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Determining whether or not a protein uses multiple pathways to fold is an
important goal in protein folding studies. When multiple pathways are
present, deﬁned by transition states that differ in their compactness and
structure but not signiﬁcantly in energy, they may manifest themselves by
causing the dependence on denaturant concentration of the logarithm of the
observed rate constant of folding to have an upward curvature. In this
study, the folding mechanism of heterodimeric monellin [double-chain
monellin (dcMN)] has been studied over a range of protein and guanidine
hydrochloride (GdnHCl) concentrations, using the intrinsic tryptophan
ﬂuorescence of the protein as the probe for the folding reaction. Refolding is
shown to occur in multiple kinetic phases. In the ﬁrst stage of refolding,
which is silent to any change in intrinsic ﬂuorescence, the two chains of
monellin bind to one another to form an encounter complex. Interrupted
folding experiments show that the initial encounter complex folds to native
dcMN via two folding routes. A productive folding intermediate population
is identiﬁed on one route but not on both of these routes. Two intermediate
subpopulations appear to form in a fast kinetic phase, and native dcMN
forms in a slow kinetic phase. The chevron arms for both the fast and slow
phases of refolding are shown to have upward curvatures, suggesting that
at least two pathways each deﬁned by a different intermediate are
operational during these kinetic phases of structure formation. Refolding
switches from one pathway to the other as the GdnHCl concentration is
increased.
© 2012 Elsevier Ltd. All rights reserved.

Introduction
It has been argued that evolution must have
favored multiple pathways, rather than only a single
pathway, for an amino acid sequence to utilize in
order to fold to a unique protein structure. 1 The
availability of multiple folding pathways adds
robustness to the protein folding reaction, and the
*Corresponding author. E-mail address:
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Abbreviations used: dcMN, double-chain monellin;
scMN, single-chain monellin; TS, transition state; GdnHCl,
guanidine hydrochloride.

utilization of more than one pathway would speed
protein folding. 2,3 Multiple pathways have indeed
been observed to operate during the folding and
unfolding of several proteins. 4–12 Much is yet to be
learnt about how competing folding pathways differ
in the sequence of structural events deﬁned by each
pathway, as well as about the nature of the free
energy barriers on a folding pathway. 13,14
Multiple folding pathways are associated with
structural heterogeneity in the unfolded state 15–18
and intermediates. 19,20 They arise when interconversion between subpopulations in these states is
slow compared to folding. The important question
really is: how and when during folding is structural
heterogeneity reduced? 3 Protein folding pathways
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have been likened to ‘funnels rather than tunnels’ in
conformational space, 21 and funnel pictures of
protein folding are useful for depicting how
conformational heterogeneity can reduce during
folding reactions. 22,23 Experimental identiﬁcation
of multiple pathways is difﬁcult because of the
ensemble-averaging nature of the probes typically
used to follow folding and unfolding reactions, 3,24
and because of the difﬁculty in identifying folding
conditions in which structural heterogeneity becomes
observable. A deﬁnitive but unusual signature of
multiple pathways, upward curvature in the dependence on denaturant concentration of the logarithm of
the folding/unfolding rate, has been observed in
kinetic studies of the unfolding of only one protein. 11
Not surprisingly, multiple folding pathways have
been detected experimentally for only a few proteins.
The folding of heterodimeric proteins can be
carried out in the absence of any denaturant,
providing an opportunity to study whether multiple
pathways are more easily discernible in the most
native-like conditions possible. The majority of all
proteins are dimeric or multimeric, 25,26 but much of
what is known about how a polypeptide chain selfassembles into a folded structure comes from
studies with monomeric proteins. 3,13,27,28 The
study of the folding mechanisms of multimeric
proteins has, however, gained momentum 9,29–32
and is expected to lead to a better understanding
of protein–protein interactions. When the individual
subunits are unstructured prior to association,
dimeric proteins provide an opportunity to study
how folding is coupled to binding, which is
important for understanding the functioning of
intrinsically disordered proteins, 33 as well as the
assembly of large protein assemblies. 34 In this
context, it becomes important to study the mechanism of folding of heterodimeric proteins, especially
those proteins for which both double-chain and
single-chain variants possessing the same fold are
available. The larger entropic barriers to folding for
the double-chain variant than for the single-chain
variant might lead to transition state (TS) structures,
but not TS energies, on multiple pathways being
sufﬁciently different that the multiple pathways
manifest themselves in kinetic studies.
One such heterodimeric protein is the sweet
protein monellin. Naturally occurring monellin
[double-chain monellin (dcMN)] is a heterodimer
of two subunits, chain A and chain B, which
associate through interchain noncovalent
interactions 35–37 (Fig. 1). A single-chain variant of
monellin (scMN) was engineered at the genetic
level, to create a protein in which the C-terminus of
chain B was connected to the N-terminus of chain A
using a Gly-Phe dipeptide linker. 38 The structures of
dcMN and scMN are almost identical. 38,39 The
study of the folding of scMN has yielded much
useful insights about chain collapse 40,41 and the

Folding of Heterodimeric Monellin

Fig. 1. Structure of dcMN. Chain A, consisting of 45
amino acid residues, is shown in blue, and chain B,
consisting of 50 amino acid residues, is shown in green.
Molecular graphics images were produced using the
UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by National Institutes of Health grant P41 RR001081).

