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ABSTRACT: Although it contains only 25 amino acid residues,conotoxin MVIIA folds into a well-

defined three-dimensional structure that is stabilized by 3 disulfide bonds. To assess the contributions of
the disulfides to folding and stability, three analogues, each with one pair of disulfide-bonded Cys residues
replaced with Ala, were prepared and characterized. The analogues also contained a C-terminal Gly
residue that is believed to be present when the peptide folds in vivo and has been shown previously to
stabilize the native structure. Circular dichroism spectra and biological assays of the analogues indicated
that removing any one of the disulfides greatly destabilized the native conformation. The two disulfides
in each analogue were also reduced much more rapidly than in the native form with three disulfides.
When the analogues were fully reduced and allowed to form disulfides in the presence of oxidized and
reduced glutathione, the native disulfides were not formed in preference to non-native disulfides, further
indicating that the forms with two-native disulfides are not significantly stabilized by noncovalent
interactions. However, the measured equilibrium constants for disulfide formation indicate that forming
any two of the three native disulfides leads to an effective concentration of approximatehp 28 for

the two remaining thiols. The two-disulfide analogues thus appear to represent a stage of folding in
which the polypeptide is constrained to a distribution of relatively compact conformations that greatly
favor formation of the third disulfide and the final folded structure.

Disulfide bonds between Cys residues are a common as therapeutic agents, particularly for the treatment of chronic
feature of many folded proteing)( particularly those evolved  pain (18).
to function extracellularly, where an oxidizing environment As shown in Figure 1, thew-conotoxin structure is
favors disulfide formation. Although these bonds generally characterized by a small three-strandgesheet and is
contribute to the stability of the native proteins, it is often stabilized by three disulfide bonds. The N-terminus of the
found that removing only one, or even two, disulfides polypeptide is held near the C-terminus by two disulfide
frequently leaves the folded conformation intact, but measur- bonds that link, in pretzel fashion, the termini to adjacent
ably destabilizedd—7). There are, however, small proteins Cys residues in the central region. The third disulfide,
with unusually high densities of disulfides, and the individual between residues 8 and 20, links the N-terminal half of the
disulfides of these proteins may be particularly important molecule to the C-terminal half. The-&0 disulfide also
for their ability to fold. One class of such molecules are links together the first and second strands of fhsheet,
the w-conotoxins, small peptide antagonists of presynaptic and that between Cys 15 and Cys 25 links the third strand
Ca* channels §). These peptides are typically 230 to the approximate center of the sequence. Thus, the three
amino acid residues long and are found in the paralytic disulfides form an integral part of the native structure, with
venoms ofConussnails, along with numerous other peptide the six Cys side chains representing approximately 25% of
toxins. Although there is very litle sequence similarity the total buried surface areaq).
among thew-conotoxins, they share a common three- Because of their small size and very limited sequence
dimensional conformation and characteristic pattern of dis- conservation, it has been suggested that the mature cono-
ulfide bonds 9—17), as illustrated for one member of the toXins may not contain sufficient sequence information to
family, o-MVIIA, in Figure 1. The different members of ~ SPecify correct folding and disulfide formatior2d, 23.
thew-conotoxin family have distinguishable, but overlapping, Analyses of cDNA clones indicate that-conotoxins are
specificities for C&" channel subtypes, and they have been SYnthesized as precursors containing both an N-terminal
widely used to analyze the distributions and functions of Propeptide and a C-terminal Gly residue that is postirans-

these subtypesd. In addition, they have shown potential lationally cleaved to yield an amidated C-termin@g,23.
Although N-terminal propeptides are known to play a role

in the folding of other proteins, especially bacterial proteases
" Supported by NSF Grant MCB-9316065. Peptide synthesis and (24, 25, studies withw-MVIIA indicate that the mature
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15-25 Ala. The conformations of the analogues containing two

I 1-16 B native disulfides were probed by circular dichroism spec-

a. CKGKGAKCSRLMYDCCTGSCRSGKCG troscopy, by a Cd channel binding assay, and by measuring
| | the rates of reductive unfolding. By each of these criteria,

8-20 the two-disulfide forms appear to lack most of the specific

structure found in the native protein. In addition, when the
reduced analogues were allowed to refold in the presence
of oxidized and reduced glutathione (GSSG and GSH,
respectively), the native disulfides were not formed in
preference to non-native disulfides. These results indicate
that each of the three disulfides plays an essential role in
stabilizing the native conformation and specifying the correct
formation of the other two.

EXPERIMENTAL PROCEDURES

Synthesis of Analogues with Nai Disulfide Bonds.
Analogues ofw-MVIIA-Gly were synthesized on an HMP
resin using Fmoc chemistry. To obtain products with the
FiGure 1: Primary structure ofw-MVIIA-Gly and the three- two native disulfide bonds, the peptides were synthesized
dimensional structure of mature-MVIIA. (a) The peptide used  ysing the selective protection scheme described previously
in this study, ddfﬁ'gréaied"le”'AG"lG'y' QS”S'Sftsf of t(;'ef mat“rgN A (26,29, 30. One pair of Cys residues that form a native
32333223528)_ Thee disﬁ{friggiondé rfgi'ng ein"t]heerrﬁativr: rgegtide disulfide was protected with trityl protecting groups (sensitive
are indicated by the solid lines linking the Cys residu&g.((b) to deprotection by TFA), and the other pair was protected
The ribbon diagram of mature-MVIIA was drawn with the with acetamidomethyl (Acm) protecting groups (resistant to
program MOLSCR'PT 66), from the atomic coordinates of one TFA) Upon C|eavage and partia' deprotection in TFA’ the
of the 13 NMR solution structures calculated by Kohno et#).( peptides had two Cys thiols capable of forming a native
disulfide, with the other pair still protected by Acm groups.
The cleaved peptides were purified by reversed-phase HPLC
on a Vydac Gg column (2.5 cmx 30 cm) eluted with a
gradient of acetonitrile in 0.1% TFA. To promote oxidation
of the deprotected Cys residues, the peptide solutions were
diluted 10-fold with HO, adjusted to pH 8.0 with Tris base,
and stirred at room temperature. Oxidation reactions were
analyzed by HPLC and judged to be complete when the
reduced peptide was no longer detectable. The 8,20Ala and
15,25Ala analogues were fully oxidized within 16 h, but the
disulfide in the partially deprotected 1,16Ala analogue<15
25) was slow to close via air oxidation, with a half-time of
approximately 2.5 days. To facilitate the formation of this
disulfide, the reduced form was incubated in a solution

