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Abstract
Experimental studies show that many proteins fold along sequential
pathways defined by folding intermediates. An intermediate may
not always be a single population of molecules but may consist of
subpopulations that differ in their average structure. These subpop-
ulations are likely to fold via independent pathways. Parallel folding
and unfolding pathways appear to arise because of structural het-
erogeneity. For some proteins, the folding pathways can effectively
switch either because different subpopulations of an intermediate
get populated under different folding conditions, or because inter-
mediates on otherwise hidden pathways get stabilized, leading to
their utilization becoming discernible, or because mutations stabi-
lize different substructures. Therefore, the same protein may fold
via different pathways in different folding conditions. Multiple fold-
ing pathways make folding robust, and evolution is likely to have
selected for this robustness to ensure that a protein will fold under
the varying conditions prevalent in different cellular contexts.
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Folding pathway: a
specific sequence of
structural events
leading to fully
folded protein
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INTRODUCTION

Protein folding is an intriguing example of
biological wizardry, in which a polypeptide
chain self-assembles into the unique native
structure that holds the key to its function.
During the folding process, the polypeptide
chain diffuses over a multidimensional energy
surface, changing shape by condensing, turn-
ing, coiling, bending, twisting, and looping
to finally produce the finished design. Several
fundamental and interlinked questions remain
about this self-packing puzzle. Do proteins
take shape gradually, in fits and starts, or all at
once? Are there flip-flops? What comes first,
an outline of the shape or the details? Is there
only one folding sequence for each protein?

A vast conformational space is potentially
available for the protein chain to sample by
meandering over the free energy surface, un-
til it finds the global free energy minimum,
the native state. A completely random search
of conformations would require an astronom-
ically long time, but proteins typically take
no more than a few seconds to fold. The
difference in the estimated and biologically
relevant timescales is called the Levinthal
Paradox. A solution to the Levinthal Para-
dox becomes apparent when making an anal-
ogy between folding to a predetermined struc-
ture by random sampling of conformational
space and the creation of a predetermined
short sentence by a monkey typing randomly
on a computer keyboard (126). It would take
the monkey nearly 1040 keystrokes to type
a 28-character sentence correctly by chance,
but only a few thousand keystrokes if ev-
ery correctly typed keystroke is retained in
place and only corrections allowed. In the
language of protein folding, biologically rel-
evant timescales become possible if partly
formed intermediate structures are retained
in place. Even though the monkey may not
realize it, there are many different ways, each
a completely different sequence of correct
keystrokes, of arriving at the predetermined
sentence. Different folding pathways will por-
tray completely different sequences of folding
events. The concept of multiple folding path-
ways was powerfully made apparent earlier in
an analogy comparing protein folding and the
assembly of a jigsaw puzzle (36), which can
be pieced together from many different start-
ing points in many different ways, all leading
to the completely solved puzzle or the native
state.

The possibility of multiple folding routes
was implicit in one of the earliest models
proposed for protein folding, the diffusion-
collision model (47), which envisages that
folding proceeds through the diffusional colli-
sions of fluctuating native-like microdomains.
Such collisions are not required to occur in
any particular order, but the microdomains
must be sufficiently long-lived (stable) for the
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collisions to be productive. Computer simu-
lations show that folding can occur via many
different routes as long as, on the average, na-
tive interactions are longer-lived than nonna-
tive interactions (61), or if there is a small en-
ergy bias against locally incorrect structures
(126). Indeed, much of the current work in
protein folding is focused on understanding
how the laws of physics and chemistry inter-
vene to make certain that folding is not com-
pletely random.

This review examines current knowledge
and understanding of how multiple pathways
operate in protein folding and unfolding, as
well as the role of structural heterogene-
ity, which is becoming increasingly apparent
in protein folding reactions, in determining
their utilization. Theoretical and computa-
tional studies, which have enriched this area
of research, have been mentioned briefly, only
to place experimental results in the correct
context. Heterogeneity and multiple folding
pathways arising from disulfide bond forma-
tion during folding are not examined (118).

INTERMEDIATES AND
FOLDING PATHWAYS

Proteins appear as though they can be as-
sembled from their parts, and there are much
data to suggest that structure develops in a
hierarchical manner during protein folding
(6, 21, 45). The concept of progressive stabi-
lization of structure in steps during folding led
to the concept of partially structured folding
intermediates defining a sequential pathway
of folding, but this notion does not preclude
several alternative pathways with many dif-
ferent folding routes. The accumulation of
native-like structures in folding intermediates
on the sequential folding pathways of many
proteins has been demonstrated effectively
by pulsed hydrogen exchange (HX) meth-
ods used in conjunction with NMR (5, 21,
45). Nevertheless, the roles of folding in-
termediates remain poorly defined. Are they
merely kinetic milestones defining the path-
way through which folding molecules are

Multiple pathways:
different possible
sequences of
structural events, all
leading to fully
folded protein

Folding
intermediate: a
meta-stable partially
folded form with
substantial entropy
because of poor
residue packing;
hence an ensemble
of microstates

Hydrogen
exchange (HX):
exchange of the
amide hydrogen with
solvent protons or
deuterons

channeled, or do they play a role in direct-
ing such channeling? Does their accumula-
tion serve as a pause in the folding process so
that any accumulated errors can be corrected
in the waiting time? Or do they accumulate
because the barrier due to the folding error
is large? Intermediates can accelerate folding
(19). If a kinetic intermediate forms on the
folding pathway after the rate-limiting step,
then its equilibrium analog will fold faster
than a fully unfolded protein (92); if it pre-
cedes the rate-limiting step, it may not (90).
Intermediates can therefore play a productive
role. Whatever their roles, folding intermedi-
ates can serve as useful signposts for identify-
ing separate folding pathways.