utilization of multiple pathways during folding. 7,10,42
The study of the unfolding of scMN has shown that
unfolding commences through the formation of a dry
molten globule 43 and proceeds gradually and not in an
all-or-none manner. 44 Until recently, there were only a
few quantitative studies of the unfolding of dcMN at
equilibrium, 37,45 but the recent development of a good
expression system for dcMN 46 made it possible to
make a detailed study of its unfolding at equilibrium in
relation to that of scMN. 39 This has set the stage for
quantitative studies of its folding mechanism.
In this study, the refolding kinetics of dcMN have
been studied over a range of protein concentrations,
as well as over a range of low guanidine hydrochloride (GdnHCl) concentrations, using the intrinsic
tryptophan ﬂuorescence of the protein as a probe. The
kinetics show three observable phases, each dependent on protein concentration as a consequence of
folding reactions being coupled to the initial chain A–
chain B binding reaction that leads to the formation of
an encounter complex. Very unusually, plots of log
(observed rate) versus GdnHCl concentration for both
the fast and slow phases of refolding show upward
curvatures, indicating that multiple pathways are
operational during both folding phases. Interrupted
refolding experiments indicate that native protein can
form not only directly from the encounter complex
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Fig. 2. Effect of GdnHCl concentration on the refolding kinetics of
dcMN, monitored by the change in
intrinsic tryptophan ﬂuorescence at
340 nm at pH 7, 25 °C. (a) Representative kinetic refolding traces
(continuous black line) when unfolded protein in 2.5 M GdnHCl
was refolded by diluting the
GdnHCl to 0.1, 0.2 and 0.3 M (top
to bottom). The continuous red
lines are least-squares ﬁts of the
data to a two-exponential equation.
The inset shows the initial parts of
the kinetic traces. (b) Kinetic versus
equilibrium amplitudes of refolding. Kinetic experiments were either folding (mixing chain A with chain B in the presence
of different concentrations of GdnHCl) or refolding (diluting protein unfolded in 2.5 M GdnHCl to different ﬁnal GdnHCl
concentrations) experiments. , equilibrium unfolding curve; , t = 0 points of the refolding kinetic traces; , t = 0 points of
folding kinetic traces; , t = ∞ points of the refolding kinetic traces; , t = ∞ points of folding kinetic traces. The blue
continuous line through the equilibrium unfolding data is a nonlinear, least-squares ﬁt to a two-state N ↔ U model. 39 The
inset shows the data for the lowest GdnHCl concentrations. The error bars, wherever shown, represent the spreads of
measurements from at least two separate experiments. In both panels, the broken line is an extrapolation of the unfolded
protein baseline from equilibrium unfolding studies. In all the experiments, the ﬁnal concentration of dcMN was 10 μM.

but also indirectly via folding intermediates on two
separate pathways. A minimal kinetic mechanism is
proposed to account for the kinetic data, and the
mechanism has been validated by global ﬁtting of the
kinetic traces obtained at all GdnHCl concentrations.

Results
In this study, the reaction leading to the formation
of native protein was commenced in two different
ways. In the refolding by denaturant dilution
experiment, protein that had been unfolded in
2.5 M GdnHCl was refolded by dilution of the
denaturant. In the folding by chain complementation experiment, free chains in native buffer were
allowed to undergo chain complementation in
different concentrations of denaturant. The folding
experiment allows the formation of native structure
to be studied in the absence of denaturant and at
very low denaturant concentrations unachievable in
denaturant dilution experiments.
Refolding occurs in two kinetic phases whose
chevron arms have upward curvatures
Refolding by denaturant dilution of 10 μM dcMN
occurs in two kinetic phases, one fast and one slow
(Fig. 2a), at all GdnHCl concentrations studied. The
total amplitude of ﬂuorescence change for both
kinetic phases is the same as the amplitude observed
in equilibrium unfolding/refolding studies (Fig. 2b),
indicating that the observed fast and slow kinetic
phases account for the entire refolding reaction.
Quite remarkably, for both kinetic phases, the
dependence on GdnHCl concentration of the loga-

rithm of the observed rate constant shows an
upward curvature (Fig. 3b and c). The upward
curvature is more pronounced for the slow phase,
with a kink being apparent in the refolding chevron
arm at about 0.2 M GdnHCl. It should be noted that
refolding was initiated by manual mixing for
GdnHCl concentrations in the range of 0.25 –
0.55 M and by stopped-ﬂow mixing for GdnHCl
concentrations from 0.1 M to 0.45 M and that the rate
constants obtained from both mixing methods are
identical in the overlapping range of denaturant
concentration, thereby ruling out the possibility that
the upward curvature is an experimental artifact.
For both the fast and slow kinetic phases, the
dependences of the rate constants on GdnHCl
concentrations are seen to ﬁt well to a simple
equation based on refolding occurring on two
parallel pathways (Fig. 3b and c). The relative
amplitude of the fast phase increases at the expense
of the slow phase as the GdnHCl concentration is
raised from 0.1 to about 0.2 M, after which the
relative amplitude of the slow phase increases at the
expense of the fast phase (Fig. 3e and f).
Since the two chains, A and B, of dcMN are mostly
unstructured in isolation in the absence of
denaturant, 39,47 it was possible to initiate the folding
of dcMN by mixing the two chains together in an
equimolar ratio, at different very low (0 to 0.15 M)
GdnHCl concentrations. In such folding by chain
complementation studies carried out at the same
ﬁnal protein concentration (10 μM), as were the
refolding by denaturant dilution studies described
above, three kinetic phases are observed, very fast,
fast, and slow. As with the refolding by denaturant
dilution studies, no burst phase is observable in the
dead time of stopped-ﬂow mixing. The rate
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Fig. 3. Dependence of the observed rate constants and relative amplitudes on GdnHCl concentration. Denaturantdependent folding/refolding kinetic studies were performed at 10 μM dcMN concentration and were monitored by
the intrinsic tryptophan ﬂuorescence change at 340 nm. Folding rate constants and relative amplitudes ( ) were
obtained from three-exponential ﬁts of the kinetic traces; refolding rate constants and relative amplitudes ( ) were
obtained from two-exponential ﬁts of the kinetic traces. (a–c) The observed rate constants for the very fast, fast, and
slow phases of folding/refolding, respectively. (d–f) The relative amplitudes of the very fast, fast, and slow phases of
folding/refolding, respectively. The blue continuous lines in (b) and (c) were drawn using Eq. (2). The blue line in (b)
was drawn using the following values for the different parameters: λ2a = 0.2 s − 1, m2a = 15 M − 1, λ2b = 0.015 s − 1, and
m2b = 0.081 M − 1. The blue line in (c) was drawn using the following values for the different parameters: λ3a = 0.15 s − 1,
m3a = 24 M − 1, λ3b = 0.002 s − 1, and m3b = 2.5 M − 1. In all panels, the error bars represent the spreads of measurements
from at least two separate experiments.

constants and relative amplitudes of the fast and
slow phases of folding by chain complementation
merge with those of the corresponding fast and slow
phase of refolding initiated by denaturant dilution,
measured at higher GdnHCl concentrations (Fig. 3b,
c, e, and f). The observed rate constant of the very
fast phase becomes very similar in value to that of
the fast phase at higher GdnHCl concentrations, but
for consistency, all the kinetic data for refolding
initiated by denaturant dilution were analyzed with
a two-exponential equation, whereas all kinetic data
for folding by chain complementation were analyzed with a three-exponential equation.

the absence of GdnHCl, the very fast, fast, and slow
phases of folding are seen at all protein concentrations, and no burst phase is seen (Fig. 4). The rate
constants observed for all three kinetic phases of
folding are dependent on protein concentration, but
the dependences are much less than expected: the
rate constant observed for the very fast phase
increases about 3-fold (Fig. 4b), and those for the
fast (Fig. 4c) and slow (Fig. 4d) phases increase
about 9-fold for a 15-fold increase in protein
concentration. The relative amplitudes of the three
phases do not change signiﬁcantly over the range of
protein concentrations studied (Fig. 4e).

