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ABSTRACT. The oxidative folding of proteins consists of conformational folding and disulfide-bond reactions.
These two processes are coupled significantly in folding-coupled regeneration steps, in which a single
chemical reaction (the “forward” reaction) converts a conformationally unstable precursor species into a
conformationally stable, disulfide-protected successor species. Two limiting-case mechanisms for folding-
coupled regeneration steps are described. In the folded-precursor mechanism, the precursor species is
preferentially folded at the moment of the forward reaction. The (transient) native structure increases the
effective concentrations of the reactive thiol and disulfide groups, thus favoring the forward reaction. By
contrast, in the quasi-stochastic mechanism, the forward reaction occurs quasi-stochastically in an unfolded
precursor; i.e., reactive groups encounter each other with a probability determined primarily by loop entropy,
albeit modified by conformational biases in the unfolded state. The resulting successor species is initially
unfolded, and its folding competes with backward chemical reactions to the unfolded precursors. The
folded-precursor and quasi-stochastic mechanisms may be distinguished experimentally by the dependence
of their kinetics on factors affecting the rates of thidlisulfide exchange and conformational (un)folding.
Experimental data and structural and biochemical arguments suggest that the quasi-stochastic mechanism
is more plausible than the folded-precursor mechanism for most proteins.

Oxidative folding is defined as the composite process by successor species (Figure 1). The forward reaction may be
which a reduced, unfolded protein regains both its native either a disulfide-bond reshuffling (Figure 1a) or the final
disulfide bonds (disulfide-bond regeneration) and its native step of a disulfide-bond oxidation (Figure 1b); hence, folding-
structure (conformational folding}(2). These two processes coupled regeneration steps may be further specified as
are coupled significantly in folding-coupled regeneration folding-coupled reshuffling or oxidation steps.

steps, in which a single chemical reaction (the “forward”  The formation of stable tertiary structure drastically alters
reaction) converts a conformationally unstable precursor the rates of disulfide-bond rearrangements in oxidative
species into a conformationally stable, disulfide-protected folding by changing the accessibility, proximity, and reactiv-
ity of the thiols and disulfide bondsl). Accordingly,
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Ficure 1: Chemistry of two types of folding-coupled regeneration
steps. (a) In a folding-coupled reshuffling step, a thiolate in a
conformationally unstable precursor species attacks an intraprotein

disulfide bond, leading to thieldisulfide exchange. (b) In the

conformationally analogous folding-coupled oxidation step, the
thiolate attacks a mixed disulfide bond. The reshuffling and

oxidation rate constants are denotedkagandkiny,, respectively.

The corresponding backward chemical reactions (back-reactions)
are back-reshuffling and the attack of a redox reagent thiolate on
an intraprotein disulfide bond, respectively (i.e., the first step in

disulfide-bond reduction).
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FiGure 2: (a) Oxidative folding of the four-disulfide protein RNase
A. The variousnSy ensembles (15-4S,) represent ensembles of
disulfide species withn disulfide bonds; the equilibration of
disulfide species within eachS, ensemble (by reshuffling reac-
tions) is more rapid than that betweaB, ensembles (by redox
reactions) {). ThesenS, species are largely unstructured, but
exhibit some conformational order; by contrast, des{@8]y, des-
[65—72]n, and the native protein ]\ are folded globally I). The
prefolding stage consists of reshuffling reactions within eaSh

ensemble and redox reactions between these ensembles. T %
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Ficure 3: (a) Generic folding-coupled step, as observed experi-
mentally. The folded successor species is produced from the
unstructurechSy ensemble with an apparent first-order kinetic rate
constanky,s Sug is assumed to be more stable tm&y, implying

that the equilibrium ratideqis greater than 1. (b) Expanded version

of Figure 3a. ThenS, ensemble is expanded to show pP(ghe
immediate precursors of Syicin rapid equilibrium with the other

nSy species (denoted as y); Pra, represents the disulfide species
that can be converted to the successor species by a single chemical
reaction, e.g., those of Figure 1. The quasi-stochastic and preformed
structure mechanisms are shown with solid and dashed reaction
arrows, respectively. The dominant reactions are labeled and
denoted with longer arrows; by assumption, the Sand Prq
species are less stable than tiSg and Sug species, respectively.

