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ABSTRACT. To determine whether the native disulfidesusstonotoxins are preferentially stabilized early

in the folding of these small proteins, the rates and equilibria for disulfide formation were measured for
three analogues @f-conotoxin MVIIA. In each analogue, one of the three pairs of disulfide-bonded Cys
residues was replaced with Ala residues, leaving four Cys residues that can form six intermediates with
one disulfide and three species with two disulfides. For each analogue, all of the disulfide-bonded species
were identified, and the equilibrium constants for forming the individual species via exchange with oxidized
and reduced glutathione were measured. These equilibrium constants represent effective concentrations
of the Cys thiols and ranged from 0.01 to 0.4 M in the fully reduced protein. There was little or no
preference for forming the native disulfides, and the equilibria for forming the first and second disulfides
decreased only slightly upon the addition8dM urea. The data for the four-Cys analogues, together with
equilibrium data for the six-Cys form, were also used to estimate effective concentrations for forming a
third disulfide once two native disulfides are present. These effective concentrations were approximately
100 and 10 M in the presence of Oce@ M urea, respectively. The results indicate that there is little or

no preferential formation of native interactions in the folding of these molecules until two disulfides have
formed, after which there is a high degree of cooperativity among the native interactions.

Thew-conotoxins are small disulfide-bonded polypeptides structures that are stabilized by three conserved disulfide
that are found in the venoms of carnivorous marine snails bonds. Their overall folds are also conservée ) and are
of the genuConus and the toxins act to block presynaptic representative of a motif, described as a “knottin” or
voltage-gated Cd-channels in the snails’ prey, thus con- “inhibitory cysteine knot” (ICK), that has been found in
tributing to the potent paralytic activities of these venoms numerous small proteins derived from remarkably diverse
(1). Over 60w-conotoxin sequences have been identified, sources&—10). In addition to the three disulfides, the motif
and these moleules display considerable specificity féfCa is characterized by the presence gf-sheet composed of
channel subtypes, making them especially valuable reagentshree short strands (Figure 1). While the pattern of disulfides
for neurobiology research. They are also being actively and secondary structure are conserved amongtbeno-
pursued as potential pharmaceuticals, and the subject of theaoxins, their sequences show little or no conservation other
current study,w-MVIIA,* has shown promise for the than that of the Cys residues.
treatment of chronic pair( 3). (Syntheticw-MVIIA is also The small size and limited sequence conservation seen in
known as SNX-111 and by the drug name ziconotide.) the w-conotoxins and other proteins with the ICK fold raise

Although they are only 2530 amino acid residues long, ~fascinating questions about the folding mechanisms of these

the w-conotoxins fold into well-defined three-dimensional molecules. While the disulfide bonds play a critical role in
stabilizing the fold {1, 12), these disulfides must form

correctly after the chain is synthesized. Like other peptides
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1 Abbreviations: w-MVIIA-Gly, a form of w-conotoxin MVIIA efficiency, ranging from 20 to 80%, after being fully reduced,
composed of the mature sequence plus a C-terminal Gly residue withas compared to 510% expected if the disulfides were to

an unmodified carboxyl group; ICK, inhibitor cysteine knot; 1,16Ala, _ ;
8,20Ala, and 15,25Ala are analogues @fMVIIA-Gly with the form randomly 0'5) In the case of»-MVIIA, it was further

indicated Cys residues replaced with Ala. Forms of the analogues with Shown that the propeptide sequence actually decreases
specific disulfide bonds are indicated by the numbers of the disulfide- slightly the folding efficiency in vitro 16).

linked Cys residues, enclosed in brackets and followed by a subscript  The ¢-conotoxins are also synthesized with an extra

indicating the analogue. Thus,120,15-25]; 16a1ais the form in which - . N -
Cys 1 and 16 are replaced with Ala, and the other four-Cys residues C-t€rminal Gly residue, which is oxidatively cleaved to create

are disulfide bonded as in the native structure; GSSG and GSH, thean amidated C-terminus. A form af-MVIIA with this Gly
disulfide and thiol forms, respectively, of glutathione; DTT, dithio- residue is about 1 kcal/mol more stable than the mature

threitol; MOPS, 3-N-morpholino)propanesulfonic acid; EDTA, ethyl- ; ; s
enediaminetetraacetic acid; TFA, trifluoroacetic acid; TCEP, tris(2- amidated form and refolds with an efficiency greater than

carboxyethyl)phosphine; CDAP, 1-cyano-4-(dimethylamino)-pyridinium 80%' Versus 50% for the mature peptides)( A!" .NMR'
tetrafluoroborate; HPLC, high performance liquid chromatography.  derived solution structure of the Gly containing form,

10.1021/bi012033c CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/12/2002




3508 Biochemistry, Vol. 41, No. 10, 2002

Ficure 1: Native structure ofo-MVIIA-Gly. The ribbon diagram

was drawn using the atomic coordinates determined by solution

NMR spectroscopy (7). The disulfide bonded sulfur atoms are

Price-Carter et al.

disulfide exchange, thus generating, for each analogue, all
three of the possible forms with two disulfides. The identities
of these species were determined previously by peptide
mapping (1). o-MVIIA-Gly with all three disulfides was
prepared as describedf).

Identification of One-Disulfide Formd o generate all of
the possible one-disulfide forms of each four-Cys analogue,
the purified two-disulfide forms, with native or non-native
disulfides, were partially reduced with tris(2-carboxyethyl)-
phosphine (TCEP, Pierce) at pH 31®). The resulting one-
disulfide forms were purified by HPLC, lyophilized, and
stored at—20 °C.

The free thiols in the partially reduced analogues were
identified using the cyanylation-cleavage procedure described

represented as balls with the Cys residue numbers indicated. Theby Wu and Watson 20). Fresh solutions of 1-cyano-4-

figure was drawn with the programs MOLSCRIPT and Raster3d
(54, 55), using the atomic coordinates of molecule number 9 (the
structure with the smallest RMS deviation from the calculated mean
structure) in entry 1FEO of the Protein Data Bank.

designatedw-MVIIA-Gly, indicates that it has a folded
conformation very similar to that of the mature form and
that the C-terminal Gly residue forms a network of hydrogen
bonds that likely contribute to its stabilityl7). Since
oxidation of the Gly residue is thought to take place in
secretory granules following folding and disulfide formation
(18), these extra interactions may be quite significant for
folding in vivo. We have thus adopted-MVIIA-Gly as a
model for studying the mechanism of folding and disulfide
formation in this class of proteins.

To assess the roles of the individual disulfide bonds in

folding, we previously prepared a set of three analogues, eack}\I

with one pair of disulfide-bonded Cys residues replaced with
Ala (11). Removing any one of the three disulfides was found
to greatly decrease the affinity of the peptide for>CGa
channels, by 100- to 10 000-fold, and circular dichroism
spectroscopy indicated that tfiesheet structures are desta-

bilized. Furthermore, none of the three analogues form their

correct disulfides as efficiently as-MVIIA-Gly with all
six Cys residues, indicating that each disulfide plays an
important role in stabilizing the other two.

In the present study, we have examined the four-Cys
analogues more extensively, identifying each of the one-

disulfide intermediates in their folding and determining the

equilibrium constants for forming each of the possible species

with one or two disulfide bonds. The results indicate that
there is little or no conformational specificity that favors

forming the first or second disulfide, but that any pair of

native disulfides greatly favors formation of the third. It thus

appears that the cooperativity in the folding of this small
protein is expressed only when the chain is already signifi-
cantly constrained.

