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ABSTRACT: The mechanisms of folding and unfolding of the small plant protein monellin have been
delineated in detail. For this study, a single-chain variant of the natively two-chain monellin, MNEI, was
used, in which the C terminus of chain B was connected to the N terminus of chain A by a Gly-Phe
linker. Equilibrium guanidine hydrochloride (GdnHCl)-induced unfolding experiments failed to detect
any partially folded intermediate that is stable enough to be populated at equilibrium to a significant
extent. Kinetic experiments in which the refolding of GdnHCl-unfolded protein was monitored by
measurement of the change in the intrinsic tryptophan fluorescence of the protein indicated the accumulation
of three transient partially structured folding intermediates. The fluorescence change occurred in three
kinetic phases: very fast, fast, and slow. It appears that the fast and slow changes in fluorescence occur
on competing folding pathways originating from one unfolded form and that the very fast change in
fluorescence occurs on a third parallel pathway originating from a second unfolded form of the protein.
Kinetic experiments in which the refolding of alkali-unfolded protein was monitored by the change in the
fluorescence of the hydrophobic dye 8-anilino-1-naphthalenesulfonic acid (ANS), consequent to the dye
binding to the refolding protein, as well as by the change in intrinsic tryptophan fluorescence, not only
confirmed the presence of the three kinetic intermediates but also indicated the accumulation of one or
more early intermediates at a few milliseconds of refolding. These experiments also exposed a very slow
kinetic phase of refolding, which was silent to any change in the intrinsic tryptophan fluorescence of the
protein. Hence, the spectroscopic studies indicated that refolding of single-chain monellin occurs in five
distinct kinetic phases. Double-jump, interrupted-folding experiments, in which the accumulation of folding
intermediates and native protein during the folding process could be determined quantitatively by an
unfolding assay, indicated that the fast phase of fluorescence change corresponds to the accumulation of
two intermediates of differing stabilities on competing folding pathways. They also indicated that the
very slow kinetic phase of refolding, identified by ANS binding, corresponds to the formation of native
protein. Kinetic experiments in which the unfolding of native protein in GdnHCl was monitored by the
change in intrinsic tryptophan fluorescence indicated that this change occurs in two kinetic phases. Double-
jump, interrupted-unfolding experiments, in which the accumulation of unfolding intermediates and native
protein during the unfolding process could be determined quantitatively by a refolding assay, indicated
that the fast unfolding phase corresponds to the formation of fully unfolded protein via one unfolding
pathway and that the slow unfolding phase corresponds to a separate unfolding pathway populated by
partially unfolded intermediates. It is shown that the unfolded form produced by the fast unfolding pathway
is the one which gives rise to the very fast folding pathway and that the unfolded form produced by the
slower unfolding pathway is the one which gives rise to the slow and fast folding pathways.

Much of the thrust of recent research in protein folding
has been directed toward understanding the folding of
proteins that fold apparently in a two-state manner without
any detectable accumulation of folding intermediates (1-
3). As a consequence, much has been learned about the nature
of the kinetic barrier that separates unfolded and folded
proteins and how it is determined, at least in part, by
structural parameters of the folded protein such as topology
(4, 5). However, another consequence, because it seemed

that these proteins may not require intermediates to fold, has
been an erosion of the importance ascribed previously to
folding intermediates in determining a protein folding
pathway. This has happened even though for many of the
apparent two-state folders, it is likely that intermediates are
indeed populated transiently but that they cannot be detected
because either they are too unstable or they follow the rate-
limiting step in folding. Indeed, in the case of several two-
state folders, a change in folding conditions can be used to
stabilize unstable folding intermediates sufficiently so that
they are populated to detectable extent (6); for other proteins
it is possible to destabilize folding intermediates sufficiently
so that they can no longer be detected and folding conse-
quently appears to be two-state (7). Examining the roles
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played by partially folded intermediates in determining the
development of structure during folding has become more
important because folding intermediates may not be discrete
states but may be ensembles of different structural conforma-
tions of similar energy, and the structural component that
predominates in the intermediate ensemble may depend on
the folding conditions (8-11). Experimental observations
that some aspects of folding reactions such as the initial
polypeptide chain collapse may be gradual structural transi-
tions (12) and may also be nonspecific in nature (13, 14)
and that initial intermediates observed during folding may
be misfolded (15-17) have questioned the relevance of
folding intermediates. The experimental demonstration that
folding, as well as unfolding, may occur via multiple
pathways populated by structurally distinct intermediates on
an energy landscape (18-24) and the observations that the
pathway utilized may depend on the starting conditions (10,
25) as well as the conditions during folding have also brought
into focus the necessity for understanding the roles played
by intermediates. This necessity has been reinforced by the
view derived from statistical models of protein folding (26-
28) that intermediates are not only unnecessary for folding
to occur but may actually serve as kinetic traps that impede
folding.

