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ABSTRACT

The oxidative folding of proteins is reviewed and illustrated with
bovine pancreatic ribonuclease A (RNase A). The mutual effects of
conformational folding and disulfide bond regeneration are em-
phasized, particularly the “locking in” of native disulfide bonds by
stable tertiary structure in disulfide intermediates. Two types of
structured metastable disulfide species are discerned, depending
on the relative protection of their disulfide bonds and thiol groups.
Four generic pathways for oxidative folding are identified and
characterized.

Introduction

Disulfide bonds between cysteine residues are a key
component of many proteins.® Such bonds can stabilize
the native structure significantly, both by lowering the
entropy of the unfolded state?* and by forming stabilizing
interactions in the native state.>"8 However, the native set
of disulfide bonds is the end result of an often complicated
process involving covalent reactions such as oxidation,
reduction, and reshuffling (Figure 1). The term oxidative
folding describes the composite process by which a
reduced, unfolded protein recovers both its native disul-
fide bonds (disulfide bond regeneration) and its native
structure (conformational folding). This Account synthe-
sizes a general picture of this process, based primarily on
recent data from bovine pancreatic ribonuclease A (RNase
A)*~1 (Figure 2).
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The regeneration of the native disulfide bonds is a
critical step in the maturation of many extracellular
proteins. (Disulfide bonds are relatively rare in intra-
cellular proteins because the cytosol is a strongly reducing
environment.') During protein synthesis, such proteins are
threaded into the endoplasmic reticulum (an oxidizing
environment!?) where the native disulfide bonds may form
either co- or posttranslationally.'® Oxidative folding is also
an important stumbling block in the preparation of
proteins for pharmaceutical and biotechnological applica-
tions, particularly multidomain proteins with several
disulfide bonds.}* Controlled in vitro experiments on
relatively simple proteins such as RNase A may help to
determine the factors affecting the regeneration of the
native disulfide bonds both in vivo and for complex
proteins.

Stable tertiary structure is one such factor.** Oxidation,
reduction, and reshuffling are based on a single chemical
reaction, thiol/disulfide exchange,'>% in which a thiolate
anion approaches a disulfide bond closely enough to
delocalize its negative charge between the three sulfur
atoms (Figure 1). Stable tertiary structure can inhibit such
contacts between thiolates and disulfide bonds by con-
trolling the accessibility, reactivity, and proximity of these
reactive groups. For example, the burial of the disulfide
bonds in stable tertiary structure inhibits their reduction
and reshuffling, while the sequestering of thiol groups can
inhibit their oxidation, i.e., the formation of disulfide
bonds. Other structural factors include local electrostatic
interactions (which may affect the local concentration,
pKa, and reactivity of the negatively charged thiolate
groups) and structural propensities (which may alter the
effective concentrations of the reactive groups for each
other). The role of stable tertiary structure in the regen-
eration of the native disulfide bonds will be emphasized
in this review. However, the focus of this Account will be
on the pathways for regenerating the native disulfide
bonds, and not on the implications of disulfide bond
experiments for conformational folding, which have been
reviewed previously.'! For brevity, the reader is also
referred to that review for the experimental methods used
in disulfide regeneration studies.

This Account is organized as follows. The first section
introduces some technical terms needed for precise
discussions, while the second reviews experimental data
on the oxidative folding of RNase A. From these data, the
third section distills four generic types of pathways for
oxidative folding, depending on the role of tertiary struc-
ture and the relative protection of disulfide bonds and
thiol groups. The fourth section shows that these generic
pathways are applicable to the oxidative folding of other
proteins. The conclusion summarizes these results and
discusses their relevance for disulfide bond regeneration
in vivo and for biotechnology.