EXPERIMENTAL PROCEDURES
Synthetic PeptideChemical synthesis of the threeM-

(dimethylamino)-pyridinium tetrafluoroborate (CDAP, Sigma),
were prepared by dissolving the dry reagent in 0.17 M-Na
citrate/PQ pH 3.0 to a concentration of 20 mM. The
solutions were stored on ice in brown glass vials and used
the same day. To cyanylate the free thiols in a conotoxin
analogue, partially reduced peptide (resuspended in 0.17 M
citrate pH 3.0) was incubated with CDAP in citrate buffer
at 25°C. The final free thiol concentration was 4®, and

the final CDAP concentration 2 mM. After 20 min, the
reaction mixtures were fractionated by reversed-phase HPLC.
Completion of the cyanylation reaction was confirmed by
electrospray ionization mass spectrometry, and the purified
products were lyophilized and stored-a20 °C.

Peptide bonds preceding the cyanylated Cys residues were
cleaved by mixing the modified peptides (resuspended at a
concentration of 20@M in 0.1% TFA) with 9 volumes of
H4OH (0.02-1 M) and incubating for 520 min at 25°C.

The reactions were quenched by adding 0.1 volume of con-
centrated HPO,, and the major products were purified by
HPLC and analyzed by electrospray-ionization mass spec-
trometry. To resolve a few ambiguities in the assignments,
some of the peptide was further digested with trypsin, and
the resulting fragments were analyzed by mass spectrometry.

Disulfide Formation and Rearrangement Kineti€sul-
fide formation experiments were initiated by mixing a
solution of fully reduced peptide in 10 mM HCI with an
equal volume of refolding buffer mix to yield final concen-
trations of 20uM peptide, 0.1 M MOPSNaOH, pH 7.3,

0.2 M KCI, 1 mM EDTA and oxidized and reduced
glutathione (GSSG and GSH) at concentrations appropriate
for the experiment. To study the rearrangements of the one-
disulfide species, the purified intermediates were resuspended
in 10 mM HCI to a final concentration of 200M and then
mixed with 9 volumes of a buffer solution to generate the
same reagent concentrations as used in the disulfide forma-
tion experiments, except that no GSSG or GSH was added.
All of the solutions were flushed with )Nand the reactions
were carried out in septum vials under ap &mosphere.

At various times after initiating the reactions, samples were
withdrawn and quenched with 0.05 volumes ofP,.

VIIA-Gly analogues used for these studies has been described After trapping by acidification, the various disulfide-

previously (1). In each peptide, one of the Cys pairs that
forms a disulfide in the native protein was replaced with

bonded forms were fractionated by reversed-phase HPLC
using buffer systems optimized for each analogue as

Ala residues. The species with the native disulfides were described previouslyl(). For most separations, a Vydac

generated by a selective protectiesieprotection scheme

Cis column was used and eluted with a gradient of aceto-

(11). Samples of these forms were then reduced and allowednitrile in 0.1% TFA. For the 15,25Ala analogue, however, a

to form disulfides under conditions of reversible thiol-

Beckman Gs column was used to separate the reduction
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products, and a Vydac diphenyl column was used to separateone-disulfide species of the unmodified peptide, as well as
the different forms of 1,16Ala generated during disulfide nine two-disulfide forms. In a previous study, we isolated
rearrangement. The diphenyl column was eluted with a and identified the three two-disulfide forms of each analogue
gradient of acetonitrile in 0.5% TFA, and the chromatography and measured the equilibrium constants for the formation
was carried out with the column in a 3 water bath. of these species from the fully reduced peptidey).(We
Elution profiles were monitored by absorbance at 220 nm have now isolated the six one-disulfide forms of each
(Cig) or 229 nm (diphenyl chromatography). analogue, identified the disulfides by peptide mapping, and
To analyze the kinetics of disulfide formation, the HPLC measured the tendencies of these disulfides to form via thiol
peaks corresponding to the various species were integrateddisulfide exchange with glutathione.
and the observed relative concentrations were compared to Purification and Identification of One-Disulfide Forms
those predicted by numerical simulations based on the kineticTo identify all of the possible one-disulfide forms of
models described in the results and discussion section. Form-MVIIA-Gly, we generated each of these species by
each four-Cys analogue, the rate constants making up thepartially reducing the purified two-disulfide forms of each
model were manually adjusted until a single set of constantsfour-Cys analogue. The two-disulfide forms were selectively

accounted for all of the experiments utilizing different
concentrations of GSSG and GSH.
Disulfide-Coupled Folding Equilibrium fon-MVIIA-Gly.

reduced with TCEP at pH 3.0, and the resulting products
were purified by reversed-phase HPLC at low pH to
minimize intramolecular rearrangements. The general strat-

To measure the overall equilibrium constant for forming the egy used in this study is outlined in Figure 2, and a sample

three native disulfides im-MVIIA-Gly by exchange with

chromatogram illustrating the partial reduction reaction is

glutathione, the native peptide was incubated with GSSG shown in Figure 3a. In each case, TCEP reduction led to

and GSH at 25C in the presence of 0.1 M MOP$NaOH,

the production of two species in addition to the fully oxidized

pH 7.3, 0.2 M KCI, and 1 mM EDTA. Four experiments starting material and the fully reduced end product. These
were carried out using GSSG:GSH concentrations of 0.5 reduction intermediates could be reoxidized with iodine
mM:20 mM, 0.5 mM:30 mM, 1 mM:20 mM, and 1 mM:30  (which results in rapid and irreversible disulfide formation)
mM. A parallel set of measurements were carried out in the to regenerate a single form with the HPLC elution time of
presence 08 M urea, using 1 mM GSSG and 13, 16, or 20 the starting material, indicating that one of the initial
mM GSH. The reactions were quenched afe h by disulfides was retained during the partial reduction and
acidification and analyzed by HPLC as described above. purification.
[Previous experiments demonstrated that equilibration of The purified one-disulfide species were found to undergo
these reaction is reached 2 h orless (L6).] The relative very rapid intramolecular rearrangements at the higher pH
concentrations of the native and fully reduced forms were values (8 to 8.5) required to block the free thiols with
determined by integration of the HPLC chromatograms, and alkylating reagents, precluding traditional peptide-mapping
the data were plotted in the form of the fraction natii@ (  methods for identifying the disulfides. Therefore, an alterna-
as a function of the quantity [GSHMJGSSG]. The data were tive technique recently described by Wu and Watson was
fit by the method of least squares to the equation: employed 20). In this method, the free thiols are cyanylated
at pH 3, and the resulting adducts are induced to undergo
[N] 1 an intramolecular reaction that results in cleavage of the
n— [N] + [R] - 1+ (1K, )(GSHE/GSSGI} (1) peptide bonds preceding the modified Cys residues. HPLC
profiles representing a typical cyanylation reaction are shown
in Figure 3b. In this reaction, one of the purified one-disulfide
forms of 15,25Ala was reacted with a 50-fold molar excess
of CDAP for 20 min at 25°C. Approximately 90% of the
peptide was converted to a form with an increased HPLC
retention time. Electrospray ionization mass spectroscopy
confirmed that this product had the molecular weight
A polypeptide containing six Cys residues can, in principle, expected if the two thiols were cyanylated. Each of the
form a total of 15 species with a single disulfide, 45 species purified one-disulfide forms was reacted with CDAP in the
with two disulfides, and 15 three-disulfide forms. During same manner, and in each case the di-cyanylated product
the folding of some disulfide-bonded proteins, such as bovine was obtained in high yield.
pancreatic trypsin inhibitor, only a relatively small subset  The cyanylated products were purified and then incubated
of these species actually accumulate to significant levels, under alkaline conditions, 0.62L. M NH,OH, to induce
greatly simplifying the task of defining the major pathways cleavage, as illustrated in Figure 3c for the-B] intermedi-
of disulfide formation 21—23). For other proteins, however, ate form of 15,25Ala. The peptide fragments generated by
there is a much broader distribution of disulfide-bonded this treatment were purified by HPLC and analyzed by
species, making it much more difficult to identify any electrospray ionization mass spectrometry. For 11 of the 18
conformational tendencies of the polypeptide to favor one-disulfide species, the cleavage reactions were sufficiently
particular disulfidesZ4—26). To test for the presence of such specific and efficient to positively identify the disulfides
tendencies in the formation of the one- and two-disulfide when this information was combined with the known
intermediates in the folding @b-MVIIA-Gly, we have used identities of the two-disulfide precursors (Figure 2).
three synthetic analogues, each with one pair of Cys residues Not all cyanylated peptides were cleaved specifically in
replaced with Ala. These three peptides (designated 1,16Ala,high yield. As observed previously by Wu and Watson,
8,20Ala, and 15,25Ala) can collectively form all 15 of the alkaline treatment of some of the cyanylated peptides resulted