Kinetics of folding by chain complementation
depends on protein concentration

Refolding kinetics depends on protein
concentration

To delineate the binding and structure acquisition
events during the folding of dcMN, studies of
folding by chain complementation were carried
out at different initial protein concentrations from
2 to 30 μM of each chain. The binding step, a secondorder reaction, is expected to be dependent on
protein concentration. When folding is carried out in

When refolding is initiated from protein unfolded
in 2.5 M GdnHCl, either in 0.25 M GdnHCl (Fig. 5a)
or in 0.4 M GdnHCl (Fig. 5b), the fast and slow
phases are seen at all protein concentrations, and no
burst phase or very fast phase is seen. At 0.25 M
GdnHCl, where the dependence on GdnHCl concentration of the logarithm of the fast or slow rate
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Fig. 4. Dependence of the folding kinetics of dcMN on protein concentration at pH 7, 25 °C. (a) Folding kinetic traces
(black lines) were obtained by mixing equimolar concentrations of chains A and B in the absence of GdnHCl, yielding
2 μM (right trace) and 30 μM (left trace) dcMN. The inset shows the initial parts of the kinetic traces. The red lines are leastsquares ﬁts to a three-exponential equation. The broken line represents the ﬂuorescence of unfolded dcMN, obtained from
equilibrium unfolding studies. (b–d) The dependences of the rate constants observed for the very fast ( ), fast ( ), and
slow ( ) phases of folding, respectively, on protein concentration. (e) The dependences of the relative amplitudes of the
three kinetic phases on protein concentration. In (b)–(e), the continuous lines have been drawn by inspection only, and the
error bars represent the spread in values obtained from two different experiments.

constant shows its upward curvature (kink), only
the rate constant for the fast phase shows a
dependence on protein concentration, while that of
the slow phase is observed to be independent of
protein concentration (Fig. 5c and e). At 0.4 M
GdnHCl, the rate constants observed for both the
fast and the slow phases are weakly dependent on
protein concentration (Fig. 5d and f). At both
GdnHCl concentrations, the relative amplitude of
the fast phase of refolding increases at the expense of
that of the slow phase, with an increase in protein
concentration, and at any one protein concentration,
the relative amplitudes of both phases are different
for refolding at the different GdnHCl concentrations
(Fig. 5g and h).
Interrupted refolding experiments indicate the
formation of an intermediate and two major
folding routes
Refolding initiated by denaturant dilution from
2.5 to 0.25 M GdnHCl was interrupted at different

times in the range 0 to 3000 s by a jump in GdnHCl
concentration to 5 M to initiate unfolding. The
resultant unfolding trace when extrapolated to t = 0
was found not to originate at the ﬂuorescence value
predicted by the kinetic trace of refolding (Fig. 6a).
This indicated that the ﬂuorescence change during
unfolding occurs in two kinetic phases: a burst
phase that is not observable in the 10 s dead time of
manual mixing and a slower phase occurring at a
measurable rate of unfolding (0.02 ± 0.001 s − 1 ).
Identical results were obtained when the interrupted
refolding studies were carried out using stoppedﬂow mixing with a dead time of 100 ms.
The slower phase occurs at a rate corresponding to
the rate of unfolding of fully native protein (N) 39
and, hence, reﬂects the unfolding of protein that has
fully folded to N at the time of application of the
unfolding jump. Its observed amplitude therefore
indicates the amount of N present at the time
refolding was interrupted by the unfolding jump.
The relative amount of N increases in a single kinetic
phase with a rate constant of 0.002 ± 0.0002 s − 1 (Fig.
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Fig. 5. Dependence of the refolding kinetics of dcMN on protein
concentration at pH 7, 25 °C.
Refolding kinetic traces (black
lines) were obtained by diluting
unfolded protein in 2.5 M GdnHCl
to 0.25 M (a) and 0.4 M (b) GdnHCl.
Refolding traces for 4 μM (right
trace) and 20 μM (left trace) protein
are shown in (a), and those for 4 μM
(right trace) and 30 μM (left trace)
protein are shown in (b). The insets
show the initial parts of the kinetic
traces. The red lines are leastsquares ﬁts to a two-exponential
equation. The broken line represents the ﬂuorescence of unfolded
dcMN, obtained from equilibrium
unfolding studies. (c) and (e) show
the rate constants for the fast ( )
and slow ( ) phases of refolding in
0.25 M GdnHCl, while (g) shows
the relative amplitudes of the two
kinetic phases. (d) and (f) show the
rate constants for the fast ( ) and
slow ( ) phases of refolding in
0.4 M GdnHCl, while (h) shows
the relative amplitudes of the two
kinetic phases. In (c)–(h), the continuous lines have been drawn by
inspection only, and the error bars
represent the spread in values
obtained from two different
experiments.