There has been confusion about whether
kinetic intermediates are obligatory for fold-
ing to occur, because they cannot be detected
during the folding of many proteins (40). For
these proteins, folding therefore appears to be
a two-state process, and the study of their fold-
ing reactions becomes difficult because of the
lack of partially folded intermediates to char-
acterize. Fortunately, NMR methods now al-
low sparsely populated intermediates to be
identified and characterized, even for a pro-
tein otherwise thought to be a two-state folder
(50). The discovery of nonlinear free energy
relationships in protein unfolding was the first
indication of the existence of unstable inter-
mediates (43, 123), which can also account
for similar nonlinear free energy relationships
observed for the unfolding of many apparently
two-state folding proteins (96). Not surpris-
ingly then, unstable intermediates can be sta-
bilized sufficiently relative to the native state,
by mutation (69) or by a change in folding
conditions (116), to accumulate in the course
of folding transitions. Hence, two-state fold-
ers can be converted into three-state folders
by the stabilization of high-energy intermedi-
ates (31), and three-state folders can be con-
verted into apparently two-state folders by the
destabilization of folding intermediates (108).
Of course, it is not easy to determine in such
cases whether the intermediate being stabi-
lized or destabilized is on the same pathway
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TS: transition state

utilized before the perturbation in the folding
conditions. The change in folding conditions
or mutation may result in the stabilization of
an intermediate and transition state (TS) on a
hidden pathway, leading to the utilization of
this pathway (91).

Gradual Folding and Unfolding

It now appears that folding reactions may oc-
cur in not one but many consecutive steps.
The native states of several proteins can ex-
ist in equilibrium with partially unfolded and
progressively destabilized forms: It seems al-
most natural to arrange these sparsely popu-
lated intermediate forms in a kinetic sequence
of events occurring after the rate-limiting
step of folding (21). Protein folding transi-
tions may even be so highly uncooperative so
as to be gradual structural transitions. Much
of the evidence for this comes from equilib-
rium folding studies, where the use of high-
resolution, site-specific structural probes is
possible. For example, time-resolved fluo-
rescence as well as NMR experiments have
shown that structure is lost incrementally dur-
ing the denaturant-induced equilibrium un-
folding of barstar (55, 57). NMR and UV-
resonance Raman spectroscopy studies have
also indicated that the pH- or heat-induced
unfolding of several other proteins is grad-
ual and spatially decoupled (3, 38, 94, 106).
Single-molecule fluorescence measurements
of unfolding also point to gradual changes
in specific polypeptide chain dimensions
(54, 71).

If gradual folding does occur during the
earliest steps of folding, or during the entire
folding reaction of ultrafast-folding proteins,
because of diffusive motion of the polypep-
tide chain, then the question is really whether
such diffusive motion is restricted along one
pathway. Some kinetic evidence for grad-
ual structural transitions during folding is
available. The initial collapse reaction dur-
ing the folding of barstar appears to be a
gradual structural transition (103, 104). In
some cases the heterogeneity observed in the

folding kinetics, when measured by multi-
ple probes, has been interpreted as a signa-
ture of downhill folding. So too has been
the observation of nonexponential kinetics
(32, 93). But the assertion that probe-
dependent and nonexponential kinetics must
necessarily represent only downhill folding
has been contested (34). Understanding the
origin of nonexponential kinetics is impor-
tant because an alternative explanation for
such kinetics is that folding occurs via parallel
pathways (19, 95).

Energy Landscape Theories
and the Funnel View of Folding

The application of many different theoreti-
cal and computational methods, particularly
the methods of statistical mechanics, to the
study of protein folding reactions has had a
major impact on how experimental scientists
think about folding. A principal result is that
folding occurs along a large multitude of fold-
ing routes traversing a multidimensional en-
ergy landscape in which an energy gradient
favors the folded state (16, 17, 77). Statistical
mechanical models of folding have led to the
funnel representation of folding occurring via
many parallel events (16). The funnel view of
protein folding envisages an individual fold-
ing trajectory for each polypeptide chain. A
simple quantitative model for folding kinetics
captures many of the features of the funnel
models: Folding proceeds through a contin-
uum of intermediates, and there is no single
sequential route (125).

Large sets of the folding trajectories, with
common features, can be averaged into fold-
ing pathways. Each such macroscopic path-
way would be distinguished by a specific
progression of structural transitions between
specific intermediates (80). The application of
statistical mechanics has led to a more precise
theoretical description of the concepts of fold-
ing pathways. Intermediates are not discrete;
they are ensembles of structures (81) and the
transition from one ensemble of structures to
the next on the folding pathway happens on
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parallel routes. Not surprisingly, multiple mi-
croscopic routes and macroscopic pathways
are seen in many different simulations of fold-
ing and unfolding (13, 101, 105).

STRUCTURAL
HETEROGENEITY IN PROTEIN
FOLDING REACTIONS

Identifying Structural Heterogeneity

Whereas it is comparatively easy to identify
structural heterogeneity in simulation stud-
ies, it has proven difficult to identify ex-
perimentally structural heterogeneity during
protein folding. Folding intermediates accu-
mulate only transiently and are consequently
difficult to characterize. The important ques-
tion is whether a folding intermediate rep-
resents only one macrostate and hence only
one ensemble-averaged structure, or whether
it represents several subpopulations of confor-
mations coexisting with one another. If there
are several subpopulations, there may be inde-
pendent folding pathways, hence the impor-
tance of identifying structural heterogeneity
in folding intermediates.