The C-terminal Gly residue, however, does appear to favor
folding, since a form ofv-MVIIA containing only the mature
sequence plus the Gly residue, designabedVIIA-Gly, *

is about 1 kcal/mol more stable than the mature form and
refolds with an efficiency of about 9092¢). The enzymes
required for C-terminal amidation are located in secretory
granules 27, 28, suggesting that the terminal Gly residue
is probably present when the peptides fold in the endoplasmic
reticulum. We have adopted-MVIIA-Gly as a model for

the precursor form that folds in vivo and are studying its
mechanism of disulfide-coupled folding in vitro. Solution
NMR studies indicate thatw-MVIIA-Gly has a three-
dimensional structure very similar to that of the mature toxin

3\3' P. G(_)Idenberg,t_R. E. Koehn, D. E. Gilbert, and G. containing 1 mM GSSG and 2 mM GSH at pH 7.3. Under
agner, in prepara |o_n). ) S o these conditions, formation of the 425 disulfide was
folding and stability, we have prepared and analyzed a seriesyere purified by HPLC. To remove the ACM protecting
of three w-MVIIA-Gly variants in which the individual  groups and form the second native disulfide, the peptides
disulfides were eliminated by replacing the Cys residues with \yere oxidized with 4. In each case, only one species, with

a shifted HPLC retention time, was formed. The final yields
1 Abbreviations: o-MVIIA-Gly, a form of w-conotoxin MVIIA from 50 mg of the 1,16Ala, 8,20Ala, and 15,25Ala peptide

composed of the mature sequence plus a C-terminal Gly residue withresins were approximately 2, 6, and 2 mg, respectively.

an unmodified carboxyl group; 1,16Ala, 8,20Ala, and 15,25Ala, . . . .

analogues ofo-MVIIA-Gly with the indicated Cys residues replaced o-MVIIA-Gly with three native disulfide bonds was
with Ala; forms of the analogues with specific disulfide bonds are prepared by reducing fully deprotected synthetic peptide with
indicated by the numbers of the disulfide-linked Cys residues enclosed DTT and then folding the peptide in 1 mM GSSG and 2
in brackets and followed by a subscript indicating the analogue; thus, ; ;

[8—20,15-25]; 16a1aiS the form in which Cys 1 and Cys16 are replaced mM GSH, as described previouslgq).
with Ala, and the other four Cys residues are disulfide-bonded as in  Preparation and HPLC Separation of Species with Other

the native structure; RCAM, reduced and carboxamidomethylated; pDisulfide Bonds.To generate the three possible two-disulfide

GSSG and GSH, disulfide and thiol forms, respectively, of glutathione; .
DTT, dithiothreitol; Tris, tris(hydroxymethyl)aminomethane; MOPS, forms of each four-Cys analogue, the peptides were fully

3-(N-morpholino)propanesulfonic acid; EDTA, ethylenediaminetet- reduced and then oxidized by &s follows. The two native
raacetic acid; HMP p-hydroxymethylphenoxymethyl; Fmoc, fluo-  disulfides were first reduced by incubating 280 uM

romethoxy carbonyl; Acm, acetamidomethyl; TFA, trifluoroacetic acid; ; ; i ; ;
TCEP, tris(2-carboxyethyl)phosphine; CD, circular dichroism; HPLC, peptide with 50 mM dithiothreitol (DTT) in the presence of

high-performance liquid chromatography; RNase, ribonuclease; BPTI, 0-1 M Tris-_HCI, pH 8.7, 0.2 M KCl, and 0.001 M EDTA-
bovine pancreatic trypsin inhibitor. After 45 min at room temperature, the pH of the solution
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was lowered to about 2 by the addition of 0.05 volume of
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described above, and the relative concentrations of the

concentrated phosphoric acid. The reduced peptide was thervarious species were calculated by integrating the appropriate

separated from the DTT and other buffer components by
reversed-phase HPLC, lyophilized, and stored-ao °C.

To oxidize the reduced peptide, the lyophilized material was
resuspended in 1% TFA, mixed with 0.1 volume of 5 mM

I, (dissolved in methanol), and incubated for 30 s at room t

temperature. One-tenth volume of 0.3 M ascorbate was then

HPLC peaks

Folding experiments in the presenceE&®M urea were
carried out as described above, except that the peptide was
dissolved in 10 mM HCI to a concentration of 208 and
hen mixed with 9 volumes of a solution containing 8.89 M
urea, 0.11 M MOPSNaOH, pH 7.3, 0.22 M KCI, and 1.11

added to quench the reaction, and the peptides were separatesiM EDTA.

from the buffer components by HPLC. In each case, these
highly oxidizing conditions led to the production of three

species, one of which had the retention time of the form T

with two native disulfide bonds. When partially reduced at
low pH (where disulfide rearrangement is minimal) with tris-
(2-carboxyethyl)phosphine (TCEP31), each product of

the fully reduced form, confirming that each contained two
disulfide bonds.

The various disulfide-bonded forms were fractionated by
reversed-phase HPLC using buffer systems optimized for
each analogue. Forms of 15,25Ala were eluted using a
gradient of acetonitrile (C#CN) in TFA, as described
previously (@9). The various forms of 1,16Ala were
fractionated with a gradient prepared by mixing (A) 10 mM
NaPQ, pH 2.74, and (B) 30% C¥CN (32). The disulfide-
bonded forms of 8,20Ala were separated using a gradient
prepared by mixing (A) 0.103% TFA and (B) 0.103% TFA,
40% 2-propanol. For optimal separation of the 8,20Ala
forms, the column was warmed to 3T in a water bath.
Elution profiles were monitored by the absorbance at 220
nm, and the absorption data were collected and analyzed
using the Rainin Dynamax computer interface and software.

