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ABSTRACT: An in vitro experiment with protein folding is typically initiated with 6 M GdmCl-denatured
proteins, which are generally considered fully unfolded. However, studies conducted by various laboratories
have shown that many 6 M GdmCl-denatured proteins are structurally heterogeneous and still retain
nativelike residual structures. The extent of conformational heterogeneity of the 6 M GdmCl-denatured
protein has significant implications for the folding landscape as well as the interpretation of the observed early
stage folding mechanism. Using the method of disulfide scrambling, we are able to gain rough insight into the
diverse structural properties of 6 M GdmCl-denatured proteins. It demonstrates that most 6 M GdmCl-
denatured proteins are approximately fully denatured, but partially unfolded. Most of them comprise diverse
conformational isomers. We review here the cumulative evidence obtained from various laboratories and also
provide experimental data obtained in our laboratory.

GDMCL-DENATUREDPROTEINSCOMPRISEHE-

TEROGENEOUS CONFORMATIONAL ISOMERS

AND OFTEN RETAIN RESIDUAL STRUCTURES

Elucidation of the pathway and mechanism of protein folding
remains one of the most challenging subjects in structural
biology (1-5). In the vast majority of in vitro studies, folding
experiments are typically initiatedwith 6MGdmCl (or 8Murea)-
denatured proteins. In the cases of disulfide proteins, native
disulfide bonds are usually kept intact (disulfide intact) in the
denatured state. GdmCl (6 M)-denatured proteins are generally
considered fully unfolded or extensively unfolded. Forty years
ago, Tanford (6, 7) showed that 6 M GdmCl-denatured proteins
were essentially structureless. However, subsequent research from
various groups using more sophisticated techniques has shown
that residual structures do persist in many proteins even under
strongly denaturing conditions (e.g., 7.5 M GdmCl) (8-15).
NMR and circular dichroism techniques have proven to be
particularly useful in comprehensive structural characteriza-
tion of denatured proteins (16-18). Denatured structures of
barnase (19), protein L variant (8),Drosophila melanogaster (20),
protein G (21), 434 repressor (9), ferricytochrome c (22), staphy-
lococcal nuclease (11), R-lactalbumin (23, 24), antichymotryp-
sin (25), SH3 domain (26), and fatty acid binding protein
(27) were reported. A common conclusion obtained from these
studies is the persistence of residual hydrophobic clusters and
nativelike secondary structures in the denatured state of pro-
teins (10, 13, 15).

The structure of 6 M GdmCl-denatured protein is relevant
to the study of protein folding because there is always concern
regarding the conformational heterogeneity of the starting

materials and whether they still possess residual secondary
structures or hydrophobic clusters. These remaining structures
may skew the observation of the early folding mechanism, which
is the most crucial event in understanding how protein folding is
started (28-36) and in defining the model of protein folding (37,
38). Therefore, characterization of the structural heterogeneity of
6 M GdmCl-denatured proteins is critically important to the
interpretation of the observed protein folding pathway and
mechanism. Achieving this will require, among other efforts,
the development of methods that would allow quantification of
the conformational heterogeneity of denatured protein and
isolation of unfolded isomers.

CONFORMATIONAL HETEROGENEITY OF DE-

NATURED PROTEINS CAN BE ASSESSED BY

THE METHOD OF DISULFIDE SCRAMBLING

Despite the evidence presented above, analysis and quantifica-
tion of conformational heterogeneity of denatured proteins are
inherently difficult, not only because of their exceedingly large
number but also because of their dynamic mobility and inter-
conversion. The method of disulfide scrambling (39-42) serves
to overcome some of these problems. This is achieved by
incubation of the native disulfide protein in the alkaline buffer
(e.g., pH 8.0-8.4) containing a denaturant (e.g., 1-6MGdmCl)
and a thiol catalyst (e.g., 0.05-0.25 mM β-mercaptoethanol or
0.1-1mMcysteine). Under these conditions, β-mercaptoethanol
or cysteine serves as a catalyst to assist in disulfide shuffling. The
native protein (N-protein) denatures and unfolds by scrambling
its native disulfide bonds and converts to a mixture of fully
oxidized non-native isomers (X-isomers) which are amenable to
fractionation, quantification, isolation, and further structural
analysis. The number of possible X-isomers is determined by the
number of disulfide bonds. For instance, a 3- and 4-disulfide
protein can theoretically generate a maximum of 14 and 104
unfolded X-isomers, respectively. All isolated X-isomers may
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also refold spontaneously to form the native protein in the
alkaline buffer (pH 8.0-8.4) containing a thiol catalyst.

