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ABSTRACT. a-Conotoxin Gl is a 13 residue snail toxin peptide cross-linked by €¢3%57 and Cys3

Cys13 disulfide bridges. The formation of the two disulfide bonds by thiol/disulfide exchange with oxidized
glutathione (GSSG) has been characterized. To characterize formation of the first disulfide bond in each
of the two pathways by which the two disulfide bonds can form, two model peptides were synthesized in
which Cys3 and Cys13 (Cono-1) or Cys2 and Cys7 (Cono-2) were replaced by alanines. Equilibrium
constants were determined for formation of the single disulfide bonds of Cono-1 and Cono-2, and an
overall equilibrium constant was measured for formation of the two disulfide bona@iscohotoxin Gl in

pH 7.00 buffer and in pH 7.00 buffer @B M urea using concentrations obtained by HPLC analysis of
equilibrium thiol/disulfide exchange reaction mixtures. The results indicate a modest amount of cooperativity
in the formation of the second disulfide bond in both of the two-step pathways by wkicimotoxin Gl

folds into its native structure at pH 7.00. However, when considered in terms of the reactive thiolate
species, the results indicate substantial cooperativity in formation of the second disulfide bond. The solution
conformational and structural properties of Cono-1, Cono-2, @uwdnotoxin Gl were studied biH

NMR to identify structural features which might facilitate formation of the disulfide bonds or are induced
by formation of the disulfide bonds. The NMR data indicate that both Cono-1 and Cono-2 have some
secondary structure in solution, including some of the same secondary struatio®astoxin Gl, which
facilitates formation of the second disulfide bond by thiol/disulfide exchange. However, both Cono-1 and
Cono-2 are considerably less structured thaconotoxin Gl, which indicates that formation of the second
disulfide bond to give the Cys2Cys7, Cys3-Cys13 pairing induces considerable structure into the
backbone of the peptide.

The conotoxins are a family of neurotoxic peptides from the results of studies om-conotoxin Gl. Our objective in
the venom of marine snails of the gertisnus(1—4). They this study is to characterize the contribution each disulfide
are highly constrained, basic peptides;—BD amino acids bond makes to the stability of the disulfide framework of
in length. A characteristic feature of the conotoxins is the a-conotoxin Gl and to identify structural features which
presence of conserved cysteine residues that form distinctiveeither facilitate formation of or are induced by formation of
disulfide frameworks. The disulfide framework varies among the disulfide bonds. To investigate the stabilities of the
the different conotoxins and is responsible for maintaining individual disulfide bonds, we synthesized two peptides in
a fully active tertiary structure. The first conotoxin to be which either Cys3 and Cys13 or Cys2 and Cys7 are replaced
isolated and characterized wasconotoxin Gl, a 13 amino by alanine as models for the one-disulfide intermediates
acid peptide which is cross-linked by two intrachain disulfide which form on the folding pathway af-conotoxin Gl. The
bonds, one linking Cys2 and Cys7 and the other Cys3 andamino acid sequences afconotoxin Gl and the two model
Cys13 (5).a-Conotoxin Gl causes paralysis by antagonism peptides, Cono-1 and Cono-2, are shown in Figure 1. The
of acetylcholine binding to the nicotinic acetylcholine re-  stabilities of the disulfide bonds in Cono-1 and Cono-2 and
ceptor of the neuromuscular junctiod) (Because of the se-  the stability of the disulfide framework af-conotoxin Gl
lectivity of its binding, a-conotoxin Gl is a useful neuro-  were characterized in terms of equilibrium constants for their
pharmacological tool for studying binding and signal trans- formation by thiol/disulfide exchange reactions with glu-
duction at the nicotinic acetycholine receptor. tathione, both in pH 7.00 phosphate buffer and in pH 7.00

As part of a program to characterize the role of disulfide pyffer plis 8 M urea. Glutathione (GSH) was chosen for
bonds in small bioactive peptide, (7), we are investigating  thjs study because equilibrium constants for its thiol/disulfide
the stability and structure-inducing properties of the disulfide exchange reactions with a variety of other biological thiols
bonds in several conotoxin peptides. In this paper, we reportare available for comparison, GSH is the standard to which
other thiols and disulfides are compared thermodynamically
T This research was supported in part by National Instututes of Health (8), and the formation of the disulfide bond of oxidized
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| together with a 20-fold excess of DTT to reduce any disulfide
Glu-Cys-Cys-Asn-Pro-Ala-Cys-Gly-Arg-His-Tyr-Ser-Cys-NH, bonds formed during isolation of the crude peptide. To ensure

L | complete reduction by DTT, the pH was raised to 7 for
a-Conotoxin Gl approximately 10 min.

I Cono-1 and Cono-2 were synthesized using Fmoc-
G,u_cys_Na_Asn_pro_Ma_CJs_G,y_Arg_His_Tyr_Se,_A|a_NH2 protected cysteine with the side chain blocked with the trityl
Cono-1 (Trt) protecting group, which is removed by the cleavage

cocktail. After isolation of the reduced dithiol forms of
Glu-Ala-Cys-Asn-Pro-Ala-Ala-Gly-Arg-His-Tyr-Ser-Cys-NH, Cono-1 and Cono-2 by HPLC, they were converted to the

disulfide form by reaction with DMSO1, 19. The peptides

Cono-2 were dissolved in pH 3 solution at a concentration ranging

FiGURE1: Peptide sequences@iconotoxin Gl and the two models ~ ffom 100 to 30Q«M, the pH was increased slowly to 8, and
for the single disulfide intermediates Cono-1 and Cono-2. then DMSO was added to a final concentration of 1% vi/v.