Identification of Non-Natie Disulfide Bonds in Analogues
The disulfide bonds in the forms with two non-native
linkages were identified by isolating and identifying disul-
fide-bonded tryptic fragments. For trypsin digestion, 20
nmol of lyophilized peptide was treated with 0.85 nmol of
p-trypsin that had been affinity-purified using immobilized
soybean trypsin inhibitor (Sigma). The digestions were
carried out at room temperature in a total volume of 1 mL
also containing 0.1 M Tris-HCI, pH 8.0, and 5 mM CaCl
and the progress of the reactions was monitored by reversed
phase HPLC. For most of the forms, digestion reached an
apparent end point after 8 h, but in some cases a 16 h
incubation was required. The major digestion products were
purified by HPLC and analyzed by electrospray-ionization
mass spectrometry. From their molecular masses, all of the

Reductive unfolding experiments were initiated by mixing
the various analogues with DTT (1 mM final concentration).
hese reaction mixtures also contained 0.1 M Tris-HCI, pH
8.7, 0.2 M KCI, and 1 mM EDTA.

All solutions used for folding and unfolding experiments

et yet ! . ! were flushed with N and the reactions were carried out in
iodine oxidation gave rise to two intermediates as well as ¢

eptum vials under anNatmosphere.
Circular Dichroism SpectroscopyFar-UV CD spectra

were recorded with an AVIV Model 62D spectropolarimeter,

using a bandwidth of 1.5 nm, a step size of 0.1 nm, and an
averaging time of 0.8 s. The cell path length was 0.1 cm,
and the sample temperature was°25 Four spectra were
collected for each sample and averaged.

Samples were prepared by dissolving lyophilized peptide
to a concentration of approximately 0.2 mg/mL in 10 mM
sodium phosphate buffer, pH 6.84. The protein concentra-
tions were determined from the absorbance at 280 nm and
an extinction coefficient calculated from the amino acid
composition 83).

C&* Channel Binding Assay.The protocol used to
measure the binding @$-MVIIA-Gly and the analogues to
C&" channels present in crude preparations of chick brain
presynaptic membranes (synaptosomes) has been described
previously @9, 34, 35. Briefly, binding was detected as
the blocking of sites otherwise available to radiolabeled
w-conotoxin GVIA. To generate a binding curve, various
amounts of peptide were mixed with a fixed quantity of
receptors and incubated for 30 min on ice. After this
incubation *?3-labeledw-GVIA was added to each tube, and
the solutions were allowed to incubate for another 30 min
at room temperature. The synaptosomes were then separated
from unbound ligands by filtration, and the total amount of

y-radioactivity retained by the filters was determined by
counting.

RESULTS

To assess the contributions of each of the disulfides to

isolated peptides appeared to be complete digestion productsthe structure and stability of native-MVIIA-Gly, three

The identities of the various two-disulfide forms were
inferred by comparing the observed masses with those
predicted for the various possible disulfide-bonded peptides.
Disulfide-Coupled Folding and Unfolding Reactionsor
folding experiments, fully reduced and lyophilized peptide
was dissolved in 10 mM HCI to a final concentration of 40
uM. The dissolved peptide was then mixed with an equal
volume of 0.2 M MOPSNaOH, pH 7.3, 0.4 M KCI, 2 mM
EDTA, and the oxidized and reduced forms of glutathione
as appropriate for the experiment. In a typical experiment,
20 nmol of peptide was used in a reaction volume of 1 mL,
and 106-200 uL samples were withdrawn and quenched
with 0.05 volume of HPQ,. The trapped disulfide-bonded

synthetic analogues were prepared, each with one pair of
the normally disulfide-bonded Cys residues replaced by Ala.
Using a selective protection and deprotection strategy, the
peptides were synthesized so as to contain only the two native
disulfides. The three peptide sequences are designated here
by the residues replaced by Ala: 1,16Ala, 8,20Ala, and 15,-
25Ala. The forms with defined disulfides are indicated by
the linked Cys residues, in brackets, with a subscript
indicating the peptide sequence.

The conformations of the three analogues with native
disulfide bonds were characterized by CD spectroscopy, a
receptor binding assay, and reductive unfolding kinetics. The
relative stabilities of these forms, with respect to forms with

species were fractionated by reversed-phase HPLC, asother disulfides, were then measured by allowing their
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Wavelength (nm) Ficure 3: Calcium channel binding activity of)-MVIIA-Gly
containing zero, two, or three native disulfides. Peptides at the
Ficure 2: Circular dichroism spectra af-MVIIA-Gly containing indicated concentrations were incubated with chick-brain synap-
zero, two, or three native disulfides. Spectra for the native and fully tosomes, and the fraction of sites occupied was determined from
reduced (RCAM) forms ofv-MVIIA-Gly are shown as solid and the blocking of sites otherwise available for binding by radiolabeled
dashed lines, respectively, and those for the three analogues withw-conotoxin GVIA. Each point represents the mean of two
two native disulfides are identified by the symbols labeled in the independent measurements, and the curves represent simple binding
key. All spectral intensities are expressed as mean residue ellip-isotherms fit to the experimental data by the method of nonlinear
ticities. least-squares. For the forms with native disulfides, the apparent
dissociation constants were 26107° M (native w-MVIIA-Gly),

S : : 7 x 107 M ([8—20,15-25}; 16a1), 5.17x 1077 M ([1—16,15~
disulfides to undergo reversible exchange in the presence 0%5]8’20%), and 1.3x 10-5M ([1~16,8- 20} sea). For the reduced

oxidized and reduced glutathione. and carboxamidomethylated form@fMVIIA-Gly, the dissociation
Characterization of Analogues with Two NaiDisulfides. constant was 3.% 107> M.
The far-UV CD spectra of the three analogues with two
native disulfide bonds are shown in Figure 2. For compari-  As a functional test for the presence of nativelike structure
son, spectra of nativeo-MVIIA-Gly (with three native in the two-disulfide analogues, their abilities to bind to
disulfide bonds) and the fully reduced peptide (with the free neuronal C& channels were measured (Figure 3). In the
thiols carboxamidomethylated) are also shown. The spec-binding assay used here, the peptides of interest were
trum of the native form (thick solid curve) is characterized incubated at various concentrations with a fixed quantity of
by a positive maximum at 194 nm and a relatively broad receptors, and binding was detected as the blocking of sites
minimum around 205 nm, consistent with thiesheet that would otherwise be available to bind radiolabeled
structure determined by NMR spectroscofy-17) (Gold- w-conotoxin GVIA. In Figure 3, the fraction of sites
enberg et al., in preparation). In contrast, the spectrum of occupied is plotted as a function of total peptide concentra-
the reduced and alkylated form (thick dashed curve) lacks ation (which greatly exceeded the concentration of bound
maximum and has a minimum at 196 nm. This spectrum is peptide). For comparison, the binding curves for the native
similar to that expected for a random coil and indicates that and RCAM forms ofw-MVIIA-Gly are also shown. The
the form lacking disulfides has little regular secondary data were fit to a simple binding isotherm to determine
structure 86—38). apparent dissociation constants.

