Biochemistry

© Copyright 2000 by the American Chemical Society Volume 39, Number 15 Aprll 18, 2000

Current Topics

Disulfide Bonds and Protein Foldihg

William J. Wedemeyer, Ervin Welker, Mahesh Narayan, and Harold A. Scheraga*
Baker Laboratory of Chemistry and Chemical Biology, Cornell dénsity, Ithaca, New York 14853-1301
Receied December 21, 1999; Reed Manuscript Receed February 9, 2000

ABSTRACT. The applications of disulfide-bond chemistry to studies of protein folding, structure, and stability
are reviewed and illustrated with bovine pancreatic ribonuclease A (RNase A). After surveying the general
properties and advantages of disulfide-bond studies, we illustrate the mechanism of reductive unfolding
with RNase A, and discuss its application to probing structural fluctuations in folded proteins. The oxidative
folding of RNase A is then described, focusing on the role of structure formation in the regeneration of
the native disulfide bonds. The development of structure and conformational order in the disulfide
intermediates during oxidative folding is characterized. Partially folded disulfide species are not observed,
indicating that disulfide-coupled folding is highly cooperative. Contrary to the predictions of “rugged
funnel” models of protein folding, misfolded disulfide species are also not observed despite the potentially
stabilizing effect of many nonnative disulfide bonds. The mechanism of regenerating the native disulfide
bonds suggests an analogous scenario for conformational folding. Finally, engineered covalent cross-
links may be used to assay for the association of protein segments in the folding transition state, as illustrated
with RNase A.

This article reviews disulfide-bond reactions in proteins reagent. Thiol/disulfide exchange reactions can also occur
and how they may be used to investigate protein structureintramolecularly; e.g., a protein thiolate group may attack a
and stability, as well as the mechanism of protein folding. disulfide bond of the same protein, leading desulfide

The main chemical reaction involved in disulfide-bond reshuffling

studies is thiol/disulfide exchangg, (2) Disulfide-bond reactions may be used to study several
3 3 conformational properties of proteins. Disulfide-bond reac-
R;S + R;SSR—R,S +R;SSK tions are inhibited by the burial of reactive groups (such as

. . . . . protein disulfide bonds, mixed disulfide bonds, and protein
in which the thiolate anion £~ displaces one sulfur of the - thjo| groups) in stable tertiary structure. Thus, disulfide-bond
disulfide bond RSSR. Disulfide bonds are formed and reactions can monitor theccessibilityof the reactive groups

reduced by two such thiol/disulfide exchange reactions with 54 indirectly assay the stability of the protective tertiary

a redox reagent, the first of which involves the formation of gty cture, similar to H/D exchang8)(and proteolysis4, 5)
amixed disulfide bondetween the protein and the redox experiments. The rate of disulfide-bond formation also

depends on theproximity of the two cysteine residues,
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For clarity, we introduce the following terminology, which
represents a consensus of the literat@gidative folding
refers to the composite process by which a protein recovers
both its native disulfide bondslisulfide-bond regeneratign
and its native structure@nformational foldiny the reverse
process is termedeductive unfolding A disulfide species
refers to a protein with a particular pairing of cysteines in
disulfide bonds, while disulfide ensemblis any collection
of disulfide species. Disulfide species can be specified by
enclosing their disulfide bonds in parentheses; e.g., the native
disulfide species of RNase A is (284, 40-95, 58-110,
65—72). A des speciess a disulfide species with all but
one of the native disulfide bonds; e.g., the des{@3]
species of RNase A has three native disulfide bonds but lacks
- the 65-72 disulfide bond. The terndes signifies only a
Ficure 1: Ribbon diagram of a high-resolution X-ray crystal —covalent property (the absence of one native disulfide bond)
structure {0) of RNase A. The four disulfide bonds of the native and does not specify whether the species is folded. Other
state are indicated. This figure was prepared with MOLMQQ4]. terms are introduced and defined in the text.

This perspective is organized as follows. The reductive
proteins and complements other distance-measuring method:@,nfmding and oxidative folding of RNase A are reviewed
such as fluorescence resonant energy transfer and the nucleaf the first and second sections, respectively. The third section
Overhauser effect of NMR spectroscopy. Disulfide-bond aqdresses the development of conformational structure in the
reactions are also sensitive to tfeactivities of the thiolate gjsyifide intermediates, while the final sections consider the
and disulfide groups, which depend on the pH of the solvent ¢opperativity of oxidative folding and the implications of
and the [Xa values of the thiol groups involved and, more gjsylfide-bond studies for conformational folding. Two
generally, on the electrostatic environment of the reactive appendices are included as Supporting Information; the first
groups. surveys the experimental methods used in disulfide-bond
the formation or reduction Of a d|su|f|de bond iS a |Oca|ized, Suggesting that thstab'econformationa' order Observed in

two-state, and structurally well-defined change. Second, fylly reduced RNase A may resemble tiansientconfor-
disulfide species are stable, covalent intermediates which maymational order formed in the “burst-phase” folding of the
be isolated and characterized structurally. Third, the rates gisufide-intact protein.