f

where Ky, is the equilibrium constant, with units M
Uncertainties in the estimates Kf, were derived from the
least-squares fit.

RESULTS AND DISCUSSION
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2-disulfide 1-disulfide

Analog form form Identified Peptide (a) Selective reduction
[8-15] AKGKGAKCgSRLMYDC)sATGS [16-20]
[8-15,20-25] [1-8,16-20] R
[20-25]

(8-20]
1,16Ala  [8-20,15-25]

| ——
[15-25] G8SRLMYDC)sATGS  €2RSGKCy5G
N cn

(8-25] (b) Cyanylation
[8-25,15-20] (1-8locn

— 1
[15-20] GgSRLMYDC) sATGSCqRSGK*
N

[1-15,16-25]
| aae—
[16-25] G15C16TGSARSGKCo5G
CcN

(c) Cleavage —
[1-18] C1KGKGAKCgSRLMYDA
8,20Ala [1-186,15-25]
| —— |
[15-25] C1KGKGAKASRLMYDC;5 C1¢TGSARSGKC;y5G
& o $2 oRSGKAG

CN

[1-25] élKGKGAKASRLMYD(".‘lS C'.‘ls'I‘GSARSGK(IZZ 5G
[1-25,15-16] v N

r—
[15-16] C;KGKGAKASRLMYDC;5C;¢TGSARSGK*
&

------------------------------------------------------------------- FiGURE 3: Peptide mapping of one-disulfide forms of the 15,25Ala
analogue. (a) Selective reduction of—{8,16-20]i525a2 The

| ———
[1-8]  C1KGKGAKCGSRLMYDA purified two-disulfide form was treated with 10 mM TCEP in 0.1%
[1-8,16-20] TFA at 25°C for 20 min and then fractionated by reversed-phase
[16-20] (gSRLMYDAC] (TGSCoRSGKAG HPLC as shown. (b) Cyanylation of {8];5 2542 The material from
o the peak labeled 18] in panel a was incubated with a 50-fold

molar excess of CDAP for 20 min at pH 3.0 and 25. The
resulting material was purified by HPLC as illustrated and was
shown by mass spectrometry to be cyanylated at two sites. (c)
Cleavage of cyanylated {18];5 2512 The cyanylated peptide was

[1-16]
15,25Ala  [1-16,8-20]
| L]
[8-20] C;KGKGAKCGSRLMYDA CigTGSCyqRSGKAG

o « incubated in NHOH at 25°C, and the resulting fragments were
[1-20] purified by reversed-phase HPLC. The fragments were identified
[1-20,8-16] by mass spectrometry.
[8-16] C1KGKGAKCSRLMYDAC) ¢ TGS
v primarily in g-elimination—removal of they-sulfur as well

FIGURE 2: Strategy and results for identifying the one-disulfide as the cyano group from the cyano-cysteine without backbone
forms of the four-Cys analogues of-MVIIA-Gly. Each of the cleavage 20). In addition, several of the reactions yielded

analogues was fully oxidized to generate the three possible two- . }
disulfide forms, each of which was previously identified by tryptic small amounts of numerous products, suggesting that non

peptide mapping1(l). Each was then selectively reduced at low SpPecific cleavage occurred when the peptides were incubated
pH, where disulfide rearrangements are minimized, to generate allwith the base. As a consequence, some of the one-disulfide
of the possible one-disulfide intermediates. These forms were gpecies could not be directly identified. For each of these

subjected to cyanylation and cleavage, as illustrated in Figure 3, to - ;
generate peptides with cyanylated N-terminal Cys residues. The ©8S€S, however, the other one-disulfide product of reducing

peptides indicated were purified and identified by electrospray the two-disulfide species was positively identified, making
ionization mass spectrometry. With the exception of the two it possible to infer the identity of the other species. For

sequences labeled “K*" at the C- terminus, each of the peptides j i i
shown had a mass within two amu of that expected for the sequenceI nstance, even though the identity of {16} 2sxa Was not

shown. These two peptides, which appeared to be generated b>ponfirmed djrectly, the other PrOdUCt of re‘_j!icmg_ﬂe'?f
cleavage of the peptide bond preceding Cys 25, had masses 140115 25aa (With the 8-20 disulfide) was positively identified
amu less than expected, which can be accounted for if the peptideby peptide mapping.

bonds were hydrolyzed by attack by thwitrogen of Lys 24, rather L .
than free ammonia. The disulfide-bonded peptides derived from AN unexpected result arose for the species in which Cys

two forms of 8,20Ala, [15-25] and [1-25] had indistinguishable 25 was cyanylated. Although cleavage of the peptide bond
masses. To ensure that these peptides were correctly identified, theipreceding this residue was observed, the resulting products

disulfides were reduced, and the larger fragment of each (corre-
sponding to residues-115) was subjected to Edman sequencing. had masses that were 16 amu smaller than expected. The

The peptide derived from [425]20x. Yielded the expected identities of these peptides, and the corresponding one-
sequence, whereas that from f425]g »0aia did not yield phenylth- disulfide intermediates, were confirmed by further digesting

iohydantoin-amino acids, as expected for a peptide with an the peptides with trypsin and identifying the resulting

N-terminal cyanylated Cys residugg). The identities of the one- ;
disulfide forms for which no peptide is shown were inferred from fragments, which had the expected masses. The smaller than

the identities of the other one-disulfide species generated by €xpected masses of the direct cleavage produces can be
reduction of the two-disulfide form. accounted for if thel-nitrogen of Lys 24, rather than
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ammonia, served as a nucleophile to attack the carbonyl

carbon of the same residue, resulting in a cyclic structure. (a) 1,16Ala (20-25]
This cleavage mode may occur at other £3ys sites, or it
may reflect the presence of the Gly residue following the [15-20]
Cys or the proximity of the Cys residue to the peptide
. [15-25]
C-terminus. [8-20] [8-15)

The combined results of the experiments described above
thus enabled us to identify all 18 one-disulfide species. The
rates and equilibria for forming these species were then
determined as described in the following sections.