In most experimental studies, only one
or two spectroscopic probes have been used
to monitor folding, and the probes typi-
cally used, such as circular dichroism, flu-
orescence, and NMR, report on ensemble-
averaged properties of all molecules present.
A single probe cannot distinguish between
subpopulations of molecules present together;
therefore, its use can be misleading (101).
When many probes have been used, for ex-
ample, in the study of the slow folding reac-
tion of barstar (8, 109), the heterogeneity of
protein folding reactions can become appar-
ent. Probes that can identify heterogeneity in
a site-specific manner include multisite, time-
resolved fluorescence resonance energy trans-
fer (TRFRET) measurements of intramolec-
ular distances, and proteolysis enabled, mass
spectrometric measurements of structure af-
fording protection to HX.

Multisite, TRFRET methods not only
allow a distance-based and hence structure-

FRET: fluorescence
resonance energy
transfer

Multisite,
time-resolved
FRET (TRFRET):
a method in which
FRET efficiency is
determined from the
measurement of
fluorescence lifetime
decays, and which is
used to determine
different
intramolecular
distances

MS: mass
spectrometry

Pulsed HX-MS: a
mass spectrometric-
based method of
distinguishing
multiple coexisting
subpopulations of
molecules that differ
in the number of
amide hydrogens,
protected by
different extents of
structure, from
exchange labeling

based distinction to be made between differ-
ent conformations when several conforma-
tions are present, but also allow each state
to be quantified when the fluorescence decays
are analyzed by the model-independent maxi-
mum entropy method (MEM) (55). The fluo-
rescence lifetime distributions so obtained not
only enable the distinction of subpopulations
in an ensemble, but also provide a snapshot
of the conformational heterogeneity in each
subpopulation. In the first reported use of
TRFRET coupled to MEM analysis, it could
be shown that structure is lost in a continu-
ously incremental manner during denaturant-
induced equilibrium unfolding of barstar
(55).

The pulsed-labeling HX-MS methodol-
ogy (49) is the other method of choice for de-
tecting coexisting subpopulations of different
conformations. The conformations in each
subpopulation afford different degrees of pro-
tection against HX. Their differential label-
ing by HX and hence different masses can
be distinguished by electrospray ionization
mass spectrometry. HX-MS experiments have
shown that the folding of several proteins,
including lysozyme (66), apomyoglobin (73),
cytochrome c (122), interleukin-1β (37), and
the α-subunit of tryptophan synthase (120),
proceeds via the transient accumulation of
an intermediate that is both obligatory and
productive.

Unlike pulsed HX-MS, the pulsed HX-
NMR method (5, 21, 45, 49) can easily pro-
vide residue-level structural information on
folding intermediates. But it can determine
only indirectly what fraction of molecules are
structured at any time of folding and whether
different fractions of molecules possess struc-
tures in different and/or similar regions. If
a single sequential pathway is present, pro-
tection against HX at any individual amide
site should develop in a single step dur-
ing folding. If, instead, there is more than
one kinetic phase, it suggests that there are
subpopulations of molecules possessing un-
folded structure at that site that fold at dif-
ferent rates (113).
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Structural Heterogeneity
in the Unfolded State

Subpopulations of kinetically distinct popula-
tions exist in the unfolded state. For some pro-
teins, there are subpopulations distinguished
by prolyl (117) or nonprolyl cis peptide bonds
(75). Such subpopulations interconvert at
rates much slower than those of most folding
reactions, and hence each subpopulation folds
independently of the other. For other pro-
teins, subpopulations may differ by whether a
specific nonnative interaction is present, and
these subpopulations may also fold indepen-
dently of each other if the interaction is bro-
ken slowly compared with folding (20). Yet
for other proteins, there are subpopulations
that differ in the presence or absence of resid-
ual structures, whether native-like or not (45,
67, 97, 102). Nonnative residual structures
can hold up folding, whereas native residual
structures can possibly speed up folding. If
there are multiple residual structures that are
kinetically competent to fold, parallel folding
pathways may result.

When such subpopulations are absent, it is
assumed that unfolded-state molecules are ki-
netically homogeneous, with all molecules in-
terconverting rapidly compared with the rate
of the folding reaction. But measurements of
conformational fluctuations in proteins un-
folded in chemical denaturants indicate that
they occur in the 0.05- to 20-μs time domain
(12, 35, 54, 71). Acid unfolded proteins of-
ten show slower conformational fluctuations
(14), even in the millisecond time domain (65),
which may disappear upon addition of chemi-
cal denaturant (98). The earliest steps in fold-
ing for many proteins occur in the 1- to 10-μs
time domain (18), as do entire folding reac-
tions for other proteins (24, 68). Hence, with
respect to the fastest folding reactions, the un-
folded state may be kinetically heterogeneous,
and this kinetic heterogeneity can lead to the
initial, fastest folding reactions proceeding in
parallel.

Even if the unfolded state is kinetically ho-
mogeneous with very rapid interconversion

(a pre-equilibrium) between unfolded confor-
mations, it seems that the initial ultrafast fold-
ing reactions must occur via multiple path-
ways. If only one or a few folding tracks from
the unfolded state exist, it implies that only
a very small fraction of the astronomically
large number of conformations is competent
to fold. Then it is expected that the multi-
tude of fast conformational changes in the un-
folded state would lead to the initial folding
rates being slowed down drastically to rates
lower than those observed for the fastest fold-
ing reactions (12, 19).