Although delineating the roles of partly folded intermediate
structures in specifying the utilization of competing protein
folding and unfolding pathways is crucial, determining their
role in protein aggregation is turning out to be equally
important. Proteins very often aggregate transiently during
folding (29-31) as well as unfolding (32) because of the
self-association of folding or unfolding intermediates, and
in some cases the aggregation is specific, leading to the
formation of amyloid protofibrils (33, 34). In the case of
some proteins, amyloid formation is linked directly to disease
(35). It has hence become important to delineate the roles
of intermediates not only during folding and unfolding but
also as the starting points for aggregation leading to amyloid
formation. For this, it is essential to study a protein that is
well suited to serve as a model protein for studying the
mechanism of protein folding as well as protein aggregation.
One such protein is the small protein monellin.

Monellin is an intensely sweet protein, isolated originally
from the berry of an African plant,Dioscoreophyllum
cuminisii (36). It is well suited as a model protein for
studying the mechanism of protein folding because it unfolds
and refolds reversibly in both its naturally occurring het-
erodimeric form and in artificially created monomeric
variants. Hence, it is attractive as a model protein not only
for the study of the folding of a monomeric protein (37) but
also for the study of how multimeric proteins fold (38, 39),
for the study of the folding and unfolding of a protein in the
absence of the potentially complicating presence of chemical
denaturants, and for the study of how chaperones facilitate
the complementation of polypeptide chains when assisting
the folding of a multimeric protein. It is also well suited as
a model protein for studying the mechanism of protein
aggregation (40, 41).

Naturally occurring heterodimeric monellin consists of a
chain A of 45 amino acids, comprising three antiparallel
â-strands, and a chain B of 50 amino acids, comprising one
longR-helix intersecting with two antiparallelâ-strands. The
five â-strands form a single sheet (42). The two chains are

held together mainly by interchain hydrophobic interactions,
H-bonds and salt bridges (43). The sweet-taste determinant
of monellin appears to be located in the loop containing
â-strands 4 and 5, corresponding to residues 16-35 of the
A chain (42, 44). The structure of monellin is similar to that
of the cystatin family of thiol proteinase inhibitors (45). Its
fold, the so-calledâ-grasp fold, is one of the 10 most
common protein folds, which is shared not only by the
cystatins but also by ubiquitin, the B1 domain of protein G,
and chymotrypsin inhibitor II.

Two single-chain variants of monellin have been shown
to be similar structurally to the naturally occurring dimeric
protein (43) (Figure 1). In one variant, the C terminus of
the B chain has been linked directly to the N terminus of
the A chain (46), whereas in the other variant (MNEI), a
Gly-Phe dipeptide has been used to link the two termini (44).
Both single-chain variants appear to be functionally as sweet
as the naturally occurring two-chain protein. The single-chain
variants of monellin unfold reversibly (37) and are more
stable than the naturally occurring two-chain protein (44, 46).
They can be unfolded completely in GdnHCl, and they refold
completely back to the native state upon removal of
denaturant. The mechanism of folding remains, however,
unknown.

In this study, the mechanism of refolding of the GdnHCl-
unfolded single-chain monellin (MNEI), as well as the
mechanism of unfolding by GdnHCl, has been characterized
in detail. The change in fluorescence accompanying the
refolding of the protein is shown to occur in three kinetic
phasessvery fast, fast, and slow. Double-jump, interrupted
refolding experiments indicate that four parallel folding
pathways are operative from two unfolded forms of the
protein and that native protein forms in a single, very slow
kinetic phase that is silent to fluorescence change. It is shown
that some of this heterogeneity arises due to the occurrence
of proline isomerization in the unfolded protein. Interestingly,
the heterogeneity seen in the fast phase of folding cannot be
ascribable to proline isomerization, but arises, instead,
because two folding pathways operate in competition with
each other. It is shown to arise because of kinetic partitioning
during folding from a very early folding intermediate. The
change in fluorescence accompanying the unfolding of the
protein is shown to occur in two kinetic phases, and double-
jump, interrupted unfolding experiments indicate the exist-
ence of two parallel unfolding pathways leading to the two
unfolded forms of the protein. Unfolding intermediates can
be detected on the slower of the two unfolding pathways.

FIGURE 1: Structure of single-chain monellin (MNEI). The structure
has been drawn using entry1FA3 in the PDB, using the program
Molmol.