* To whom correspondence should be addressed. Tel.: (607) 255-4034.
Fax: (607) 254-4700. E-mail: has5@cornell.edu.
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FIGURE 1. Chemistry of disulfide bond reactions. (a) In thiol/disulfide
exchange,1>% a thiolate anion R;S™ displaces one sulfur of a disulfide
bond R;SSR;. In the transition state, the negative charge of the
thiolate appears to be delocalized among the three sulfur atoms. (b
and c) Protein disulfide bonds are formed and reduced by two such
thiol/disulfide exchange reactions with a redox reagent, the first of
which involves the formation of a mixed disulfide bond between
the protein and the redox reagent. For completeness, the reactions
are illustrated with cyclic (DTT™Y/DTT*) and linear (GSSG/GSH) redox
reagents. (d) Thiol/disulfide exchange reactions can also occur
intramolecularly; e.g., a protein thiolate group may attack a disulfide
bond of the same protein, leading to disulfide reshuffling.
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FIGURE 2. Structure of bovine pancreatic ribonuclease A (RNase
A).° a small but stable protein of 124 residues with four disulfide
bonds: 26—84, 40—95, 58—110, and 65—72. The disulfide bonds 58—
110 and 26—84 are fully buried in the major and minor hydrophobic
cores, respectively, and join well-defined secondary structures (an
o-helix and S-sheet in both cases). By contrast, the disulfide bonds
65—72 and 40—95 occur near the surface of the protein in turn
regions, although the 65—72 disulfide bond is part of a small
hydrophobic core involving residues Val63, lle107, Alal22, and Val124.
The relatively large number of cysteines (eight) makes the oxidative
folding of RNase A one of the most complex ever studied; there are
7193 possible disulfide species, if mixed disulfide species are
considered. The well-studied conformational folding of disulfide-intact
RNase A% aids in structural interpretations of oxidative folding
experiments.

Definitions of Technical Terms

We adopt the following terminology to describe the
covalent structure of the disulfide intermediates. A dis-
ulfide species refers to a protein with a particular pairing
of cysteines in disulfide bonds, while a disulfide ensemble
is any collection of disulfide species. A des species is a
disulfide species with all but one of the native disulfide
bonds; for example, the des[65—72] species of RNase A
has three native disulfide bonds but lacks the 65—72
disulfide bond. The term des signifies only a covalent
property (the absence of one native disulfide bond) and
does not specify whether the species is folded. A subscript
is added to characterize the conformational state; thus,
desy and desy represent the unfolded and folded states
of a des species, respectively. nS represents an ensemble
of (typically unstructured) disulfide species with n disul-
fide bonds that are in a rapid reshuffling equilibrium
among themselves; for example, 2S represents an en-
semble of rapidly interconverting disulfide species with
two intraprotein disulfide bonds. The rapid interconver-
sion within such ensembles allows them to be treated as
single kinetic species, although they are a heterogeneous
mixture of disulfide species.!” The ensemble of disulfide
species with no protein disulfide bonds is denoted as R,
the fully reduced ensemble (the multiplicity of R is due
to the possibility of mixed disulfide bonds). Fully oxidized,
nonnative species are denoted as scrambled disulfide
species, e.g., those of the 4S5 ensemble in RNase A. A more
general nomenclature of disulfide species (including
mixed disulfide species) has been published.!®
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FIGURE 3. Kinetic model of the oxidative folding of RNase A.1%% A
preequilibrium (quasi-steady-state) is established among the reduced
protein R and the unstructured 1S—4S ensembles. Under typical
conditions, the native protein is regenerated principally through two
pathways, corresponding to the reshuffling of unstructured 3S
species to form the structured 3S* species, i.e., des[40—95] and des-
[65—72]; these latter two species contain three native disulfide bonds
but lack the 40—95 and 65—72 disulfide bonds, respectively. The
des[40—95] pathway is the major pathway (~80%) for regenerating
the native protein under typical conditions. A small fraction of these
two structured species is also generated by oxidation from the 2S
ensemble, 2% as indicated by dashed lines; however, these oxidation
pathways are significant only in the regeneration of the mutant
analogues, [C65S,C72S] and [C40A,CI5A].