The solution was allowed to react for #@2 h and
and the disulfide forms of Cono-1 and Cono-2 and of lyophilized, and the oxidized peptide was obtained from the
o-conotoxin Gl in pH 7.00 phosphate buffer and in buffer lyophilized mixture by HPLC.
plus 8 M urea were characterized by 1D and 2DNMR. To ensure the correct cysteine pairing (Cy€¥s7 and
The solution structure af-conotoxin Gl has been determined  Cys3-Cys13) ina-conotoxin GlI, an orthogonal procedure
by NMR (10-13) and its structure in the solid state has been simijlar to that reported in the synthesis @fconotoxin SI

determined by X-ray crystallography4). was used to form the two disulfide bond&0). Since
formation of the Cys2 Cys7 disulfide bond first gave better
MATERIALS AND METHODS yields for o.-conotoxin Sl, this strategy was also used in the

synthesis ofx-conotoxin Gl. Cys2 and Cys7 were protected
with the acid labile Trgroup, while Cys3 and Cys13 were
protected with the S-acetamidomethyl (Acm) group, which
is stable to both acidic and basic conditions. After cleavage
and deprotection with cocktail B, the CysZys7 disulfide
bond was formed by reaction with DMSO and the intermedi-
ate peptide was isolated by HPLC. The Cy€3/s13
disulfide bond was then formed by oxidation witholr with

ChemicalsThe 9-fluorenylmethoxycarbonyl (Fmoc) pro-
tected amino acids, 1-hydroxybenzotriazole (HOBt), 1-hy-
droxy-7-azabenzotriazole (HOAt), and 20% piperidine in
N,N-dimethylformamide (DMF), were obtained from Mil-
lipore Corp. The [[5-(4Fmoc-aminomethyl-3'-dimethoxy
phenoxy) valeric acid]poly(ethylene glycol)polystyrene] (Fmoc-
PAL-PEG-PS) resin with an approximate loading capacity
of 0.20 mmol/g was purchased from Millipore or Nova : )
Biochem. N,N'-diisopropylcarbodimide (DIPCDI), gluta- TI(TFA)3, both of_wh|_ch remove the ACM protecting group
thione (free acid), and oxidized glutathione (disodium salt) @S Part of the oxidation step.
were obtained from Sigma Chemical Co. Deuterated dithio-  For all peptides, the electrospray mass spectrum was used
threitol was purchased from Isotec. for verification of molecular mass, and the purity of each

Peptide Synthesis-Conotoxin GI, Cono-1, and Cono-2  Peptide was checked using capillary electrophoresis (CE).
were synthesized using solid-phase Fmoc peptide synthesig YPical conditions for the CE separations were a pressure
methodology on a Millipore model 9050 plus peptide |nject|(_)n of 5 psi/s, a separation voltage of 10 kV, l_JV
synthesizer. After each amino acid coupling, the Fmoc group detection at 215 nm, and a pH 2.5 phosphate buffer with a
was removed from the N-terminal amino group of the resin Polyacrylamide polymer additive (Bio-Rad). The peptides
bound peptide with 20% piperidine in DMF at a flow rate Were dissolved in the degasseq phosphate.t_)uffer solution.
of 10 mL/min for three min. Incoming amino acids were At the pH of the buffer, the peptides are positively charged
preactivated for 6 min with HOBt or HOAt and DIPCDI and thus the CE instrument was run with the detector
and couplings were run for 120 mirl§, 16. Double maintained ata lower potential than the _injection end. In all
couplings were used to increase the coupling efficiency of ¢ases, a single peak was obtained in both the HPLC
difficult couplings. After each coupling, the peptide on the chromatogram and the CE electropherogram for the purified
resin was reacted with capping reagent (15% acetic anhydridePeptides.
and 5% HOBt in DMF) for 5 min to cap unreacted amino Measurement of Thiol/Disulfide Exchange Equilibrium
groups. The peptides were cleaved from the resin and ConstantsEquilibrium constants were determined for thiol/
deprotected with a cleavage cocktail consisting of 88% disulfide exchange reactions of Cono-1, Cono-2, armbno-
trifluoroacetic acid, 5% kD, 5% phenol, and 2% triisopro-  toxin Gl with glutathione. Equilibrium mixtures were
pylsilane (cocktail B) 17). The crude peptides were purified analyzed by HPLC using a Bio-Analytical Systems (BAS)
by reversed-phase HPLC using a Bio-Rad model 2800 HPLC model 200 HPLC, equipped with a 3.2 mm100 mm C18
system equipped with a Linear model 205 dual wavelength reversed-phase column, a dual channel Linear Instruments
UV detector and a 250 mm by 10 mm Vydac column packed model 204 UV detector and an Alcott auto sampler. The
with a 5um diameter, 300 A pore size C18 stationary phase. detector was set to 275 nm. The separations were carried
The two channels of the detector were set to 215 and 280out under isocratic conditions using a®lacetonitrile mobile
nm to detect absorbance due to the peptide bonds andphase containing 0.1 M TFA. The pH of the mobile phase
aromatic-containing compounds, respectively. The peptideswas adjusted to 2.5 with NaOH. The optimum acetonitrile
were eluted with a two solvent gradient consisting of 0.1% content for good separation with reasonable elution times
w/w TFA in H,O and 0.1% w/w TFA in acetonitrile. The was found to be 11.5% for Cono-1 and Cono-2 and 11.8%
crude peptide was dissolved in a mixture of the two solvents, for a-conotoxin Gl.