of disulfide-bond formation and reduction can be varied  complementary reviews of disulfide-coupled folding have
without significantly altering other interactions, e.g., by appeared in recent years4( 15), which may be consulted
changing the concentrations of the redox couple or by site- o compare the oxidative folding of RNase A with that of
directed mutagenesis of the cysteine residues. Fourth, di-pther proteins. (Space limitations preclude a general survey
sulfide bonds stabilize the protein in relatively well- here.) Several older references also offer valuable insights
understood ways. Their primary effect is to impose distance (16-18). Some alternative methodologies and explanations

and angle constraints between théahd S atoms of the  of disulfide-coupled folding (both general and specific to
joined cysteine residues, thus destabilizing the unfolded staternase A) should also be considerd®{21).

by reducing its entropy68). Disulfide bonds may also

stabilize the folded state enthalpically through favorable local Reductie Unfolding of RNase A

interactions, e.g., by stabilizing the packing of a local cluster
of hydrophobic residues. These advantages of disulfide-bond
studies are illustrated below by experiments on bovine
pancreatic ribonuclease A (RNase'A)

RNase A (EC 3.1.27.5) has long been a model protein for
disulfide studies, having four disulfide bonds (CysZ&ys84,
Cys58-Cys110, Cys48Cys95, and Cys65Cys72) in the
native state (Figure 1P(10). RNase A is a typical disulfide-
bonded protein, in that it generally does not fold to its native
structure until nearly all of its native disulfide bonds have
been formedX1), permitting the study of the mutual effects —— —
of disulfide-bond regeneration and conformational folding €nsemble of unstructured disulfide species witlisulfide bonds, e.g.,

- . . the 2S ensemble; 3S*, ensemble of structured disulfide species of RNase
on each other. The disulfide-intact folding of RNase A has A with three native disulfide bonds) that are not in quasi-equilibrium

been well studied1(1—-13), which aids in interpretations of  with the 3S ensemble, but rather oxidize preferentially to the native
the disulfide-coupled folding data. protein; N, covalent adduct of RNase A in which a DTT molecule
cross-links cysteines 65 and 72; [C65A,C72A] and [C65S,C72S], three-

disulfide mutants of RNase A in which cysteines 65 and 72 have been

1 Abbreviations: RNase A, bovine pancreatic ribonuclease A; BPTI, replaced with alanines and serines, respectively; [C40A,C95A], three-
bovine pancreatic trypsin inhibitor; desty], disulfide species having disulfide mutant of RNase A in which cysteines 40 and 95 have been
all the native disulfide bonds except that betweenxGyed Cyy, e.g., replaced with alanines; DPT, oxidized dithiothreitol; DTTY pL-
des[65-72] in RNase A; desand desg, unfolded and folded forms of dithiothreitol; HPLC, high-performance liquid chromatography; CFIS,
a des species, respectively; R, fully reduced disulfide speci®s; chain-folding initiation site.

In reductive unfolding experiments, a native protein is
placed under strongly reducing conditions and the loss of
its disulfide bonds and conformational structure is monitored.
Since disulfide bonds are generally buried in native proteins
(22), the reduction of such a disulfide bond must be preceded
by a local or global unfolding step that exposes the bond to
the redox reagent. ThAG® for these unfolding steps can
be estimated from the rate at which the corresponding
disulfide bonds are reduce#3), and measures the stability
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@ PR bonds are (_)nly partially buried and may be exposed with
Local Unfoding Local Unfolding local unfolding. Des[26:84] and des[58110] also have a
/ ' \ low conformational stabilityZ9—32) and, hence, are reduced
N ggl—tEst oo fast o fast o much more rapidly than des[4®5] and des[6572]. In
principle, this could also account for their apparent absence
LocalUnfoldinX Aal Unfolding in reductive unfolding; kinetic data?28) indicate that little
des[40-95] of the protein is reduced through such pathways, however.

The native-like species, des[495] and des[6572], also
bury their disulfide bonds in protective tertiary structure and

(b)

R =—=1S ==—=2S8 =—=38 =—=4S  unstructured are likewise reduced through unfolding events (Figure 2a)
,,,,,, s s (23). The more stable des[6572] seems to be reduced
3S™! desl40-95] des(65-72] through thesameunfolding event that precedes the reduction

structured

“““ N7 ensembles of the 40-95 disulfide bond in the native protei@3); i.e.,
N

the 40-95 disulfide bond is preferentially reduced in the
des[65-72] species, while the 2684 and 58-110 disulfide
FIGURE 2: (a) Kinetic model of the reductive unfolding of RNase bonds are largely untouched. As in the native protein, this
A with DTT'® (23). Two kinetic pathways are observed, corre- preference probably results from a relatively low free energy
sponding to two independent, local unfolding events that expose fqy exposing the 4695 disulfide bond compared to that for

the 46-95 and 65-72 disulfide bonds, respectively. The resulting . -
species, des[4095] and des[6572], are themselves reduced by ~€XPOSINg the two other disulfide bonds. By contrast, the des-

an unfolding mechanism; however, the reductions of desf&j [40_95] species seems to be reduced thrO_Ugh_a 9|0ba|
and des[46-95] involve local and global unfolding, respectively. unfolding step 28) that exposes all three of its disulfide