For two of the analogues with native disulfides;{16,- Each of the two-disulfide analogues displayed much lower
15—25]g 20a:a @and [1—16,8-20];5 2502 the CD spectra re-  affinities for receptors than did the three-disulfide form,
sembled that of the fully reduced and alkylated form. For which has an apparent dissociation constant of approximately
these two forms, there was no maximum near 194 nm, and2 nM (26). For two of the analogues, {80,15-25]; 16aia
there was a deep minimum at about 199 nm, consistent withand [1-16,15-25]s 20a1» the binding activity was signifi-

a conformation largely devoid of regular secondary structure. cantly greater than that observed for fully redueetVIIA-

For the third form with native disulfides, {820,15-25]; 16a1 Gly, with apparent dissociation constants of ¥. 207 and

the far-UV CD spectrum had features intermediate between5.1 x 107 M, respectively. For the third analogue, which
those of the native and fully reduced forms, suggesting that lacked the 1525 disulfide, however, fewer than half of the

it may contain some residual regular structure. Some of the available sites were occupied at peptide concentrations as
spectral differences observed upon removal of the disulfideshigh as 1QuM. Following reduction and alkylation, all three
may arise from direct contributions of these bonds to the of the four-Cys analogues displayed little or no specific
spectrum of the native proteiB%—41). However, because binding (not shown). These results indicate that each of the
the CD bands associated with disulfides are generally three disulfides is necessary to maintain the conformation
positioned at wavelengths greater than 220, it is most likely necessary for high-affinity binding, though the analogues
that the differences in the far-UV spectra are due primarily lacking either the £16 or the 8-20 disulfide displayed

to changes in backbone conformation. The spectra of thesignificant affinities, corresponding to about 1% of that of
RCAM forms of the four-Cys analogues (data not shown) the native form. This residual activity may reflect a small
were all qualitatively similar to one another and to that of fraction of molecules with a conformation very similar to
the form with six alkylated Cys residues, although the that of the native peptide, or the receptors may be able to
intensities of the spectra differed significantly. bind, with reduced affinities, peptides in non-native confor-
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Ficure 4: Kinetics of disulfide reduction inw-MVIIA-Gly J__/LJW
containing two or three native disulfides. The peptides with native
disulfides were incubated with 1 mM DTT at 2&, pH 8.7. At !
the indicated times, samples of the reaction mixtures were
withdrawn, acidified, and analyzed by reversed-phase HPLC to '
determine the fraction of unreacted peptide remaining. The curves gggg
represent exponential decay functions fit to the experimental data , gsH '
by least squares. The second-order rate constants for the reactionsy urea !
of the four proteins with DTT were 1.3$M~! (nativew-MVIIA- '
Gly), 14 st M1 ([8—20,15-25]; 16a19), 47 St M1 ([1-16,15~ '

25]s 2019, and 17 st M~ ([1—16,8-20]15 25a19-

mations. These observations are consistent with those of

Sabo et al., who found that removing any of the three HPLC Retention Time
disulfides fromw-conotoxin GVIA dramatically reduced the  FIGURE 5: Distribution of disulfide-bonded species generated from
biological activity of this peptide4?). the fully reduced four-Cys analogues by (a) iodine oxidation, (b)

e . . . e refolding in the presence of 1 mM GSSG and 2 mM GSH, or (c)
The sensitivity of the disulfides to reduction by dithio- refolding in the Eresence of 1 mM GSSG and 2 mM GSH plus 8

threitol (DTT) was used as a third measure of stable structurem urea. In (a), the fully reduced peptides were incubated with 0.5
in the two-disulfide analogues. The disulfides in native mM I, for 30 s at room temperature, after which the reactions were

w-MVIIA-Gly are reduced in a single kinetic phase, with a duenched by the addition of ascorbate. In (b), the reduced peptides
second-order rate constant of 1191 at pH 8.7, about were incubated with 1 mM GSSG and 2 mM GSH for 90 min at

. pH 7.3, 25°C, and the reactions were quenched by acidification.
20-fold smaller than that for reduction of a fully exposed The reactions analyzed in (c) were identical to those in (b), except

disulfide 26). The low rate of reduction is most likely a  for the presencef® M urea. After quenching, each of the reaction
consequence of inaccessibility of the disulfides to the thiol mixtures was analyzed by reversed-phase HPLC, using solvent

reagent, in agreement with analysis of the solvent exposureconditions optimized for each of the three analogues, as described
! P ; . under Experimental Procedures. The forms containing two native
of the three Q'SUIf'de bonds in native-MVIIA ( 19). . disulfides were identified by comparing the HPLC retention times
As shown in Figure 4, each of the analogues with two with those determined for the peptides synthesized with the correct
native disulfides was reduced much more rapidly than was disulfides. The forms with non-native disulfides were identified by