Rearrangement of One-Disulfide Intermediat€ce a
first disulfide forms during oxidative refolding of a protein
with more than two Cys residues, this step is typically

followed by rapid intramolecular rearrangements that yield (b) 8,20Ala
other possible one-disulfide intermediat2g)( Unless there [15-25]
are unusually large kinetic barriers to the formation or [16-25] |\ s

rearrangement of specific species, this process leads to a
steady-state distribution of intermediates that reflects their
relative thermodynamic stabilities.

To confirm that the one-disulfide forms of the various four-
Cys analogues readily interconvert with one another, each
was isolated at low pH and then allowed to reequilibrate in
folding buffer containing no thiol or disulfide reagent. The
progress of these reactions was followed by reversed-phase
HPLC. During the reactions, there was little or no formation
of fully reduced protein or two-disulfide forms, as could
occur by either oxidation by molecular oxygen or intermo- FIGURE 4: Equilibration of one-disulfide forms of (a) 1,16Ala and

lecular thiol-disulfide exchange. In most cases, the rear- () 8,20Ala analogues ob-MVIIA-Gly. Purified one-disulfide
; orms of the indicated analogues were incubated for 1 min in a

rangement process appeared to be complete before the first; ion containing 0.1 M Na-MOPS pH 7.3, 0.2 M KCI, and 0.001

sample was analyzed 30 s after initiating the reaction, and M EDTA at 25°C. The reactions were quenched by acidification,
all but one of the reactions were complete within two and the intermediates were fractionated by reversed-phase HPLC.

minutes. The reaction initiated with [£3.6]s 20a1a however, The peaks containing the initial intermediate used in each experi-
took 5 min to reach an apparent end point. Forming a Ment are shaded.

disulfide between adjacent Cys residues is believed to require ibed in th . i id f th
either a cis or nonplanar conformation of the intervening SCMP€d IN the previous Section provide a measure of the
peptide bond28), and this conformation may lead to steric relative stabilities of the various species formed by each of

hindrance that inhibits exchange with other Cys thiols. For the gn_alogue;, bl.Jt do not prowde.a means of comparing the
each of the analogues, a very similar end-point distribution stabilities of disulfide-bonded species formed by the different

was generated regardless of which one-disulfide form was analogues. To obtain this additional information, we carried
used as the starting material (Figure 4), indicating that theseOUt folding experiments with each of the three analogues

distributions reflect the thermodynamic stabilities of the under conditions where d|sulf|(_je format_|o_n and reduction
various species. were promoted by exchange with the oxidized and reduced

The relative steady-state concentrations of the variousforrr.‘.S c.)f glutathione (GS.SG and GSH, resp_ecuvely). T_he
species are listed in Table 1. In general, the most abundantequ'“brlum constants d.enve'd frqm such _e.x_perlmen.ts provide
species were those with the smallest humber of residues® measure of the peptide disulfide stabilities relative to that

between the disulfide-bonded Cys residues. A notable of the intermolecular disulfide of glutathione, which then
exception was [15 16]g 20a1 Which accumulated to a lower serves as a common reference.
level than forms with larger loops, almost certainly because  After fully reducing the disulfides, folding was initiating
of the special steric requirements for forming a disulfide by mixing the peptides with mixtures of GSSG and GSH at
between adjacent residues. pH 7.3, 25°C. After appropriate time intervals, samples of
To determine whether noncovalent interactions might the folding mixtures were quenched by acidification and
preferentially favor some of the one-disulfide forms, the analyzed by reversed-phase HPLC. For each of the ana-
equilibration experiments were repeated in the presence oflogues, at least three folding experiments were carried out,
8 M urea (Table 1). In general, the denaturant had only small With 0.15 mM GSSG and GSH concentrations of 1, 2, or 5
effects on the equilibrium distributions. However, the relative MM.
concentrations of the two species containing the2@ Formation of a disulfide by exchange with GSSG is a two-
disulfide (in the 15,25Ala and 1,16Ala analogues) were step process: reaction of the reagent with a protein thiol
decreased significantly (by 2.5- or 4-fold) in the denaturant, followed by an intramolecular thiol-disulfide exchange
suggesting that this native disulfide may be stabilized by reaction to generate the protein disulfide. Because of the
noncovalent interactions. relatively low GSSG concentration used, the rate of forming
Kinetics of Disulfide Formation and Reduction in the an initial mixed disulfide is expected to be much slower than
Four-Cys AnaloguesThe equilibration experiments de- the subsequent intramolecular step. As a consequence, the

[1-15]

° [1-16] [15-16] [1-25]
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Eﬁ?tloeml: Equilibrium Distributions of One-Disulfide Intermediates 100 (a) 0.15mM GSSG, 1T MM GSH
fraction of populatioh 7
analogue intermedigte 0 M urea 8 M urea
1,16Ala
[8—15] 0.05 0.04
[8—20] 0.04 0.01 y
[8—25] 0.02 0.02 £
[15—20] 0.25 0.24 ) ]
[15—25] 0.13 0.1 e
[20—25] 0.51 0.6 o
8,20Ala S
[1-15] 0.04 0.05 L
[1-16] 0.05 0.03 = 100
[1-25] 0.03 0.02 )
[15—16] 0.12 0.22 g 80
[15-25] 0.39 0.33 o
[16—25] 0.36 0.35
15,25Ala 60
[1-8] 0.22 0.23
[1-16] 0.05 0.03 40
[1—20] 0.02 0.01
[8—16] 0.11 0.09 20
[8—20] 0.24 0.09
[16—20] 0.36 0.54
2 The intermediates with native disulfides are highlighted with bold
type.? The equilibrium populations of the intermediates were deter- 0 10 20 30 40 50 60
mined by isolating individual intermediates by reversed-phase HPLC, Time (min)
allowing the intermediates to reequilibrate at pH 7.3 and then analyzing o o o
the distributions by HPLC, as illustrated in Figure 4. Ficure 5: Kinetics of disulfide formation in the 1,16Ala analogue

of w-MVIIA-Gly. The fully reduced analogue was purified by
o . HPLC and incubated with the indicated concentrations of GSSG
observed rates of disulfide formation reflect the rate of form- and GSH, 0.1 M Na-MOPS pH 7.3, 0.2 M KCI, and 0.001 M EDTA
ing the mixed disulfide, and there is minimum accumulation at 25°C. At the indicated times, the reactions were quenched by
of the mixed disulfide intermediat€9, 30). The excess of acidification, and the concentrations of the various species were

. L determined by reversed-phase HPLC. The measured concentrations
GSH relative to GSSG further ensures that there is minimum 4 ingicated by the symbol€, reducedt, one-disulfide inter-

accumulation of mixed disulfides at equilibrium. In view of mediates®, [8—20,15-25]; ¢, [8—25,15-20]; W, [8—15,20-25].

these considerations, the kinetic data were analyzed byThe curves shown were generated by numerical integration based
comparing the observed time-dependent changes in theon the kinetic scheme of eq 2 and the rate constants in Table 2.
concentrations of the various species with those predicted

by numerical simulations based on the following model: Table 2: Rate Constants for Disulfide Formation and Reduction in
Four-Cys Analogues ab-MVIIA-Gly at 25 °C, pH 8.7