In the Sug species, the main competing processes are folding and
the backward chemical reaction, whereas in theyPspecies,
unfolding and the forward reaction compete. The kinetics of these
mechanisms is analyzed in the two Appendices of the Supporting
Information. (c) Under strongly oxidizing conditions and in the
absence of free protein thiol, the back-reaction of a folding-coupled
oxidation step (i.e., disulfide-bond reduction) is slow compared to
the forward reaction (Figure 1b) and conformational folding.

prefolding stage, conformational folding has not yet occurred,
whereas folding is more or less completed in the postfolding
stage; thus, neither stage couples conformational folding and
disulfide-bond reactions significantly. Rather, such coupling
occurs at the boundary between these two stages, when
folded disulfide species are produced from unfolded precur-
sors (Figure 3a). We characterize the coupling between the
disulfide-bond reactions and conformational folding in these
folding-coupled regeneration steps. More specifically, we
characterize the conformational ensemble at the instant when
e forward reaction of a folding-coupled regeneration step

postfolding stage corresponds to the oxidation reactions that convert . . . o .
the des species to the native protein. The folding-coupled regenera-Occurs, i.., when its chemical transition state is surmounted.

tion steps are the single reshuffling reactions that convert unfolded It is worth noting that conformational unfolding may be
precursor species in the g&nsemble to the folded des species, as involved in disulfide-bond reactions of the postfolding stage.

in Figure 1a. (b) Oxidative folding of the three-disulfide mutants, o example, a structured intermediate may bury its thiols
g:so[ﬁ/(fggfaﬁgddgggg%}iﬁ’egggyfﬁﬁdﬁyggfﬁgg?A'\n%itr?céhe in stable tertiary structure, inhibiting the formation of further
these mutant proteins have no structured disulfide intermediates indisulfide bonds; in such cases, local or global conformational

oxidative folding, the folding-coupled regeneration steps are the unfolding may be required to expose the thiols so that they
single oxidation reactions that convert an unfolded, mixed-disulfide can be oxidized to form further native disulfide bonds.
des species in the 2&nsemble to the folded native proteigdins However, the conformational ensemble of disulfide-bond
as in Figure 1b. Further information about these kinetic models of fi g th tfoldi t l tside th f
oxidative folding is found in recent review§,(2). re_ac |ons n ? pqs olding Stage lies (_)u Sl e_ e scope o
this article, which is concerned only with folding-coupled
(5, 6). By contrast, the postfolding stage is characterized by regeneration steps.
folded, native-like disulfide species (Figure 2a), in which ~ Two limiting-case mechanisrhanay be discerned for
the reaction rates may deviate strongly from the correspond-folding-coupled regeneration steps (Figure 3b). In the folded-
ing rates in unstructured disulfide specie®). (In the precursor mechanism, folding precedes the forward reaction;
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thus, the forward reaction occurs in a folded precursor the case when the experimental conditions are sufficiently
species, i.e., the transition-state ensemble of the forwardstabilizing that all disulfide species (even the fully reduced
reaction is characterized by native tertiary structure (Figure species) are folded globally since, under such conditions,
3b). The (transient) native structure of the precursor acceler-folding-coupled regeneration steps are not possible.
ates the forward reaction by increasing the effective con-
centrations of the reactive thiol and disulfide groups. By
contrast, in the quasi-stochastic mechanism, folding follows  The quasi-stochastic mechanism is at least feasible for
the forward reaction. Thus, the forward reaction occurs quasi- folding-coupled reshuffling steps (Figure 1a), since its two
stochastically in an unfolded precursor; i.e., the reactive component reactions (quasi-stochastic disulfide reshuffling
groups encounter each other with a statistical probability in an unstructured disulfide species and folding of a
determined primarily by loop entropy, albeit possibly modi- conformationally stable species) have often been observed
fied by residual conformational biases in the unfolded state. experimentally {, 2). Moreover, the putative competition
The resulting successor species is initially unfolded, and its between folding and back-reshuffling in the unfolded suc-
folding competes with the back-reactions converting it to cessor Sug (Figure 3b) has been observed experimentally
unfolded precursors (Figure 3b). in the unblocked des species of RNase A, which are