11728 Biochemistry, Vol. 46, No. 42, 2007 Patra and Udgaonkar



MATERIALS AND METHODS

Materials. All chemicals and reagents were obtained from
Sigma (unless otherwise mentioned) and were of the highest
purity grade.

Purification of Single-Chain Monellin. The gene for MNEI
was subcloned into the pET22b+ vector between the sites
of NdeI andHindIII. The amino acid sequence of the protein
expressed in theEscherichia coliBL 21 DE3* strain is
M G E W E I I D I G P F T Q N L G K F A V D E E N -
K I G Q Y G R L T F N K V I R P C M K K T I Y E N E G -
F R E I K G Y E Y Q L Y V Y A S D K L F R A D I S E D Y K -
TRGRKLLRFNGPVPPP. The underlined residues are found
in chain B of two-chain monellin. The C terminus of chain
B is attached to the N terminus of chain A through a Gly-
Phe dipeptide linker. Cells were grown overnight after
induction with 0.25 mM isopropylâ-D-1-thiogalactopyra-
noside (IPTG). The purification protocol used has been
described previously (47). Very briefly, the harvested cells
were broken by sonication. This was followed by ion
exchange chromatography on an SP-Sepharose column and
then by gel filtration on a G-75 column.

The purity of the protein was checked on SDS-PAGE and
was found to be>99% pure. ESI mass spectroscopy
indicated a pure protein of mass 11403 Da, which corre-
sponds to the mass of the above sequence. In addition, a
second minor (∼10%) mass of 11271 Da was observed,
which corresponds to the mass of the above sequence with
the N-terminal methionine cleaved out. Typically, 50-
100 mg of protein was obtained from 1 dm3 of E. coli growth.
In all studies, the monellin concentration was determined
using the extinction coefficient,ε277nm ) 1.46 × 104 M-1

cm-1 (36).
Buffers and Solutions.The native buffer used for all

equilibrium and kinetic experiments was 50 mM sodium
phosphate, 250µM EDTA, and 1 mM DTT at pH 7. The
presence of DTT in all buffers ensured that the monellin
molecules did not exist as dimers formed through intermo-
lecular disulfides. The unfolding buffer was native buffer
containing 4-8 M GdnHCl (ultrapure, 99.9% from USB).
The concentrations of stock solutions of GdnHCl were
determined by measuring the refractive index using an Abbe
3L refractometer from Milton Roy. All measurements were
carried out at room temperature (25°C). All buffer solutions
were passed through 0.22µm filters and degassed before
use.

Fluorescence Spectra.Fluorescence spectra were collected
on a Spex Fluoromax 3 spectrofluorometer. For intrinsic
fluorescence measurements, the protein samples were excited
at either 280 or 295 nm and emission spectra were collected
from 300 to 400 nm, with a response time of 1 s, an
excitation bandwidth of 0.3 nm, and an emission bandwidth
of 5 nm. Measurements were made using protein concentra-
tions of 4 µM, and each spectrum was recorded as the
average of five fluorescence emission wavelength scans.

Circular Dichroism (CD) Spectra. CD spectrum measure-
ments were carried out on a Jasco J 720 spectropolarimeter.
Far-UV CD spectra were collected with a bandwidth of 1
nm, a response time of 1 s, and a scan speed of 20 nm min-1.
The protein concentration used was 20µM in a 0.1 cm
path length cuvette. Thirty wavelength scans were averaged
for each spectrum. Near-UV CD spectra were collected with

a bandwidth of 1 nm, a response time of 1 s, and a scan
speed of 20 nm min-1. Measurements were made using
protein concentrations of 100µM in a 1 cm path length
cuvette. Fifty wavelength scans were averaged for each
spectrum.

Equilibrium Unfolding Experiments. Equilibrium unfolding
of monellin was monitored using fluorescence, far-UV CD,
and near-UV CD as probes. Protein (8-10 µM for fluores-
cence, 8-15 µM for far-UV CD, and 65-70 µM for near-
UV CD) was incubated in different concentrations of
GdnHCl ranging from 0 to 6 M, for 6 h. The equilibrium
fluorescence signals were measured on the stopped-flow
module (SFM-4) from Biologic, with which the kinetic
experiments were also done. The protein sample was excited
at 280 nm, and fluorescence emission was monitored using
a 340 nm band-pass filter. For each point, the signal was
averaged for 120 s. During the monitoring of equilibrium
unfolding using far-UV CD at 222 nm as the probe, a
0.2 cm path length cuvette was used, and the signal was
averaged for 30 s. During the monitoring of equilibrium
unfolding using near-UV CD at 270 nm as the probe, a 1
cm path length cuvette was used, and the signal was averaged
for 60 s.