6b). This rate constant is the same as the rate
constant of the slow phase of refolding in 0.25 M
GdnHCl. No lag phase is observed in the formation
of N.
Since a burst-phase change in ﬂuorescence is not
observed during the unfolding of native dcMN, 39
the burst phase of unfolding observed for partially
folded protein must represent the unfolding of at
least one partially folded intermediate, I, populated
transiently during the refolding reaction. The
relative amplitude of the burst-phase change in
ﬂuorescence increases and then decreases in value,

as the time at which refolding is interrupted by the
unfolding jump is increased (Fig. 6c). Hence, the
intermediate, which is so unstable that it unfolds
fully within a 100-ms burst phase, increases in
population with time of refolding up to 100 s and
then decreases in population to nearly zero at 2000 s
of refolding. The apparent rate of formation of the
intermediate is 0.02 ± 0.002 s − 1 and the apparent rate
of its disappearance is 0.002 ± 0.0002 s − 1 . The
observed rate constant for the formation of the
intermediate is the same as the observed rate
constant of the fast phase of refolding kinetics at
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Fig. 6. Interrupted refolding experiments. (a) Kinetic traces of unfolding in 5 M GdnHCl, initiated at different times of
refolding of 10 μM dcMN in 0.25 M GdnHCl at pH7 (short black broken lines). Refolding was interrupted at 10, 75, 250,
1000, 2000, and 3000 s (left to right). The red continuous lines through the unfolding traces represent least-squares ﬁts to a
single-exponential equation, extrapolated to the t = 0 points of the kinetic unfolding traces. Each unfolding trace was
found to decay with a rate of 0.02 ± 0.0017 s − 1. Also shown is the kinetic trace of refolding of 10 μM dcMN in 0.25 M
GdnHCl at pH7 (long black broken line), through which is drawn a two-exponential least-squares ﬁt (red continuous
line). All the kinetic traces were normalized to the t = ∞ point of the unfolding traces. (b) Kinetics of formation of N. The
amplitude of the single-exponential ﬁt to the kinetic trace of unfolding initiated at each time of refolding, relative to the
amplitude of the single-exponential ﬁt to the kinetic trace of unfolding of fully folded protein, is plotted against the time of
refolding. The inset shows the ﬁrst 300 s of refolding. The continuous line through the data represents a least-squares ﬁt to
a single-exponential equation and yields an apparent rate constant of 0.002 ± 0.0001 s − 1 for the formation of N. (c) Kinetics
of formation of intermediate I. The difference between the ﬂuorescence value of the refolding trace at a particular time
point and the ﬂuorescence value represented by the extrapolated t = 0 point of the kinetic unfolding trace originating from
the same time point of refolding, relative to the total ﬂuorescence change observed during the unfolding of fully folded
protein, is plotted against time of refolding. The inset shows data for the ﬁrst 300 s. The continuous line through the data is
a ﬁt to a sequential three-state model [Eq. (1)]. The signal increases at a rate of the 0.02 ± 0.001 s − 1 and then decreases at a
rate of 0.002 ± 0.0001 s − 1. In (b) and (c), the error bars represent the spreads of measurements made in two separate
experiments.

0.25 M GdnHCl. The observed rate constant for the
disappearance of the intermediate is the same as that
of the slow phase of refolding in 0.25 M GdnHCl,
which is the same as the rate of formation of N (Fig. 6b).

Discussion
In this study of the folding mechanism of dcMN,
folding by chain complementation experiments
were carried out by mixing the isolated free chains
A and B in 0 to 0.15 M GdnHCl, and refolding by
denaturant dilution experiments were carried out by
diluting dcMN that had been unfolded in 2.5 M
GdnHCl to different low GdnHCl concentrations. In
the former case, a very fast, a fast and a slow phase
of folding are observed, while in the latter case, only
the fast and slow phases are observed. The
observation that the dependences on GdnHCl
concentration of the rate constants, as well as of
the relative amplitudes obtained for the folding
experiments starting from the isolated chains in
native conditions, merge with the corresponding
dependences for the refolding experiments starting
from protein unfolded in 2.5 M GdnHCl suggests
that both folding and refolding are describable by
the same folding mechanism. The observation of
three kinetic phases for the folding by chain