A formation reduction

B (2) analogue step urea urea urea urea

1-16Ala
c R=I 85 38 11 7
| = [8—15,20-25] 21 15 120 140
|=[8-2015-25] 0.9 015 120 50

/ 0 (l\j_l M_;)M 0 $_1 M_E?M
\

where R represents the fully reduced protein, | is the total | = [8—25,15-20] 24 12 70 35
population of one- disulfide intermediates, and A, B, and C  8—20Ala
are the three possible two-disulfide species. As discussed in R=I 96 49 22 16

| =[1—15,16-25] 23 12 350 410

the.prewc_)ys.sectlon, thg one-disulfide mtermed!ates are in | = [1-1615-25] 54 192 370 470
rapid equilibrium on the time scale of these experiments (1 —[1-25,15-16] 07 07 450 720
60 min), and these species were treated a homogeneous 15,25Ala

kinetic class. (Although [1516]s 20a12 Undergoes exchange :Q;[lfS 16-20] 1% i_g 31’c2) 1%%)
more slowly than the other intermediates_, its concentrqtion —[1-16,8—20] 05 01 120 30
relative to the other one-disulfide species also remained | =[1—20,8-16] 09 025 140 50

constant during the experiments.) On the other hand, because
the two-disulfide forms contain no free thiols, they cannot experiments carried out in the presende8dvl urea. The
interconvert without first being reduced and are treated as second-order rate constants for forming the initial disulfides
individual species. For each analogue, the observed data frormay in the range of 8.5 to 13'$ M. Since each reduced
all of the experiments could be well fit using this model and analogue contains four Cys residues, these rates are consistent
a single set of rate constants, as illustrated in Figure 5 for with previous results indicating that the rate constant for
1,16Ala. exchange between a single thiol in a positively charge peptide
The rate constants derived from these experiments areand GSSG under these conditions is typically about-@.5
summarized in Table 2, along with those from parallel s* M~ (31, 32).
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The rate constants for forming th_e Se_CO”F" disulfides were Table 3: Effective Concentrations of Cys Thiol Pairs in Reduced
generally lower than those for the first disulfide, as expected ¢,-MvIIA-Gly Analogues
since the precursors contain only two Cys thiols. These rate N
. . . . Ceff (M)b
constants also varied quite widely for the different two-
disulfide products, from 0.5 to 5§M~L. This variation is analogue Cys pdir 0Murea 8 Murea
also expected, since the precursors for the various two-  1.16Ala

disulfide forms were present at different concentrations in o o039 ooaz
the population of one-disulfide precursors. 825 0.015 0.011

A wide range was also observed for the third-order rate 15-20 0.19 0.13
constants for reducing the various species with one and two 15-25 0.10 0.054
disulfides, from 11 to 450 M2, with the rates for reducing 8,20Ala 20-25 0.39 0.33
the two-disulfide forms uniformly greater than those for the 1-15 0.017 0.015
first disulfide. Although these differences might be taken to 1-16 0.022 0.009
mean that the two-disulfide forms are less stable than their 155 o ooue
one-disulfide precursors, the differences in reduction rate can 15-25 0.17 0.10
largely be accounted for by statistical factors that distinguish 16—25 0.16 0.11
the two types of reaction, as discussed in the appendix. 15,25Ala

The kinetics of disulfide formation and reduction were also i:i’s 8'832 8'8Z8
measured for the three analogues in the presence of 8 M 1-20 0.009 0.003
urea. As indicated in Table 2, the strong denaturant generally 8-16 0.048 0.030
had only small effects on the observed rates, suggesting that fg_zgo %-11% %-‘féo

there is relatively little stable structure in most of the one- — . : —
or two-disulfide species. aThe disulfides of the native protein are indicated by bold type.

Because the individual rate constants for disulfide forma- ;£ cctve concentrations represent the equilibrium constants for
. . - forming a disulfide between the indicated Cys thiol pairs in the fully
tion and reduction by exchange with GSSG and GSH are reduced protein via exchange with GSSG. Calculated from the rate
strongly influenced by the thiol-disulfide exchange chemistry constants of Table 2 and the distribution of one-disulfide intermediates
and statistical factors, they provide relatively little direct (Table 1) as described in the text.
information about the conformational properties of the
polypeptides. The rate constants can, however, be used tde multiplied by a fraction representing the concentration
calculate equilibrium constants for the various disulfide of the specific one-disulfide species in the total population,
formation steps, and these allow a quantitative comparisonas listed in Table 1. The effective concentrations calculated
of the conformational tendencies to form the different in this way are designate@., to indicate that they repre-
disulfides at different stages of folding, as discussed in the sent formation of a first disulfide and are summarized in
following sections. Table 3. The calculated values ranged from 0.01 to 0.5 M.
Effectve Concentrations of Cys Thiol Pairs in the Fully Each of the native disulfides {116, 8-20, and 15-25)
Reduced Peptide$he overall reaction for forming a single-  can be formed by two of the three analogues, thus providing
disulfide bond via exchange with GSSG can be summarizeda check for consistency in the results obtained with the three
as: independent sets of experiments. For thel® and 15-25
disulfides, the independent measurements gave results that
P+ GSSG= P + 2GSH (3)  differed by 2-fold or less, both with and without urea. On
the other hand(:éff measured for 820 was significantly

where ﬁé: and §S represent the dithiol and disulfide forms greater in the 1,16A|a analogue than in 15,25A|a, by factors

of the protein, respectively. The equilibrium constant is given 0f 3.4 and 5.7 in 0 and 8 M urea, respectively. It is possible
by: that the Ala replacements in one or both of these analogues

may have perturbed the conformation and energetics of the
[PS[GSH]Z reduced peptide or the {&0] interr_nediate. However, the
=—— 4) small magnitude of these energetic effects, on the order of

[PHIGSSG] 1 kcal/mol, may make it quite difficult to determine their

origin, even with the aid of high-resolution structure analysis.
This equilibrium constant reflects the stability of the in- In Figure 6 the effective concentrations (except for the
tramolecular protein disulfide relative to that of a chemically vicinal disulfide between Cys 15 and Cys 16) are plotted as
equivalent intermolecular disulfide. The constant has units a function of the loop length\) for the individual disulfides,
of concentration and can be thought of as an “effective demonstrating the expected inverse relationship. The data
concentration”, Cer (33—35). In unfolded polypeptides,  were fit to a function of the form:
effective concentrations typically lie in the range of 0.001
to 0.1 M (36—38), while those in native proteins can be as Ci = anN’ (5)
large as 10M (29).