Kinetic Experiments. Rapid (milliseconds) mixing of
solutions and the observation of kinetic processes during
protein folding or unfolding reactions were done using a
Biologic SFM-4 machine. Mixing dead-times of the order
of 6.2 ms were obtained, using a cuvette of 0.15 cm path
length, with flow rates of 5 mL s-1. The final protein
concentration in the cuvette ranged from 8 to 12µM.
Excitation was at 280 nm, and fluorescence emission was
measured using a 340 nm band-pass filter. Data were
acquired in three time domains on different channels, with
different sampling times for each domain. For refolding
experiments, monellin was first unfolded for 6 h inunfolding
buffer containing 4 M GdnHCl. Thirty microliters of
equilibrium-unfolded protein was diluted into 270µL of
premixed native and unfolding buffers, so that the final
GdnHCl concentration was in the range of 0.3-1.5 M. For
unfolding experiments, monellin was equilibrated in native
buffer prior to use. Thirty microliters of equilibrated native
protein at pH 7 was diluted into 270µL of premixed
unfolding and native buffers, so that the final GdnHCl
concentration was in the range of 3.5-6 M.

pH Jump-Induced Refolding in the Absence of Denaturant.
Monellin was first unfolded by adding 1 volume of 0.1 M
NaOH to 2 volumes of monellin in 50 mM phosphate buffer,
pH 7, and adjusting the final pH to 12. Refolding was
initiated by mixing 1 volume of unfolded protein at pH 12
with 6 volumes of refolding buffer (50 mM sodium
phosphate, pH 6.8) in the Biologic SFM-4 module, so that
the final pH was 7. A mixing dead-time of 1.5 ms was
achieved by using a cuvette of 0.08 cm path length and a
flow rate of 6 mL s-1. The final protein concentration in the
cuvette was∼10 µM. When refolding was monitored by
measurement of intrinsic tryptophan fluorescence, the fluo-
rescence was excited at 280 nm and emission was measured
using a 340 nm band-pass filter.

When refolding was monitored by measurement of ANS
fluorescence, the refolding buffer at pH 6.8 contained
∼45 µM ANS. The final concentration of the protein during
refolding was 4µM, and that of ANS was 40µM. ANS
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fluorescence was excited at 350 nm, and emission was
measured using a 450 nm band-pass filter.

Double-Jump Assay for the Formation of the N State
during Folding in 0.5 M GdnHCl.A Biologic SFM-4 mixing
module was used to mix 30µL of equilibrium-unfolded
protein in 4 M GdnHCl buffer with 220µL of native buffer,
such that the final GdnHCl concentration was 0.5 M. The
refolding mixture was aged for different lengths of time in
a delay loop of 190µL volume (the intermixer volume was
220 µL). After different refolding times (from 300 ms to
3600 s), 50µL of the solution in the delay loop was mixed
with 305µL of unfolding buffer containing 6 M GdnHCl so
that the final GdnHCl concentration during unfolding was
5 M. The final protein concentration was 5µM in a 0.15 cm
path length cuvette. A dead-time of 25 ms was obtained using
flow rates of 1.4 mL s-1. The unfolding reaction after each
time of refolding was monitored by measurement of fluo-
rescence emission at 340 nm. The amount of native protein
formed at each time of refolding was determined from
measurement of the amplitude of the slowest phase of
unfolding, which occurred at a rate of 0.011( 0.002 s-1.
The amounts of two folding intermediates formed at each
time of refolding were determined from measurement of the
amplitudes of the two faster kinetic phases of unfolding,
which had observed rates of 4.5( 1 and 0.2( 0.04 s-1.
The fractions of N and the two folding intermediates formed
at any time were determined as the amplitudes of the
corresponding kinetic phases of unfolding, relative to the
amplitude of the total amplitude of the unfolding reaction
initiated when the refolding reaction was allowed to proceed
for 3600 s.

Double-Jump Assay for the Formation of U during
Unfolding in 5 M GdnHCl.A Biologic SFM-400 mixing
module was used to mix 80µL of equilibrated native protein
solution with 140µL of unfolding buffer containing 7.85 M
GdnHCl such that the final GdnHCl concentration was 5 M.
The unfolding protein solution was aged in a delay loop of
190µL (the intermixer volume was 220µL). After different
times of unfolding (from 5 to 800 s), 50µL of the unfolding
protein in the delay loop was mixed with 450µL native
buffer so that the final GdnHCl concentration was 0.5 M.
The final protein concentration was 5µM in a 0.15 cm path
length cuvette. The mixing dead-time was 11.9 ms with a
flow rate of 6.25 mL s-1. The refolding reaction after each
time of unfolding was monitored by measurement of the
fluorescence emission at 340 nm. The amplitudes of the three
observable kinetic phases of refolding in 0.5 M GdnHCl,
which had observed rate constants of 7( 1, 1 ( 0.3, and
0.1 ( 0.02 s-1, were determined at each time of unfolding.
Their relative amplitudes were determined by dividing the
individual refolding amplitudes by the total amplitude of the
refolding reaction initiated after the unfolding had been
allowed to proceed for 800 s.