The principal conclusion of this article is that the quasi- Iyophilized at low pH (where they are unfolded) after their
stochastic mechanism is more plausible than the folded-isolation (7). If the lyophilized des species are redissolved
precursor mechanism for most proteins. In the first section, directly into folding conditions at pH 8, a significant fraction
structural and biochemical considerations are cited to argueundergoes reshuffling to unstructured 3S specigsThus,
that the folded-precursor mechanism is much less likely than under such conditions, disulfide reshuffling competes with
the quasi-stochastic mechanism for most proteins. The secondhe conformational folding that would have protected the
section summarizes a kinetic analysis (see Appendices A anddisulfide bonds, at least in some subpopulations, e.g., in a
B of the Supporting Information) that demonstrates that the slow-folding fraction characterized by a nonnative-disins
folded-precursor and quasi-stochastic mechanisms predict dsomer of an essential prolines,(9). By contrast, if the
different dependence &fys (Figure 3a) on factors affecting  lyophilized des species are first equilibrated on ice at pH 5
the rates of thiotdisulfide exchange and conformational (which permits folding but not reshuffling), very little<%)
(un)folding. Measurements of the dependencle,afon such unstructured species is produced upon a subsequent jump to
factors appear to support the quasi-stochastic mechanism ovepH 8 (unpublished observations). Presumably, the disulfide
the folded-precursor mechanism. The third section comparesbonds remain protected when the pH is increased because
the experimental values df,ps for the folding-coupled conformational folding has been completed.
regeneration steps in bovine pancreatic ribonuclease A Similar arguments suggest that the quasi-stochastic mech-
(RNase A} with those predicted by the quasi-stochastic and anism is also plausible for the conformationally analogous
folded-precursor mechanisms. Again, the predictions of the folding-coupled oxidation steps (Figure 1b). However, the
quasi-stochastic mechanism appear to fit the data better tharback-reaction (reduction) is generally much slower than
do those of the folded-precursor mechanism. Throughout thisconformational folding, because of the low concentrations
paper, folding-coupled reshuffling steps (Figure 1a) and of reducing agent under typical oxidative folding conditions.
folding-coupled oxidation steps (Figure 1b) are often dis- Hence, the back-reaction for folding-coupled oxidation steps
cussed separately, although they are conformationally analo-generally does not compete significantly with conformational
gous (Figure 1). This is done partly for clarity and partly folding (Figure 3c). Under these conditions, the quasi-
because their back-reactions are chemically different; the stochastic mechanism predicts that the reaction katds
back-reaction of Figure la is an intramolecular reaction, largely independent of factors (e.g., denaturants) that affect
whereas the back-reaction of Figure 1b is a bimolecular only the rate of conformational folding.
reaction involving the redox reagent. By contrast, the folded-precursor mechanism seems un-

The principal conclusion pertains to the oxidative folding likely to be preferred over the guasi-stochastic mechanism
of single-domain proteins, i.e., those that undergo global for folding-coupled reshuffling steps (Figure 3b). Such a
conformational folding in a two-state fashion. For simplicity, preference of the folded-precursor mechanism would seem
we assume that all disulfide species are either conforma-to require that the rate of the forward reaction {Pre Sug)
tionally stable or unstable, i.e., that the free energies of their be comparable to (or faster than) the rate of unfolding
folded and unfolded states differ significantly (e.g., B¢ (Prey — Pray) in the folded precursor species (Figure 3b).
kcal/mol). We neglect the more complicated case when However, the unfolding rate for conformationally unstable
disulfide species are marginally stable, i.e., when their folded proteins is typically on the millisecond time scald); which
and unfolded states have comparable free energies (e.g.is much faster than typic&ker andkin, rates. For example,
differing by <4 kcal/mol). Thus, a folding-coupled regenera- in the des[46-95] species of RNase A, th&, rate constant
tion step may be defined as a single chemical reaction thatat 25°C and pH 8 equals 67 mih (7), roughly 100-fold
converts a conformationally unstable precursor into a con- slower than typical unfolding rate@). Given that thiskiya
formationally stable successor species. We likewise neglectrate is unusually high due to proximity effects in the
conformationally stable des[45] species, the forward

1 The term mechanism is used instead of pathway to describe thesereaction seems even less likely to compete with unfolding
alternatives, since “pathway” already has a technical meaning for in a conformationally unstable precursor species. F3enilar

oxidative folding (@, 2). - hanism al n-
2 Abbreviations: RNase A, bovine pancreatic ribonuclease A; des- arguments make the folded-precursor mechanism also u

[x—y], disulfide species of RNase A with all the native disulfide bonds likely for the conformationally analogous folding-coupled
except that between Cysand Cysy. oxidation steps (Figure 1).