Application of this method is illustrated here with the example
of denaturation and unfolding of tick anticoagulant peptide
(TAP)1 (40). TAP is a factor Xa specific inhibitor, which contains
60 amino acids and is stabilized by three native disulfide bonds. It
is a kunitz-type protease inhibitor structurally homologous to
BPTI (43). TAP was denatured at increasing concentrations of
urea, GdmCl, and GdmSCN. Samples of denatured TAP were
analyzed by HPLC (Figure 1) as previously described in ref 40.
The results demonstrate the following. (a) Denatured TAP
comprises seven major X-TAP isomers of 14 possible X-isomers.
They are designated with lowercase letters (a-g). Their disulfide
structures are given in Figure 1. (b) The structure of denatured
TAP (composition of the seven X-TAP isomers) varies signifi-
cantly under different denaturant strengths. The heterogeneity
reaches a maximum at 2-3 M GdmSCN and 6 M GdmCl. (c)
X-TAP-a is the only isomer with a constant rising recovery that is
proportional to the increasing denaturant strength. The recovery
of X-TAP-a increases from <1 to 23% as the concentration of
GdmCl increases from 3 to 6 M. Similarly, it increases from 17 to
60% as the concentration of GdmSCN increases from 2 to 6 M.
Thus, X-TAP-a was identified as the most unfolded X-isomer of
denatured TAP. The recovery of X-TAP-a is used to measure the
extent of unfolding of denatured TAP. Extrapolation of these data
indicates that in theory TAP may become fully unfolded (∼100%
yield of X-TAP-a) at∼10-12MGdmSCN, an experiment that is
unfeasible to execute because of the limited solubility ofGdmSCN.

It is relevant to point out that the distribution of X-TAP
isomers under denaturing conditions is apparently governed by
the thermodynamic free energy state. For instance, under identical

conditions in the presence of 6 MGdmCl and a thiol catalyst, the
quantitative distribution of X-TAP isomers remains indistinguish-
able regardless of whether the reaction is initiated from (a) N-TAP
by disulfide scrambling as described in the legend of Figure 1, (b)
fully reduced R-TAP by oxidative folding (see Figure 5 in ref 55),
or (c) any isolated X-TAP isomer by disulfide scrambling. This
property of equilibrium distribution has been similarly demon-
strated in the case of hirudin, as shown in Figure 2 (39).

It is also important to stress that the structural complexity of a
denatured and unfolded protein is enormous. The method of
disulfide scrambling serves to facilitate grouping of unfolded
isomers that are amenable to fractionation, isolation, and further
characterization. It is with almost certainty that each of the
X-TAP isomers (including X-TAP-a) still has significant con-
formational freedom and further comprises heterogeneous struc-
tures of unfolded TAP. The same should be true for X-isomers
produced from other proteins. It is also important to point out
that X-TAP-a is only a reference structure in defining the relative
extent of unfolding of X-TAP isomers. It is not known whether
X-TAP-a still retains residual structures. Interestingly, none of
the four predominant X-TAP isomers (a, d, e, and g) allowed
under 6 M GdmCl comprises a large disulfide loop linking the
cysteines from both N- and C-termini, suggesting that in the
extensively denatured state the conformational restriction favors
extended linear structures.More compact X-TAP isomers (f, k, h,
and i) comprising large disulfide loops form at the final stage of
the folding process (Figure 3).

CONFORMATIONAL HETEROGENEITY OF 6 M

GDMCL-DENATURED PROTEINS REVEALED BY

THE TECHNIQUE OF DISULFIDE SCRAMBLING

Using this method, we have investigated the state of denatura-
tion and unfolding of several disulfide proteins at 6 M

FIGURE 1: (A)Denaturation andunfolding ofTAPusing themethodofdisulfide scrambling.NativeTAPwas incubated inTris-HClbuffer (0.1M,
pH 8.4) containing 0.2 mM β-mercaptoethanol and increasing concentrations (from 1 to 6M) of urea, GdmCl, andGdmSCN. The reactions were
conducted at 23 �C for 16 h to allow the reaction to reach equilibrium.Unfolded samples were acidified and analyzed directly byHPLC (40). Seven
majorX-TAP isomers (a-g)were identified asunfolding intermediates. (B) StructureofN-TAPwith threenativedisulfidebonds (31). (C)Disulfide
connectivity ofX-TAP isomers. Three additional X-TAP species (h, i, and k) were identified along the folding pathway ofX-TAP-a (56) (Figure 3).