The double-jump, interrupted unfolding experiment was
repeated by carrying out the refolding assay in 1.5 M
GdnHCl rather than in 0.5 M GdnHCl. In 1.5 M GdnHCl,
the refolding kinetics are simpler, and hence it is possible
to identify unfolding intermediates that refold with kinetics
that are different from the kinetics starting from U. Both
manual mixing and stopped-flow mixing experiments were
carried out. The manual mixing experiments were done by
mixing 200µL of protein in native buffer with 475µL of

7.1 M GdnHCl so that the GdnHCl concentration became
5 M. After different times of unfolding, 1580µL of native
buffer was added so that the final concentration of GdnHCl
became 1.5 M. The final protein concentration was 2-4 µM
in a 1 cmpath length cuvette, in which rapid mixing was
ensured by a magnetic stirrer. The stopped-flow mixing
experiments were done on an SFM-400 module, for the initial
time points of unfolding (from 200 ms to 10 s). For this,
70µL of protein was mixed with 150µL of unfolding buffer
containing 7.35 M GdnHCl in a 190µL loop (the intermixer
volume was 220µL) so that the final GdnHCl was 5 M.
After different times of unfolding (from 200 ms to 10 s),
70 µL of the solution from the delay loop was mixed with
162µL of native buffer so that the final GdnHCl concentra-
tion became 1.5 M. The final protein concentration was 6-
10 µM in a 0.15 cm path length cuvette. The mixing dead-
time was 8 ms with a flow rate of 6.44 mL s-1. Refolding
was observed after different times of unfolding. At the initial
time points of unfolding (from 200 ms to 10 s), only a
decrease in the fluorescence intensity with a rate of 0.014
( 0.001 s-1 was observed. At intermediate time points of
unfolding (from 20 to 50 s), there was first a decrease and
then an increase in the fluorescence intensity, with rates of
0.014( 0.001 and 0.0024( 0.0002 s-1, respectively. At
later time points (75-500 s), two kinetic phases of increasing
fluorescence intensity at rates of 0.025( 0.001 and 0.0024
( 0.0002 s-1 were observed. The fractions of U and the
intermediate formed at any time was determined from the
amplitudes of the increasing and decreasing phases of
fluorescence change, respectively, relative to the amplitude
of refolding phase initiated when the unfolding was first
allowed to proceed for 500 s.

Data Analysis. (a) Equilibrium Unfolding Data.Equilib-
rium unfolding transitions were analyzed using a two-state
N T U model (13) to obtain the values for the free energy
of unfolding in water∆GU and the midpoint of transition
(Cm).

(b) Kinetic Refolding and Unfolding Data.The kinetic
traces for refolding monitored by the change in fluorescence
were fit to two- or three-exponential equations, as necessary.
The kinetic traces for unfolding were fit to a single-
exponential equation.

(c) Interrupted Unfolding Assays.The kinetic traces for
refolding in 0.5 M GdnHCl, after first unfolding in 5 M
GdnHCl, were fit to three-exponential equations.

The kinetic traces for refolding in 1.5 M GdnHCl, after
first unfolding in 5 M GdnHCl for<20 s, were fit to a single-
exponential equation. The kinetic traces for refolding in
1.5 M GdnHCl, after first unfolding in 5 M GdnHCl for times
beyond 20 s, were fit to a two-exponential equation.

The formation and decay of intermediates were fit to the
equation

whereA(t) is amplitude at any timet, A is the maximum
amplitude of the intermediate phase, andλ1 and λ2 are
observed rates of formation and decay of intermediates.

(d) Interrupted Refolding Assay.The kinetic traces for
unfolding in 5 M GdnHCl, after first refolding in 0.5 M

A(t) ) A( λ2

λ1 - λ2
)(e-λ1t - e-λ2t) (1)
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GdnHCl for different periods of time, were fit to a three-
exponential equation.