Properties of the Two Disulfide Bonds of Conotoxin Gl Biochemistry, Vol. 38, No. 17, 199%461

Equilibrium solutions were prepared in buffer containing s
0.1 M phosphate, 0.1 M NaCl, and 1 mM EDTA at pH 7.00 HS
and 25°C under a nitrogen atmosphere in a glovebag. The e s GssG
procedure generally involved reacting Cono-1, Cono-2, or GSSG 2GSH
a-conotoxin Gl in the fully reduced form with a GSH/GSSG HS
redox buffer. The concentration of the GSH/GSSG buffer oH
was in the 80Q«:M to 34 mM range, and the concentration Hs s
of peptide was in the range 3020 uM. Sample volumes SH
of 300uL were transferred to autoinjector vials, which were
sealed in the glovebag with silicon-PTFE-silicon layered hs s
septa. The layered septa reseal after being pierced with a \ oH /
needle so that an anaerobic environment was maintained in s
the vial as replicate injections were made onto the HPLC
with the auto sampler. The concentrations of Cono-1 and
Cono-2 in the reduced, oxidized, and mixed disulfide forms s

were determined from peak areas in the chromatogram . . . .
b 9 FIGURE 2: Stepwise reaction sequence for formation of the native

measured at 275 nm. S_E_imples were quen_ched by IOV\/eringdisquide bonds ofa-conotoxin Gl by thiol/disulfide exchange
the pH to <3.0 by addition & 1 M HCI prior to HPLC with GI.

analysis. The response of the detector was calibrated using
reduced peptide; the calibration curves were linear over the SSG
concentration range-5140uM, which covers the concentra-
tion range used in these experiments. SH
NMR SpectroscopyOne- and two-dimensional NMR GssG asH
spectra were measured at 500 MHz using either a Varian
VXR-500S spectrometer or a Varian Unity-Inova spectrom- SH
eter. Samples were contained in NMR tubes obtained from
Norell, Inc. or from Shigemi Co., Inc. The Shigemi tubes SH
were used to improve elimination of the water resonance by
the presaturation method. Peptide samples were dissolved
in either 90% HO/10% B0 or 90% HO/10% DO plus 8 \ SH /
M urea. Deuterated DTT was added to NMR solutions of
the reduced peptide. The water resonance was suppressed SSG
in all 1D and 2D experiments with a presaturation pulse.
Two-dimensional spectra, including total correlation spec-
troscopy (TOCSY), rotating frame Overhauser effect spec- Figure 3: The stepwise reaction sequence for formation of the
troscopy (ROESY), and nuclear Overhauser effect spectros-disulfide bonds in Cono-1 and Cono-2.
copy (NOESY) spectra, were measured with standard pulse
sequences. Typically, spectra were measured with 4K pointsdependence of the chemical shifts of resonances for carbon-
in the directly detected (F2) dimension and 128, 256, or 512 bonded protons located near each titratable group. Because
points in the indirectly detected (F1) dimension, depending of extensive overlap of resonances for the cysteines in 1D
on the necessary digital resolution. The F1 dimension was spectra, chemical shift titration data for the cysteines were
zero filled to 4K points. Quadrature detection in the F1 measured from 1D subspectra which were obtained from 2D
dimension was achieved using the hypercomplex method TOCSY spectra, as described previous?)( NMR mea-
(21). Two-dimensional NMR data were generally processed surements were made on 5 mM peptide in 90%H0%
with a 90 shifted sinebell squared apodization function in D20 at 25°C. A total of 8K data points were collected at
both the F1 and F2 dimensions and baseline correction was256 t1 increments in the TOCSY experiment using a mixing
applied after the first (t2) transforms. time of 120 ms; 24 transients were collected at each t1
The!H NMR spectra for the reduced and oxidized forms increment. The pH was measured directly in the NMR tube
of Cono-1, Cono-2, and-conotoxin Gl were assigned by a  using an Ingold combination ultramicroelectrode. No cor-
procedure which involved first assignment of amide NH rection was made for isotope effects. Acid dissociation
resonances to types of amino acids using the fingerprint constants were determined as mixed activity-concentration
patterns of cross-peaks in the TOCSY spectrum of the constants (activity of hydrogen ion, concentration of acidic
peptide. The position of each amino acid in the sequence,group and its conjugate base).
e.g., each of the cysteine residues identified in the TOCSY The chemical shift observed for carbon-bonded protons
spectrum, was then established using through spage-NH located near a titratable grougsis given by eq 1:
CqHi and GHi—NHi4; connectivities obtained from NOESY
and ROESY spectra. Oops = TuaOua T Ta0a (1)
Measurement of Acid Dissociation Constarisid dis-
sociation constants were determined for each of the titratablewherefya andfa represent mole fractions arigha and da
groups of Cono-1, Cono-2, arxtconotoxin Gl, including the chemical shifts of the carbon-bonded protons when the
the two cysteine thiol groups of Cono-1 and Cono-2 and the titratable group is in the acid and conjugate base forms,
four cysteine thiol groups ad-conotoxin Gl, from the pH respectively. Acid dissociation constants were obtained by

n——~mn
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Ficure 4: Chromatogram of an equilibrium mixture of Cono-1 plus GSH/GSSG redox buffer. The initial concentrations weu#171.2
reduced Cono-1, 9.74 mM GSH and 1.89 mM GSSG at pH 7.00 at@€2%he separation conditions and the peak labels are given in the
text.