Structural Heterogeneity
in Early-Collapsed Forms

The earliest intermediates in which structural
heterogeneity has been detected have been
the collapsed forms seen to accumulate at a
few milliseconds of folding. This heterogene-
ity has manifested itself not as many different
structural forms, but instead as a few coexist-
ing subpopulations. In the case of cytochrome
c, the early (millisecond) intermediate (99) has
subpopulations of molecules with and without
a misligated heme, but the specific secondary
structure present is different in the two sub-
populations (2). In the case of ribonuclease A,
the early (millisecond) intermediate contains
both structured and unstructured subpopula-
tions (39). For apomyoglobin, the structural
origin of the heterogeneity could be identified
(72, 73). For barstar, the structural compo-
sition of the early (millisecond) intermediate
depends on the conditions in which folding is
carried out (86, 87). Various subpopulations
in the intermediate are stabilized differentially
in different folding conditions. Structural het-
erogeneity in the early (millisecond) interme-
diates has also been detected in the case of
lysozyme and thioredoxin (7, 27).

Understanding the structural heterogene-
ity in the early- (millisecond) collapsed
intermediates is important because for sev-
eral proteins, kinetic partitioning into differ-
ent folding pathways happens at this stage
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(15, 83, 88, 100, 119). Structural fluctuations
in the equilibrium analogs of such early in-
termediates are slower than those in fully un-
folded proteins (14) but much faster than the
subsequent folding step. It appears that there
must be specific structures present in the sub-
populations of the intermediate, as identified
in the case of apomyoglobin (72), that direct
folding along different routes.

Multisite TRFRET experiments have
shown that multiple populations of distinct
conformations are present at a few millisec-
onds during the folding of cytochrome c
(85) and differ in the extent to which differ-
ent intramolecular distances have contracted.
Molecules with one or more distances ex-
tended could be observed throughout the
folding process, but all distances do not ap-
pear to remain extended in any molecule,
i.e., completely unfolded molecules disappear
early during folding. Similar results were ob-
tained when folding was carried out under
conditions in which misligation to the heme
was allowed and not allowed to occur. Hence,
such an optional barrier does not appear re-
sponsible for the multiple intermediate con-
formations and the consequent multiple re-
folding pathways that are suggested by this
structural heterogeneity.

Structural Heterogeneity
in Transition States

φ-value analysis, in which energetic interac-
tions of a suitably mutated side chain in the
TS are compared to those in the native state,
is used routinely to map the fate of individual
side chains in the TS of folding (23, 24). φ-
values usually range between 0 (unfolded-like
TS) and 1 (native-like TS). The meaning of
φ-values between 0 and 1, which have been
commonly observed for most of the proteins
studied to date (30), remains uncertain. Such
partial φ-values are invariably interpreted in
terms of partial structure formation in the
TS on a single sequential pathway. Partial
φ-values can also arise if the TS is an en-
semble of multiple structural forms, which

φ-value analysis: a
method for
determining the
presence of a
stabilizing
interaction in the TS
by determining
whether a perturbing
mutation has the
same effect on the
energy of the TS as
it has on that of the
native protein

are presumably formed on parallel pathways
(22). φ-values less than 0 and more than 1 are
also observed, although not too infrequently,
and such φ-values may arise when folding
molecules switch from one folding channel to
another (79).

It is as difficult to demonstrate experimen-
tally that the TS comprises distinct structural
ensembles as it is to show that there is only
one ensemble. Several experimental results
support the latter possibility (22), but other
results are suggestive of a structurally het-
erogeneous TS. φ-value analysis of circularly
permuted variants of a SH3 domain (114) and
of S6 (60) indicated that differently structured
TSs, and hence different folding pathways,
can lead to the same structure from the same
protein sequence. These results are striking
because proteins in the same family with high
sequence identity appear to have a similarly
structurally restricted TS (63), although not
always (124). More distantly related members
of the same family appear to follow struc-
turally distinct folding pathways (74). When
the TS appears to have diffuse structure, mu-
tational changes in the sequence, or changes
in the order of secondary structure in the se-
quence, can lead to different polarized regions
of the diffuse structure serving as the TS. This
would lead to the TS for the folding of dif-
ferently perturbed sequences being dissimi-
lar and hence their folding pathways being
distinct (76).

Structural Heterogeneity
in Folding Intermediates

The late-folding intermediate ensemble, IL,
of barstar was the first intermediate to have
its structural heterogeneity characterized by
the multisite, TRFRET approach coupled
with MEM analysis (110). Four different
intramolecular distances within the structural
components of IL were measured at the same
time of folding. The structure of IL was
examined under conditions that confer differ-
ent stabilities, by changing the concentration
of urea in which the protein was folded
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U IL

1.94 M urea

1.39 M urea

0.55 M urea

Figure 1
An experimental folding funnel. The late-folding intermediate, IL, of barstar appears to be structurally
heterogeneous. Four intramolecular distances were measured within the population of IL in different
concentrations of urea (110). A native-like distance is shown as a colored line. When the protein is folded
in strongly stabilizing conditions, most of the protein molecules have all four distances similar to those in
the native state. In marginally stabilizing conditions, protein molecules have one, two, three, or four
distances that are native-like. The results indicate that available conformational space, as represented by
structural heterogeneity in IL, becomes restricted in more stable conditions. This figure is adapted from
Reference 110.

(Figure 1). As stability is decreased, the
population of molecules with unfolded-like
distances increases: More distances in more of
the molecules become unfolded-like. Thus,
the results demonstrated that even a late inter-
mediate such as IL consists of subpopulations
of different structural forms, and that the
conformational entropy of the intermediate
decreases as structures become more stable.
This finding suggests that not only is there a
reduction in the extent to which the interme-
diate ensemble is populated, but there is also a

change in the structural composition of the in-
termediate ensemble. Under some conditions
the more structured members of the interme-
diate ensemble are preferentially populated;
under other conditions the less structured
members are preferentially populated. This
fundamental result implies that the folding
pathway observed for a given protein will
appear different under different conditions.