We introduce here the following terminology to de-
scribe the protection of disulfide bonds and thiol groups
in structured disulfide species. In disulfide-protected spe-
cies, the reduction and reshuffling of disulfide bonds are
inhibited by stable tertiary structure. Such species often
accumulate, since disulfide reshuffling reactions are gen-
erally much faster than oxidation reactions; thus, the
inhibition of reshuffling in these species reduces their rate
of disappearance significantly. A subset of disulfide-
protected species are the metastable disulfide species, in
which both the disulfide bonds and thiol groups are
protected, inhibiting all disulfide bond reactions (oxida-
tion, reduction, and reshuffling). Thus, a local or global
unfolding step must precede disulfide bond reactions in
such metastable species. It suffices to bury all but one thiol
group in such species, since the remaining thiol group
would have no partner with which to react. Two other
terms (disulfide-secure/insecure) are introduced below to
describe the relative protection of the disulfide bonds and
thiol groups.

The Oxidative Folding of RNase A

Under typical conditions (pH 8, 25 °C, with DTT®* as the
redox reagent), the oxidative folding of RNase A is fit by
the kinetic model of Figure 3.1%722 In the early stages of
oxidative folding, the disulfide ensembles 1S—4S are
populated by successive oxidations, until a preequilibrium
(quasi-steady-state condition) is established among these
ensembles. No stable structure has been detected in these
ensembles, although they do exhibit some conformational
order.!* The distribution of disulfide species within the
1S and 2S ensembles is enthalpically biased toward native
disulfide bonds, relative to the populations predicted from
loop entropy considerations alone.®2324 This preferential
population of native disulfide bonds accelerates the
oxidative folding relative to that of an unbiased ensemble.

The rate-determining step in the regeneration of native
RNase A is the formation of two des species, des[40—95]
and des[65—72], with native-like structure.?® 2 These
species are formed largely by reshuffling from the 3S
ensemble,®? although a small fraction (no more than 5%)

may be formed by oxidation from the 2S ensemble?%22
(Figure 3). Upon formation and folding of either des[40—
95] or des[65—72], their three native disulfide bonds
become protected from reduction and reshuffling (“locked
in”), causing these des species to accumulate to much
higher levels. However, their thiol groups remain acces-
sible to the solvent and, hence, these species oxidize
relatively rapidly to the native protein. These two path-
ways appear to account for nearly all of the native RNase
A regenerated under typical oxidative folding conditions.?

Stable conformational structure appears to be essential
for this acceleration of oxidative folding. The regeneration
becomes drastically slower when carried out under condi-
tions that destabilize the conformational structure of the
folded des species.?6272° Moreover, the original rate of
regeneration can be restored by adding other agents that
restabilize the conformational structure (e.g., phosphate
salts).%° Thus, the protective structure of these des species
is the critical factor in promoting oxidative folding.

The oxidative folding of mutant analogues of des[40—
95] and des[65—72] (the three-disulfide mutants [C40A,-
C95A] and [C65S,C72S]) has also been characterized.?!??
Consistent with the absence of structured two-disulfide
intermediates in wild-type RNase A, neither mutant
exhibits any folded disulfide intermediates prior to form-
ing all three native disulfide bonds. In both mutants, the
rate-determining step is the formation of the native
protein by oxidation from the unstructured 2S ensemble
and conformational folding.

The other two des species, des[58—110] and des[26—
84], have stable conformational structure only under
strongly stabilizing conditions, e.g., in the presence of
stabilizing salts®*® or at low temperatures (<15 °C).3!
Preliminary data suggest that, under such conditions,
these des species are metastable dead-end species that
reshuffle preferentially to the 3S ensemble rather than
oxidizing to the native protein (unpublished data). Pre-
sumably, des[58—110] and des[26—84] bury both their
thiol groups and disulfide bonds, thus inhibiting oxidation
as well as reduction and reshuffling. This burial of thiol
groups is structurally plausible, since these des species
probably have native-like structures (judging from enzy-
matic activity measurements® and their HPLC elution
properties), and the 26—84 and 58—110 disulfide bonds
are fully buried in hydrophobic cores of the native protein.