native w-MVIIA-Gly. The second-order rate constants for tryptic peptide mapping, as described in the text and summarized
the disappearance of the two-disulfide forms ranged from in Table 1.
14 st M™%, for [8—20,15-25]; 16p1s t0 47 st M1, for In summary, the three different methods used to probe
[1-16,15-25]s20a2 Thus, removing any of the native the conformations of the analogues revealed that each
disulfides makes the remaining two much more susceptible disulfide bond is required to maintain a stable nativelike
to reduction. conformation. In the absence of any one of the bonds, the
The reduction of the native form ab-MVIIA-Gly is analogues have less regular secondary structure and greatly
kinetically very cooperative, so that there is litle or no reduced affinity for C& channels and are more susceptible
accumulation of intermediates with one or two disulfides to reduction than the form with three native disulfides.
(26). Similarly, only low concentrations of intermediates Identification of Non-Natie Two-Disulfide Forms.To
were detected during the reduction of the 1,16Ala analogue.facilitate the analysis of disulfide-coupled folding experi-
In contrast, during the reductive unfolding of{16,15- ments with the four-Cys analogues, described in the follow-
25]s.20a12 and [1-16,8-20];525a12 ONe-disulfide forms ac-  ing section, each of the three possible two-disulfide forms
cumulated to detectable levels (not shown), indicating that of each analogue was isolated and identified. To generate
the first native disulfide bond is broken at a rate that is as these species, the reduced forms of the analogues were
fast or faster than the rate for breaking the remaining oxidized by molecular iodine, which leads to efficient, rapid,
disulfide. Five or six intermediates were observed during and irreversible disulfide formation with relatively little
the course of each of the latter reactions, suggesting thatspecificity. The oxidation products were then fractionated
intermediates with one native disulfide rapidly rearrange to by reversed-phase HPLC, as illustrated in Figure 5a.
yield several other one-disulfide forms, which are then For each of the three analogues, the reduced peptides were
reduced. efficiently converted to three species, and in each case, one
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Table 1: Identification of Two-Disulfide Forms of Four-Cys Table 2: Equilibrium Populations of Two-Disulfide Forms of
Analogues by Tryptic Peptide Mapping Four-Cys Analogues
Analog T“’%;ﬂ‘;f,‘;iﬁ"e o;;;;ycegrms]se:[f Assigned Fragment Xs“:?;ﬁ;i%ﬁ‘;:;:; twq-disulfide fraction of two-disulfide species I_oop
P analogue isomer —ured +ure& size$
1,16 Ala [8-15,20-25] 1757.7 LMYD(IT,SATGS?NR 1759.7 1,16Ala [8—20,15-25] 0.15 0.05 11,9
C.,G 1,16Ala [8-15,20-25] 0.42 0.50 6,4
1,16Ala [8-25,15-20] 0.43 0.45 16,4
1,16 Ala 8-25,15-20] 12175 LMYDC, ATGSC,R 12175 8,20Ala [1—-16,15-25] 0.47 0.37 14,9
8,20Ala  [1-5,16-25] 0.45 0.44 13,8
cK 8,20Ala [1-25,15-16] 0.08 0.19 23,0
8,20Ala [1-5,16-25] 1643.5 LMYD(IZ,SC,ATGSAR 1644.6 15,25Ala [1-16,8-20] 0.08 0.03 14,11
e.G 15,25Ala [1-8,16-20] 0.8 0.93 6,3
15,25Ala [1-20,8-16] 0.12 0.04 18,7
820Ala [1-25,15-16] 12173 Lmynd, &, 168 AR 12175 aThe forms with native disulfides are indicated by boldface type.

b The relative concentrations of the three two-disulfide forms of each
analogue were determined after equilibration with 1 mM GSSG and 2

15.25Al1a [1-8,16-20] 1217.3 LMYDAmmR 12175 mM GSH for 90 min at pH 7.3, 28C. ¢ The relative concentrations of
the three two-disulfide forms of each analogue were determined after
CSR equilibration with GSSG and GSH under conditions as above, but with
15,25A1 [1-20,8-16] 1828.6 LMYDAC,TGSC,R 1830.8 8 M urea also present.The loop sizes are defined as the number of
CK intervening residues between the disulfide-bonded Cys residues.

of the products displayed the HPLC retention time of the Table 3: Equilibrium Constants for Forming Two Native Disulfides
peptide synthesized with the native disulfides. To identify [reduced} (e

the non-native disulfides present in the other species, these tWo-disulfideform (% total) (% total) Ki® (M2)
forms were subjected to tryptic peptide mapping. For each, [8—20,15-25}16aa 7.6+ 1.1 13.2+£21 57x 1073

a peptide was identified that clearly distinguished it from [1-1615-25ko0na ~ 4.9£01  11.1£13  4.4x 107

the other possible non-native isomer. The peptide fragments [1716,8 20kszona  3.3+08 89+£01 3.7x10°

and the species they identified are listed in Table 1, and the aThe relative concentrations of the fully reduced forms of the four-

; ; P _ Cys analogues and the forms with two native disulfides were determined
HPLC peaks in Figure 5a are labeled to indicate the two by reversed-phase HPLC after equilibration in the presence of 1 mM

disulfide forms they contain. GSSG and 10 mM GSH at pH 7.3, 2&. For each analogue, two
Disulfide-Coupled Folding in the Presence of GSSG and independent measurements were made, one in which the reaction was
GSH. When the reduced form @$-MVIIA-Gly is allowed initiated with the fully reduced polypeptide and other starting with the

: - : : form with two native disulfides. For each reaction, the concentrations
to re-form disulfides in the presen_ce of a mIthre of 1 mM of reduced and two-disulfide forms were determined at three times after
GSSG and 2 mM GSH, approximately -880% of the the reactions appeared to have reached equilibrium, ranging from 30
molecules form the three native disulfides, with most of the to 150 min. The values reported are the means and standard errors for

remaining molecules accumulating as species with threethe six measurementsK; is the equilibrium constant for forming the
disulfides, one or more of which is non-native6|. To two-disulfide forms from the fully reduced form, as defined by eq 1 in
determine whether the preference for forming native disul- the text.

fides is also significant when only two disulfides can form,

the analogues were fully reduced and then allowed to refold form with native disulfides was decreased measurably, but
in the presence of GSSG and GSH. the distributions were qualitatively very similar in the

After 90 min of refolding, the distribution of disulfide- presence and absence of denaturant, with the forms contain-
! ing small disulfide loops dominating.

bonded species reached an apparent equilibrium, illustrated S . .
by the HPLC traces in Figure 5b. For each of the analogues, .Th?se results '”d.'CaF? that the fgrms with two native
disulfides are not significantly stabilized by noncovalent

:Cv%_fgi]sallj%Ljsénggggigswa%?:gg?sg :guﬁ?b?igrrnrz%rfcg;?; interactions and that all three disulfides must be able to form

tions of the different forms are listed in Table 2. Of the I(E)rd(?lft:‘ort_the nagve Fp;alélng_s toCbe (sz;tyore?.
three analogues, 8,20Ala displayed the strongest tendency qurlibration under =educing L.onditionsio measure

to form the native disulfides, with [£16,15-25] represent- stabilities of the two-disulfide forms relative to the fully
ing approximately 47% of th’e total twc;—disulfide forms. For reduced peptides, the analogues were allowed to equilibrate

the other two analogues, 1,16Ala and 15,25Ala, the forms W'th 1 mM GSSG and 10 mM GSH. The reactions were

with native disulfides were only 15% or 8%, respectively, initiated with either the fully reduced peptide or the form

of the total two-disulfide population. As indicated in Table with two native disulfides, and the resulting distributions
2, and discussed further below, the most favored forms were V€ analyzed by HPLC. The results of these measurements

generally those in which one or both of the disulfides were are summarized n Table 3. . :

between closely spaced Cys residues. Frpm the relative conqe_nt_ratlons of native and _r_edgced
To determine whether any of the two-disulfide forms were peptide present at equilibrium, the overall equilibrium