(b) Kinetic model of the oxidative folding of RNase A%). In the bonds roughly equally33). The reductive unfolding of

first stage, a pre-equilibrium is established between the R, 1S, 2S,; ;
3S, and 4S ensembles. These ensembles are unstructured, and trlgeOIated des[2684] and des[58110] has not been studied,

disulfide species within each ensemble relax quickly to a quasi- ut t_hese species are even less stable _than despicand
equilibrium distribution. In the second stage, species of the are likely reduced through global unfolding as well (unpub-
structured 3S* ensemble are formed through reshuffling from the lished results). Following either the reduction or reshuffling
3S ensemble (major pathways) and oxidation from the 2S ensemblegf g disulfide bond in any of these des species, the protein
g.“'“o.r pathways; not shown). In this diagram, the horizontal s\ htolded conformationally and is reduced rapidly to the
irection indicates the regeneration of disulfide bonds, while the . . .
vertical direction indicates conformational folding. fully reduced state R, because its disulfide bonds are
accessible to the redox reagent (Figure 28).(
of the protective tertiary structure. The reduction of Only one Under Strong|y reducing Conditions7 the reshufﬂing path_
native disulfide bond often produces a (des) species with ways of the des species are relatively minor, presumably
native-like structure. However, when enough disulfide bonds pecause the same unfolding step exposes the disulfide bond
(usually two) become reduced or reshuffled, most disulfide- hoth to the redox reagent and to the protein thiolate groups
bonded prOteinS unfold globally because the native fold is and, under such ConditionS, the redox reagent Competes

no longer thermodynamically stable relative to the unfolded effectively with the protein thiolate groups to reduce (not
state. After global unfolding, the protein is rapidly reduced reshuffle) the protein disulfide bond.

to its fully reduced state R, because all disulfide bonds are

accessible to the redox reagent. Oxidative Folding of RNase A
This general scenario is illustrated by the reductive o ) ) o
unfolding of RNase A. Under typical conditions (pH 8,45 In oxidative folding experiments, the reduced protein is

25 °C, with DTT® as the reducing agent), the reductive .plac.ed L_mder oxidizing conditions and the reg.enerat.ion of
unfolding of RNase A appears to proceed entirely through itS dlsulfldg bonds qnd conformational structure is monitored.
two parallel pathways, corresponding to two independent, Under typical conditions (pH 8.0, 287 °C, with DTT> as
local unfolding events exposing the 632 and 46-95 t_he redox r_eag_ent), the OXIdE_ltlve folding of RNase A is well-
disulfide bonds, respectively (Figure 228). Reduction of fit by the kinetic model of Figure 2b34—47).
these disulfide bonds results in two des species, des[65 According to this model, the process of oxidative folding
72] and des[4695], both with native-like structure2é— of RNase A can be divided into two stages. In the first stage,
27). The nature of these unfolding steps is currently being R is successively oxidized to populate the unstructured 1S
investigated; one key question is whether proline cis/trans 4S ensembles, which establish a pre-equilibrium (steady-
isomerization contributes to the structural fluctuations expos- state-like condition) among themselved6,(43). However,
ing these disulfide bond<8). the native protein regenerates slowly from these unstructured
The two remaining des species, desf88] and des[58 ensembles4, 47).
110], have not been observed in the reductive unfolding of The disulfide species within each unstructured ensemble
native RNase A, presumably because the activation freelikewise reach a quasi-equilibrium distribution, because the
energies for the unfolding steps exposing these disulfide disulfide reshufflingwithin the ensembles is generally more
bonds are much higher than those for the unfolding stepsrapid than the redox reactiohgtweerthe ensembles. (The
exposing the 4695 and 6572 disulfide bonds. This  fully oxidized 4S ensemble is a special case and is discussed
explanation is structurally plausible, because the 6 and in the section on conformational structure in disulfide
58—110 disulfide bonds are buried in the core of the native intermediates.) Hence, the distribution of disulfide species
conformation 10) and, thus, may require global unfolding within each ensembile is relatively insensitive to the redox
to expose them; by contrast, the-485 and 65-72 disulfide conditions and the relative concentrations of the other
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unstructured ensembles. Thigiasi-equilibrium condition The two other des species, desfB] and des[58110],

may be observed qualitatively in the HPLC elution profiles have stable tertiary structure at lower temperatures [e.g., 15
of the unstructured ensembles, which are relatively unchang-°C (30)] or in the presence of stabilizing salts [e.g., 400 mM
ing throughout the regeneration and even when the redoxphosphate 31)]. However, these des species appear to be
reagent is removed4g). Moreover, the quasi-equilibrium  kinetic trapssince, under typical conditions, they do not
condition has been confirmed directly for the 1S ensemble undergo oxidation, reduction, or reshuffling on a time scale
by determining the distribution of disulfide bonds at different characteristic of other species (unpublished data). Hence,
regeneration times4@). Therefore, it is reasonable to treat these des species presumably bury not only their disulfide
each unstructured disulfide ensemble as a single kineticbonds but also their thiols, inhibiting their oxidation to the
species and, in particular, to model their interconversions native protein as well as their reduction and reshuffling. The
with effective rate constants39), e.g., 1S— 2S. Such a  burial of thiols in des[26-84] and des[58110] and their
grouping of disulfide species is essential for practical kinetic relative accessibility in des[4695] and des[6572] are
modeling of the oxidative folding of RNase A and other consistent with the native structurgQj, in which the 26-
proteins with many cysteines, because the unstructured84 and 58-110 disulfide bonds are buried in the core of the
ensembles can contain hundreds of disulfide spedi@$0) protein but the 4695 and 65-72 disulfide bonds are only
and an accurate kinetic fitting of their individual intercon- partially buried.

versions would likely be impossible. Mixed disulfide bonds can also become buried in stable