Even mixed disulfide bonds can become buried in
stable conformational structure. This is observed in the
oxidative folding of RNase A through the covalent adduct
N’, in which a DTT molecule cross-links cysteines 65 and
72.% Kinetic data indicate that N' is formed through the
burial of a mixed disulfide bond between a DTT molecule
and one cysteine, probably Cys72.25> The remaining thi-
olate of the covalently bound DTT molecule forms a
disulfide bond with a second DTT molecule, which is
attacked by the remaining protein thiolate to form the
adduct. Such protected mixed disulfide bonds seem more
likely to form with linear redox reagents such as glu-
tathione®* than with rapidly recyclizing reagents such as
DTT.
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FIGURE 4. Four generic types of oxidative folding pathways for a
typical disulfide-containing protein. For simplicity, we assume that
only des species are capable of folding to a native-like structure
(indicated by the N subscript). The U and lu subscripts indicate that
the corresponding species are unfolded or locally unfolded, respec-
tively (although such species may have some conformational order,
as observed in RNase A!Y). In pathway |, the native protein N
regenerates directly from an unfolded precursor desy (a desy
pathway). Pathway Il involves the formation of a folded intermediate
desy that is not metastable; desy is oxidized directly to the native
state (a desy pathway). Pathway Ill likewise involves a folded
intermediate desy that oxidizes preferentially to the native protein
but is metastable (a metastable desy pathway). To become oxidized
to the native protein, this metastable intermediate must undergo a
local unfolding step (desy,). Finally, pathway IV involves a folded,
metastable species desy that preferentially reshuffles rather than
being oxidized to the native protein (a metastable dead-end pathway).
The rate-determining steps of pathways | and Il are associated with
the formation of the structured species, while that of the metastable
dead-end pathway IV is associated with conformational unfolding
of the metastable species. In this respect, pathway Il is intermediate
between pathways Il and IV; the rate-determining step may be either
the formation or the (local) unfolding of the structured intermediate,
depending on the conditions and the AG° of local unfolding required
to oxidize the metastable species.

Generic Pathways of Oxidative Folding

Based on these oxidative folding studies of RNase A, four
generic types of oxidative folding pathways may be
identified (Figure 4). These four pathways are distin-
guished by three factors: whether any disulfide interme-
diates are folded, whether the folded species are meta-
stable, and whether the metastable species preferentially
oxidize or reshuffle. Throughout our discussion, we as-
sume that the experimental conditions favor the folding
of the native protein; thus, the full set of native disulfide
bonds should be protected from reduction.

The simplest oxidative folding pathway has no struc-
tured intermediates (pathway | in Figure 4). This type of
pathway is denoted as a desy pathway, since the des
species from which the native protein forms (by oxidation)
is unfolded. The three-disulfide mutants of RNase A,
[C65S,C72S] and [C40A,C95A], follow such a desy pathway,
in that their des species appear to be all unfolded. Since
these unfolded (two-disulfide) desy species are in a rapid
reshuffling equilibrium with the unstructured 2S en-
semble, these desy species are preferentially populated
only to a level determined by the bias toward the (three)
native disulfide bonds in that ensemble. Therefore, such
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FIGURE 5. More detailed model of the rate-determining step in the
desy and desy pathways. (a) In the desy pathway (pathway | of
Figure 4), the desy species are in a rapid reshuffling equilibrium with
their nS ensemble (Kyias). In the rate-determining step, the desy
species are oxidized to U, an unfolded protein with the native
disulfide bonds, which then folds conformationally to the native
protein N. (b) In the desy pathway (pathway Il of Figure 4), the
immediate precursors of the desy species (denoted Prey) are in a
rapid reshuffling equilibrium with their nS ensemble (Kuias). (By
definition, these Prey, species have the same total number of disulfide
bonds as the desy species, with one nonnative disulfide bond
replacing a native disulfide bond.) In the rate-determining step, the
Prey species reshuffle to desy, which folds conformationally to form
the disulfide-protected desy species, which then oxidizes to the
native protein. In both (a) and (b), conformational folding follows
the formation of a set of disulfide bonds that render the folded state
thermodynamically more stable than the unfolded state; in this
respect, our model differs from the traditional view,® in which these
processes are reversed. (The traditional view is indicated by dashed
lines.) Experiments are underway to determine the relative contribu-
tions of these two mechanisms; however, the generic pathways of
Figure 4 are independent of the relative order of conformational
folding and the formation of the set of disulfide bonds that favors
folding.