- o . ; . constants K;) for forming the three sets of two native

stab|I|_zed significantly by no.ncovale.nt interactions, folding disulfides were calculated according to

experiments were also carried out in the presence of 8 M

urea. The resulting equilibrium distributions are illustrated il ][GSH]“

in Figure 5c¢, and the relative yields of the two-disulfide forms N = N

are listed in Table 2. For each analogue, the yield of the [RI[GSSGT

(1)
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where I\ represents the form with two native disulfide bonds analogues with two native disulfides were also more
and R represents the fully reduced form. The calculated susceptible to reduction by DTT than is the native form,
equilibrium constants were similar for the three analogues: suggesting that the remaining disulfides are more fully
0.0057 M (1,16Ala), 0.0044 M (8,20Ala), and 0.0037 K1 exposed to solvent.

(15,25Ala). These observations are in striking contrast with the results
Equilibrium constants for forming single disulfides in of similar studies with larger proteins containing multiple
disordered polypeptides are typically in the range of 0001 disulfides, such as BPTI, RNase A, and RNase T1. In the
0.1 M (43—45). Thus, the equilibrium constants measured case of BPTI, the folded conformation of the native protein
here lie within the range expected for forming two such remains almost fully intact if any one of the three disulfides

disulfides independently, further suggesting that there is is removed by genetic or chemical modificatioR—4).
relatively little stabilization of the two-disulfide forms. Similarly, two different forms of RNase A, each lacking one
One potential concern in studies of this type is the Of the four disulfides, have been shown to have very

possibility that conformations that are favored in the authentic nativelike conformations, 7). The two disulfides of native
disulfide-bonded intermediates may be destabilized by the RNase T1 can be removed individually without causing the
Cys to Ala replacements. Because folding and disulfide Protein to unfold, and even forms lacking both disulfides
formation are thermodynamically linked, any destabilization are folded under favorable conditiors).( S
from the substitutions would also tend to decrease the The much greater effect of removing the individual
equilibrium constant for forming the two-disulfide forms disulfides ofo-MVIIA-Gly is most likely a consequence of
from the fully reduced state. To test for such destabilization, the small size of this molecule and its marginal stability.
it is useful to compare the equilibrium constants for forming Amide—hydrogen exchange experiments indicate that the
the two-disulfide forms in the four-Cys peptides with those Most highly protected hydrogen atoms in the native confor-
for the analogous reactions in the peptide with all six Cys Mation have exchange rates that are approximately 1000-
residues. fold lower than expected for fully exposed amide groups (D.
Incubatingw-MVIIA-Gly in the presence of 1 mM GSSG P. Goldenberg et al., in preparation). If th_e exchange of these
and 20 mM GSH results in an equilibrium distribution in Nydrogen atoms reflects complete unfolding, the free-energy
which 6% of the molecules are fully reduced and 17% change for unfolding can be estimated to be about 4 kcal/

contain the three native disulfide®6). The remaining mol. .The contributions of individual disulfides in ot_her
molecules have HPLC retention times intermediate betweenPrOteins are often greater than 5 kcal/mé (47, so that it
those of the native and fully reduced forms. If approximately is quite reasonable that removing any one dlsu_lflde n
half of these molecules contain 2 disulfides, the overall @-MVIIA-Gly would make folding thermodynamically
equilibrium constant for forming the total population of unfavorable. o _
2-disulfide intermediates, of which there are 45 possible, is . Although all three of the disulfides appear to be essential
approximately 1 M. For comparison, the total equilibrium for the stability Of‘“'MV”A'Gl_y' one of the disulfides has_ .
constant calculated for forming the nine two-disulfide species been found to b? at !east partlally dispensable for the stab|_I|ty
that can be formed by the three four-Cys analogues is pf a}n_other protein with a similar structure. The small trypsin
approximately 0.1 M If, on average, these 9 species are |n.h|b|tor.s isolated from the segds c_)f squash plants ha_vg three-
as stable as the other 36 possible 2-disulfide forms, the dimensional structures and disulfide patterns very similar to

expected overall equilibrium constant for forming all 45 those of thew-conotoxins 48, 49. For one of the trypsin

species would be about 0.5M.e., about half that estimated inhibitors isolated fromEcballium elaterium EETI I, the
for the peptide with all 6 .Cys. residues. disulfide between Cys 2 and Cys 19 (corresponding-tt@

Although these calculations do not provide an exact in w'MVI!A) is_mu_ch more readily reduced the}n are the two
guantitative comparison, they suggest that the Cys to Ala more buried disulfidess0). The_ resulting two-dlsulflde_for_m
replacements probably do not greatly destabilize the two- is very stabk_a to further redugtlon, and NM_R studies |nd|(_:ate
disulfide species that can be formed by the four-Cys that it contains a large fraction of the native conformation.

analogues. ltis thus likely that the species with two native It thus appears that the stability Of. EETI I iS. sigpificantly .
disulfides make up only a small fraction of the two-disulfide less dependent on at least one of its three disulfides than is
intermediates that accumulate during the folding of the w_lgﬂgllgg;aels)/fabilities of Two-Disulfide Forms Containin
peptide with all six Cys residues. In addition, these species 9

probably have relatively little of the folded conformation Native and Non-Natie Disulfides. By .allowmg the fully
found in the native protein with all three disulfides. reduced four-Cys analogues to refold in the presence of both