Pulsed HX-MS in conjunction with low
pH proteolysis could identify site-specific dif-
ferences in structure and hence structural
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heterogeneity during the folding of cy-
tochrome c. Coexisting subpopulations of in-
termediates, which differed in their structure,
could be identified, and three different fold-
ing pathways were identified (122). What was
particularly intriguing about the results was
that intermediates structured in one region
appeared to coexist with intermediates un-
structured in the same region but structured
elsewhere at the same time of folding. Similar
results were obtained using the TRFRET ap-
proach with yeast cytochrome c. In the case of
the α-subunit of tryptophan synthase, coex-
isting populations of intermediates differing
in HX-protective structure could be identi-
fied (120), in accordance with earlier studies
that had indicated multiple intermediates and
parallel folding pathways (115).

In the case of ribonuclease A, a pulsed HX-
NMR study had not only shown the accu-
mulation of an obligatory folding intermedi-
ate, but also suggested that the structure of
the intermediate consolidates as folding pro-
ceeds (113). The protection against HX at any
amide site, afforded by the intermediate, was
found to increase continuously from the time
it is first observed to the time it is fully sta-
bilized. This result indicates that structural
changes leading to the stabilization of the
intermediate occur continuously during this
time. Gradual structural changes may not be
uncommon during the folding of proteins.

In pulsed HX-NMR studies with ribonu-
clease A (113), lysozyme (88), and apomyo-
globin (72), by varying the pH as well as the
duration of the labeling pulse, the multipha-
sic nature of the observed kinetics was shown
to not be the result of partial labeling of an
intermediate. In other words, one subpopula-
tion of protein molecules had not transformed
into a folding intermediate when another sub-
population had transformed completely. For
cytochrome c, the coexistence of three sub-
populations of folding molecules, when fold-
ing was carried out under conditions in which
heme misligation did not occur, could be sur-
mised from a pulsed HX-NMR study (20) and
confirmed by a pulsed HX-MS study (122).

One explanation suggested for the pres-
ence of different subpopulations of folding
molecules, seen for many proteins (5), is that
folding occurs on at least two pathways, one
slow and one fast (113). Another explanation
suggested that a transient barrier prevents the
second population from folding and that once
the barrier was surmounted, this second sub-
population enters the same sequential fold-
ing pathway (113). On the basis of many el-
egant studies of the folding of cytochrome c,
(21, 107), it was subsequently suggested that
the presence of an optional barrier to the fold-
ing of a subpopulation of protein molecules
might be a general feature of many protein
folding reactions (52).

Finally, 19F NMR is also useful for detect-
ing heterogeneity in protein folding reactions.
In studies of the folding of a slowly folding
mutant form of the intestinal fatty acid bind-
ing protein, multiple conformations could be
detected early during folding and an interme-
diate could be shown to experience multiple
conformations (58).

Reduction of Heterogeneity
and the Models of Folding

Given that the unfolded state is structurally
heterogeneous, and that the native state is
a unique state, when is heterogeneity re-
duced during folding? Is it reduced in many
consecutive steps, or is it reduced in one
initial step? Different models for folding
(Figure 2) envisage different scenarios. In nu-
cleation models (23), a folding nucleus, ex-
tended or otherwise, forms initially, perhaps
in the unfolded protein itself, and the nucleus
acts as a scaffold for the rest of the structure to
build upon. In such models, therefore, much
of the reduction in structural heterogeneity is
expected to occur as a first step. In other hier-
archical models, such as the framework model
(6), the reduction in structural heterogeneity
is expected to occur throughout the folding
process. In hydrophobic collapse models (1), a
nonspecific hydrophobic collapse is expected
to occur as the first step, and it is expected
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Collision-collapse

Evolulution of

tertiary structure

Secondary
structure formation

Collapse

Nucleation Propagation

Secondary structure
formation

Figure 2
Pathways of protein folding. In the framework model, precedence is given to the formation of secondary
structural units. In the hydrophobic collapse model, precedence is given to an initial chain collapse. In
the nucleation-condensation model, an extended nucleus is formed early during folding. Molten
globule-like intermediates accumulate during the folding of many proteins. For some proteins,
particularly those following nucleation mechanisms, a molten globule intermediate does not usually
accumulate. Although different folding pathways are usually discussed in the context of different
proteins, can a single protein utilize fundamentally different folding pathways in different folding
conditions? For example at very low temperatures, at which hydrophobic interactions are weakened, a
protein could conceivably switch from a hydrophobic collapse to a framework mechanism.

that such a collapse will lead to a heteroge-
neous, loosely compact state with many differ-
ent types of nonnative interactions between
different segments of the polypeptide chain.
In such a model, therefore, some of the reduc-
tion in heterogeneity may happen later during
folding.

KINETIC STUDIES

During the folding of even a small protein,
many hundreds of noncovalent interactions
form, starting from an unfolded state that is
extremely heterogeneous. It is therefore not
surprising that folding kinetics are often com-
plex, and it is not easy to determine experi-
mentally whether the steps that give rise to
this complexity occur on sequential or paral-
lel folding pathways, or a combination thereof
(115). Exponential kinetics, such as those usu-
ally seen in folding and unfolding studies,
arise from individual protein molecules be-

having in a random manner. But single expo-
nential kinetics do not necessarily imply a sin-
gle route (19). Single exponential kinetics are
seen when there is one route from one homo-
geneous starting state, or when there are many
parallel routes. Multiple exponential kinetics
for the formation of N is are seen if there
are multiple unfolded states that interconvert
slowly compared to the folding rate. When
complex kinetics are observed, it is important
to use minimal models to analyze them; other-
wise, models can take a life of their own (41).