desy species may constitute only a minor fraction of that
ensemble, having a thermodynamic weight comparable
to those of the (many) disulfide species with nonnative
disulfide bonds. In such cases, the major fraction of that
ensemble will oxidize to scrambled (three-disulfide) spe-
cies rather than to the native protein, since the oxidation
rates of the unfolded species should be comparable. As
another example, the oxidative folding of wild-type RNase
A should also proceed through a desy pathway at tem-
peratures or denaturant concentrations above the unfold-
ing transition of its (three-disulfide) des species. Under
such conditions, the oxidation of the unstructured species
of the 3S ensemble is much more likely to result in
scrambled 4S species, rather than the native protein. Such
scrambled species must then be reduced and reshuffled
before having another chance to form the native disulfide
bonds. In such cases, a typical protein molecule may be
oxidized to (and reduced from) the scrambled ensemble
several times before finally reshuffling to a desy species
that oxidizes to the native protein. The rate-determining
step in such desy pathways appears to be the formation
of the native protein N by oxidation from an unfolded nS
precursor ensemble, followed by conformational folding
(Figure 5a), contrary to a previously proposed mecha-
nism.3®

Oxidative folding can also proceed through folded
intermediates (pathways I1—1V in Figure 4). Such folded
disulfide species may become preferentially populated to
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levels well above that dictated by the bias toward native
disulfide bonds in these unstructured ensembles, because
their folded structure inhibits the reduction and reshuf-
fling of their disulfide bonds. (To simplify the discussion,
we will assume that such folding occurs only in the des
species, although our conclusions do not depend on this
assumption.) Each folded intermediate can be considered
as giving rise to a separate pathway from the preequili-
brated unstructured ensembles to the native protein, since
these intermediates are not generally in equilibrium with
each other, e.g., des[40—95] and des[65—72] in RNase A
(Figure 3).

The most efficient structured pathway is the desy
pathway, which involves folded intermediates that protect
their disulfide bonds from reduction/reshuffling but leave
their thiol groups readily accessible for oxidization to the
native protein (pathway Il in Figure 4). In RNase A, the
pathways involving the formation and folding of des[40—
95] and des[65—72] at 25 °C are representative of these
desy pathways. Such species are effective in regenerating
the native protein because they “lock in” the native
disulfide bonds without inhibiting the subsequent oxida-
tion step(s) leading to the native protein. The rate-
determining step in such desy pathways is the formation
of the structured des species by reshuffling from an
unstructured nS precursor ensemble and conformational
folding (Figure 5b).

By contrast, pathways Ill and IV of Figure 4 involve
metastable des species. Such species may accumulate to
significant levels, since they protect their disulfide bonds
from rearrangement; however, rearrangements of such a
species must be preceded by an unfolding step that allows
its thiol groups and/or disulfide bonds to react. Pathways
Il and IV are distinguished by the ultimate fate of the
metastable des species. In pathway lll, the metastable des
species preferentially oxidizes to the native state; such
pathways are denoted as metastable desy pathways, owing
to their similarity to pathway Il in Figure 4 (the normal
desy pathway). In pathway IV, the metastable des species
preferentially reshuffles rather than oxidizing; such path-
ways are denoted as metastable dead-end pathways.

At low temperatures, the des[65—72] species of RNase
A may provide an example of a metastable desy pathway
(pathway 111 in Figure 4). At least one thiol group (probably
Cys72%) appears to be buried in des[65—72] under these
conditions and may form a metastable, on-pathway
species (unpublished data). This is consistent with the
formation of N’ cited above, in which Cys72 (or, possibly,
Cys65) forms a buried mixed disulfide bond with a DTT
molecule. By contrast, the structured des[26—84] and des-
[58—110] observed under strongly stabilizing conditions
appear to be metastable, dead-end species, in that they
do not oxidize directly to the native protein but prefer-
entially reshuffle to the unstructured 3S ensemble.