1Abbreviations: TAP, tick anticoagulant peptide; BPTI, bovine
pancreatic trypsin inhibitor.
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GdmCl (39-41, 44-49). Table 1 gives a rough assessment of the
conformational heterogeneity of proteins denatured by 6 M
GdmCl. Their structural properties are described by the extent
of denaturation, unfolding, and conformational heterogeneity.
(a) The extent of denaturation is defined by the conversion of
N-proteinfX-isomers and is quantified by the recovery of total
X-isomers as the percentage of total protein (X vs X + N).
According to this definition, any isomer that does not have the
intact native disulfide bonds is considered denatured. (b) The
extent of unfolding is characterized by the composition among
X-isomers and is quantified by the recovery of the most exten-
sively unfolded X-isomer as the percentage of total protein. The
most extensively unfolded X-isomer is identified by two experi-
ments. During the unfolding experiment, it is the only X-isomer
with a steady rise of recovery that is proportional to the
increasing strength of the denaturant (40, 41). During the
refolding experiment, it is the only X-isomer that flows through
all other identified isomers, but not vice versa (42). In another
word, it is the X-isomer that exhibits the highest free energy. For
TAP, the most extensively unfolded isomer is X-TAP-a

(Figure 1). (c) The extent of heterogeneity is defined by the
number of identified X-isomers as the percentage of the maxi-
mum possible number of X-isomers. This gives an only rough
estimation of the extent of heterogeneity of 6 M GdmCl-
denatured proteins. For instance, in the case of denatured
TAP, which was found to comprise seven X-isomers, the extent
of its conformational heterogeneity is 50% (7 of 14 possible
X-isomers). X-Isomers with a recovery of <3-5% of the most
predominant X-isomer were excluded from the calculation.

The results (Table 1) demonstrate the following. (a) Proteins
are not always fully denatured at 6MGdmCl. Hirudin and BPTI
are two notable examples. Only 60% of native hirudin (39) and
astoundingly less than 2%of native BPTI (44) become denatured
at 6 M GdmCl. (b) Most 6 M GdmCl-denatured proteins are
partially unfolded. Their structuresmay continue to unfold as the
concentration of GdmCl further increases (Figure 1). (c) Most
6 M GdmCl-denatured proteins comprise diverse unfolded
isomers. The extent of heterogeneity varies among different
proteins. For three-disulfide proteins, we found that their dena-
tured structures usually comprise ∼35-50% of the possible
X-isomers. For four-disulfide proteins, their conformational
heterogeneity is indeed greater than those presented in Table 1.
This is due to the exclusion of minor X-isomers from the
calculation. For example, 6 M GdmCl-denatured lysozyme (49)
comprises approximately nine X-isomers (Figure 4); seven minor
ones were ignored in the calculation.

STRUCTURAL HETEROGENEITY OF 6 M GDMCL-

DENATURED PROTEIN IS RELEVANT TO THE

MODEL OF THE FOLDING LANDSCAPE

A widely accepted model of protein folding is illustrated by a
funnel-shaped energy landscape (50-52). In this model, folding
begins with diverse isomers of an unfolded protein. These isomers
race down and navigate through a rugged folding funnel that
comprises a large number of local minima, kinetic traps, and
energy compartments, each of which is represented by a single
transient conformational intermediate or a group of them (53,
54). This funnel model appears to be consistent with and
adaptable to the overwhelming majority of experimental data
accumulated so far. It satisfactorily explains the two-state and
multistate folding kinetics as well as the diverse complexity of
folding intermediates observed experimentally with many differ-
ent proteins.

The common use of 6 M GdmCl-denatured proteins as the
starting materials of folding experiments is congruent with the
funnel model, because most of them do comprise heterogeneous
isomers. For instance,when folding ofTAP is initiatedwith a 6M
GdmCl-denatured sample, the starting material consists of seven
X-TAP isomers (Figure 3A); each adopts a unique extent of
unfolding, and each navigates through its own rugged pathway to
reach the native structure (55). Specifically, isomers X-TAP-g
and X-TAP-f were found to act as major kinetic traps of TAP
folding.