Structural and Biochemical Considerations
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The folded-precursor mechanism seems especially im- consistent with the experimental value of %4102 min—?!
plausible for folding-coupled reshuffling steps, since it for formation of des[46-95] from 3S {). [The relatively
requires the conformational folding of a precursor species high predicted value may reflect an unequal distribution of
with a nonnative disulfide bond. Such a misfolded species disulfide species in the unstructured ensembles, as has been
(i.e., one with a nonnative disulfide bond involved in stable observed experimentally5( 6).] This calculation demon-
tertiary structure) has hitherto not been observé)l (  strates that the quasi-stochastic mechanism may contribute
Furthermore, the reshuffling reaction itself should generally significantly to this folding-coupled regeneration step in
involve a large deformation of the native topology, since RNase A.
thiol—disulfide exchange reactions require that the three By contrast, the folded-precursor mechanism does not
reacting sulfur atoms be adjacent at the moment of the seem likely to contribute significantly to this reshuffling step
reaction (1). Such deformations are unlikely to be compat- in RNase A, by the following reasoning. In addition to its
ible with conformational folding to the native protein; atomic- one nonnative disulfide bond, the three-disulfide precursor
force microscopy experiments and computer simulations of species must have two native disulfide bonds. The two native
the force-mediated unfolding of protein domains indicate that disulfide bonds that contribute most to the stability of wild-
even small deformations of the topology may suffice for type RNase A are the fully buried disulfide bonds [between

global unfolding (2—14). residues 26 and 84 and residues 58 and 18f].(However,
o _ NMR experiments indicate that the native 2S species
Kinetics of the Two Mechanisms (disulfide bonds between residues 26 and 84 and residues

Kinetic analyses of the folded-precursor and quasi- 58 anq 11(_)) is conformationally unstable by at !east 3 kcal/
mol, since it appears to have no more stable tertiary structure

stochastic mechanisms were carried out (see Appendices ﬁ ! -
. : han other 2S specied 7). Any three-disulfide precursor
and B of the Supporting Information). These analyses species should be less stable than this (disulfide bonds

indicate that the folded-precursor mechanism is sensitive to ; .
factors (e.g., denaturants) affecting conformational folding gsg\clieeesn rs?r?(l:(lu?ts ;?feé:gdb34tr?2da:jedsilt?ounesof i ar?c?m%;t(i)\)/ezs
and/or stability under all experimental conditions, whereas disulfide bond and, possibly, the replacement of the 26

the quasi-stochastic mechanism is not sensitive to such o g .
factors when the subsequent conformational folding is much 32%%535%0 I\%Srlél(];'\(ljeer %%ngtrggtﬁrelzscisﬁlzzgzslngcineastil\\l/ﬁh
faster than the reshuffling reaction from the unstructured ) o y P

nonnative disulfide bonds have been observed, even under

ensemble. More generally, the folded-precursor and quasi- L "
stochastic mechanisms can be distinguished experimentallythe most stabilizing conditiond§, 19). Taken together, these

: arguments suggest that the folded statg, Bf¢he precursor
by the dependence &, on factors affecting the rates of S .
thiol—disulfide exchange and conformational (un)folding. SPECIES 15 un;table (relative to Bydy at least 4.k'caI/moI.
. A ; Using this estimate of the conformational stability and the
The folding-coupled oxidation step (Figure 1b) of a one-

disulfid tant of RN T1 id e of h fastest reshuffling rate observed in RNase A, the folded-
Isullide mutant o ase provides an examplie ot suc precursor mechanism predicts a maximum observed rate
an experiment. Thie.y, rate constant of this protein appears