A key structural difference should be noted between
the two types of metastable species. Des[65—72] appears
to be disulfide-secure, meaning that its thiol groups can
be exposed by a local unfolding that maintains the burial
(and protection) of its three native disulfide bonds. By

contrast, des[26—84] and des[58—110] appear to be dis-
ulfide-insecure, meaning that their thiol groups are as well
protected as their disulfide bonds; structural fluctuations
that expose the thiols are likely to expose the disulfide
bonds as well. Under typical oxidative folding conditions,
disulfide-secure species preferentially oxidize to the native
protein (forming metastable desy pathways, pathway 111
of Figure 4), whereas disulfide-insecure species preferen-
tially reshuffle to the unstructured ensemble (forming
metastable dead-end pathways, pathway IV of Figure 4).
The latter preference arises because the reshuffling reac-
tion typically competes effectively with the oxidation
reaction when the protein disulfide bonds and mixed
disulfide bonds are equally accessible, due to the confor-
mational similarity between a reshuffling reaction (in
which a protein thiolate attacks a protein disulfide bond)
and the second step of an oxidation reaction (in which a
protein thiolate attacks a mixed disulfide bond).

The rate-determining steps of oxidative folding are
usually associated with either the formation of a structured
disulfide species or the loss of that structure (Figure 5).
Thus, the regeneration of the native protein along desy
pathways (pathway Il in Figure 4) should be accelerated
(decelerated) by factors that promote the folding (unfold-
ing) of the structured intermediate. By contrast, the
eventual regeneration of the native protein along a
metastable dead-end pathway (pathway IV in Figure 4) is
clearly promoted (inhibited) by factors that destabilize
(stabilize) the folded metastable species. Hence, the overall
kinetics of regeneration may show a complex dependence
on experimental conditions influencing the conforma-
tional stability of the structured intermediates; changes
in such conditions can alter the relative rates along the
various pathways and, thus, affect the kinetic partitioning
between the various pathways. Ideally, the oxidative
folding conditions should be sufficiently stabilizing to
favor the folding of disulfide-secure intermediates, but not
so strong as to inhibit their subsequent oxidation to the
native protein (e.g., des[65—72] of RNase A at low tem-
peratures) and/or the reshuffling of disulfide-insecure
species (e.g., des[26—84] and des[58—110]). The redox
conditions may also affect the relative populations of the
pathways, e.g., by altering the relative flux through the
desy and desy pathways.

The Oxidative Folding of Other Proteins

These generic pathways appear to apply to other proteins
and other redox conditions, as illustrated here by a few
examples. The reader is also referred to recent reviews,3%:37
since space limitations preclude a comprehensive survey
of the oxidative folding of other proteins.

The three-disulfide protein hirudin seems to follow a
desy pathway (pathway | of Figure 4).%® No structured
intermediates appear to be populated in its regeneration;
the rate-determining step appears to be an oxidation from
an unstructured 2S ensemble to the native protein. This
oxidative folding behavior is similar to that observed for
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the RNase A mutants [C65S, C72S] and [C40A, C95A], as
well as that of several other small proteins.®”

The two-disulfide protein ribonuclease T1 appears to
regenerate primarily through a desy pathway (pathway 11
of Figure 4).4% After initial population of the unstructured
R, 1S, and 2S ensembles, the rate-determining step is a
slow reshuffling from the 1S ensemble to a structured des
species that oxidizes directly to the native protein.

Fully folded des species are not the only possible type
of structured disulfide intermediate. Stable conformational
structure can also appear in a precursor of a des species;
moreover, native disulfide bonds can induce partial fold-
ing as well as global folding of the protein. Nevertheless,
the effects of “locking in” the native disulfide bonds and
the disulfide-secure/insecure distinction remain the same,
as illustrated by the well-studied, three-disulfide protein
bovine pancreatic trypsin inhibitor (BPTI).36:374041 Stable
native structure can appear in BPTI even after the forma-
tion of a single native disulfide bond,*? while unstructured
intermediates are poorly populated (presumably because
they reshuffle to the structured species).?®3" Despite its
small size, BPTI also has two hydrophobic cores,** which
may fold semi-independently. Specifically, formation of
the 555 disulfide bond causes both cores to fold (global
folding), while formation of the 30—51 disulfide bond
causes only one core to fold (partial folding).*? In both
the (5—55) and (30—51) intermediates, the native 14—38
disulfide bond forms quickly, producing the des[30—51]
and des[5—55] species, respectively. However, these des
species appear to be disulfide-insecure metastable species,
preferentially reshuffling rather than oxidizing; thus, the
immediate precursor of native BPTI is almost always the
disulfide-secure des[14—38] species. Hence, the rate-
determining step in the oxidative folding of BPTI is either
a reshuffling to the structured des[14—38] (pathway Il of
Figure 4) or the escape from the dead-end metastable
species des[5—55] and des[30—51] (pathway IV of Figure
4), depending on the conditions.