RESULTS

Characterization of Single-Chain Monellin, MNEI. The
wavelength of maximum fluorescence emission of native
single-chain monellin is 348 nm, whereas that of the unfolded
protein is 355 nm (Figure 2a,b). The fluorescence of
monellin, which contains seven tyrosine residues and one
tryptophan residue in its sequence, is strongly quenched: the
relative fluorescence of native single-chain monellin at
310nm upon excitation at 280 nm is only 60% of that of an
equimolar concentration ofN-acetyltyrosine amide, whereas
the relative fluorescence at 348 nm upon excitation at 295
nm is only 20% of that of an equimolar concentration of
N-acetyltryptophan amide. Upon excitation at 280 nm, the
fluorescence decreases upon unfolding in 6 M GdnHCl,
because the tyrosine residues are excited principally, and the
fluorescence at 355 nm in unfolded protein is low because
little energy transfer occurs from the excited tyrosine residues
to the sole tryptophan residue: the distances between these
residues are larger in the unfolded protein. The poor
efficiency of energy transfer in the unfolded state, but not
in the folded state, is also evident in the observation that a
distinct peak of tyrosine fluorescence is observed only for
the unfolded protein and not for the folded protein. Upon
excitation at 295 nm, at which wavelength the sole tryp-
tophan residue is excited directly, the fluorescence spectrum
undergoes a red shift upon unfolding in GdnHCl, such that
the wavelength of maximum emission is shifted from
348 nm for the native protein to 355 nm for the unfolded
protein. Figure 2c shows that the secondary structure of
monellin, evident as principally aâ-sheet in the far-UV CD
spectrum, is lost completely upon unfolding in 6 M GdnHCl.
Figure 2d shows that the specific tertiary structure of

monellin, as seen in the near-UV CD spectrum, is also
completely lost upon unfolding in 6 M GdnHCl.

Figure 2a shows the fluorescence spectrum of monellin
unfolded at pH 12 upon excitation at 280 nm: no distinct
peak of tyrosine fluorescence is seen because the tyrosine
residue has ionized to tyrosinate, which is not fluorescent.
Monellin also appears to be completely unfolded at pH 12
in the absence of any denaturant: the maximum fluorescence
emission at pH 12 occurs at 355 nm upon excitation at
295 nm as it does in 6 M GdnHCl. However, the intensity
of the fluorescence of the protein at pH 12 is only 70% of
that of the protein in 6 M GdnHCl (Figure 2b). Figure 2c
indicates that the extent of secondary structure loss at pH
12, which is the same as that at pH 13 (data not shown), is
nearly the same as that seen in 6 M GdnHCl. Similarly,
Figure 2d shows that the near-UV CD spectrum obtained at
pH 12 is not very different from that obtained in 6 M
GdnHCl. Other studies (data not shown) indicated that
monellin is not deamidated when incubated at pH 12 for up
to 4 h and that the protein at pH 12 is as unfolded as it is at
pH 13, as judged from the CD spectra (data not shown).

Stability of Single-Chain Monellin. Figure 3a shows the
fluorescence-monitored, GdnHCl-induced equilibrium un-
folding curve for monellin at pH 7, 25°C. Fluorescence was
excited at 280 nm and monitored at 340 nm, the wavelength
at which the native and unfolded states differ most in their
intrinsic fluorescence. The equilibrium unfolding curve
displays a marked upward curvature at GdnHCl concentra-
tions below those corresponding to the unfolding transition
zone. Panels b and c of Figure 3 show the far-UV CD-
monitored and near-UV CD-monitored GdnHCl-induced

FIGURE 2: Spectroscopic characterization of monellin at pH 7 and
25 °C: (a) fluorescence emission spectra with excitation at
280 nm; (b) fluorescence emission spectra with excitation at 295
nm; (c) far-UV CD spectra; (d) near-UV CD spectra. In all panels,
the solid lines indicate the spectra of native protein, the dashed
lines indicate spectra of protein unfolded in 6 M GdnHCl, and the
dotted lines indicate spectra of protein unfolded at pH 12.

FIGURE 3: Stability of monellin at pH 7, 25°C: (a) equilibrium
GdnHCl-induced unfolding curve determined by monitoring fluo-
rescence emission at 340 nm (the inset shows the equilibrium urea-
induced unfolding curve); (b) equilibrium GdnHCl-induced un-
folding curve determined by ellipticity at 222 nm; (c) equilibrium
GdnHCl-induced unfolding curve determined by monitoring ellip-
ticity at 270 nm; (d) fraction unfolded versus GdnHCl concentration;
(O) fluorescence; (4) far-UV CD; (3) near-UV CD. The solid lines
through the data are nonlinear least-squares fit to a two-state Nh
U model, and yield values for∆GUN andmUN were 6.2 kcal mol-1