GSSG and GSH, the tendencies to form the various possible
DISCUSSION disulfide bonds were compared. As shown in Figure 5b,
the forms with two native disulfides each accumulated to
Contributions of the Indiidual Disulfides to the Folded  detectable levels, but these species were not favored with
Conformation. The results presented here demonstrate thatrespect to the forms with non-native disulfides. The addition
each of the three disulfides n-MVIIA-Gly is necessary of urea to the reactions caused only small decreases in the
to maintain the three-dimensional structure characteristic of relative stabilities of the native forms (Figure 5c), suggesting
thew-conotoxins. Removing any of the three disulfides led that they are not greatly stabilized by noncovalent interac-
to pronounced changes in the far-UV spectrum, indicative tions.
of decrease@-strand content. In addition, removal of any In the absence of stabilizing interactions, the tendencies
of the disulfides reduced the affinity of the peptide foPCa  of alternative disulfide bonds to form are expected to be
channels, by factors ranging from 68- to 5200-fold. The influenced primarily by the lengths of the polypeptide
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segments separating the various Cys pairs. From statistical The effective concentrations of thiol pairs in proteins have
arguments, forming a disulfide between closely spaced Cysbeen found to cover a range of several orders of magnitude.
residues is predicted to cause a smaller decrease in conforin unfolded polypeptides, observed values range from 0.001
mational entropy than is forming a larger lodgl( 52, and to 0.1 M, depending on the number and type of intervening
this trend has been observed experimentad¥, @45, 53. residues43—45, 53. In folded proteins, effective concen-
As summarized in Table 2, the most favored 2-disulfide trations of thiols are often greater than’d and as large
forms were generally those containing at least one disulfide as 160 M (54, 57. The stability of a disulfide in a folded
between residues separated by fewer than 10 residuesprotein can be very sensitive to perturbations of the sur-
Species containing loops with fewer than five intervening rounding environment, as demonstrated by the ability of
residues were particularly favored. single amino acid replacements to dramatically decrease the
Even the species with a disulfide between adjacent Cys effective concentration for the Cys 14 and 38 thiols in native
residues, [+25,15-16]s10a1, Was found to accumulate to  BPTI, from 150 M to as low as 30 mNV6g).
significant levels. Although disulfides between adjacent Cys The measurements of the equilibria between the fully
residues are often thought to be strongly disfavored, experi-reduced four-Cys analogues and the forms with two native
ments by Zhang and Snyded4) have shown that the disulfides can be used to estimate the effective concentrations
equilibrium constant for forming a disulfide of this type is of the two free thiols in they>-MVIIA-Gly folding intermedi-
not greatly different from that for forming other small loops. ates with two native disulfides. For this purpose, it is useful
Although the disulfide requires that the intervening peptide to envision the process of forming the three native disulfide
bond have a cis conformation, this conformation apparently bonds as occurring in two steps:
positions the two sulfur atoms in an orientation very

favorable for disulfide formation. 2GSSG 4 GSH GSSG  2GSH
The disulfide-bonded loops found in the natiwecono- R NS Iy _ N @
toxins are among the longest that can be formed given the Ku Kitn

spacings between Cys residues. As a consequence, forminq_ _ ) _ ]
the native disulfides is generally disfavored entropically. On 1 he first step represents the formation of an intermediate
the other hand, once a disulfide is formed, its contribution With two native disulfides (N), with equilibrium constant
to the stability of the folded conformation is expected to be Kin, followed by the formation of the third disulfide, with
inversely related to its tendency to form in the unfolded state, €auilibrium constank, . Although not all of the possible
since the contribution of a disulfide, or any other interaction, paths may actually contribute to the kinetically most
depends on the extent to which its formation is more important folding mechanism, three separate paths of this
favorable in the folded state than in the unfoldd®,(54,  fyPe exist in principle. Assuming that the Cys to Ala
55). It is possible that the sequences and structures of theréPlacements have minimal effects on the structure and
w-conotoxins have evolved so as to maximize the loop Sizes’stablllty of the tWO.-dISU|fIde. forms, the pverqll eqwhbnum
thereby gaining the maximum entropic destabilization of the constant for forming the first two native disulfide&(
unfolded state. Harrison and Sternberg have noted that thisShould be approximately equal to that for forming the two
general pattern is frequently observed in disulfide-bonded disulfides in the analogues. The equilibrium constant for
proteins shorter than about 75 residus8( Because of the forming thg third dlsulf|qe, vyh|ch correspom_js tc_> the effeqnve
relatively small number of noncovalent interactions in the concentration of the thiols in the two-disulfide intermediate,
w-conotoxins, the initial formation of the native disulfides ¢an then be calculated as
is unfavorable. Once two native disulfides are present,
however, forming the third is highly favored, as discussed K —C
beIOW 1=l eff
Effective Concentrations of Thiols in Intermediates Con-
taining Two Natie Disulfides. The tendency of two  whereKy, is the overall equilibrium constant for forming
chemical groups to form an intramolecular interaction can the three native disulfides. This last equilibrium constant

Ky,

=K, (4)

be usefully expressed as an “effective concentrati@as)( has previously been determined to be 0.18 &1 w-MVIIA-
which is defined as the equilibrium (or rate) constant for Gly (26).
forming the intramolecular interactioKf) divided by the From the values oK, reported in Table 3, the effective

corresponding constant for a chemically equivalent inter- concentrations calculated in this way are 27 M for thel®
molecular reactionner). In the case of disulfide formation, disulfide, 41 M for 8-20, and 51 M for 15-25. All of these
the equilibrium effective concentration is simply the equi- values are much greater than typically observed in disordered
librium constant for forming the intramolecular disulfide via polypeptides, demonstrating that formation of each of the
exchange with an intermolecular disulfide reagent, such asthree native disulfides is greatly favored by the presence of
GSSG: the other two.
5 As discussed in the previous sections, the three analogues

C.= — [P§|[GSH] ) with two native disulfides all appear to be largely devoid of

” e [PHIGSSG] the native conformation. It is thus somewhat surprising that
the effective concentrations calculated for the thiols in the
where I% and F?sﬂ represent the forms of the protein with corresponding two-disulfide intermediates are so high. One
and without the disulfide, respectively4). This equilibrium possible explanation is that the two disulfides present in the
constant has units of concentration and represents the relativéntermediates constrain the polypeptide in a compact distri-
stabilities of the intra- and intermolecular disulfides. bution of conformations with a topology favorable for
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a b. the results of both computational and experimental studies

BPTI w-Conotoxin

of protein folding 69—62), the conformational entropy of
the polypeptide is indicated by the cross-sectional area of a
funnel. The top of the funnel represents the unfolded state,
and the narrow bottom represents the native conformation
with its greatly reduced entropy. The distance along the axis
of the funnel represents the progress of the folding reaction.
In the funnels shown for the folding of BPTI and an
w-conotoxin, the vertical axis represents the disulfide forma-
tion or rearrangement steps, which are linked, to varying
degrees, with the formation of other stabilizing interactions.

