asp?
and Tyr®, Cys'® and Ar;'?, and Hyp'~ and Cys?® can be
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determined with very high accuracy due to a high
amount ot expenmental data Difterences between
distances denived from NOE values and trom the
distanwe  geometty  caleulations ot these  peptide
segments were found to be smaller than 0.3 A, This 1s
well within the range of experimental erior whidh arises
from the signal-to-noise ratio and the approaimations
made in caleulatung distances trom NOEs It should be
emphuasized that the use of ‘non-NOEs' nuunly recuces
the number of wrong contormationsin the caleulations.,
Astructure prediction for two of these three loops using
the Chou and Fasman rules {27] has been published (6],
wlhich we were able to confirm experimentally.

For determining the complete tertiary structure the
detatled stiuctural analysis of parts of the molecule it
wias necessaty to include dihedial restramts denved
from J-couplings [21,23]. Minor residual violations ot
the experimental constramts were found i ail
calculated conformations The structure with the lowest
error value 1s presented 1n Fig § As outlined above,
thete are certainly differences 1in the accuracy of deter-
mining the conformation of pepthdic segments, Of
course, the more distance and dihedral angle con-
straints can be obtamned, the more the conformation
can be precisely determined. For the more flexible parts
of molecules fewer distances and dihedrals are found to
occur. In GIIIA accurate fitting of the experimental
results were obtained for those parts of the molecule,
wherea lot of constraints were defined Structural flexi-
bility in parts of the molecule will result 1n experimental
values representing an average of fast exchanging con-
formers. Some of the expenimental results cannot be in-
terpreted with a rigid structure model. Some observa-
tions confirm this difficulty 1in the interpretation. The
intensity of the NOESY and ROESY signals 1s relatively
low and the signals are broad. We have some indica-
tion, that near Lys® more than one conformer is pre-
sent. A line broadening of the Lys® side chain proton
resonances 1indicates a slow exchange between these
conformations.

A more detailed analysis of the structural and
dynamic properties will be presented in a forthcoming
paper.
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