complementation experiments indicates that at
least four distinct conformations, including the
unfolded and native conformations, must be incorporated in the folding mechanism; hence, the
folding mechanism must describe a chain A–chain
B association step as well as at least two structure
acquisition steps.
For some dimeric proteins, chain–chain association is the ﬁrst step in folding, 29,31,32 presumably
because the folding code is resident in both chains.
For others, the chain–chain association step occurs
after initial folding of the two chains; 9,30 this has the
advantage of minimizing potential aggregation of
the free chains. In some cases, it has not been
possible to temporally dissect out the binding and
folding events, 48 but it is very unlikely that the
binding and folding events occur concurrently. In
the case of dcMN, it is known that chains A and B
are essentially unstructured in isolation in folding
conditions 39,47 and that ﬂuorescence of the chains
does not change when transferred from folding to
unfolding conditions (data not shown); hence, the
ﬁrst step in folding/refolding must be chain A–
chain B association to form an encounter complex C.
Such an inference is supported by the observation
that, although the apparent rates of the three phases
of folding/refolding depend on protein concentration, except that of the slow phase of refolding in
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0.25 M GdnHCl (Figs. 4 and 5), the dependences are
weak. In particular, the very fast phase does not
increase fourfold when the chain/protein concentration is increased twofold, 32,49 as would be
expected if the very fast phase represented binding
of chain A to chain B. Furthermore, a plot of the
observed rate constant versus protein concentration
does not extrapolate to the origin. 50 It appears
therefore that binding precedes the very fast phase,
and because no burst-phase change is observed
during folding/refolding, the binding event,
A + B ↔ C, must be silent to ﬂuorescence change. The
binding of chain A to chain B to form native dcMN is
tight, with an equilibrium constant for dissociation
of 40 nM; 39 hence, it is likely that the initial binding
event is fast compared to the very fast phase of
folding. Consequently, a pre-equilibrium would be
established between A, B, and C before subsequent
structure acquisition occurs, as has been reported for
the association of SRP and its receptor SR. 32
It should be noted that once chains A and B have
associated to form C, the subsequent structure
acquisition reactions are ﬁrst-order reactions and
are not expected to be dependent on protein
concentration. However, the structure acquisition
steps are kinetically coupled to the initial binding
step, and hence, the observed rate constants for the
very fast, fast, and slow phases will show weak
dependences on protein concentration, depending
on the values for the individual microscopic rate
constants for folding as well as for binding (Figs. 4
and 5). The observation of such kinetic coupling
suggests that at the concentration at which the
folding/refolding experiments were carried out
(10 μM), a substantial fraction of the protein must
be present as free chains A and B, upon establishment of the initial pre-equilibrium between chains A
and B and the encounter complex C. It would
therefore appear that the equilibrium dissociation
constant deﬁning this pre-equilibrium is near about
10 μM.
The folding of complex C to N proceeds through
intermediate(s) I
The observation that the apparent rate of disappearance of I is the same as the rate of appearance of
N (Fig. 6) indicates that I is a productive intermediate populated on the route from C to N, and that it
is not a dead-end, off-pathway intermediate. The
observation that the slow phase of refolding in
0.25 M GdnHCl does not depend on protein
concentration (Fig. 5e) is also consistent with I not
being an off-pathway, dead-end intermediate arising from C, because in that case, the slow phase (Cto-N conversion) would be expected to show a
dependence on protein concentration. The observation that the apparent rate of the fast phase of
refolding, as measured in direct refolding experi-
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ments, is the same as the apparent rate of formation
of the intermediate I observed in interrupted
refolding experiments (Fig. 6) suggests that the fast
phase of refolding leads to the formation of I from C.
The observation that the rate of the slow phase of
refolding is the same as the rate of disappearance of I
as well as the rate of formation of N suggests that the
slow phase of refolding leads to the formation of
N from I. These observations are consistent with
an A + B ↔ C ↔ I ↔ N scheme for folding/refolding,
in which the fast phase of ﬂuorescence change
occurs during the C ↔ I step and the slow phase
occurs during the I ↔ N step.
The observation that the relative amplitude of the
fast phase decreases at the expense of the slow phase
with an increase in GdnHCl concentration from 0.2
to 0.5 M (Fig. 3) can be accounted for by this scheme:
the stability of I is expected to decrease with
increasing GdnHCl concentration; hence, the extent
to which it accumulates decreases with GdnHCl
concentration. The surprising observation is that the
relative amplitude of the fast phase decreases when
the concentration of GdnHCl is reduced below
about 0.2 M. A possible explanation is that the
stability of I increases as the GdnHCl concentration
is raised from 0 to 0.2 M, through an ionic strength
effect wherein destabilizing electrostatic interactions
are screened by the added salt. It is known that the
folding kinetics of monellin is sensitive to the ionic
strength and that folding slows down in the
presence of salt, 37 supporting the possibility that I
may be stabilized by an ionic strength effect exerted
by low concentrations ( b 0.2 M) of GdnHCl.
Although native dcMN is not stabilized by low
subdenaturing concentrations of GdnHCl (unpublished results), unlike other proteins, 51 it is possible
that I is. Another possible explanation is that I is a
structurally heterogeneous intermediate ensemble,
composed of subpopulations of molecules with
different ﬂuorescence properties and that when the
GdnHCl concentration is lowered below 0.2 M, a
less-ﬂuorescent subpopulation of the I ensemble
gets preferentially stabilized. This would result in
the relative amplitude of the fast phase of ﬂuorescence change decreasing as the GdnHCl concentration present during refolding is lowered below 0.2 M
GdnHCl. Previous studies have shown that denaturant concentration can modulate the structural
heterogeneity of a folding intermediate 19 and that
the structure manifested by an intermediate ensemble can be tuned by the addition of co-solutes such
as salts and osmolytes. 52,53
A direct C ↔ N route competes with the
C ↔ I ↔ N route
I is maximally populated at 100 s of refolding,
and a 100 s lag in the formation of N should have
been observed if the formation of N occurs only via
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Scheme 1.

the A + B ↔ C ↔ I ↔ N route. The interrupted refolding experiments that directly assay for N during
refolding show that no such lag is present (Fig. 6b).
Hence, it appears that C can also directly fold to N
on a route, C ↔ N, competing with the C ↔ I ↔ N
route (Scheme 1). The formation of N must occur at
the same rate on both routes given that its kinetics
is well described by a single-exponential equation
(Fig. 6b). It should be noted that this observation
only means that the free energy barriers separating
C from N on the direct pathway, and I from N on
the indirect pathway, are similar in magnitude, but
it does not necessarily mean that the TSs atop these
barriers have identical structures. A similar observation has been made in refolding studies of other
proteins. 54,55 At present, the reason for multiple
folding routes arising from the encounter complex
C is not understood. It is possible that C itself is a
heterogeneous mixture of subpopulations of molecules in slow equilibrium with each other and that
the different folding routes arise from these
different subpopulations.
Hence, the results discussed so far, from the direct
folding/refolding experiments at different protein
concentrations as well as from the interrupted
refolding experiments, are well accounted for by
the minimal kinetic mechanism depicted in Scheme
1. Such a triangular scheme in which the folding of
an unstructured molecule (C) to N can occur either
directly or indirectly via an intermediate population
I is also the minimal scheme that describes the
folding of lysozyme. 5 The observation here that the
apparent rate of formation of N during refolding in
0.25 M GdnHCl is the same on both folding routes
brings into focus what the role of I in folding might
be, especially given that the rate of formation of I is
10-fold faster than that of N (see above), which
means that the folding ﬂux occurs predominantly
via I. It is likely that I plays a role in reducing the
entropy of activation, by partitioning the unfavorable entropy change accompanying folding into two
steps.
Scheme 1 does not, however, explain the upward
curvature seen in the chevron arms for both the fast
and slow observed rate constants (Fig. 3b and c).
Curvature in a chevron arm
The free energy change for folding is known to be
linearly dependent on denaturant concentration. 56–58
Hence, for the direct C ↔ N route in Scheme 1, the