The overall equilibrium constants for forming the one- as predicted for a random-walk polymer, wharandb are
disulfide intermediates can be calculated from the rate empirical constants. For the measurements made in the
constants for forming and reducing this population. To absence of urea, the estimated expongngas—1.3+ 0.4,
calculate the effective concentration of a particular pair of and was—1.7 + 0.5 in the presencef@ M urea. These
Cys thiols, however, the overall equilibrium constant must values are consistent with that predicted by simple random-

SS
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g 05 ] Table 4: Effective Concentrations of Cys Thiol Pairs in
= [ One-Disulfide Intermediates
p [
2 04 : . Con (M)P
..g 03 L @] analogue Cys pdr preexisting disulfid@ O Murea 8 M Uurea
5 ¥ ] 1,16Ala
c [ 1 8-15 20-25 0.034 0.018
8 o2} 1 8-20 15-25 0.058 0.03
o ' g 8—-25 15-20 0.14 0.14
> [ ] 15-20 8-25 17 17
5 O01r ] 15-25 8-20 0.19 03
2 - . 20-25 8-15 0.35 0.27
L ot . 8,20Ala
1-15 16-25 0.018 0.0084
0 30 1-16 15-25 0.017 0.0077
. . 1-25 15-16 0.013 0.0044
Loop Size (residues) 15-16 1-25 0.052 0.049
FIGURE 6: Effective concentrationst;éﬁ, of Cys thiol pairs in ig_gg i_ig %’11% %’%%8
reduced four-Cys analogues ® M (filled symbols) ad 8 M urea 15.25Ala ' '
(open symbols). The effective concentrations were calculated from ™~ 1-8 16-20 0.12 0.08
the relative populations of the one-disulfide intermediates in Table 1-16 8-20 0.017 0.037
1 and the rate constants of Table 2, as described in the text, and 1-20 816 0.058 0.056
are plotted as a function of the number of residues between the 8—16 1-20 0.32 0.50
Cys residues. The solid and dashed lines represent nonlinear least- 8-20 1-16 0.083 0.11
squares fits of the data for 0 @r8 M urea, respectively, to the 16—20 1-8 0.19 0.19

power function: Cer = aNP. For 0 M ureaa = 1.5+ 1 M andb
=-134+04,andfo8 Murea,a=2.6+2Mandb=—-1.7
+ 0.4. The arrows indicate the effective concentrations for the native
disulfides, each of which is represented in two of the analogues.

2The disulfides of the native protein are indicated by bold type.
b Effective concentrations represent the equilibrium constants for
forming a disulfide between the indicated Cys thiol pairs in the precursor
one-disulfide intermediate via exchange with GSSG. Calculated from
) . the rate constants of Table 2 and the distribution of one- disulfide
walk models of disordered chains £ —1.5) (39), but are intermediates (Table 1) as described in the text.

somewhat lower than those predicted from lattice simulations
that include the effects of excluded volume, which predict due to some marginally stable structure in this intermediate,
—2 = b= —2.4 (40). Although the difference may not be  although neither of the values determined @ in the
significant, the more negative exponent observed in the ghsence of urea appears to be exceptionally large for the
presence 08 M urea may reflect more favorable solvation |oop length. Overall, the correlation with loop size and the
of the chain under these conditions, which would tend to small effects of urea suggest that the effective concentrations
increase the average dimensions of the chain and decreasgrimarily reflect the probabilities of forming the various

the probability of long-range interactions. disulfides in the reduced and largely disordered polypeptides.
For the Cys 15-Cys 16 disulfide, the effective concentra- Effectie Concentrations for Forming a Second Disulfide
tions were 0.052 and 0.067 M in 0 &n8 M urea, in the One-Disulfide IntermediatesThe measured rate

respectively, significantly smaller than that seen for the loops constants can also be used to compare the relative tendency
formed with four or five intervening residues. These values to form a given disulfide in the fully reduced protein with
are similar to that measured by Zhang and Snyaéy {or that for forming the same disulfide in an intermediate with
a vicinal disulfide in a short peptide (about 100 mM) and a preexisting disulfide. For a polypeptide with six Cys
clearly demonstrate that formation of such a disulfide can residues, each of the 15 one-disulfide intermediates can form
be quite significant even in the absence of any specific six possible second disulfides, leading to a total of 90
structure to stabilize it. different possible reactions (but only 45 products, since each
In principle, the effective concentrations calculated from may be formed via two pathways). With the set of four-Cys
equilibrium constants may reflect the presence of any stableanalogues used in these studies the number of combinations
structure in the one-disulfide intermediates, and it has beenis reduced to only 18, since each one-disulfide species can
suggested that more reliable and direct information about form only a single second disulfide. These combinations
the conformational properties of a reduced protein may be include each of the three native disulfides in combination
obtained from effective concentrations determined from the with each of the other two native linkages, as well as each
ratio of intramolecular and intermolecular rate consta®ts ( of the 12 non-native disulfides in the presence of one other
39). In the case of thev>-MVIIA-Gly analogues, however,  non-native bond.
the small effects of urea on the equilibrium effective  The equilibrium constants calculated from the rate con-
concentrations suggest that there is relatively little stable stants for forming and reducing the two-disulfide species
structure in either the reduced protein or the one-disulfide represent the reactions from the entire one-disulfide popula-
intermediates. The most pronounced exception may be thetion. To calculate the effective concentrations corresponding
[8—20] intermediate, which contains a native disulfide and to the formation of a disulfide from a specific one-disulfide
can be formed by either the 1,16Ala or 15,25Ala analogues. precursor, designate@iﬁ, the overall equilibrium constant
In these analogues, the additioh®M urea decreasedéﬁ was divided by the fraction representing the concentration
for the 8-20 disulfide by 5.5- and 3.3-fold, respectively. of the precursor in the one-disulfide population. The resulting
These changes reflect primarily a decrease in the concentraeffective concentrations are listed in Table 4, measured in
tion of [8—20] in the one-disulfide populations and may be both 0 and 8 M urea. In general, the valuei?@# display
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Topology enclosed loops ([825,15-20]; 16aa@nd [1-20,8—16])15 25419
. displayedCf)ﬁ/Céff ratios of approximately 8 in the absence
Independent  Overlapping  Enclosed of urea and 15 8 M urea. These increases are qualitatively
consistent with the predictions of models based on an
2 idealized random-flight chain, in which the inner loop can
2 [,__§2£] 0—58} be thought to shorten the loop formed by the outer two Cys
- [6-15,20-25] [8:201525]  [8-25,15-20] re_sidue_s, as well as by sim_ulations _based on three-
' ' ’ dimensional lattice models, which also include excluded-
volume effects40). The larger effects seen in the presence
_8’ g of urea may reflect a greater expansion of the polypeptide
S g / under conditions of better solvation, although the observed
<| ®© - differences of about 2-fold may not be significant. In the
[1-15,16-25] [1-16,15-25]  [1-25,15-1€] third species with an enclosed loop;{25,15-16]s 2041 the

15,25Ala

FiGure 7: Schematic representations of the topological patterns

[1-8,16-20]

[1-16,8-20]

[1-20,8-16]

in the two-disulfide forms otv-MVIIA-Gly. The disulfide bonds

in the intermediates are indicated by dashed lines between the filled

two disulfides did not significantly influence one another.
This result is perhaps not surprising, since the disulfide
between adjacent residues should affect only the local
geometry of the polypeptide.