Alternatively, a folding experiment with TAP can be initiated
with isolated X-TAP-a. In this approach, folding starts with a
structurally (disulfide) defined isomer that possesses the highest
free energy among all unfolded X-TAP isomers (56). The results
(Figure 3B) show that the early stage of folding involves
reorganization of the C-terminal domain, leading to the accu-
mulation of isomer X-TAP-d as a major intermediate. This was
followed by the formation of a major kinetic trap which

FIGURE 2: Demonstration of the equilibrium distribution of protein
X-isomers governed by the free energy state.Hirudin (49 amino acids
and three disulfides, a thrombin specific inhibitor) is shownhere as an
example. At 6 M GdmCl and in the presence of 0.25 mM
β-mercaptoethanol, the equilibrium distribution of N-hirudin
(40%) and X-hirudin (60%) remains constant, regardless of whether
the reaction is initiated from N-hirudin via disulfide scrambling or
fully reducedR-hirudin via oxidative folding (39). The reactionswere
conducted at 22 �C inTris-HCl buffer (0.1M,pH8.4). Both reactions
reached equilibrium after ∼6 h. These experiments revealed that at
6MGdmCl, only 60%of native hirudin becomedenatured (Table 1).
Note that denatured hirudin comprises twomajor (b and c) and three
minor fractions of X-hirudin. Each of them contains a single
X-hirudin isomer, except for fraction c which comprises two
X-hirudin isomers (39).
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comprises three X-TAP (g, f, and k) isomers sharing the same
non-native disulfide bond (Cys15-Cys33) (Figure 1). The folding
events of X-TAP-a demonstrate that the energy landscape of
protein folding can be fittingly illustrated by a diamondmodel, in
which the conformational heterogeneity of the protein is char-
acterized by a bell-shaped curve against the descending free
energy (Figure 3C). At the two extreme ends of the energy
landscape, the conformational heterogeneity of the protein is
reduced to aminimum. It reaches the maximumplateau approxi-
mately halfway through the folding. Indeed, unfolding ofN-TAP
to formX-TAP isomers (Figure 1) also follows the same shape of
the energy landscape. A similar model of the energy landscape
has been shown in the unfolding and refolding of R-lactalbu-
min (41, 42) using the method of disulfide scrambling.

STRUCTURAL HETEROGENEITY OF 6 M GDMCL-

DENATURED PROTEIN IS CRUCIAL TO THE

EARLY STAGE OF THE FOLDINGMECHANISM

Themost crucial event in protein folding is what occurs during
the earliest stage. It is also one of the poorly understood steps of
protein folding (37). Two major models have been used to
describe these events (37, 38). The framework model proposes
that nascent secondary structures (R-helix, β-strand, etc.) form
first during the early stage of folding, which is followed by
docking and packing of preformed secondary structural units to
form the native tertiary structure. The model of hydrophobic
collapse stipulates that a rapid hydrophobic collapse (interaction)
accounts for the major driving force of early folding, which is
followed by searching and fine-tuning of the conformation in a
confined volume to reach the native structure.

Compelling and mounting experimental evidence supports
both models (28-36). Nascent secondary structures and native-
like hydrophobic clusters are indeed detected as early folding
intermediates, andmany of them are often observed at dead-time
folding. However, the fact that many startingmaterials of folding
experiments still contain residual structures raises the question of
whether intermediates detected at the dead-time folding are
results of the collapsed state or the unfolded state. In other
words, are these intermediates derived from the fully unfolded
state via dead-time burst phase collapse, or are they residual
structures of the unfolded state that already exist at the starting
point of folding? Answering this question will require the
structural information for the unfolded state. If these structures
are already present at the unfolded state, then they are actually
unfolding intermediates instead of early folding intermediates.
There is no guarantee that they will form (although they may) if
the starting material of folding is homogeneous and fully
unfolded. For example, the folding reaction of the cold shock
protein fromBacillus caldolyticus (Bc-Csp) is preceded by a rapid
chain collapse. However, FRET study has ruled out the possi-
bility that the collapsed form is a folding intermediate with
nativelike chain topology. It is better described as a mixture of
compact conformations that belong to the unfolded state en-
semble, with some of its structural elements that are reminiscent
of the native protein (28).