and 2.7 kcal mol-1 M-1, respectively.
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equilibrium unfolding curve. The fluorescence and CD-
monitored equilibrium curves indicate that the protein is half
unfolded at a GdnHCl concentration of 2.3 M. The inset of
Figure 3a shows the urea-induced equilibrium unfolding
curve. Although the data indicate that the protein is not fully
unfolded even at the highest concentration of urea used
(9.5 M), the urea-induced fluorescence-monitored equilib-
rium unfolding curve also shows the 15% increase in
fluorescence at low urea concentrations, which is seen at
low GdnHCl concentrations. Hence, this increase is unlikely
to be an effect of ionic strength. In Figure 3d, it is seen that
when the data of Figure 3a-c are converted to plots of
fraction of protein unfolded versus GdnHCl concentration,
they overlap. An analysis of the data in Figure 3d according
to a two-state Nh U model indicates that the free energy
of unfolding is 6.2( 0.5 kcal mol-1.

Kinetics of Refolding and Unfolding.Figure 4a shows the
time courses of the increase in fluorescence during refolding
in different concentrations of GdnHCl. It is seen that there
is no sub-millisecond burst phase change in fluorescence.
Each kinetic trace commences from the same point, corre-
sponding to the fluorescence of monellin in 4 M GdnHCl.
Each kinetic trace for refolding in low concentrations of
GdnHCl is well-described by a three-exponential equation,
whereas refolding in concentrations of GdnHCl>1.25 M is
well-described by a two-exponential equation. As expected
from the equilibrium unfolding curve of Figure 3a, the final
fluorescence value for folding in low concentrations of
GdnHCl exceeds the fluorescence of the native state.

Figure 4b shows the time course of the decrease in
fluorescence during unfolding in different concentrations of
GdnHCl. All kinetic traces are well-described by single-
exponential equations, and when extrapolated back tot )
0, they do so to a fluorescence value that exceeds the
fluorescence of the native protein in zero denaturant, by
∼20%.

To determine whether the protein equilibrated in 1.5 M
GdnHCl was indeed native, albeit with a higher fluorescence
value, its unfolding kinetics was determined at different final
concentrations of GdnHCl (data not shown). At each
concentration of GdnHCl between 3.5 and 5.5 M, the kinetic
trace of unfolding commenced at the value expected for
protein equilibrated in 1.5 M GdnHCl, and the observed rate
constant for unfolding was identical to that observed when
folding was commenced from native buffer not containing
any GdnHCl.

pH-Jump-Induced Refolding.Figure 4c shows the time
course of the increase in intrinsic tryptophan fluorescence
that accompanies refolding consequent to a jump in pH from
12 to 7. Fluorescence was excited at 280 nm. A sub-
millisecod burst phase change in fluorescence is observed,
but this can be accounted for by the increase in fluorescence
expected when the deprotonated tyrosine residues (tyrosi-
nates) in the protein at pH 12 are protonated to tyrosine at
pH 7, immediately upon the jump in pH (see Figure 2a).
The subsequent observable refolding reaction occurs in three
kinetic phases characterized by apparent rate constants of
108 ( 7, 8 ( 0.6, and 0.6( 0.2 s-1.

The hydrophobic dye 8-anilino-1-naphthalenesulfonic acid
(ANS) binds to exposed hydrophobic patches of partially
structured folding intermediates. Upon binding, its fluores-
cence increases substantially over that of unbound ANS.

Typically, ANS does not bind to unfolded protein or native
protein, which makes it an ideal probe to monitor transiently
populated intermediates during folding, which have exposed
hydrophobic patches. Figure 4d shows that the ANS fluo-
rescence is not enhanced in the presence of completely
unfolded monellin at pH 12 or folded monellin at pH 7. It is
seen, however, that the ANS fluorescence increases and
decreases during the course of refolding at pH 7. The increase
in fluorescence occurs in a sub-millisecond burst phase,
during the mixing dead-time, and the subsequent decrease