Parallel Pathways in Folding

It is instructive to consider the logic of the
steps that led to two competing pathways
proposed for describing the folding of
lysozyme, a two-domain protein. Early work
had established the presence of a collapsed
intermediate at a few milliseconds of folding,
and the observation of two subsequent kinetic

498 Udgaonkar



ANRV343-BB37-23 ARI 7 February 2008 18:53

phases, to which the initial collapse reaction
is uncoupled, indicated the formation of
a folding intermediate, I, during folding
(53). Pulsed HX-NMR as well as HX-MS
experiments (66, 88) indicated that I contains
native-like α-helical structure in one domain.
Interrupted unfolding experiments showed
that there are no optically silent slow equili-
bration reactions in the unfolded state (U) that
might be responsible for the observed kinet-
ics (119). Interrupted refolding experiments
distinguish and quantify native protein and in-
termediate at different times of folding, on the
basis of the differences in their unfolding ki-
netics. These experiments, as well as inhibitor
binding experiments, showed that native pro-
tein (N) forms in two kinetic phases (64).
Both sequential off-pathway (I ⇀↽ U ⇀↽ N)
and on-pathway (U ⇀↽ I ⇀↽ N) mechanisms
could be ruled out (119). A triangular mech-
anism, in which kinetic partitioning into
two competing pathways occurs once the
initial collapse reaction occurs, and in which
the α and β domains fold independently of
each other, can account for the data. More
recently, the data for lysozyme have been
reinterpreted in terms of a single sequential
pathway, U↼⇁ I ⇀↽ N, but with I also forming
a misfolded dead-end intermediate, IX (52).
But this mechanism is not minimal in that it
is four-state, and only two kinetic phases (not
three, as expected for a four-state mechanism)
are observed in the kinetic studies.

The folding mechanism of lysozyme be-
comes more complex both at higher pH and
at higher salt concentration (9). Additional
pathways become operative. For the appar-
ently two-state folding protein S6, an addi-
tional competing folding pathway defined by
a collapsed intermediate also becomes opera-
tive at high salt concentration, in addition to
the direct U → N pathway seen at low salt
concentration (78).

Competing pathways have also been pro-
posed for the folding of barstar (100). Un-
folded barstar exists in two subpopulations,
UF (30%) and US (70%), that differ in their
configuration of the Tyr47-Pro48 bond. In

UF: unfolded
protein that refolds
fast

US: unfolded
protein that refolds
slowly

GdnHCl: guanidine
hydrochloride

marginally stabilizing conditions, folding oc-
curs via the US ⇀↽ UF ⇀↽ N pathway. As fold-
ing conditions are made more stabilizing,
the US ⇀↽ IE ⇀↽ IN ⇀↽ N pathway starts com-
peting with the US ⇀↽ UF ⇀↽ N pathway un-
til eventually all US molecules fold via the
US ⇀↽ IE ⇀↽ IN ⇀↽ N pathway. This happens
because stabilization of the early- and late-
folding intermediates, IE and IN, in more
native-like conditions makes this pathway op-
erate faster. In even more stabilizing folding
conditions, a third pathway for the folding
of US becomes operative. This happens be-
cause IE consists of at least two subpopula-
tions (IM1 and IM2) of molecules, and IM2 is sta-
bilized more than IM1 in strongly stabilizing
conditions. Hence the US ⇀↽ IM2 ⇀↽ N path-
way is utilized more than the US ⇀↽ IM1 ⇀↽ N
pathway. This could be discerned because
both IM1 and IM2 bind a hydrophobic dye,
and the dye is kicked off the folding pro-
tein molecules in two different kinetic steps.
These two steps appeared to be on two com-
peting pathways because the relative ampli-
tude of the fast step increases at the expense
of the slow step as folding conditions become
strongly stabilizing. The folding mechanism
of high pH-unfolded barstar is remarkably
similar to that of the guanidine hydrochloride
(GdnHCl)-unfolded protein (91), with three
folding pathways. The relative utilization of
the three pathways changes, with a change in
the pH at which folding is carried out, pre-
sumably because the stabilities of the inter-
mediates and TSs change with pH.

It is remarkable how little attention is paid
to slow folding reactions because they are
thought to represent local structural changes
such as proline isomerization. These reac-
tions, however, are coupled kinetically to the
main folding reactions, and hence the ob-
served slow rate constants can also provide in-
formation on the microscopic rate constants
of the faster preceding reactions (8, 109).
Following this approach, more than a dozen
probes were used to study the slow folding
and unfolding reactions of barstar. By exam-
ining the differences in the kinetics observed
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using many different probes, the presence of
multiple pathways for folding as well as un-
folding could be established.

The importance of interrupted folding
experiments in demonstrating the existence
of multiple folding pathways for many
proteins cannot be overemphasized. For
some proteins, multiple pathways originate
because of prolyl peptide bond isomerization
in the unfolded state (7, 10, 27, 39, 48, 115,
120), whereas for other proteins, multiple
pathways originate because of nonprolyl pep-
tide bond isomerization in the unfolded state
(75, 82). For several proteins, neither type of
peptide bond isomerization is responsible for
creating multiple parallel pathways (28, 42,
46). For some proteins, the multiple pathways
originate at later stages in folding, and not
only in the unfolded state (10, 83), indicating
that prolyl peptide bond isomerization is not
responsible.