Another example is illuminated here with the folding of
lysozyme, which is one of the most extensively investigated
models for elucidation of the mechanism of protein folding (57).
Native lysozyme comprises 129 amino acids which are organized
into two structural domains (R-helical domain and β-sheet
domain) and stabilized by four disulfide bonds. The majority

FIGURE 3: (A) Refolding initiated with 6MGdmCl-denatured TAP via disulfide scrambling. N-TAP was denatured with 6MGdmCl using the
method of disulfide scrambling to formX-TAP isomers (Figure 1). Theywere purified by gel filtration, freeze-dried, and allowed to refold in Tris-
HCl buffer (0.1 M, pH 8.4) containing 0.5 mM cysteine. Refolding intermediates were trapped by acidification and analyzed by HPLC. The
starting material of folding comprises heterogeneous X-TAP isomers, and therefore, the folding landscape is illustrated by a funnel model. (B)
Refolding initiatedwith isolatedX-TAP-a via disulfide scrambling.HPLC-purifiedX-TAP-awas allowed to refold inTris-HCl buffer (0.1M, pH
8.4) containing 0.5mMcysteine.Refolding intermediateswere similarly trappedby acidification and analyzedbyHPLC.Using this approach, the
folding landscape is fittingly displayedas a diamondmodel, inwhich the conformational heterogeneity ofTAP is reduced toaminimumat the two
extreme ends of the energy landscape. (C) Funnel model and diamond model of the folding landscape. This figure is adapted from ref 53.
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of these studies were initiated with 6 M GdmCl-denatured
lysozyme without disruption of its four native disulfide bonds
(disulfide intact). Specifically, folding of lysozyme was shown to
use kinetically partitioned pathways (58-60). Approximately
75-85% of the unfolded lysozyme molecules refold on a slow
track (τ = 420 ms) via well-populated, partially folded inter-
mediates. The remaining 15-25% of the molecules refold by a
fast track (τ=50ms) via a two-state process with few detectable
intermediates. The origin of this kinetic partitioning has been a
subject of discussion (58). The question is whether the hetero-
geneity of the collapsed state or the unfolded state provides
a mechanism for generating these two kinetically distinct popula-
tions of folding molecules. Studies in the laboratories of
Dobson (60) and Kiefhaber (59) have arrived at conclusions that
favor the collapsed state.

Using the method of disulfide scrambling, we have found that
6 M GdmCl-denatured lysozyme comprises, among seven very
minor isomers, two major populations of unfolded isomers,
namely, X-LYZ-a and X-LYZ-b at a molar ratio of ∼80:20
(Figure 4) (49). These two unfolded isomers can be isolated for a
structural characterization and refolding experiment. X-LYZ-a
and X-LYZ-b were shown to exist in equilibrium at the unfolded
state. Their disulfide structures (Figure 4) and CD properties
indicate that X-LYZ-a is more extensively unfolded than
X-LYZ-b. For instance, X-LYZ-b still retains the two native
disulfide bonds at the β-sheet domain. Refolding experiments
using the method of disulfide scrambling also show that the
folding rate of X-LYZ-a is ∼8-10 times slower than that of

X-LYZ-b, and folding intermediates of X-LYZ-a are far more
heterogeneous than that of X-LYZ-b (Figure 4). These folding
properties are strikingly similar to those observed with the
conventional “disulfide intact” studies (58, 60) and suggest that
the slow and fast track of lysozyme folding likely originates from
the conformational heterogeneity of the unfolded state. It needs
to be mentioned that heat-denatured lysozyme comprises far
more heterogeneous X-LYZ isomers (49). Consequently, the
folding pathway of heat-unfolded lysozyme will likely differ
significantly from that of 6MGdmCl-unfolded lysozyme. None-
theless, it remains to be demonstrated whether structures of 6 M
GdmCl-denatured lysozyme generated by the disulfide intact and
“disulfide scrambling” methods may resemble each other.

CONCLUDING REMARKS

Perhaps one of the most pressing needs and challenging tasks
in studying protein folding is to develop methods that would
ensure complete abolition of residual structures. This would
enable preparation of fully unfolded protein as the starting
material of folding experiments and facilitate interpretation of
the formation of early folding intermediates. GdmCl and
GdmSCN are among the most effective protein denaturants.

FIGURE 4: Refolding of two denatured lysozyme isomers using the
method of disulfide scrambling. GdmCl (6 M)-denatured lysozyme
comprises two major fractions of X-isomers, X-LYZ-a and X-LYZ-
b (49). TheywerepurifiedbyHPLCandallowed to refold inTris-HCl
buffer (0.1 M, pH 8.4) containing β-mercaptoethanol (0.1 mM).
Folding intermediates were trapped by acidification and analyzed by
HPLC. The disulfide structures of N-LYZ, X-LYZ-a, and X-LYZ-b
are given. The folding kinetics of X-LYZ-a is 8-fold slower than that
of X-LYZ-b. Folding intermediates of X-LYZ-a are also more
heterogeneous than that of X-LYZ-b.