a three-parametedfa, o, andK,) fit of chemical shift-pH bonds in Cono-1 and Cono-2, including the mixed disulfide
titration data to eq 2: intermediates, is shown in Figure 3. Not shown in Figure 3
is the double mixed disulfide which can form by reaction of
3.0y T Kp0p ) the single mixed disulfides with another molecule of GSSG.
obs™ ay T Ky @) The two stepwise equilibrium constants and the overall
equilibrium constant for the formation of the disulfide bonds
using the computer prograrScientist from Micromath in Cono-1 and Cono-2 are defined by eqs53 where Cono-
Scientific software. Equation 2 is obtained from eq 1 by (SH2) and Cono(SS) represent the peptides in the reduced
expressingua andfa in terms ofKa.. and disulfide forms and MD1 and MD2 the two peptide-
GSH mixed disulfides.

The overall reaction sequence for formation of the disulfide _ [MD1 + MD2J[GSH]
bonds ofa-conotoxin GI by thiol/disulfide exchange with ' [Cono(SH2)J[GSSG]
oxidized glutathione is shown in Figure 2. In the first step, [Cono(SS)][GSH]
GSSG reacts with the fully reduced form@fconotoxin Gl 2= [MD1 + MDZ] (4)
to form either the Cys2Cys7 or the Cys3Cys13 disulfide
bond. The single disulfide intermediates in turn react with [Cono(SS)][GSH]
gnother GSSGto f_orm the second disulfide bo_nd. Not shown 3T [Cono(SH2)][GSSG] ()
in the overall reaction sequence are theonotoxin GI-GSH
mixed disulfides which form as intermediates in each step  The overall equilibrium constant for formation of the two
and the single and double disulfide-containuegonotoxin disulfide bonds of-conotoxin Gl is defined by eq 6,

Gl species which form from mispairing of the cysteine

residues. Because the two single disulfide intermediates _ [a-conotoxin GIJ[GSHf
shown in Figure 2 are present in low abundance, the single ov [a-conotoxin GI(SH4)][GSSGZ]
disulfide analogues Cono-1 and Cono-2 were used as models

for these intermediates. This strategy has also been used to Equilibrium constants were determined using concentra-
study the folding pathways of apami@3—25). tions obtained from HPLC analysis of equilibrium mixtures.

Equilibrium Constants for Thiol/Disulfide Exchandehe To illustrate, the chromatogram for an equilibrium mixture
stepwise reaction sequence for formation of the disulfide of Cono-1 with GSH and GSSG is shown in Figure 4. The

)

RESULTS

3)

(6)
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Table 1: Equilibrium Constants for Thiol/Disulfide Exchange and 0.085 M V_Vere obtained fé, K, andKs, re_SpeCtively’
Reactions of Cono-1, Cono-2, andConotoxin Gl with from the reaction of 59.4M reduced Cono-1 with 9.74 mM
Glutathioné® GSH and 2.83 mM GSSG. After equilibrium was reestab-
Cono-1 Cono-2 a-Conotoxin Gl lished following the addition of more GSH to give 21.10
Ky 53104 531 1.0 mM GSH and 1.89 mM GSSG, values of 5.6, 0.016, and
Kz (M) 0.0154+0.001  0.015: 0.003 0.087 M were obtained.
Ks (M) 0.077+0.009  0.079+0.018 The values determined fét, for a-conotoxin Gl are also
Kov (M?) 0.020+ 0.007

E* (V)¢ —0.229+0.001 —0.229+0.003 —0.237+ 0.003 reported in Table 1. _
20.1 M phosphate, 0.1 M NaCl, 1 mM EDTA, pH 7.00, 26. The equilibrium constants were also determined for Cono-

b The number of samples was 23 for Cono-1, 19 for Cono-2, and 12 1, €ON0-2, andi-conotoxin Gl'in pH 7.00 phosphate buffer
for a-Conotoxin GI.°Relative to the standard hydrogen electrode Plus 8 M urea. The results are reported in Table 2.