For the three disulfide pairs that result in overlapping
loops, the ratio€2,/CL; were only slightly different from 1
in the absence of urea, but the ratio was considerably larger
in the presencefd M urea for two of the pairs, [820,-

circles representing the Cys residues, and the nondisulfide bondedl 5251 16a1a@nd [1-16,8-20]15 25012 Lattice model simula-
Cys residues (replaced with Ala in the analogues) are indicated bytions predict a range of effects between disulfides with

open circles. The native intermediates are shown in the centertgpologies of this type, depending on the exact positions of
column, and all possess the overlapping topology. '

Table 5: Influence of Pre-existing Disulfides on Effective
Concentrations

2-disulfide

analogue intermediaté

topology

2 3 2
Ceﬁ/ Céffc Ceffl Ceffd

—urea +urea —urea —turea

the linkages40). When the central linked residues are close
together, the two bonds are predicted to inhibit one another,
as observed for [£16,15-25]s 20a2 The molecules with the
overlapping topology are, in fact, the ones containing the
native disulfide pairs, and the relatively small values of
C2,/CL. indicate that there is very little cooperativity among

1,16Ala _ the native disulfides at this stage of folding.
[8-15,20-25] independent 0.9 0.8 Effective Concentrations for Forming a Third Disulfide
[8—20,15-25] overlapping 2 6 3000 270 .
[8—25,15-20] enclosed 9 13 The d.ata obtained fOIT the four-Cys gnalogues were also gsed
8,20Ala _ to estimate the effective concentrations for forming the third
[11516-25] independent 1 0.5 native disulfide,C3, in the three forms of the unmodified
[1—16,15—25 overlapping 0.8 0.8 1800 180 . ith ive disulfidesi). Th I .
[1-2515-16] enclosed 10 07 protein with two native disulfidesl(l). The overall reaction
15,25Ala _ for forming the three disulfides can be divided into two
[1-8,16-20] independent 1 1 components, formation of a precursor with two native
[1-16,8—20] overlapping 0.8 4 1000 50

disulfides (Ik) and formation of the third disulfide:

[1—20,8-16] enclosed 7 17
aThe intermediates with native disulfides are indicated with bold 2 GSSG 4 GSH GSSG 2 GSH
type.? The topologies of the two-disulfide intermediates are as il- \\ /‘ K /‘
lustrated in Figure 7¢ Calculated from the values in Tables 3 and 4. R Iy S N (6)
d Calculated from the values in Tables 4 and 6, using the average of Ky Cop

the two values foiC%;.

whereK is the overall equilibrium constant for formingyll
o 1 from R. There are, in principle, three pathways of this form,
a range similar to that seen f@, although some are i inati ;

: eff N although they may not all play a significant kinetic role in
notably larger, in one case (for forming the-120 disulfide 6 folding of the unmodified protein. Provided that the Cys
in the presence of-825) exceeding 1 M. _ — Ala replacements have minimal effects on the stabilities

As llustrated schematically in Figure 7, forming two and conformational properties of the two-disulfide forms,
disulfides in any of the four-Cys analogues can generate threethe three values oK, can be estimated from the rate
distinct topologies: (a) two independent loops, (b) tWo constants measured in this study for the four-Cys analogues.

overlapping loops, and (c) one loop fully enclosed by the The yajues ofc3, for forming the three native disulfides

other. As a measure of the extent to which the two disulfides -5 then be estimated as:
favor one another, the rati@,/CL, for each disulfide pair
are listed in Table 5. By thermodynamic linkage, this ratio
is expected to be the same for the two disulfides in a given
two-disulfide species, an assumption that is implicit in the
methods used here to calculate the effective concentrationswhere Ky, is the overall equilibrium constant for forming
For the three species with independent loops, there wasthe native protein with three disulfides from the fully reduced
very little effect of one disulfide on the formation of the polypeptide. By measuring the equilibrium concentrations
other. At the other extreme, two of the species with fully of the native and fully reduced forms af-MVIIA-Gly in

KIII

C§ﬁ=K—” 7
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Table 6: Effective Concentrations of Cys Thiol Pairs in [1-16] o, [1-16,8-20]
Intermediates with Two Native Disulfides
0.022 0017 170
0 M urea 8 M urea 013
Cys pair intermediate Ky (M2  C3 (M) Ky (M22  C3(M)P R 0088 oo (1-16,15-25] 110 [1-16,6-20,15-25]
1-16 [8-20,15-25] 5.8x 1073 50 1.6x 1073 6
8-20 [1-16,15-25] 2.8x 103 110 7.8x 104 12 o017
15-25 [1-16,8-20] 1.8x 103 170 1.1x 1073 9 014 018 %0
a Qverall equilibrium constant for forming the two native disulfides (15-25] ———>= [8-20,1525]
58

in the fully reduced analogue missing the indicated Cys pair. Calculated

from the rate constants of TableZThe effective concentration of the ~ FIGURE 8: Effective concentrations for forming the native disulfides
two thiols in the intermediates with two native disulfides were calculated during the refolding of reduced)-MVIIA-Gly, as deduced by

by dividing Ky, (the overall equilibrium constant for forming all three  analysis of the three four-Cys analogues. The effective concentra-
disulfides in the unmodified protein) by the valuekaf for the analogue tions have units of molarity and represent the equilibrium constants
lacking the Cys pair (eq 7 in the text) for forming the disulfides by exchange with glutathione. Note that
all of the upward pointing arrows represent the formation of the

. 1-16 disulfide in different contexts; the horizontal arrows represent
the presence of GSSG and GSKjy was estimated to be formation of the 8-20 disulfide; and the downward pointing arrows

0.3 + 0.04 and 0.01+ 0.001 M in O and 8 M urea, represent formation of the 25 disulfide. The effective concen-
respectively. Values o€Z, for the three native disulfides trations for forming the one-disulfide intermediates are the means

under the two sets of conditions were calculated using theseOf the values determined for the two analogues containing the two
values and the rate constants in Table 2 relevant Cys residues. Because the values determined for the same

. . . disulfide in different analogues are not identical, the values shown
The resulting effective concentrations (Table 6) and the jn this figure do not satisfy exactly the principle of microscopic

ratios C3,/Cs (Table 5) indicate that the presence of any reversibility.
two of the three native disulfides greatly enhances formation
of the third. In the absence of urea, the value€hfranged ~ Of sequence variation, and this ability may make the ICK
from 50 to 170 M, about 1000-fold larger than those observed fold particularly attractive as a scaffold for the design of
when these disulfides were formed in the fully reduced hew peptides with novel binding activitiesQ.
protein or in intermediates with one other native disulfide.  Given the small size of the-conotoxins and the particu-
Addition of 8 M urea decrease@2; by about 10-fold, but  larly important role the disulfides play in their stabilities, it
the resulting values were still about 100-fold greater than Might be expected that the evolved topology of disulfide
those for the earlier disulfide-formation steps. bonds would be one that is optimized to form efficiently. It
These results indicate that each of the intermediates withappears, however, that nearly the opposite is true. The loops
two native disulfides is probably stabilized by noncovalent formed by the native disulfides are relatively long, with
interactions that favor forming the third disulfide. It also spacings of 10, 12, and 15 residues, and the effective
appears, however, that the top0|ogica| constraints imposedconcentrations of these Cys thiol pairs in the fU”y reduced
by the first two native disulfides may be sufficient to Protein are lower than for pairs that form shorter loops (Table
significantly favor the third, as discussed further below. 3 and Figure 6). In addition, the loop defined by each native
Implications for Folding Mechanisms @f-Conotoxins disulfide forms an overlapping topology with each of the
The effective concentrations determined here for forming the others (Figure 7), an arrangement that leads to little or no
native disulfides oﬁ)_MV||A_G|y are summarized in Figure enhancement of the effective concentrations for forming a
8 in the form of a schematic pathway_ It should emphasized' second native disulfide. ThUS, initial formation of the native
however, that this scheme represents only the relative disulfides does not appear to be particularly favored by either
equilibria for forming the native disulfides and is not meant the loop sizes or their topologies. On the other hand, once
to indicate a kinetic mechanism, which would also include the disulfides are present, those that are least favored in the
non-native species and intramolecular rearrangements. Theinfolded state are expected to make the largest contributions
scheme illustrates that the native disulfides form in a to the stability of the native protein, since these linkages have
cooperative fashion: The effective concentrations of the Cys the largest effect on the entropy of the unfolded cha (
thiol pairs increase from about 0.1 M in the fully reduced 44). Perhaps the “cysteine-knot” topology seen in the
peptide (Table 3) to about 100 M in the intermediates with @-conotoxins and other small proteins has been selected in
two native disulfides (Table 5). Non-covalent interactions €volution because this arrangement leads to relatively large
also act to enhance the stabilities of the disulfides, as Stabilizing contributions from the disulfides.
demonstrated by the effects®M urea on the formation of Once two native disulfides are formed, there is a very large
the final disulfide. Together, the disulfides and noncovalent increase in the effective concentration of the remaining two
interactions are sufficient to significantly favor the native thiols. Even in the presencé®M urea, the values calculated
configuration, so that the fully reduced peptide refolds with for Cgﬁ are 50-250-fold greater than those for forming the
an efficiency of about 90% under conditions where the native same disulfides when only one other native disulfide is
form can freely interconvert with forms with non-native present. These large effects are not readily explained in terms
disulfides. Other members of tleconotoxin have also been  of the covalent topologies of the intermediates. For instance,
found to refold with modest efficiency, as have some other once the 820 disulfide is present, adding the 185
proteins with the same overall fold and pattern of disulfide disulfide does not, in a covalent sense, bring Cys 1 and 16
bonds (5, 41, 42). The ability of these molecules to fold closer together (Figure 7). The large effective concentrations
spontaneously to a well-defined conformation was initially are also surprising in view of available data concerning the
somewhat surprising given their small size and high degree conformational properties of the two-disulfide forms. Circular
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dichroism spectroscopy indicates that these molecules lackobservations suggest that a relatively small number of key
most of the native secondary structure, and their affinity for interactions may be sufficient to direct formation of the native