The second stage of oxidative folding consists of the tertiary structure, as demonstrated by the covalent adduct
formation of structured disulfide intermediates and their N' observed in the oxidative folding of RNase A, in which
subsequent disulfide reactions. Such intermediates can® DTT molecule cross-links cysteines 65 and 53 (Kinetic
significantly alter the subsequent regeneration by burying data suggest that this adduct is formed through the burial of
reactive groups in stable tertiary structure, inhibiting their @ mixed disulfide bond between the DTT molecule and one
rearrangement by thiol/disulfide exchange. In RNase A, the cysteine, probably Cys724). The remaining thiolate of the
native protein regenerates predominantly through two path-Pound DTT molecule forms a disulfide bond with a second
ways associated with two des species, des[6 and des- ~ DTT molecule, which is attacked by the remaining protein
[40—95], which are generated from the unstructured 3S thiolate for e_ldduct formation. Such buned.mlxgd disulfide
ensemble by reshuffling (Figure 2b) and have native-like bonds are likely to be more prevalent with linear redox
structure under most conditions that have been stud@gd ( "eagents §4) than with rapidly recyclizing reagents (such
26). These species bury their three native disulfide bonds, @ DTT).
protecting them from reduction and reshuffling, but leave
the two remaining thiol groups largely accessible to the redox

reagent, allowing them to be oxidized relatively rapidly to  Thjs section describes the development of structure during
the native protein. the oxidative folding of RNase A and assesses the structural
Stable conformational structure in these des species seemsontributions of specific disulfide bonds. However, three
to be the critical factor accelerating the regeneration of the technical terms (structure, conformational order, and tertiary
native protein. This regeneration becomes drastically slowertopology) must first be defined to make these descriptions
if it is carried out under conditions that destabilize the tertiary more precise.
stucture of these intermediatets(47). The rapid regenera- Structureis defined here as a specific spatial arrangement
tion can be restored if other agents (e.g., phosphate) are addedf chemical groups. More precisely, residues are said to be
to restabilize the conformational structur@l). The slow structured in an ensemble of conformations if the rms
regeneration of the native protein from unstructured des deviations in corresponding interatomic distances are small
species may result from two factors. First, under conditions (e.g., <3 A). For example, secondary structure describes a
that favor their unfolding, the des species may constitute a specific spatial arrangement of hydrogen-bonded peptide
small fraction of the 3S ensemble, because there are manygroups, while tertiary structure describes a specific spatial
competing disulfide species with similar thermodynamic arrangement of all types of atoms, e.g., the precise packing
weights; when their disulfide bonds are protected, however, of side chains in the hydrophobic core. Conversely, residues
the des species may accumulate and thereby constituteare said to benstructuredn an ensemble of conformations
significant fractions of the total population of three-disulfide when there is significant variation in corresponding inter-
intermediates. Second, the final disulfide bond may form atomic distances among the conformations of the ensemble.
more slowly in the unstructured des species because a higher The more general tereonformational ordesignifies only
entropic penalty must be paid to bring the final pair of anonrandom distribution of conformational variables without
cysteines together. requiring that the spatial arrangement of atoms be similar in
Des[65-72] and des[4695] can also be formed by all conformations of the ensemble. Thus, a hydrophobically
oxidation from the 2S ensembl&X 52). This oxidation  collapsed homopolymer may be conformationally ordered
pathway is relatively minor under typical conditions; studies without being structured,; its equilibrium ensemble of con-
of site-directed mutants in which the reshuffling reaction formations is characterized by a low radius of gyration (the
from 3S is blocked suggest that, in the wild-type protein, nonrandom conformational variable) but may include many
<5% of the des[6572] and des[46-95] populations result  dissimilar conformations, with large variations in corre-
from oxidation. In contrast, des species cannot be formed sponding interatomic distances.
directly from the 4S ensemble, because the species of the Tertiary topologyis defined here as the rough spatial
4S ensemble have at most two native disulfide bonds. arrangement of the protein backbone (side chains are not