(SHE). NMR Structural StudiesStructure-sensitiveéH NMR
parameters, including NOE cross-peak intensities in ROESY
Table 2: Equilibrium Constants for Thiol/Disulfide Exchange and NOESY spectra®Jyi-con coupling constants, the
Reactions of Cono-1,Cono-2 andConotoxin Gl with Glutathione chemical shifts of the amide NH andxEl resonances, and
under Denaturing Condition$ the temperature dependence of the chemical shifts of the
Cono-1 Cono-2 a-Conotoxin Gl amide NH resonances, were measured for the reduced and
Ky 46+05 46+08 disulfide forms of Cono-1, Cono-2, andconotoxin Gl at
Kz (M) 0.01640.002  0.01H 0.001 pH 2.00 in 90% HO/10% DO and 90% HO/10% DO plus
ﬁs(?ﬂM)z) 0.074+0.008  0.05Gk 0.007 0.0087-4 0.0003 8 M urea solutions. ThéH NMR spectra were assigned as
E2Y(V)C 02294 0002 —0.224+ 0002 —0.232- 0.002 described above; chemical shift data are reported in the

201 M phosphate. 0.1 M NaCl 1 mM EDT/& M urea. or 7.00 Supporting Information for this article. For most of the
25°C. bThI?a nurr)nber’of'samples was 21 for Cono-1, 19 Ff)or Conb-z, peptides, single resonances were observed for specific

and 14 for a-Conotoxin GI.¢Relative to the standard hydrogen Protons, indicating that the peptide exists as either a single
electrode (SHE). conformation in solution or is in rapid interchange on the

NMR time scale among two or more conformations. How-
peaks for the reduced and oxidized forms of Cono-1 were eVer, for several of the peptides, including the disulfide form
assigned using retention times for pure samples of each. Thedf Cono-1, additional resonances were observed in the
peaks for the two single mixed disulfides and the double spectrum, as illustrated by the amide NH region of the
mixed disulfide (DMD) were identified by the dependence Spectrum of Cono-1 in Figure 5. The less intense resonances,
of peak areas on the concentrations and concentration ratiogndicated by asterisks, were assigned to the amide NH
of GSSG and GSHE). protons of peptide in which the Asr4Pro5 peptide bond
The equilibrium constants determined for Cono-1 and has the cis conformatior2).
Cono-2 are reported in Table 1. Each reported equilibrium  Of the structure-sensitive parameters listed above, the
constant is the result of measurements made on multipleNOEs provide the most information about peptide secondary
equilibrium samples, as indicated in the footnote to the table, structure. Some of the NOEs obtained from ROESY spectra
and replicate measurements were made on each sample. Ttor the disulfide forms of Cono-1, Cono-2, angconotoxin
verify that the reactions are reversible, equilibrium was Gl in 90% H0O/10% D,O solution are summarized in Figure
established as indicated by no change in HPLC peak areas, where the line thickness is proportional to the intensity
with time. Then, additional GSH was added to shift the of the NOE cross-peak. In addition, the following weak to
equilibrium and the solution reanalyzed by HPLC until a very weak long-range NOEs were observed in ROESY
new equilibrium was established. The equilibrium constants spectra measured at 26 using a 200 ms mixing time. For
obtained from the two equilibrium conditions were the same Cono-1, Asn4—CysAH, Asn4—Gly8\H, Pro3—Gly8\H,
within experimental error. For example, values of 5.0, 0.016, Pro3*—ArgNH, Tyr1135-Alal3’; for Cono-2, Asnd\H—

H10 2H

A6A13
Y11

$12
G8 C7 RO N4_NH Ng AT3NH,

A3 C2

TTI'IIIIIT1II|III|'IIIl|1l(||llll'lllllllll]l1|lllllI]lllllIII]]Illlllllf[llll'llll]llf

9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6

ppm

FiIGURE 5: The amide NH region of the 500 MHH NMR spectrum of 6.5 mM oxidized Cono-1 in 90%®10% DO at pH 2.00 and
16 °C. The resonances marked with an asterisk are for amide NH protons of peptide in which thePAsh4eptide bond has the cis
conformation.
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FiGure 6: Plots of NOEs from ROESY spectra for the disulfide forms of Cono-1 (top), Cono-2 (middley-andotoxin Gl (bottom) in
90% H0/10% DO at pH 2.00 and 18C. The intensity of the cross-peaks is proportional to the thickness of the lines. The asterisks
indicate resonance overlap.

Ala6?, either Pro5—Tyrl11?¢ or Ala6*—Tyrl1?8, either AsndH—Tyr1135 AsndH—Tyr1126 AsngNH—Cys] 3iHterminal
Pro3—Tyrl13® or Ala6*—Tyrl1%®% Ala7’—Tyr11?5, Cys?—Tyr11?8 Tyr1126—Cys13", Tyr1135—Cys13' and
Arg9—Tyr113%and Tyr1£5-Cys13; and fora-conotoxin Tyr1135—Cys13.

Gl, Glul—Cys3", CysZ-Serl2H, Cys2H—-Serl?Z, Amide NH—NH1;, CaHi—NH;, and GxH;—NH;+; NOEs
Cys3WH—Tyr1126,  Cys3—Tyr1135  Asn4d—Ala6\", were observed for the reduced forms of Cono-1, Cono-2,
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EI C2 €3 N4 P5 A6 C7 G8 R9 HI0 Y11 S12 Ci3
N A N I [N A N (N B
Reduced Cono-1 — I —
Reduced Cono-2 — e
Reduced a-Conotoxin Gl —— .

Ficure 7: Plots of the amide NHNH;; NOEs from ROESY spectra for the reduced forms of Cono-1, Cono-2pat@hotoxin Gl in
90% H,0/10% D,O at pH 2.00 and 18C. The intensity of the cross-peaks is proportional to the thickness of the lines.