As described previously, the funnel for BPTI was drawn
using information from NMR studies of the intermediates
to estimate, very approximately, the conformational entropies
of the intermediate populations with one or two disulfide
bonds 62). For this protein, particularly at neutral pH, the
FiGURE 6: Conformational funnels representing the disulfide- formation of the first disulfide is associated with a quite rapid
coupled folding mechanisms of (a) BPTI at pH 7.3 and (b) harrowing of the conformational distribution. Before the
o-MVIIA-Gly. The funnels are drawn so that the distance along third disulfide is incorporated, however, the two-disulfide
the vertical axis represents the progress of the folding reaction, jntermediates that are formed most readily must undergo

defined by the disulfide formation steps, and the cross-sectional . : :
areas represent the conformational entropy of the polypeptide Cham.lntramolecular rearrangements to generate the immediate

As described in§2), the relative conformational entropies of the ~precursor of the native protein, designate@jiN This
BPTI intermediate populations were estimated, very approximately, rearrangement is the slowest intramolecular process in the
from the characterization of these species by solution NMR. In the gpT| folding pathway and is associated with extensive

case ofw-MVIIA-Gly, even the forms with two native disulfides . . . - .
appear to be largely devoid of folded structure, and only modest disruption of interactions already present in the other two-

decreases in conformational entropy, due to the formation of the disulfide intermediates, as indicated by the bulge in the
cross-links, are indicated for the formation of intermediates with funnel.

one or two disulfides. In addition to the native form, three-disulfide ; ; P
species with at least two non-native disulfides (indicated as I11*) In contrast, there appears to be relatively little specificity

also form early in folding and later are converted to the native form IN the formation of the initial disulfides during the folding
(19, 26. The paths leading from the population of two-disulfide Of the w-conotoxins, and the funnel in Figure 6b is drawn

intermediates to the various three-disulfide forms are shown asto represent only a small initial decrease in conformational

isolated sub-funnels, since each of these species must be at |easéntropy In addition. at least some of the non-native two-

partially reduced before being converted to another three-disulfide ;. = o7 . - .

form. d!sulf!de mtermedlates are able to form non-native t_hree—
disulfide species, collectively labeled “llI*”. The reactions

forming the third disulfide, without any of the specific leading to the various three-disulfide forms, which cannot

interactions found in the native protein. Alternatively, a large ntérconvert directly, are drawn as separate sub-funnels
fraction of the molecules may contain some specific sub- €Merging from a manifold representing the numerous pos-
structures that favor the third disulfide but are not detectable SiPle “No-d'fulf'de |nterm<3d|ates_. We refer to this type of
by the low resolution methods used here. A third possibility fUnnel as a *folding udder, despite the nonbovine origin of
is that the conformational distributions for the two-disulfide the Protein studied here.

intermediates include very low concentrations of molecules  The results with the four-Cys analogues provide additional
with nativelike conformations that greatly favor forming the insights into the nature of the-conotoxin folding mecha-
third disulfide. For instance, if only 1% of the molecules nism. As discussed above, the intermediates with two-native
have a nativelike conformation, but the effective concentra- disulfides are not significantly more stable than the other
tion of the thiols in this conformational substate was 5000 six two-disulfide forms that can collectively be formed by
M, the overall effective concentration calculated for the the analogues. In addition, 36 other two-disulfide forms can,
intermediate would be 50 M. To help distinguish among in principle, be formed by the protein with all 6 Cys residues.
these possibilities, high-resolution NMR studies of the two- As a consequence, the intermediates with native disulfides

disulfide analogues are currently in progress. are likely to represent only a few percent of the total
Implications for the Folding Mechanisms®fConotoxins. population of two-disulfide intermediates. The tendency for
Previous studies have shown that the folding ofdheono- non-native three-disulfide species to form in preference to

toxins is characterized by the accumulation of a much broaderthe native form may, then, simply reflect the relative
distribution of disulfide-bonded intermediates than is seen, concentrations of the different precursors. In terms of the
for instance, in the refolding of BPTIQ, 2§. In addition, conformational funnel shown in Figure 6b, the potential
non-native three-disulfide species accumulate in preferenceprecursors of the native protein correspond to only a small
to the native form at early times in folding, but can be fraction of the cross-section representing all of the two-
converted to the native form provided a thiol reagent is disulfide forms, and there is a high probability that the
present to promote reduction of at least one disulfide. Thesepolypeptide will follow one of the sub-funnels leading to a
differences in folding mechanism can be illustrated using non-native three-disulfide form. Once formed, these species
“conformational funnels”, as drawn in Figure 6. In this must be partially reduced to enter the sub-funnel leading to
representation, which has recently been adopted to describehe native state. However, because the native form is more
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stable than the other three-disulfide species, it dominates the 19. Price-Carter, M., Gray, W. R., and Goldenberg, D. P. (1996)

final distribution. Similar disulfide-coupled folding pathways
have been described for other small proteins, including
hirudin (63), potato carboxypeptidase inhibito64), and
human epidermal growth facto6%).

Although thew-MVIIA-Gly forms with two native dis-
ulfides show very little evidence of nonrandom structure,

Biochemistry 3515537-15546.

20. Olivera, B. M., Rivier, J., Clark, C., Ramilo, C. A., Corpuz,
G. P., Abogadie, F. C., Mena, E. E., Woodward, S. R,
Hillyard, D. R., and Cruz, L. J. (1990%cience 249257—
263.

21. Olivera, B. M., Rivier, J., Scott, J. K., Hillyard, D. R., and
Cruz, L. J. (1991)). Biol. Chem. 2662206722070.

the presence of these disulfides is expected to restrict the 22. Woodward, S. R., Cruz, L. J., Olivera, B. M., and Hillyard,

polypeptide to compact conformations and strongly bias the
chain toward the topology of the native structure. These
species may thus represent a stage of folding in which the
chain has collapsed but has not yet formed a large fraction
of the nativelike interactions and structure. Further studies
of the analogues described here may provide new insights
into relatively early events in protein folding.
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