Conformational Structure in Disulfide Intermediates
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considered). Hence, it can be considered as a low-resolutionthis remains to be studied experimentally. As noted above,
analogue of structure; an ensemble of conformations has athe 4S ensemble is fully oxidized and, hence, cannot
characteristic tertiary topology if the relative distances reshuffle. Nevertheless, the distribution of species within the
between backbone atoms agree to low resolution. For4S ensemble can satisfy the quasi-equilibrium condition,
example, homologous proteins often share a common tertiaryinsofar as the distribution is relatively insensitive to the
topology. [The tertiary topology of a protein is also called concentrations of the redox reagent and the other disulfide
its tertiary fold (55), its backbone topology56), or its ensembles. Such a quasi-equilibrium condition may arise
topomer(57).] Tertiary topology should be distinguished because the 4S ensemble is produced by the oxidation of
from the related concept gfsheet topologywhich describes  disulfide species in the 3S ensemble, which by assumption
the relative disposition ofg-strands in af-sheet. The has reached a quasi-equilibrium state; thus, the constant
resolution of tertiary topology is usually so low that it rarely relative concentrations of disulfide species of the 4S en-
makes sense to speak of the tertiary topology of a residuesemble may arise from the constant relative concentrations
or even of an oligopeptide, but only of domains and of the 4S-precursor species in the 3S ensemble. However,
subdomains. the 4S ensemble has a low population under typical condi-
Conformational Structure in the Pre-Equilibrium En- tions, and generally does not affect the regeneration of the
sembles of RNase Ensembles R and 131S appear to have  native protein significantly.
little native structure. They show very low enzymatic activity =~ Conformational Structure in the Des Species of RNase A.
(58) and poor NMR dispersiorb@) and are rapidly reduced The des species des[6%2] and des[4695] have stable,
to R under weakly reducing conditions (5 mM DT (47). native-like structures, which have been investigated by X-ray
Their optical properties (such as tyrosine absorbance and CDcrystallographic and NMR studies of their blocked for2d)(
spectra) resemble those of the conformationally unfolded and of the mutant analogues [C65A, C72A], [C65S, C72S],
state 60—62). In the 1S ensemble, nearly every possible and [C40A, C95A] R5-27). The two des species have
disulfide species is represented [albeit in different percentagessignificant enzymatic activities2@, 29), and their prolines
(48)], and the same appears to be true for the 2S ensembleappear to be in their native isomeric stag5{28). Both
(63). species exhibit cooperative, two-state transitions under
Nevertheless, some conformational order is apparent inchemical 28, 74) and thermal Z5, 26, 74) denaturation,
these ensembles. The fully reduced species R has beemlbeit with reduced stabilities relative to those of native
studied by several methods, including antigenic responseRNase A. The 6572 and 46-95 disulfide bonds stabilize
(64), fluorescence resonant energy trans&s, 66), small- the native state by destabilizing the unfolded state (by
angle X-ray scattering6(f), dynamic light scattering6@), lowering its conformational entropy) and by stabilizing the
and 'O nuclear magnetic relaxation dispersid@B) The native fold both locally and globally26, 26, 28, 74).
evidence suggests that, under folding conditions, R is not a The other two des species, destB] and des[58110],
statistical coil but partially collapsed, with a significant have not yet been investigated as thoroughly, but regeneration
fraction of the native tertiary topology (A. Navon, V. Ittah, studies indicate that they have stable native structure at low
H. A. Scheraga, and E. Haas, manuscript to be published),temperatures $15 °C (30)] or in the presence of high
contradicting earlier suggestions that fully reduced RNase phosphate concentratiorrs100 mM (31)]. Mutant analogues
A is a random coil 21). of these species exhibit significant enzymatic activig, (
The 1S and 2S ensembles likewise appear to have some32) and cooperative thermal transitions withla of ~25
conformational order. The relative concentrations of disulfide °C for both species3?).
bonds in these ensembles show significant deviations from
random probabilitiesA8, 63), indicating significant enthalpic
contributions to the free energy in addition to the loop  As shown above, the early disulfide intermediates have
entropy. In particular, the 6572 disulfide bond is strongly =~ weak conformational order, whereas the late intermediates
favored, comprising fully 40% of the 1S ensembi8)( and have nearly native structure. A key question is whether the
exists in an even larger fraction of the 2S ensemb®. ( native structure develops from the weak conformational order
However, these enthalpic contributions appear to be domi- gradually (noncooperatively) or suddenly (cooperatively) as
nated by local interactions, i.e., interactions between residuesdisulfide bonds are added.
near the cysteines of the disulfide bonds, since nearly The present evidence suggests that the conformational
identical enthalpic contributions are observed in homologous structure develops cooperatively, i.e., in a two-state fashion,
oligopeptide model systemgQ@-72). Moreover, the enthal-  in RNase A. The average intrinsic rates of reduction and
pic contributions observed in the 1S ensemble appear toreshuffling appear to be constant in the-135 ensembles
account for those observed in the 2S ensemble (W. J.(43, 47), contrary to the gradual-structure hypothesis, which
Wedemeyer and H. A. Scheraga, unpublished results). Anwould predict a monotonic decrease in the rate constants.
NMR study of two-disulfide mutant analogues of RNase A Moreover, no disulfide species with partial protection against
(73) also indicated that a disulfide species with two native reduction have been observed; a reduction pulse of @TT
disulfide bonds may exhibit no more structure than those (5 mM) reduces all disulfide species to R except those with
with nonnative disulfide bonds. These results suggest thatfully native-like structure, e.g., des[4®5] and des[6572]
the conformational order does not increase strongly with the (46). Thus, the process of oxidative folding resembles an
number of disulfide bonds, prior to the appearance of native- ordinary equilibrium folding transition (e.g., by temperature),
like structure in the 3S* species. in that the native structure appears cooperatively in an “all-
The 3S and 4S ensembles probably have conformationalor-none” fashion as the protein is gradually stabilized (by
order equal to or greater than that of the 2S ensemble, butadding native disulfide bonds).

Cooperatiity of Oxidative Folding in RNase A
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This “all-or-none” character implies that the structured des states are relatively rare in the energy landscape of most
species are formed from the unstructured 3S ensemble inproteins under typical folding conditiois.
two sequential reactions. In the first reaction, the disulfide  Another remarkable feature of oxidative folding is that a
bonds of the des species form by reshuffling from the spatially localized change (the addition of a single disulfide
unstructured ensemble 3S, but the protein has little structurebond) can cause cooperative, global folding of the entire pro-
initially; we denote this state as ded$n the second reaction, tein. For example, the des[652] and des[4695] species
the protein folds conformationally to its native-like structure, of RNase A have native-like structure, whereas the{(24,
denoted as dgsSchematically, these reactions can be written 58—110) species with two native disulfide bonds exhibits
as 3S— deg — des,, where the first and second reactions no more conformational order than nonnative 2S spegi®s (
are the reshuffling reaction and conformational folding, This observation suggests a surprisingly strong cooperativity
respectively. The back-reactions are also possible, i.e.,between local and global folding, namely, that the strength-
conformational unfolding (dgs— deg)) and back-reshuffling  ening of native interactions in a localized region of a single-
(desy — 3S). Experiments designed to test the validity of domain protein (e.g., by forming a native disulfide bond)
this model and to characterize deme underway. generates local structure only in concert with formation of