; : . constant of 0.47x 102 min~! (see Appendix A of the
to be independent of urea concentration, provided that theSupporting Information), roughly 3-fold smaller than the

fully reduced precursor species remains conformationally experimental value of 1.4 10-2min-* for des[40-95] (7)

unstableh15).d(I1f 'the ffolded-[:r)]recllérs?fr rtn(re]chsnlsm W]?rs Since thekiwa rate constants in RNase A are similar in
correct, the addition o urea should ailect the kinetics of the magnitude to those observed in other proteity,(and if it

overall reaction, since urea ShOUId alter both the foldl_ng rate i assumed that the conformationally unstable precursors are
and the conformational stability of the precursor species. By |, c\vise unstable by at least 4 kcal/mol, these estimates

contrast, the quaS|—s_tochast|c mechal_’usm is consistent W'thsuggest that the folded-precursor mechanism does not
the observed urea independence since the absence of

Bontribute significantly to most folding-coupled regeneration
reducing agentl(5) should eliminate the back-reaction (the 9 y 9 P 9

reduction of the native protein) (Figure 3c). Hence, under steps.

these conditions, the overall reaction rate predicted by the Earlier Studies of the Coupling of Folding and
guasi-stochastic mechanism should be independent of factorDisulfide-Bond Reactions

affecting conformational folding and stability such as urea
(see Appendices A and B of the Supporting Information),
as observedlp).

It has long been recognized that stable tertiary structure
can alter the rates of disulfide-bond reactions in proteins
significantly through its effects on the proximity (i.e., the
effective local concentration), accessibility, and reactivity of
the relevant disulfide bonds and thiol groupa0<22).
Experimental evidence for such effects has been obtained

Using the measured rate constants for reshuffling andin several proteins by examining how factors (such as
folding in RNase A 7), the guasi-stochastic mechanism mutations, denaturants, and salts) that influence conforma-
predicts a reasonable equilibration rdigs between the  tional stability affect the rate constants of overall oxidative
unstructured 3S ensemble and the folded des species (Figure®lding (R— N) and of interconversions between ensembles
2 and 3a). If it is assumed that all unstructured precursors of disulfide species (e.g., 1S 2S), as well as the distri-
are equally represented in the 3S ensemble and that allbutions of disulfide species within each disulfide ensemble
reshuffling reactions are equally probable (which are rough (23). However, these studies are not directly relevant to this
approximations), the estimatéghsequals 4.6x 1072 min—! article, which is concerned only with the effects of such
(see Appendix A of the Supporting Information), which is conformational-stability factors on the observed rate constants

Estimated Rates for the Quasi-Stochastic and
Folded-Precursor Mechanisms in RNase A