logarithm of the rate constant of folding is expected to
have a linear dependence (m value) on denaturant
concentration. Similarly, for the C ↔ I ↔ N route in
Scheme 1, the logarithm of the individual rate
constant for each step of refolding would have a
linear dependence on denaturant concentration.
Since structure formation most likely occurs in a
progressive manner on any folding pathway, the TS
for the ﬁrst step is expected to be less compact and
structured than the TS for the second step. This
would lead to the dependence on denaturant
concentration of the rate constant for the ﬁrst fast
step being less than that for the second step;
consequently, the observed kinetic m value for
refolding would be lower at lower denaturant
concentration. Hence, a downward curvature
would be observed either upon a change in the
rate-limiting step from the second step to the ﬁrst step
or upon accumulation of the intermediate. Indeed,
such downward curvatures have been observed for
the refolding and unfolding reactions of several
proteins that proceed through on-pathway
intermediates. 12,59–62 Other possible reasons for
downward curvatures include (1) a Hammond shift
in the position of the TS along the reaction
coordinate, 63 (2) transient aggregation of the folding
protein, 64 and (3) experimental underestimation of
very fast refolding rate constants. 65 It should be
noted that if I were an off-pathway and dead-end
intermediate, possibly because it possesses nonnative
interactions, the folding chevron arm would have
curved downwards because the observed refolding
rate would have actually decreased with a decrease
in GdnHCl concentration. 66–68 In this study, it is
observed that the chevron arm for the slow rate
constant shows a slight downward curvature at
GdnHCl concentrations below 0.1 M. This is likely to
be because of accumulation of an on-pathway I. The
distinguishing feature of the chevrons for both the
fast and slow rate constants is, however, the upward
curvature that manifests itself at GdnHCl concentrations below 0.25 M.
Upwardly curved chevrons are indicative of
multiple folding pathways
When competing folding pathways are present,
the relative utilization of any particular pathway
depends on the overall rate of refolding along that
pathway, which in turn is dependent on the stability
of the TS for that pathway. The presence of two
competing pathways becomes discernible only
when the TSs (TS1 and TS2) on the two pathways
differ signiﬁcantly in their structure and compactness. If TS1 is more compact than TS2, its stability
will decrease more than that of TS2 for the same
increase in GdnHCl concentration.
Consequently, TS2 will become more stable than
TS1 at high GdnHCl concentrations, because it has
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more solvent-accessible surface area for GdnHCl to
interact with. 3,69 At low denaturant concentrations,
refolding will occur along the pathway on which the
TS (TS1) is compact and structured and hence
relatively stable. At high denaturant concentrations,
refolding will occur along the pathway on which the
TS (TS2) is less compact and more unstructured than
TS1. Because TS1 is more compact than TS2, the
kinetic m value observed at low denaturant concentrations is larger than the m value observed at high
denaturant concentrations. Hence, an upward curvature in the folding arm of the chevron will be
observed when two competing pathways are
present for which the TSs differ signiﬁcantly in
compactness. The upward curvatures observed for
both the fast and slow refolding rate constant
chevrons (Fig. 3) indicate therefore that the folding
of dcMN switches from the TS1 pathway at GdnHCl
concentrations below 0.2 M to the TS2 pathway at
GdnHCl concentrations above 0.2 M.
The detection of multiple folding pathways in this
manner for dcMN is very unusual and has not been
reported before. On the other hand, multiple unfolding pathways for titin have indeed been detected on
the basis of the unfolding arm of the chevron
displaying upward curvature, 11 although no curvature was observed in the refolding arm of the
chevron plot. 70 It should be noted that in this study
of the folding of dcMN, the ability to initiate folding
at very low GdnHCl concentration, by mixing
together the free chains A and B, was instrumental
in the detection of the parallel pathways. Switching
between the alternative pathways is seen to occur at
GdnHCl concentrations not usually utilized in the
study of the refolding of monomeric proteins for
which refolding is initiated by denaturant dilution.
Although an upwardly curved chevron must
signify two or more competing pathways for
refolding, the converse need not be true. When
competing pathways are present, upward curvature
in the chevron will be seen only when the TSs on the
two pathways differ signiﬁcantly in their compactness (see above), but not in their stabilities so that
refolding switches from one pathway to the other
with a change in denaturant concentration. If the TSs
do not differ signiﬁcantly in their compactness, an
upward curvature in the chevron will not be seen.
Indeed, for several proteins that have been shown to
refold via multiple pathways, no upward curvature
in the refolding arm of the chevron was
observed. 5,8,42,61,71
Refolding via intermediates occurs via two
parallel pathways
The observation that the dependences on GdnHCl
concentration of the logarithm of the apparent rate
constant for the fast phase of refolding and for the
slow phase of refolding show upward curvatures
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Scheme 2.

indicates that both steps on the intermediate route
(C ↔ I ↔ N) occur via two pathways operating in
parallel. I could be a single intermediate ensemble,
in which case, there would be two pathways
between C and I and two pathways between I and
N (Scheme 2). Alternatively, I could consist of two
subpopulations of intermediates, I1 and I2, which are
formed simultaneously during the fast phase of
folding on two competing pathways (Scheme 3).
Distinguishing between Schemes 2 and 3, in both
of which the two competing pathways starting from
C would be deﬁned by TS1 and TS2 (see above), is
not easy. An important experimental observation
that has to be explained is that the relative
amplitude of the fast phase decreases for GdnHCl
concentrations below 0.2 M GdnHCl, where switching from the TS1 pathway to the TS2 pathway also
occurs (see above). Scheme 2, for which the
equilibrium constant between C and I has to be the
same for the two pathways, and for which I has the
choice of utilizing either of two pathways to unfold,
cannot explain this observation. Scheme 3 can
explain this if I1 is on the TS1 pathway, which is
utilized more below 0.2 M GdnHCl than is the TS2/
I2 pathway (see above). Then, if the rate of formation
of I 1 has a smaller dependence on GdnHCl
concentration than does the rate of transformation
of I1 to N, I1 would accumulate more in 0.2 M
GdnHCl than it would at lower GdnHCl concentrations. Above 0.2 M GdnHCl, folding switches to the
TS2/I2 pathway (see above), and if on this pathway,
the rate of formation of I2 decreases less with an
increase in GdnHCl concentration than does the rate
of formation of N from I2, then I2 would accumulate
less at higher GdnHCl concentrations. Hence, the
relative amplitude of the fast phase would increase
as the GdnHCl concentration is increased to 0.2 M
and would decrease thereafter. Hence, Scheme 3 can
qualitatively account for the experimental observation, but a more quantitative analysis is necessary.
Nevertheless, and not surprisingly perhaps, it has
been shown that the fast phase seen in the folding of
scMN also leads to the formation of two intermediates of differing stabilities on two competing
pathways. 7,42
Kinetic model for the folding of dcMN
A global ﬁtting program, written in MATLAB,
was used to quantitatively analyze the dependence
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Table 1. Kinetic parameters obtained by global ﬁtting of
all kinetic folding/refolding traces obtained at different
GdnHCl concentrations using free chain concentrations of
10 μM
Folding
Rate constant
(s- 1)

Scheme 3.