Not all sing|e_domain proteins exhibit Cooperative forma- the glObal native structure. This COUpling is consistent with
tion of structure upon formation of native disulfide bonds. & multi-nucleation mechanism of conformational folding.
A counterexample is BPTI, in which the formation of the [BPTI provides a counter example to this coincidence of local
3051 disulfide bond causes the formation of local second- and global structure formatior§), because it is effectively
ary and tertiary structure around the disulfide bond without composed of two sequentially folding domair¥]

causing global structure formatio). Subsequent experi- The formation of a disulfide bond does have a global effect
ments have shown that, despite its small size, BPTI is On the interactions between protein residues, by altering the
composed of two sequentially folding subdomairgg)(  loop entropy penalty to bring those residues together and,
corresponding to its two hydrophobic coré&(78). hence, changing the effective concentrations of the protein
residues for each other throughout the entire protein. In
Implications for Conformational Folding particular, a native disulfide bond may promote the formation

of a productive folding nucleus by juxtaposing its residues
Two features of the oxidative folding are remarkable. First, and lowering the entropic penalty for structuring those

only native disulfide bonds appear to cause the formation residues. This is plausible, since disulfide bonds are often
of stable tertiary structure; in no case studied thus far haspuried in local hydrophobic regions, i.e., regions composed
such structure developed in response to the formation of aof hydrophobic residues separated by relatively few residues
nonnative disulfide bond. Second, only native tertiary along the backbone or across a disulfide bond. Such local
structure develops in oxidative folding; misfolded proteins hydrophobic regions have also been proposed as the nucle-
have not been observed, despite the fact that the pre-ation sites for conformational folding, e.g., in the chain-
equilibrium ensembles sample most or all of the possible folding initiation site (CFIS) modelg4—89).
disulfide species48, 63). (Misfolded proteins are defined o )
here as proteins with stable nonnative tertiary structure.) Parallels between Disulfide-Bond Regeneration and

These two observations cast doubt on “rugged funnel” Conformational Folding
models of protein folding49), and lead one to hypothesize As noted in the introductory section, oxidative folding is
that misfolded states are common in the energy landscapea composite process, consisting of two processes: the
and serve as kinetic traps for folding proteins. If such recovery of the native disulfide bonds (disulfide-bond
misfolded states did populate the energy landscape denselyregeneration) and the recovery of the native tertiary structure
then one or more such misfolded states should occur among(conformational folding). Despite the obvious differences
the conformations populated by the nonnative disulfide between these two processes, they share several important
species; these misfolded states should be stabilized considerfeatures. The fundamental difficulty of both searches (that
ably by the disulfide bonds and, hence, should be observablefor the native disulfide pairing and that for the native tertiary
as kinetic traps. It has been predicted explicitly that proteins contacts) is the large entropy associated with alternative
will collapse into a glassy (i.e., slowly rearranging), mis- disulfide pairings and tertiary contacts. Moreover, the
folded state if they are kept from entering the “native folding individual interactions stabilizing the native disulfide pairing
funnel” (e.g., by nonnative disulfide bond$80). However, and tertiary contacts are not grossly stronger than nonnative
no such misfolded kinetic traps have been observed in theinteractions; native and nonnative disulfide bonds presumably
oxidative folding of any protein; the disulfide species of the have similar strengths, as do native and nonnative hydrogen
pre-equilibrium ensembles reshuffle quickly and appear to bonds or hydrophobic interactions. Given these two factors,
have no protective tertiary structure, despite having many both searches are likely to sample nonnative disulfide
nonnative disulfide bonds. A few kinetic traps have been pairings and nonnative tertiary contacts, respectively. The
observed in oxidative folding (e.g., desf284] and des[58 qualitative similarities of these two searches suggest that the
110] in RNase A), but these result from the burial of thiol strategies adopted by the protein to find the native disulfide
groups in disulfide species withative disulfide bonds and  pairing may also pertain to the search for the native tertiary
native structure, and do not correspond to species with structure. In this section, the general mechanism of disulfide-
nonnative disulfide bonds and misfolded structures. Mis- bond regeneration is reviewed and an analogous scenario
folded states have indeed been observed in the folding of afor conformational folding is suggested.
few proteins, e.g., in disulfide-intact hen egg-white lysozyme
(81—83); however, the present evidence suggests that such 2Wwe do not consider aggregation equivalent to misfolding.
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As illustrated above for RNase A, proteins generally adopt and competes very effectively with the protein peptide groups
a “lock-in” strategy in the regeneration of their native for hydrogen bonding9l). Thus, stable native secondary
disulfide bonds. After the initiation of oxidizing conditions, structure requires that its hydrogen bonds be protected from
the protein equilibrates rapidly to a distribution of disulfide such attack, e.g., by the association of nonpolar groups near
species that is biased in favor of native disulfide pairing but the hydrogen bond to lower the local activity of water and
which generally contains many nonnative disulfide species, other attacking groups. [In effect, nonpolar residues modulate
e.g., the pre-equilibrium afiS ensembles in RNase A. The the strength of hydrogen bonds in their vicini§2{.] This
disulfide species of the pre-equilibrium ensembles rearrangescenario is supported by experiments and computer simula-
rapidly until a minimal set (or sets) of native disulfide bonds tions suggesting that the destruction of secondary structure
are formed that induce conformational folding, e.g., des[40 is principally mediated by the attack of water on the
95] and des[6572] in RNase A. The resulting tertiary backbone hydrogen bond83-96). Clearly, an analogous
structure protects these disulfide bonds from further rear- mechanism could be proposed for hydrophobic interactions
rangement by sequestering them away from the redox reagenbetween nonpolar residues.