The four-disulfide protein hen egg white lysozyme
(HEWL) illustrates several features of the oxidative folding
of larger, more complex proteins.*>4% HEWL appears to
have two folding domains, denoted as the a- and $-do-
mains.*” The unstructured 1S and 2S disulfide ensembles
are populated in the early stages of oxidative folding and
exhibit some conformational ordering and bias toward the
native disulfide bonds. Three structured des species are
observed: des[64—80], des[6—127], and des[76—94], of
which des[76—94] appears to be metastable, although it
has not been established whether the first two species
belong to a type Il pathway nor whether des[76—94]
belongs to a type Il or type IV pathway. Stable structure
may even develop in the 2S ensemble, perhaps corre-
sponding to the oxidative folding of the more stable
o-domain of HEWL. Aggregation can also be a problem
in HEWL, which may be ameliorated by factors that
accelerate oxidative folding, such as protein disulfide
isomerase.*® Similar observations have been made for the
homologous protein a-lactalbumin,*®4° although the oxi-
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dative folding of that protein is complicated by calcium
binding and the formation of the molten globule state.5052

Conclusions

The essential points of this Account are threefold. First,
the formation of stable structure in an intermediate of
oxidative folding can protect its disulfide bonds and/or
thiol groups from further rearrangement, significantly
altering the subsequent course of oxidative folding. Ex-
periments on RNase A and other proteins indicate that
only native disulfide bonds provoke this folding and that
only native-like structure is formed. Consequently, only
native disulfide bonds should become protected in this
fashion, which should promote the regeneration of the
native protein in the absence of metastable species.
Second, two types of metastable species were discerned.
In disulfide-secure species, the thiol groups may be
exposed by a local unfolding event without exposing the
disulfide bonds, causing such species to preferentially
oxidize rather than reshuffle. By contrast, in disulfide-
insecure species, the thiol groups and disulfide bonds tend
to become exposed in concert, leading such species to
preferentially reshuffle rather than oxidize. (The term
disulfide-secure may also be applied to species that are
not metastable, to indicate the relative protection of the
thiol groups and disulfide bonds.) Third, on the basis of
these considerations, four generic types of pathways were
identified in the oxidative folding of single-domain pro-
teins.

The “locking in” of native disulfide bonds by confor-
mational folding may particularly assist the oxidative
folding of large, multidomain proteins. Such proteins can
have numerous cysteines and, thus, an exorbitant number
of disulfide intermediates. In the absence of structured
intermediates or a strong native bias, oxidative folding
would be difficult, since disulfide intermediates with
nonnative disulfide bonds would far outnumber (and have
comparable thermodynamic weight to) the disulfide spe-
cies with only native disulfide bonds. However, the
independent folding of domains may help in overcoming
this entropic barrier, by successively locking in the dis-
ulfide bonds of each domain. Once a sufficiently stabiliz-
ing complement of native disulfide bonds forms in any
particular domain, that domain will fold, protecting its
native disulfide bonds from further rearrangements. As-
suming that this folded domain remains stable during the
subsequent regeneration, the regeneration of the remain-
ing domains should continue until all the domains have
folded and all disulfide bonds are protected.

This piecemeal approach to the oxidative folding of
large, multidomain proteins may also operate in vivo,
where oxidative folding can occur cotranslationally. If one
domain has finished its oxidative folding while the next
is being synthesized, the oxidative folding of even a
complex protein may be straightforward. In the future, it
may be technically possible to construct an in vitro system
for regenerating large, multidomain proteins in this
piecemeal fashion.
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