New Concepts Biochemistry, Vol. 40, No. 31, 2008063

of a single disulfide-bond reaction between two chemically folded conformation is “locked in” (i.e., stabilized) by
defined species, namely, a conformationally unstable precur-disulfide-bond formation, whereas the converse happens in
sor species and a conformationally stable successor speciegjuasi-stochastic mechanisms: a set of disulfide bonds is
In a few cases, the effects of such conformational-stability locked in (i.e., protected from further rearrangements) by
factors have been measured for single disulfide-bond reac-local or global conformational folding. In the general model
tions, e.g., in the work of Frech and Schmid cited above presented here, the oxidative folding of single protein
(15) or that of Zhang and Goldenbera4). However, to our domains is characterized by pre- and postfolding stages
knowledge, such studies have not addressed the questioseparated by regeneration steps in which global conforma-
posed in this article, namely, the relative sequence of tional folding follows the quasi-stochastic formation of a set
conformational folding and the disulfide-bond reaction in of disulfide bonds (by either oxidation or reshuffling) that
folding-coupled regeneration steps or, more specifically, the render the final disulfide species conformationally stable.
state of the conformational ensemble at the instant when aSimilarly, two recent articles appear to suggest that local
conformationally unstable precursor species is converted intoconformational folding occurs in the vicinity of the first
a conformationally stable successor species. Moreover, thesaative disulfide bonds following their formation from the
earlier studies have generally not discriminated betweenfully reduced protein 36, 37). Although this suggestion
folding-coupled regeneration steps and single disulfide-bond appears to hold for the 3651 disulfide bond species and
reactions of the postfolding stage, in which structured (under some conditions) the-%5 disulfide bond species of
successor species are produced from structured precursorBPTI, it does not appear to hold for the -138 disulfide
(possibly through a locally or globally unfolded transition bond species of BPTB) or, more generally, for the native
state, as noted above). Indeed, specific folding-coupled 1S species of other multi-disulfide-bond protei@. (
regeneration steps have been identified for relatively few )
multi-disulfide-bond proteins [e.g., RNase A and bovine Conclusions
pancreatic trypsin inhibitor (BPTI)] since such identification  This article defines the concept of folding-coupled regen-
requires that the presence or absence of stable tertiaryeration steps, as well as two limiting-case mechanisms. In
structure be determined for the individual precursor and the folded-precursor mechanism, conformational folding
successor species. Accordingly, the oxidative folding of BPTI precedes the forward reaction, which then competes with
is more complex than that of RNase A in that it appears to conformational unfolding in the (transiently folded) precursor
have two independently folding domain&5( 26). The species. By contrast, in the quasi-stochastic mechanism, the
earliest structured intermediates seem to be the one-disulfideforward chemical reactions precede folding, which then
intermediates (bond between residues 30 and 51 and, undetompetes with the backward chemical reactions in the
some conditions, between residues 5 and 55), although thesuccessor species. The kinetics of these two mechanisms
former appears to be structured only in one of the two folding exhibit different dependencies on the reaction rates of-thiol
domains. The corresponding folding-coupled regeneration disulfide exchange and conformational folding, allowing
steps would be the formation of these species either bythem to be distinguished experimentally.
oxidation of fully reduced BPTI or by reshuffling of other  The quasi-stochastic and folded-precursor mechanisms
one-disulfide species. To our knowledge, the relative order describe the conformational ensemble at the moment of the
of conformational folding and the chemical reaction has not forward chemical reaction. Some proteins may adopt a
been determined for these steps. mechanism that lies between these two extremes; i.e., the
A thermodynamic cycle of conformational folding and transition-state ensemble could be partially structured. Nev-
disulfide-bond regeneration similar to the kinetic diagrams ertheless, experimental data and structural and biochemical
in panels b and c of Figure 3 has also been presented inconsiderations generally favor the quasi-stochastic mecha-
earlier publications 15, 24, 27, 28). However, to our  nism over the folded-precursor mechanism, especially for
knowledge, these thermodynamic cycles have been employedolding-coupled reshuffling steps such as those observed in
only as a method for computing the free-energy linkage RNase A.
between conformational stability and disulfide-bond reac- The guasi-stochastic mechanism suggests an explanation
tions, being considered “mechanistically unrealisti22)( for how the cis-trans isomerization of prolines may be
In the work presented here, this “cycle” is merely a compact coupled to the oxidative folding of proteins. A nonnative
representation of two separate limiting-case mechanisms. jsomer of an essential proline can alter the folding rate nearly
Among the models of oxidative folding that allow for 500-fold @, 9), drastically altering the relative rates of
structural interpretation, the folded-precursor mechanism conformational folding and the forward chemical reaction
seems to be favored over the quasi-stochastic mechanismand slowing the effective rate of the folding-coupled
(27, 29-35). For example, some publications appear to regeneration step. Thus, prolyl peptidyl-€isans isomerases
suggest that oxidative folding proceeds through a folded- (PPlases) can be coupled to oxidative folding indirectly by
precursor mechanism in which local regions of the protein promoting the conformational folding of such subpopulations,
adopt their native structure, which is then stabilized by rendering it more competitive with the back-reactions.
forming nearby disulfide bond<2{, 31); in this scenario,
global folding results from the piecemeal accumulation of SUPPORTING INFORMATION AVAILABLE
local “microfolding” events. Other articles appear to suggest  Appendices A and B on the kinetics of the folded-precursor
that the oxidative folding of some proteins occurs by a and quasi-stochastic mechanisms and the mathematical
folded-precursor mechanism in which global conformational solution of the corresponding kinetic matrix equations. This
folding and the oxidation (not reshuffling) of disulfide bonds material is available free of charge via the Internet at http://
are coupled?9, 30). In both scenarios, a locally or globally  pubs.acs.org.
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