and the thiolate groups of the protein itself. (No nonnative A key element of this scenario is that the native substruc-
set of disulfide bonds appears to become protected in thistyre is significantly more protected from rearrangement than
way.) This “locking in” of the native disulfide bonds causes nonnative substructures of the pre-equilibrium ensemble.
such intermediates to accumulate, which favors the subse-However, the mechanism for discriminating native from
quent formation of the remaining native disulfide bonds nonnative substructures seems obscure, since both are
(presuming that no kinetic traps are encounteféd)effect,  stapilized by the same physical interactions (hydrogen
the formation of protective tertiary structure stabilizes the ponding, burial of hydrophobic area, etc.) which should have
buried native disulfide bonds by drastically lowering the rates comparable strengths. One plausible discriminating factor is
of their reduction and reshuffling; in the absence of such the unusually high density of the native packi®8g,(98). A
tertiary structure, these species do not accumulate above th@jense packing should protect a core of local structure more
level determined by the bias in pre-equilibrium ensembles. effectively than a loose packing, both because there are
Thus, such a minimal set of native disulfide bonds is intrinsically fewer groups exposed to attack and because the
populated preferentially not because its formation is strongly ynfolding of such densely packed substructures would likely
favored (e.g., 35— des in RNase A) but because its require concerted changes in several residues. By contrast,
rearrangement is strongly disfavored (e.g. ndesdes — a loosely packed core would presumably expose more groups
3S in RNase A). to attack and could be unfolded in an uncooperative fashion,
Proteins may adopt a similar strategy in conformational by small changes in individual residues. Nonnative structures
folding. In such a scenario, the protein would pre-equilibrate would be very likely to adopt loose packings, because such
upon initiation of refolding conditions to an unstructured packings are favored by entropy, requiring no specific spatial
ensemble of conformations that is biased toward the nativearrangement of the residues. Thus, in such a scenario, the
structure but includes many nonnative conformations. The native structure is distinguished from nonnative structures
conformations of this ensemble would rapidly rearrange until by an unusually dense packing that offers better protection
they formed a minimal subset (or subsets) of native interac- against rearrangement.
tions that are relatively protected from further rearrangement
by being sequestered in local structure away from competing Engineered Coalent Cross-Links as Probes of Tertiary
interactions with other groups in the protein and the solvent. Structure in the Folding Transition-State Ensemble
(By assumption, no nonnative structure forms such a core ) ) ) ]
of protected interactions.) Moreover, the formation of such 10 @ssess this and other folding scenarios, experimental
a core promotes the formation of structure in adjacent Methods of characterizing the development of structure
residues, since much of the entropic penalty has been paidduring conformational folding, which may be rapid and
(87): adjacent residues have a higher effective concentrationcOmMPplex, are needed. One such method involves the addition
due to the initiating structure. [Such an effect is seen in the ©f covalent cross-links for determining whether protein
“zippering” betweer-strands €8, 89) and in the cooperative segments are associated in the folding transition state, as
formation of a-helices 00).] Thus, as in disulfide-bond ~ follows.
regeneration, the formation and protection of local native  If the stabilizing effect of an added covalent cross-link is
structure drives the protein toward the fully folded state by primarily entropic (i.e., if the added cross-link does not affect
increasing the forward rate of native structure formation and the enthalpy), then the effect of such an added cross-link on
decreasing the backward rate of its rearrangement. the folding and unfolding rates determines whether the linked
A clear example of this scenario is provided by the segments of the protein are associated in the folding transition

formation of the native backbone hydrogen bonds (secondarystate of the wild-type protein (Figure 3). Specifically, if the
structure). These hydrogen bonds rearrange by the attack ofdded cross-link accelerates the folding but does not affect
water molecules or of other main-chain and side-chain the unfolding, then the two segments are associated in the
hydrogen-bonding groups; water is particularly effective at folding transition state (Figure 3a); the added cross-link

such rearrangements, since it forms strong hydrogen bondgiestabilizes the unfolded state, but not the native and
transition states. Conversely, if the added cross-link deceler-

— — — _ ates the unfolding but does not affect the folding, the two
* For simplicitly, we are considering here only situations in which - gagments are not associated in the transition state (Figure
this structure forms in a disulfide intermediate (e.g., des[@®)). It g . .
should be noted, however, that some proteins fold only when all the 3b); the added cross-link destabilizes both the unfolded and
native disulfide bonds are formed. transition states, but not the native state. Such a study has
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tion of disulfide species (determined primarily by the entropy
—————— loss upon forming the disulfide bonds), whereas a highly
AG° ordered or structured protein should exhibit a strongly
nonrandom distribution of disulfide species and bonds. As