Optional errors and multiple folding
pathways. An unresolved question in protein
folding studies is whether two subpopulations
of unfolded protein molecules such as UF

and US, which are in a proline isomerization-
limited slow equilibrium with each other, nev-
ertheless have structurally equivalent fold-
ing pathways. US molecules begin folding
with the nonnative configuration of an X-
Pro bond, but it is possible that the same
sequence of events occurs on the US path-
way and on the UF pathway. In the case of
barstar, US and UF molecules begin folding
with the same apparent rate constant (100);
the US folding pathway is slower only be-
cause it has a final, slow step that is absent
from the UF folding pathway. In contrast, the
US and UF molecules of ribonuclease A be-
gin folding at vastly different rates (26). In the
case of barstar there are fundamental differ-
ences between the pathways of UF and US:
8-anilino-1-naphthalene sulfonic acid (ANS)
binding does not occur during the folding of
UF whereas it does on both pathways origi-
nating from US. For ribonuclease A, pulsed
HX-NMR studies show different extents of

structure formation in the earliest intermedi-
ates on the UVF folding pathway, which has
all native-like X-Pro bonds, and the US fold-
ing pathway, which has one non-native-like
X-Pro bond (39, 113).

In the case of cytochrome c, a folding bar-
rier arises owing to a pH-dependent misliga-
tion of the heme by His33. It is important to
determine whether the subpopulation of pro-
tein molecules whose folding is slowed down
by such a transient barrier utilizes the same
folding pathway as does the subpopulation of
protein molecules for which the barrier is ab-
sent. The folding of GdnHCl-unfolded cy-
tochrome c is described by the pathway U↼⇁

I1 ⇀↽ I2 ⇀↽ N, and the observed rates of for-
mation of I1, I2, and N do not change, even
when the fraction of molecules with heme
misligation is varied by changing the pH (2).
Misligation of the heme affects the secondary
structure of I2 (2). Pulsed HX-MS studies
indicated that only protein molecules with
the heme correctly ligated form structured
N- and C-terminal helices in I2 (122). The
subpopulation of protein molecules with no
error first form structured N- and C-terminal
helices and later form structure in another se-
quence segment. On the other hand, most
of the protein molecules in the subpopula-
tion of molecules with an error in heme lig-
ation appear to form structured N- and C-
terminal helices concurrently with structure
in the other sequence segment. Hence, it ap-
pears that the subpopulations of molecules
with and without the misligated heme fold on
fundamentally different pathways.

Folding pathways in urea and GdnHCl.
Urea and GdnHCl unfold proteins because
they preferentially interact with the unfolded
over the folded state. The preferential free
energy of the interaction of GdnHCl is usu-
ally more than twofold higher than that of
urea. Because of this and because GdnHCl,
but not urea, is charged, it is likely that there
might be differences in the folding pathways
of urea- and GdnHCl-unfolded proteins.
Surprisingly, the folding pathways of very
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few urea-unfolded and GdnHCl-unfolded
proteins have been compared directly. Barstar
is one such protein (111) for which the fold-
ing of UF, populated fully by transient un-
folding, was compared in urea and GdnHCl
solutions. The degree to which nonpolar sur-
face is buried in the TS compared with that
in N is 2.3-fold less for folding in GdnHCl
than for folding in urea. This means that the
TS for the major folding step has vastly dif-
ferent structures in the two denaturants, with
the structure in urea far more N-like than the
structure in GdnHCl. Nevertheless, the TSs
in the two denaturants are equal in energy.
If two TSs are equal in energy, yet differ-
ent in structure, it is likely that they are on
different folding pathways. Hence, a protein
folding in urea may use a pathway fundamen-
tally different from what it uses for folding in
GdnHCl.

The initial folding reaction. It is not too
difficult to achieve the temporal resolution re-
quired to study the earliest folding reactions
(18, 68), but it is still difficult to couple fast
temporal resolution with residue-level struc-

tural resolution. The only probes used so far in
ultrafast measurements of folding have been
those that report on gross structure, and very
few studies have used more than one gross
structural probe. Nevertheless, there are indi-
cations that parallel folding reactions do occur
on the 10-μs timescale (29, 32, 33).

In a recent study, 11 different intramolec-
ular distances were measured by FRET in IE,
which accumulates at a few milliseconds dur-
ing the folding of barstar (104). IE is the prod-
uct of an initial hydrophobic collapse followed
by structural changes in the submillisecond
time domain, and the structure of IE depends
on the folding conditions (1, 86, 87). The mul-
tisite FRET-enabled measurement of 11 in-
tramolecular distances (Figure 3) showed that
in the transition from U to IE structure for-
mation is not synchronized across different
regions of the protein. The high degree of
site-specific heterogeneity strongly suggests
that IE is formed by diffusive motions of the
polypeptide chain along multiple routes, but
direct submillisecond measurements of these
site-specific changes are still needed to con-
firm this result.
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Figure 3
Heterogeneity in an early-collapse reaction. A specific intermediate, IE, is populated at a few milliseconds
of folding (104). (a) Eleven intramolecular distances in IE, each shown by a colored line, were measured
by FRET. (b) The 11 distances decrease gradually and asynchronously with a decrease in the urea
concentration in which folding was carried out. (c) A multiple pathway scenario for the formation of IE.
Distance is shown as a measure of specific structure. In the top pathway, one distance contracts first, and
then the other. In the middle pathway, the second distance contracts first. In the bottom pathway, both
distances contract concurrently. All distances contract in a gradual manner.
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Parallel Pathways in Unfolding

A clear example of a protein unfolding via
two competing pathways is that of a titin
domain (121). The pathway with a more
compact TS is utilized at lower denaturant
concentrations, and the pathway with a less-
structured TS is utilized at higher denaturant
concentrations. The switch in the utilization
of unfolding pathways occurs because the less-
structured TS with greater solvent-accessible
surface area is more stabilized at higher de-
naturant concentration, as expected (22). The
switch in pathways was detected because it
led to an upward curvature in the denaturant-
dependent unfolding kinetics: the unfolding
rate at high denaturant concentrations was
faster than expected.