Table 3: Temperature Dependence of the Chemical Shifts of the Amide NH Resonances for the Conotoxin®éptides.

Cys2 Cys3 Asn4 Ala6 Cys7 Gly8 Arg9 His10 Tyrll Serl2 Cys13

Cono-¥ 6.6 8.7 25 4.1 25 51 4.6 7.8 7.7 6.1 8.8
Cono-2 6.8 8.1 75 5.2 6.2 7.3 6.8 7.3 4.4 8.1 0.0
a-Conotoxin Gl 5.1 5.3 25 2.6 1.2 2.7 10.8 3.1 1.9 4.8 9.0
reduced Cono 5.9 8.7 8.6 7.0 6.7 6.3 6.5 7.8 8.2 6.1 8.8
reduced Cono2 6.6 8.2 8.5 6.6 6.8 7.6 6.1 7.6 8.0 6.5 7.7
reduced

a-Conotoxin Gl 5.0 7.1 7.7 7.6 7.8 7.2 7.0 9.1 8.3 7.0 8.3

290% H0/10% D0, pH 2.00.° Pro5 does not have an amide proton and Glul(NH) is not observed due to exchange with $dskmes are
negative and have units of parts per billion per degree Cel$iDgs3 and Cys13 are replaced by At€ys2 and Cys7 are replaced by Ala.

anda-conotoxin Gl; however, no longer range NOEs were mations of the same molecule by an exchange cross-peak
observed. The amide NHNH;+; NOEs observed for the  between the G@H resonances for the two conformations in
peptides in their reduced forms are summarized in Figure 7.a ROESY spectrum measured at 5 ROESY exchange
The values measured fédyy—cqn are in the range 5:0 cross-peaks are also observed between pairs of weak and
7.9 Hz for all three peptides in the reduced form and for the strong amide resonances (Figure 10). Exchange cross-peaks
disulfide forms of Cono-1 and Cono-2. For the disulfide form have the same phase as diagonal peaks in the ROESY
of a-conotoxin Gl, the values fotyy-con are in this range spectrum, but are opposite in phase to through space dipolar
except for Cys3 (9.1 Hz), Cys7 (4.4 Hz), His10 (8.8 Hz), cross-peaks2@). Only the cross-peaks in phase with the
Tyrll (4.0 Hz), and Cys13 (8.4 Hz). The temperature diagonal are plotted in Figure 10. Exchange cross-peaks are
dependence of the chemical shifts of the amide NH reso- observed for the amide NH protons of Ala3, Asn4, Ala6,
nances is reported in Table 3. Cys7, and Arg9, i.e., the amide NH protons of amino acids
The chemical shifts of resonances for the amide NH and Which are reasonably close to the Asrfro5 peptide bond.
CaH protons of amino acids located in regions of secondary  From the intensities of resonances for the cis and trans
structure tend to be different from those of amino acids in conformations in the amide NH region (Figure 5), the
random coil peptide<2(). The differences between the amide population of the cis isomer is determined to be 16.3% at

NH and the @H chemical shifts at pH 2.00 and F€ in

90% H0/10% DO and 90% HO/10% D,O plus 8 M urea

are presented in Figures 8 and 9, respectively.
Cis/Trans Isomers of the Asadro5 Peptide BondThe

16 °C for oxidized Cono-1. The conformation of the cis
isomer was determined to be less than 2% for the reduced
forms of Cono-1 and-conotoxin Gl and for Cono-2 in both
the reduced and oxidized forms. A second conformation was

less intense resonances in the amide NH region of the 1Ddetected for native--conotoxin Gl, at a population 0$3.3%.
spectrum of Cono-1 (Figure 5) were assigned to peptide in It was not possible to establish the identity of this isomer
which the Asn4-Pro5 peptide bond has the cis conformation. because of its very low concentration, but data suggests it
The assignment to the cis conformation was made usingalso has the Asn4Pro5 peptide bond in the cis conforma-
TOCSY and ROESY data, as described previously for tion.

vasopressin and oxytoci@@). Specifically, two sets of cross- Determination of Acid Dissociation Constantscid dis-
peaks were observed for proline in a TOCSY spectrum gqcjation constants were determined for each titratable group
measured at 16C, a strong set for proline in a major  of the reduced forms of Cono-1, Cono-2, ametonotoxin
abundance species and a weak set for proline in a minorg) from the pH dependence of the chemical shifts of adjacent

abundance species. The major abundance species has a traggrhon-bonded protons. The results are reported in Table 4.
Asn4—Pro5 peptide bond, as indicated by a cross-peak

between @H of Asn4 and GH, of Pro5 in a ROESY
spectrum also measured at 48. The GxH resonance for
proline of the minor abundance species has a ROESY cross- Formation of the Disulfide Bonds of Conotoxin Gl The
peak to @H of a minor abundance asparagine, providing Cys2-Cys7 and Cys3Cys13 disulfide bonds stabilize the
direct evidence for a cis AstPro peptide bond. The minor  globular three-dimensional structureafconotoxin Gl (0—

and major abundance species are proven to be two confor-14). This native pairing of cysteine residues predominates

DISCUSSION
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a-Conotoxin Gl
< -—EF:
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Amino Acid