of the refolding kinetics on GdnHCl concentration,
according to Scheme 3. Details about the ﬁtting
program are provided in Materials and Methods.
The ﬁts in Fig. 7 show that Scheme 3 can account for
all aspects of the data, not only the dependence of
the kinetics on GdnHCl concentration but also the
dependence on protein concentration. The ﬁtted
parameters are shown in Table 1. Importantly, the
values obtained for the parameters are consistent
with the qualitative reasoning that led to the
proposal of Scheme 3, as described above. In
contrast, global ﬁtting to Scheme 2 was not
satisfactory.
Global ﬁtting of raw kinetic data to a model such
as that in Scheme 3 is especially appropriate for
multichain folding reactions where the protein
concentration-dependent steps are not expected to

k1 107 (M- 1 s− 1)
2.21
k2a
0.098
k2b
0.24
k3a
0.042
k3b
0.056
k4

Unfolding
m value
(kcal mol− 1
M− 1)

Rate constant
(s- 1)

m1
0
k− 1 653
m2a − 11.34 k− 2a
0.00059
m2b − 1.57 k− 2b
0.0034
m3a − 25.58 k− 3a
0
m3b − 5.37 k− 3b
0
m4
− 6.87 k− 4
0

m value
(kcal mol− 1
M − 1)
m− 1
m− 2a
m− 2b
m− 3a
m− 3b
m− 4

0.002
2.79
3.27
0
0
0

follow exponential behavior (even though they
might appear to do so) and yield accurate rate
constants. It is stressed that the model in Scheme 3 is
a minimal model and that the main purpose of
global ﬁtting of the kinetic data has been to show
that the data are consistent with the model. While
the model provides a kinetic description of multiple
folding pathways, it does not provide structural
explanation, for example, of why the apparent rate
constants of folding from C to I1 and to I2 have such
strong dependences on GdnHCl concentration.
More work is needed to provide better kinetic and
structural descriptions of the data.

Fig. 7. Global ﬁts of experimental kinetic traces to the mechanism
in Scheme 2. A MATLAB program
was used as described in Materials
and Methods. In all panels, the
experimental kinetic traces are
shown as red continuous lines,
and the ﬁts for the same data from
global ﬁtting are shown as black
continuous lines. (a) Representative
experimental refolding kinetic
traces and their ﬁts obtained at 0.2,
0.3, and 0.5 M GdnHCl (left to right)
at free chain concentrations of
10 μM. (b) Representative experimental folding kinetic traces and
their ﬁts obtained at 2, 10, and
30 μM chain concentrations (left to
right) in the absence of GdnHCl. (c)
Representative refolding kinetic
traces and their ﬁts obtained at 4,
10, and 20 μM free chain concentrations (left to right) in the presence of 0.25 M GdnHCl. (d)
Representative refolding kinetic
traces and their ﬁts obtained at 4,
10, and 30 μM free chain concentrations (left to right) in the presence of 0.4 M GdnHCl. The ﬁts
shown in (b)–(d) were generated using the kinetic parameters tabulated in Table 1, which were obtained by carrying out
global ﬁtting of all kinetic traces at all GdnHCl concentrations at free chain concentrations of 10 μM.
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Multiple folding pathways of monellin
The structure of dcMN is nearly identical with that
of scMN, and the observation that their unfolding
rates are similar 39 suggests that unfolding is
dictated by the breaking of the same speciﬁc
interactions in both variants. However, dcMN
folds substantially slower than scMN. 7,42 The
folding rate of a protein is correlated with its contact
order, 72,73 because of the entropic costs of making
long-range contacts between residues well separated along the sequence. It is possible that dcMN folds
slower than scMN because the entropic costs of
making long-range contacts would be considerably
higher when the interacting residues are on different
polypeptide chains. Although the two chains associate very rapidly during the folding reaction, the
entropic cost of long-range interactions between
residues on separate chains will still remain higher
than if the interacting residues were on the same
chain. It should also be noted that not only is the
association of chains A and B dependent on protein
concentration but that the subsequent observed
folding/refolding rates of dcMN are also dependent
on protein concentration because of kinetic coupling
(see above). In contrast, the observed rate constants
for the folding of scMN are independent of protein
concentration. At a very high protein concentration,
when the pre-equilibrium established between A, B,
and C is such that virtually all chain molecules have
formed the encounter complex C, the observed rate
constants for the folding/refolding of dcMN are
likely to exceed those of scMN.
Through the use of interrupted refolding
experiments, 42 as well as of pulsed thiol labeling–
mass spectrometry experiments, 7 it is known that
scMN folds via multiple pathways. Although the
ﬂuorescence change accompanying the folding of
scMN also occurs in three kinetic phases, all three
folding chevron arms are linear. It should be noted
that although an upward curvature in the folding
chevron arm must mean that multiple folding
pathways are operational, the converse need not be
true. The upward curvature as a consequence of
folding switching from one pathway to another will
be seen only when the TSs on the pathways differ
substantially in their compactness and structure.
When the TSs have similar solvent-accessible surface
areas, and hence similar interactions with denaturant,
no curvature will be seen in the folding chevron arm.
Monellin belongs to the cystatin family of proteins,
which all have the β-grasp fold. 74 The members of the
cystatin family appear to fold by different folding
mechanisms. 42,75,76 There are other examples of
highly homologous proteins using different folding
pathways. 77 Even circularly permuted variants of the
same protein appear to fold by different pathways
deﬁned by TSs possessing different structures. 78,79 It
is therefore not surprising that the folding mecha-
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nisms of scMN 42 and dcMN are different in their
details, even though both variants utilize multiple
pathways to fold. It has been suggested that folds
displaying low TS structural conservation possess
many possible folding pathways. 80 It remains to be
seen if other members of the cystatin family also each
fold via multiple pathways.