Table 1: Structural Properties of 6 M GdmCl-Denatured Disulfide

Proteinsa

proteinb

extent of

denatura-

tionc (%)

extent of

unfold-

ingd (%)

extent of

heterogeneitye (%)

BPTI (58 amino acids,

three disulfides)

<2 <1 not available

hirudin (65 amino acids,

three disulfides)

60 NDf 43 (6/14)

EGF (53 amino acids,

three disulfides)

87 NDf 43 (6/14)

TAP (60 amino acids,

three disulfides)

95 23 50 (7/14)

C3a (77 amino acids,

three disulfides)

>96 33 29 (4/14)

PCI (39 amino acids,

three disulfides)

>96 NDf 43 (6/14)

LCI (67 amino acids,

four disulfides)

>96 35 8 (8/104)

RLA (122 amino acids,

four disulfides)

>96 16 17 (18/104)

LYZ (129 amino acids,

four disulfides)

>94 NDf 2 (2/104)

aAll proteins were denatured using the method of disulfide scram-
bling (28, 29). This was achieved by incubating the native protein in Tris-
HCl buffer (pH 8.4) containing GdmCl (6 M) and β-mercaptoethanol
(0.1-0.2 mM) for 16 h. Denatured X-isomers are separated and quantified
by reversed phaseHPLC. bBPTI is bovine pancreatic trypsin inhibitor (44).
Hirudin is leech-derived thrombin inhibitor (39). EGF is human epidermal
growth factor (45). TAP is tick anticoagulant peptide (40). C3a is anaphy-
latoxin (46). PCI is potato carboxypeptidase inhibitor (47). LCI is leech
carboxypeptidase inhibitor (48). RLA is bovine R-lactalbumin (41). LYZ is
hen lysozyme (49). In the case of lysozyme, the seven minor X-isomers were
not included in the calculation. cThe definition of denaturation is described
in the text. Allowed deviation of (5%. dThe definition of unfolding is
described in the text. Allowed deviation of (5%. eThe definition of
heterogeneity is described in the text. fNot determined.
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However, even with the most potent denaturing conditions
currently available, many proteins still preserve residual struc-
tures. The extraordinary conformational stability of BPTI is one
of the examples (44). The definition and criteria of complete
protein unfolding will require universal consensus and may need
to be verified by diverse physicochemical methods. The quandary
is that attaining the state of complete unfolding may be as elusive
as reaching absolute zero.

On an additional note, this author believes that ideal proteins
to be investigated by the conformational folding experiments
ought to be those devoid of disulfide bonds. It would be difficult
to fully unfold a protein when its structure is constrained by
native disulfide bonds. For disulfide-containing proteins, the
folding mechanism is preferably investigated by the method of
disulfide oxidation (61-63) or disulfide scrambling (42, 56). The
method of disulfide oxidation for studying protein folding
(oxidative folding) was pioneered by Creighton and Scheraga
in their seminal studies of BPTI (61, 64-66) and ribonuclease
A (67-69). Unlike the method of disulfide scrambling, oxidative
folding is initiated with a fully reduced and denatured protein
(designated as R-protein) (62), which was typically generated by
reductive unfolding of the native protein in the presence of DTT
and 6 M GdmCl. The method of disulfide scrambling is
effectively derived from our earlier investigations of protein
folding using the method of disulfide oxidation. In contrast to
the oxidative folding pathway of BPTI which comprises inter-
mediates that adopt almost exclusively native disulfide bonds (65,
66), oxidative folding of many disulfide proteins was shown to
undergo fully oxidized X-isomers comprising non-native disul-
fide bonds as essential folding intermediates. For instance, in the
cases of oxidative folding of hirudin (70), potato carboxypepti-
dase inhibitor (71), and TAP (55), X-isomers formed rapidly
during the early stage of folding. This was followed by the
conversion of X-hirudin and X-TAP isomers via disulfide
scrambling (shuffling) to attain the native hirudin and TAP.
Extensive characterization of X-isomers subsequently led to the
development of the disulfide scrambling technique for studying
protein unfolding and refolding (40-42).
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