Ficure 8: The difference between the chemical shifts of the amide NH resonances of the reduced (stipled) and disulfide (black) forms
of Cono-1, Cono-2, and-conotoxin Gl in 90% HO/10% D,O and 90% HO/10% B0 plus 8 M ureaf = Ono urea— Oures- PH 2.00 and
16 °C.

in oxidative folding experiments, e.g., 71% of the product of a-conotoxin Gl, equilibrium constants of 0.259 and 0.253
from reaction of the fully reduced peptide with GSSG has M are calculated for the second steps in which the €ys3
the native disulfide pairing20), which suggests some degree Cysl13 and Cys2Cys7 disulfide bonds, respectively, are
of cooperativity in the disulfide bond formation and folding formed. That is, the equilibrium constant for formation of
process. the second disulfide bond is some-& times that for
As shown in Figure 2, there are two stepwise pathways formation of the first disulfide bond, which suggests a modest
by which the native disulfide bonds ofconotoxin Gl can amount of cooperativity in formation of the second disulfide
form by reaction with GSSG. The two steps of each pathway bond.
have been quantitatively characterized in terms of equilibrium  However, the equilibrium constants in Table 1 are for pH
constants for formation of the disulfide bonds by thiol/ 7.00, where only a fraction of the thiol groups are in the
disulfide exchange. The first steps of the two pathways were reactive thiolate form, and thus, although they indicate some
characterized using Cono-1 and Cono-2 as models for thecooperativity, they may not reflect the extent of the coop-
one disulfide intermediates in the folding pathway. Equilib- erativity in terms of the reactive species. pH-independent,
rium constants of 0.077 and 0.079 M were determined for intrinsic equilibrium constants for the reactions in terms of
formation of the Cys2Cys7 and Cys3Cysl13 disulfide thiolate species are reported in Table 5. The intrinsic
bonds in Cono-1 and Cono-2. Using these equilibrium equilibrium constantsK', were calculated from the values
constants ant,, for formation of the two disulfide bonds reported in Table 1 by accounting for the fractional thiolate
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i Cono-2

0.08
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0.04
0.02

-0.02
-0.04
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a-Conotoxin Gl

0.08
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Ficure 9: The difference between the chemical shifts of theHCresonances of the reduced (stipled) and disulfide (black) forms of
Cono-1, Cono-2, and-conotoxin Gl in 90% HO/10% D,O and 90% HO/10% DO plus 8 M ureafA = dno urea— Oures- PH 2.00 and
16 °C.

concentrations at pH 7.00 using thEpvalues reported in ~ bonds in the second step of the two-step process are
Table 4 for the thiol groups of Cono-1, Cono-2, and calculatedto be 2.1 M and 5.6 M, respectively. These values
a-conotoxin Gl and a I§a of 8.93 for the thiol group of are much larger than the intrinsic equilibrium constants for
GSH @0). For exampIeKi3 = (aésdaz)Ks whereogsy IS formation of the first disulfide bonds afi-conotoxin Gl,
the fractional concentration of GSH in the thiolate form and which indicates that, when considered in terms of the reactive
o the fractional concentration of Cono-1 or Cono-2 in the thiolate species, there is a high degree of cooperativity in
dithiolate form at pH 7.00. the formation of the second disulfide bond @fconotoxin

The intrinsic equilibrium constan;, for formation of the Gl by both pathways in Figure 2.
disulfide bond in Cono-1 is 3 times that for formation of Origin of the Cooperatiity. To determine if secondary
the disulfide bond in Cono-2, in contrast to the equal values structure is the source of the cooperativity, equilibrium
observed for the conditional (pH 7.00) equilibrium constants constants for formation of the disulfide bonds of Cono-1,
(Ks). Thus, the intrinsic equilibrium constants reflect the Cono-2, andx-conotoxin Gl by thiol/disulfide exchange were
closure of rings of somewhat different size upon formation also measuredi8 M urea solutionK; for formation of the
of the disulfide bonds in Cono-1 and Cono-2. Using the Cys2-Cys7 and Cys3Cys13 disulfide bonds of Cono-1 and
values in Table 5 foKj for Cono-1 and Cono-2 anig,, for Cono-2, respectively, are reasonably similar in the absence
o-conotoxin Gl, the intrinsic equilibrium constants for and presence of urea (Tables 1 and 2). However, the
formation of the Cys3Cysl13 and Cys2Cys7 disulfide equilibrium constants calculated for formation of the second
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Ficure 10: The NH-NH region of the ROESY spectrum of 6.5 mM oxidized Cono-1 in 909@H0% D,O at pH 2.00 and 58C. Only
the positive cross-peaks are plotted. The labeled cross-peaks are exchange cross-peaks from exchange between cis and trans conformation
by rotation around the Asr4Pro5 peptide bond.
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Table 4: Group-Specific Acid Dissociation Constants for Conotoxin on the folding pathway (Figure.2) have some Sec,:onc,iary
Peptidea® structure which facilitates formation of the second disulfide

bonds. With this in mind, the solution structural and

Cono-1 Cono-2 a-Conotoxin Gl . ;
GIuL NFe 7851008 7.62£010 88 011 conformational properties of Cono-1, Cono-2, andono-
G,ﬂl COH 410+ 004 391010 363% 010 toxin Gl were investigated to identify structural features
Cys2 SH 9.09: 0.06 9.40+ 0.07 which might contribute to the cooperativity.
Cys3 SH 9.2 0.07 9.34+0.04 The solid-state X-ray structure and four solution state
Cys7 SH 9.14+0.13 9.424+0.09 )
His10 ImH"  6.84+003 6.55+0.03 6.41% 0.05 NMR structures have been reported éeconotoxin Gl (10—
Tyrll OH 10.61+£ 0.02  9.91+ 0.04 10.55+ 0.08 14). There is reasonable agreement between the solid-state
Cys13 SH 8.60Gt 0.06 8.84+ 0.09 and solution-state structures, with the differences apparently

a|n 90% H0/10% DO at 25°C. P Peptides are in the thiol form.  being due to crystal-packing forces in the solid stdt®).(
In our discussion here, we will use the recently reported
NMR structural study in which it was demonstrated that