Materials and Methods
All buffers and reagents used in experiments were of
ultrapure grade. GdnHCl was from USB Corporation. All
the experiments were performed in 50 mM phosphate
buffer containing 0.25 mM ethylenediaminetetraacetic
acid (EDTA) and 1 mM DTT at pH 7.
Purification of the dcMN
dcMN was puriﬁed as described previously. 46 Brieﬂy,
the two subunits of dcMN were expressed in Escherichia
coli [BL21⁎(DE3)] using a pET duet vector system. dcMN
was puriﬁed using ion-exchange and gel-ﬁltration chromatography. The purity of each protein was conﬁrmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and mass spectrometry. The individual chains (A and
B) of monellin were puriﬁed from dcMN by using reversephase chromatography. Separation was performed as
described previously. 39
Kinetic folding experiments
Experiments performed by mixing separated chains A
and B are referred to as folding experiments. Folding
studies were performed using an SFM-400 (Biologic)
stopped-ﬂow machine in the presence of different GdnHCl
concentrations and at a ﬁxed (10 μM) concentration of each
chain. The dead time of mixing was 11.8 ms. Folding
kinetic traces were monitored by measurement of the
change in ﬂuorescence at 340 ± 10 nm, using a band-pass
ﬁlter (Asahi Spectra). The excitation wavelength was
280 nm, and the excitation slit width was 2 nm. Proteinconcentration-dependent folding studies in the range of
protein concentration from 2 to 30 μM were carried out by
mixing equal concentrations of the separated chains to
different ﬁnal concentrations, in the absence of denaturant.
Kinetic refolding experiments
The protein was unfolded in unfolding buffer containing 2.5 M GdnHCl at pH 7 for at least 4 h. Refolding was
initiated by dilution in native buffer to different ﬁnal
GdnHCl concentrations while maintaining the ﬁnal
protein concentration at 10 μM, using either SFM-400
stopped-ﬂow machine (dead time of 11.8 ms) or manual
mixing (dead time of 10 s).
Manual mixing experiments were for reactions with an
observed rate constant less than 0.02 s − 1. Refolding was
monitored as described above for the folding experiments.
Protein-concentration-dependent refolding kinetic studies
were performed by diluting unfolded protein to different
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ﬁnal protein concentrations and a ﬁxed ﬁnal GdnHCl
concentration.
Double-jump experiment (interrupted refolding
experiment)
Interrupted refolding experiments were carried out by
manual mixing using Biologic MOS-450 optical system.
dcMN (100 μM) was unfolded in 2.5 M GdnHCl and then
refolded by diluting it to a ﬁnal concentration of 10 μM in
0.25 M GdnHCl. The refolding reaction was interrupted at
times ranging from 10 to 3000 s, by jumping the GdnHCl
concentration to 5 M. The concentration of dcMN during
subsequent unfolding was 2 μM. Resultant unfolding kinetic
traces were acquired by monitoring the change in intrinsic
tryptophan ﬂuorescence at 340 nm, with the excitation
wavelength set to 280 nm. The dead time of mixing was 10 s.
Data analysis
Kinetic folding and refolding traces
The kinetic data for folding were analyzed using a
three-exponential equation, whereas those for refolding
were analyzed using a two-exponential equation. Each
kinetic trace at each GdnHCl concentration was individually ﬁtted to obtain the observed rate constant (λ) and
relative amplitude (α) of each of the observed kinetic
phases of folding.
It should be noted that each λ and α value is determined
by the forward and backward microscopic rate constants
(k) of all the individual steps that deﬁne the folding
mechanism. While analytical expressions can be obtained
for the λ and α in terms of the microscopic rate constants,
k, for simple two-state or three-state mechanisms, 81 such
analytical expressions cannot be obtained for more
complex mechanisms. Complex mechanisms such as
those shown in Schemes 1–3 can be tested by computer
simulations using numerical integration methods.
Double-jump experiment
The ﬁnal unfolding kinetic traces in 5 M GdnHCl were
analyzed using a single-exponential equation. The formation of the native state was ﬁt to a single-exponential
equation, while the formation and disappearance of the
intermediate were ﬁt to the equation:



E2
YðtÞ = Y0 +
ae − ðE1 tÞ − be − ðE2 tÞ
ð1Þ
E1 − E2
Y(t) is the observed signal at any time t; Y0 is observed
signal at t = 0; λ1 and λ2 are the observed rate constants for
the formation and disappearance of the intermediate,
respectively; and a and b represent amplitudes for each
kinetic phase.
Chevron plot
Upward curvatures in the observed rate constants of
refolding kinetics can be described empirically by the
equation
Eobs = Ea e − ðma ½DÞ + Eb e − ðmb ½DÞ
T

T

ð2Þ

λobs is the observed rate constant in water. The subscripts
a and b represent two folding pathways, a and b, operating
in parallel. On each pathway, λ is the rate constant for
folding in the absence of denaturant, and m is the surface
area change of the protein from U to the TS. [D] is the
denaturant concentration.
Global fitting of kinetic data
Kinetic traces of folding and refolding at all GdnHCl
concentrations were globally ﬁt to Scheme 3 using a
MATLAB program. Each rate constant in Scheme 3 was
deﬁned as: ln ki = ln ki0 + mi [D], where mi deﬁnes the
exponential dependence of ki on denaturant concentration. For ﬁtting, the kinetic traces at different GdnHCl
concentrations were simulated for Scheme 3, using the
MATLAB function ode23s, using an initial set of values
for the ﬁtting parameters (ki and mi, see below).
Simulations were carried out iteratively, and the ﬁtting
parameters were allowed to vary and optimized using
the function fminsearch so as to achieve the lowest rootmean-square difference between all the experimental
and all the simulated curves.
For global ﬁtting, the bimolecular rate constant for
the association of chains A and B was kept ﬁxed to a
value that ensured that chain association was fast
compared to subsequent steps (see Discussion) at the
concentrations of chains A and B used for the folding/
refolding experiments. The three rate constants k- 3a, k- 3b,
and k- 4 were kept ﬁxed at zero, because the folding
reactions go to completion at the low denaturant
concentrations used. It should be noted that in Scheme
3, only the association reaction of chains A and B to
form complex C is dependent on free chain concentration, and the dependence is dictated by the value of the
bimolecular rate constant k1. All other reactions,
including the dissociation of complex C to free chains
A and B (deﬁned by rate constant k- 1), are ﬁrst-order
reactions independent of protein concentration. For the
different states deﬁning Scheme 2, A, B, C, and N were
assigned ﬂuorescence values of 0, 0.43, 0.43, and 1,
respectively, which are the experimental values after
normalization of the native signal to 1. The ﬂuorescence
values for I1 and I2 were assumed to be independent of
denaturant concentration and were allowed to be
optimized along with the values of the rate constants
during the global ﬁtting process. Values of 0.7 and 0.9
were obtained for the ﬂuorescence of I1 and I2,
respectively.
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