Ca&* channels is 100- to 10 000-fold lower than that of native fold, consistent with mutational analyses of folding transition

w-MVIIA-Gly (11). They are presumably even less struc- states $1, 52) and a recent computational studygj.

tured in the presence of 8 M urea. It is possible, however,

that these intermediates contain some partial structure thatACKNOWLEDGMENT

brings the remaining two Cys thiols together and is especially

resistant to chaotropic denaturants. We thank Drs. W. R. Gray and B. M. Olivera for helpful
In addition to forming cooperatively, the native disulfides discussions and Dr. R. Schackmann for synthesizing the
are significantly favored relative to non-native onds)( peptides used in this study.

Unfortunately, the data available are not sufficient to
calculate effective concentrations of non-native disulfides in APPENDIX

species with two disulfides, since the appropriate three-

disulfide forms have not been identified. Thus, it is not  As indicated in Table 2, the rate constants for reduction
known whether the presence of any two disulfides signifi- of the various one- and two-disulfide forms @fMVIIA-
cantly favors a third or, alternatively, the native topology is Gly differed greatly, the rates for reducing the two-disulfide
especially favorable. It is clear, however, that the presencespecies being about 10-fold greater than for the forms with
of 8 M urea significantly destabilizes the native structure one disulfide. Although rates of reduction can be greatly
relative to those with non-native disulfides, suggesting that influenced by the structural context of a disulfide in a folded
some of the specificity arises from the hydrophobic effect. or partially folded protein, the differences observed here can
As noted previously, the hydrophobic core of thecono- largely be accounted for by statistical factors that influence
toxin fold is composed almost entirely of the disulfide- a steady-state equilibrium between the form with the protein
bonded Cys residues, and the native structure may be favorediisulfide and a mixed-disulfide intermediat29( 30).

because this arrangement of disulfides is most effective in

burying the non- polar surface areb), Disulfide reduction by GSH is a two-step process with a

mixed-disulfide intermediate, as illustrated below for the

Overall, our results indicate that the folding@fMVIIA- simple case of a single disulfide in a polypeptide with only
Gly takes place in two distinct phases. Initially, the firstand Cys thiols:

second disulfides form with little or no specificity, and the
presence of the first native disulfide does not significantly

favor a second. Once two native disulfides are formed, s $-5sG SH
however, the third is strongly favored, and this preference \ GSH . GSH '

_depends, in part, on the hydrophobic eﬁ_‘gct. Further progress = - (A-1)
in understanding the remarkable ability of these small o GSSG (L gy

molecules to fold efficiently will likely require structural
characterization of the intermediates with two native disul-
fides, for it is in these intermediates and the native structure wherek;; andk., are the second-order rate constants for the
that the cooperativity of folding is expressed. first and second reduction steps, respectiviglys is the first-
Possible Implications for the Role of Topology in Protein order rate constant for reforming the protein disulfide from
Folding. Over the past few years, there has been growing the mixed disulfide, anél,q is the rate constant for forming
interest in the role of chain topology in determining folding a mixed disulfide by reaction of either protein thiol with
mechanisms and rated5-48), an interest that has been GSSG. There are two possible mixed-disulfide species, and
greatly stimulated by the striking observation of Plaxco et all of the rate constants shown are assumed to refer to the
al. that the folding rates for small proteins with simple total rates of forming or converting both in the indicated
kinetics are inversely correlated with relative contact order, reactions. (In this and the following schemes, the thiols are
a parameter that reflects the average sequence distancghown in the protonated form that predominates at neutral
between residues that interact in the native protdi). ( pH, although it is the ionized form, a thiolate, that is actually
Although the underlying basis for this correlation is not yet reactive. The apparent rate constants will be influenced by
clear, it has been suggested that it may reflect the importancete thiol K.'s and the solution pH, as well as by the intrinsic
of short range interactions in initially reducing the confor- reactivities of the thiolates and disulfides.) Because the
mational entropy of the unfolded chain and thereby favoring reverse of the initial reduction is an intramolecular reaction,
additional interactions between more distantly separatedj; jg usually quite fast, and a steady-state equilibrium is
residues 49-51). established between the protein disulfide form (D) and the
The results summarized in Table 5 confirm theoretical mixed disulfide (MD). The steady-state concentration of the
predictions 40) that the presence of one interaction can mixed disulfide is given by:
increase the tendency of a second to form. With only one

disulfide present, the effects were significant only when the K
loop formed by one disulfide was fully enclosed by the loop [MD] = [D][GSH] (A-2)
formed by the other, and, in this case, non-native rather than Kintra

native interactions are favored by this effect. The presence
of two native disulfides, however, caused much more The observed rate of reducing the disulfide is determined
dramatic effects, even in the presendeBavl urea. These by the product of the steady-state concentration of the
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intermediate, the concentration of GSH, and the rate constanttions of the various mixed-disulfides intermediates. It is thus
for the second reduction step: quite difficult to interpret the individual rate constants for
reduction in terms of the individual species in the popula-

dD] tions. As discussed in the text, more detailed information
dt ~[MDJ[GSHIk, (A-3) about the individual one- and two-disulfide forms was
kK. deduced from the equilibrium constants for disulfide forma-
= —[D][GSH]Zﬂ (A-4) tion and reduction, together with the measured concentrations
Kintra of the individual intermediates making up the one-disulfide
population.
The apparent third-order rate constant for reducing the
disulfide is then given by: REFERENCES
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