"""""" another example, the contribution of individual disulfide
AG 46" bonds to the conformational stability of the native state can
U U often be assessed by reducing a single disulfide bond;
""""""" provided that the resulting des species remains folded, its

thermodynamic stability can be examined by equilibrium

Ficure 3: Addition of a covalent cross-link with primarily entropic  unfolding transitions and by the H/D exchange properties
effects can determine whether the two segments of the protein areqf jts residues 15, 26, 74).

associated in the transition state of foldirid(). The relative free o . . )
energies of the unfolded (U), folded (N), and transition (TS) states ~ The oxidative folding of RNase A can be divided into two

before and after adding such a covalent cross-link are indicated bystages. In the first stage, the reduced protein is successively
the solid and dashed lines, respectively. By assumption, the additiongxidized to populate the 1$4S ensembles. These ensembles

of the covalent cross-link causes a large change in the free energy; : .
AG° of U and a relatively small change in the free energy of N. have no stable tertiary structure, although they exhibit

(a) If the two segments are associated in the wild-type transition- cOnformational ordering, e.g., a nonrandom distribution of
state ensemble, the TS free energy is not changed much by addinglisulfide species. The second stage of oxidative folding
the covalent cross-link; the folding should become more rapid, but consists of the disulfide reactions in the structured disulfide-
the unfolding rate should remain relatively constant. (b) If the two containing intermediates that are stable enough to maintain

segments are not associated in the wild-type transition-state, . - . . .
engemble, the addition of the covalent Cross_ﬁ’ﬁk changes the Tstheir folded conformation (des species). The resulting tertiary

free energy by approximately the same amoA@G° as in the structure stabilizes these folded species by protecting their
unfolded state U. In this case, the folding rate should remain native disulfide bonds from reduction and reshuffling; these

relatively constant, whereas the unfolding rate should become muchstructured species do not interconvert readily among them-
slower. selves or with their unstructured ensemble. Under typical
oxidative folding conditions, only des[4®5] and des[65
72] are stable enough to fold; these species are productive
intermediates, since their remaining thiol groups are acces-
sible, allowing these species to oxidize preferentially to the
native protein. However, under unusually stabilizing condi-
tions, des[26-84] and des[58 110] species can also acquire
stable tertiary structure. When folded, these latter species,
accounting for only a minor percentage of the total protein,
appear to be kinetic traps, and presumably bury both their
disulfide bonds and thiol groups, rendering all the reactive
groups inaccessible to the redox reagent and to each other.
Such traps may preferentially oxidize, reshuffle, or be re-
duced, depending on the redox conditions and the relative
are present in solvent-exposed, flexible loops whereasfree energi_es of the unfolding reactions that must precede
disulfide bonds tend to become buried in hydrophobic each reaction.
regions. The processes of reductive unfolding and oxidative folding
This approach is complementary to the more recent and the conformational structure of disulfide intermediates
®-analysis approachl(1) in that it alters the entropy, not have several implications for conformational folding. The
the enthalpy, of the transition state, rendering its structural €vidence seems to support multinucleation models of protein

(a) (b)

been carried out for RNase A by linking two exposed lysine
residues (Lys7 and Lys41) in the folded stafeq9, 100);

the results suggest that the N-terminahelix of RNase A

is not associated with the majgi-sheet in the folding
transition state, as in Figure 3b.

This approach requires that the added covalent cross-link
primarily change the entropy and not the enthalpy of the
native and transition states. This requirement can be fulfilled
most easily by linking solvent-exposed residues of the protein
(particularly in flexible loop segments), since fewer native
interactions are likely to be disrupted. Disulfide bonds can
be introduced into such loop segments, but it may be
preferable to engineer lysine cross-links, since lysines often

interpretation less ambiguouQ(). folding such as the CFIS model and to contradict the recently
proposed “rugged funnel” scenarios of protein folding. By
Summary analogy with the regeneration of the native disulfide bonds,

it is suggested that conformational folding proceeds through
a biased random search of an initially unstructured ensemble,
sulfde borcs may be used (o assess he accessiy %2070 [0 e fomaton of  densel packed core of e
proximity, and reactivity of cysteine residues. For example, . P X . y

competing groups of the protein; this core then promotes

the reductive unfolding of the protein reports on structural . > .
fluctuations in the native state because the protein must.the formqtlon of thg remaining ngtlve §tructure. The central
undergo local or global unfolding to render buried disulfide idea of this scenario is that certain native structures become

bonds accessible to the redox reagent. The proximity assa;/‘a\'(.)red' not because they form much more quickly than non-
of disulfide bonds has been used to styilyairpin propensi- native structures, but chiefly because they rearrange much
ties (L02—104), the tertiary fold of the molten globul&g), ~ MOre slowly.

and the rotation of molecular motors composed of many

proteins (05). More generally, the distribution of disulfide- ACKNOWLEDGMENT

bonded species and the rates of their individual formation

provide information about the conformational order in the  We thank Drs. T. W. Thannhauser, D. M. Rothwarf, and
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Disulfide bonds are useful tools for studying protein
structure, thermodynamics, and folding. In particular, di-
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SUPPORTING INFORMATION AVAILABLE

Basic introduction to the procedures, such as blocking and

fractionation methods, used in disulfide-bond studies (Ap-
pendix A) and an introduction to recent experiments which

suggest that, under folding conditions, fully reduced RNase
A may serve as a stable analogue of an early intermediate

in the conformational folding of disulfide-intact RNase A
(Appendix B). This material is available free of charge via

the

Internet at http://pubs.acs.org.
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