Table 5: Intrinsic Equilibrium Constants for Thiol/Disulfide nativea-conotoxin Gl exists in solution as two topologically
Exchange Reactions of Cono-1, Cono-2, aa€onotoxin Gl with distinct interconvertible sets of conformations (populations
Glutathione 78 and 22%), and that interconversion between the two sets
Cono-1 Cono-2 a-Conotoxin Gl of conformations is fast on the NMR time scal&2). A
Ki 83 6.3 common feature of both sets of conformations is that the
Ki M) 0.023 0.011 Cys2-Cys7 region shows a typeftturn over Asn4-Cys7
K. (M) 0.18 0.068 stabilized by a Cys?(NH)Asn4(C_O) hydrogen bond. How-
K, (M)® 0.38 ever, the conformational properties of the Gly8ys13 loop

of the two sets of conformations are somewhat different, with
disulfide bond, 0.118 and 0.174 for the Cys3ys13 and the Gly8-Cys13 loop of the major set of conformations
Cys2-Cys7 disulfide bonds, respectively, @fconotoxin Gl having a helical turn from Gly8Tyr11, while that of the
are smaller by approximately a factor of 2 in urea solution, minor set comprises two consecutive bends, GI#&9 and
which suggests that the single disulfide intermediates found His10—Tyr11.
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The NMR data reported in Table 3 and Figure 6 for structure into the backbone of the peptide, which in turn
a-conotoxin Gl are consistent with the reported NMR stabilizes the disulfide bonds.
solution structures. Of interest here is that the NMR data Redox Potentials of the Disulfide BondscsfConotoxin
for Cono-1 and Cono-2 indicate that these two peptides, in Gl. The equilibrium constants for formation of the disulfide
their disulfide forms, also show some of the same secondarybonds of Cono-1, Cono-2, ana-conotoxin Gl by thiol/
structure in solution. Considering first Cono-1, the Pro5- disulfide exchange with GSSG are related to the half-cell
(CaH)—Cys7(NH) NOE (Figure 6) together with the Ala6- potentials for the disulfide bonds:
(NH)—Cys7(NH) NOE indicate a type 1 or type/2turn
(because Pro does not have an NH proton, it is not possible 2s/s2= EdssaigsyT (RTNF)In K (7)
to distinguish between them31). Further evidence for an

Asn4—Cys7 f-turn is provided by the small temperature  TheE® values reported in Table 1 were calculated using
dependence (Table 3) of the chemical shift of the Cys7 NH eq 7 andEY.o csn(32). Using the values calculated above
resonance. The NOE data and the temperature dependencgy formation of the second disulfide bonds@fconotoxin

of the amide NH chemical shifts, together with the essentially G| from the two single disulfide intermediates, tEévalues
identical chemical shifts of theH protons (Figure 9) and  for the Cys3-Cys13 and Cys2Cys7 disulfide bonds of the

the NH protons of Cys2 through Gly8 (Figure 8) in the native form ofa-conotoxin Gl are calculated to be0.245V
presence and absence of urea, indicate that reduced Cono-3nq —0.244v, respectively, at pH 7.00 and 2&. For

is predominantly random coil. No NOE evidence for an comparisonEZy s, values for oxytocin and arginine vaso-

Asn4-Cys7 f-turn was observed, which suggests that the pressin (AVP), both of which are of the general sequence
Asn4—Cys7p-turn in the disulfide form of Cono-1isinduced  c_x-X—X-X-C-X-X-X, are —0.216 V and —0.228 V,

by formation of the Cys2Cys7 disulfide bond, rather than  regpectively, at pH 7.00 and 2& (6). The value for AVP
this being a structural element which facilitates formation s similar to the values for Cono-1 and Cono-2, but both are
of the disulfide bond. This conclusion is consistent with the gomewnhat less tha&® for reduction of either disulfide bond
finding that the equilibrium constant for formation of the ¢ nativea-conotoxin G, which indicates the extra thermo-

disulfide bond of Cono-1 is the same in pH 7.00 buffer and gynamic stability resulting from interactions which stabilize

significant change in the chemical shifts for thekCprotons
(Figure 9) and the NH protons for Cys2 through Gly8 (Figure SUPPORTING INFORMATION AVAILABLE
8) of the disulfide form of Cono-1, together with temperature
coefficients of 2.9 ppBBC and 3.0 ppbC for the amide NH
resonances of Asn4 and Cys7 of CongtBiM urea indicate
that theS-turn over Asn4-Gly8 persistsn 8 M urea.
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