Upward curvatures in the nonlinear free
energy relationships for the unfolding of pro-
teins are rare. It is possible that parallel un-
folding pathways are absent for most pro-
teins. But the presence of intermediates on the
pathways, which causes a downward curvature
(43, 123) in the free energy relationship for
unfolding, is likely to compensate for any
upward curvature. In unfolding studies of
barstar, no upward curvatures were observed,
but different structural probes yielded dif-
ferent unfolding rates, and the dependences
of the observed unfolding rates on denat-
urant concentrations are dissimilar for the
diverse probes in some but not all unfold-
ing conditions. These results strongly sug-
gest that unfolding occurs on two com-
peting unfolding pathways (123). Additional
kinetic unfolding experiments, including
those using a pulsed sulfhydryl-labeling
methodology (89), confirmed this interpre-
tation. High pH-induced unfolding also
appears to occur via at least two path-
ways (91). Measurement of the unfolding
rates under refolding conditions, by cou-
pling the unfolding reaction to a sulfhydryl-
labeling reaction, indicated not only the ex-
istence of unfolding intermediates, but also
that the unfolding pathways in urea and
GdnHCl are different (111). Finally, multi-

site FRET experiments indicated that differ-
ent regions of the protein unfold indepen-
dently of each other, again implying that un-
folding occurs via parallel unfolding pathways
(112).

Parallel unfolding pathways operate for
other proteins too. Pulsed HX-NMR stud-
ies of the unfolding of ribonuclease A indicate
that the protein unfolds via two competing
pathways, one of which presents a partially
unfolded intermediate ensemble that also ex-
ists in slow equilibrium with the native pro-
tein (44). Elegant HX-MS studies of the un-
folding of the ovomucoid third domain (4)
indicate a manifold of unfolding and partial
unfolding reactions. These results also bring
into focus the question of whether similar par-
tially unfolded forms of other proteins, iden-
tified by native-state HX-NMR (21, 45), also
form via parallel unfolding reactions rather
than a sequential reaction. This question
is particularly important in the case of cy-
tochrome c because these partially unfolded
forms have been placed in a sequential series of
events that occur after the rate-limiting step in
folding (21).

Finally single-molecule experiments have
also indicated that a protein can unfold in
multiple ways starting at different points in
the structure. Mechanical unfolding experi-
ments with a fibronectin module (59), ubiq-
uitin (11), and enhanced yellow fluorescent
protein (84) indicate that unfolding occurs via
multiple pathways. They can also identify the
different structural events that distinguish the
parallel pathways.

LOOKING BACK AND
LOOKING AHEAD

Until recently, the identification of multiple
folding routes and structural heterogeneity at
the level of folding subpopulations was lim-
ited by the restricted number of structural
probes available or utilized to investigate pro-
tein folding reactions. Now with the increased
application of many different probes to
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investigate folding and unfolding reactions,
the heterogeneity inherent in protein fold-
ing reactions will become even more appar-
ent. The nature of the heterogeneity that will
unfold will test basic tenets of energy land-
scape theories of folding. In vitro studies of
folding are now uncovering the possible ways
in which any one protein sequence can fold, a
few of which will be used in the cell depending
on the conditions prevalent at different times.

The identification of multiple folding
pathways leads to the question, What may
cause a protein to switch from utilizing one
pathway to utilizing another? Switching can
happen upon a change in conditions prior to
the event (56) or during the event. A change in
folding conditions can differentially affect the
stabilities of different structures in an inter-

mediate ensemble (86, 91, 110) and can lead
to a change in folding pathways. Ligand bind-
ing can do the same (51). The intrinsic stabil-
ities of substructures in the protein play an
important role, and folding pathways can be
changed or switched by mutations that affect
their relative stabilities (25, 62, 70). The uti-
lization of a specific pathway may depend on
many different factors in the cell; for exam-
ple, interactions with chaperones may chan-
nel folding along one route when many routes
are available (7). Evolution has ensured that
folding is robust by providing alternative fold-
ing routes, and it will be important in fu-
ture studies to understand what features of
protein sequences allow any one protein to
fold in different ways under different folding
conditions.

SUMMARY POINTS

1. Multiple pathways may be available for protein folding and unfolding.

2. Different pathways may be utilized differentially under different folding conditions.

3. Folding may switch between alternative pathways upon a change in sequence or fold-
ing conditions.

4. Folding pathways are defined by progressively more structured folding intermediates
and, perhaps in some cases, by a continuum of intermediates.

5. A folding intermediate is an ensemble of molecules with an ensemble-averaged struc-
ture.

6. The structural composition of an intermediate or TS ensemble may change under
different folding conditions or upon mutation.

7. Folding intermediates may consist of subpopulations that have different structures
but similar energies.

8. Subpopulations of molecules may fold independently of each other.

FUTURE ISSUES

1. How many different ways are there for a protein to fold? A few or many?

2. How does sequence determine the choice of a folding pathway?

3. At what stage during folding is structural heterogeneity in a folding intermediate lost?

4. Does a subpopulation of molecules possessing nonnative interactions or optional
folding errors fold via the same pathway as a subpopulation that does not?
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5. What are the new methods that need to be developed and applied for identifying and
quantifying heterogeneity in protein folding reactions, both at the level of multiple
routes and multiple subpopulations of molecules in intermediates?
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