FIGURE 4: Folding and unfolding kinetics of monellin at pH
7, 25 °C. (a) Intrinsic tryptophan fluorescence-monitored kinetic
traces of refolding in 0.6, 1, and 1.5 M GdnHCl, shown top to
bottom. The solid lines through 0.6 and 1 M data traces represent
nonlinear least-squares fits to a three-exponential equation, and the
solid line through the 1.5 M data trace represents nonlinear least-
squares fits to a two-exponential equation. The dashed line indicates
the fluorescence value of protein in 4 M GdnHCl from which
refolding was commenced. (b) Intrinsic tryptophan fluorescence-
monitored kinetic traces of unfolding in 4, 5, and 6 M GdnHCl,
shown top to bottom. The solid lines through the data traces
represent nonlinear least-squares fits to a single-exponential equa-
tion. The dashed line represents the fluorescence of protein in native
buffer in the absence of any denaturant. In both panels, the insets
show the initial parts of the kinetic traces. In both panels, and for
all traces; fluorescence values have been normalized to a value of
1 for the fluorescence of fully folded protein in 0 M GdnHCl. (c)
Intrinsic tryptophan fluorescence-monitored kinetic trace of refold-
ing induced by a pH jump from 12 to 7 in the absence of denaturant.
The solid line through the data trace represents a nonlinear least-
squares fit to a three-exponential equation. The values obtained
for the apparent rate constantsλ1, λ2, andλ3 are 108( 7, 8 ( 1.6,
and 0.6( 0.2 s-1, respectively, and those for the relative amplitudes
of the observable kinetic phasesR1, R2, andR3 are 0.55( 0.09,
0.30( 0.06, 0.15( 0.05, respectively. The dashed line indicates
the fluorescence value of the protein at pH 12, from which refolding
was commenced. (d) ANS fluorescence-monitored kinetic trace of
refolding induced by a jump in pH from 12 to 7, in the absence of
any denaturant. The solid line through the data trace represents a
nonlinear, least-squares fit to a three-exponential equation. The
values obtained for the apparent rate constantsλ1, λ2, andλ3 are
5.2( 1, 0.4( 0.1, and 0.003( 0.0002 s-1, respectively, and those
for the relative amplitudesR1, R2, andR3 are 0.7( 0.09, 0.2(
0.06, 0.1( 0.05, respectively. The dashed line indicates the values
of the fluorescence of ANS in the presence of the unfolded protein
at pH 12 and of the native protein at pH 7.
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occurs in three kinetic phases with apparent rates of 5.2(
1, 0.4( 0.1, and 0.003( 0.0002 s-1 and relative amplitudes
of 0.7, 0.2, and 0.1, respectively. Thus, the two faster
apparent rate constants, determined by measurement of ANS
fluorescence, match the two slower apparent rate constants,
determined by measurement of intrinsic tryptophan fluores-
cence, for folding in zero denaturant.

Dependence of Folding and Unfolding Kinetics on Gdn-
HCl Concentration.Figure 5 brings out the dependence of
the folding and unfolding kinetics on GdnHCl concentration.
In Figure 5a, it is seen that both refolding and unfolding
kinetic traces extrapolate att ) ∞ to the value of fluorescence
expected from the equilibrium unfolding curve, indicating

that both refolding and unfolding reactions reached comple-
tion. Each refolding trace extrapolates back, att ) 0, to
approximately the value expected by linear extrapolation of
the unfolded protein baseline to low GdnHCl concentrations,
indicating the absence of a sub-millisecond burst phase
change during refolding. On the other hand, it is seen that
each unfolding trace extrapolates back att ) 0 to a
fluorescence value which is 20% larger than the fluorescence
of the native state in the absence of GdnHCl.

Figure 5a also shows that thet ) 0 values of the kinetic
unfolding traces do not fall on the linearly extrapolated native
protein baseline, which has a steep positive slope. It therefore
appears that a fraction of the fluorescence change during
unfolding occurs in a sub-millisecond burst phase. For
example, the fluorescence of the native protein in 5 M
GdnHCl is expected, from linear extrapolation of the native
protein baseline, to be 140% of that of the native protein in
native buffer, and 20% of the total change in fluorescence
that occurs during unfolding in 5 M GdnHCl appears to occur
during a sub-millisecond burst phase.

Figure 5b shows the dependence of the three observed rate
constants of refolding and the single observed rate constant
of unfolding on GdnHCl concentration. The observed rate
constants are seen to have similar exponential dependences
on GdnHCl concentration. For none of the three dependences
of the observed rate constants on GdnHCl concentration is
a rollover seen at low denaturant concentrations, indicating
that the rate-limiting steps remain the same over the range
of GdnHCl concentrations studied. When extrapolated to zero
denaturant, the three observed rate constants are 100 s-1 (very
fast), 10 s-1 (fast), and 0.8 s-1 (slow). These values match
the observed rate constants in zero denaturant, which were
determined by initiating refolding by a pH jump from 12 to
7. When extrapolated to zero denaturant, the observed slow
rate constant of unfolding is 0.00002 s-1.

Figures 5c shows how the relative amplitudes of the three
kinetic phases, very fast, fast, and slow, vary when refolding
and unfolding are carried out in different GdnHCl concentra-
tions. Whereas the relative amplitude of the very fast kinetic
phase appears to be invariant at 15%, the relative amplitude
of the fast kinetic phase decreases with an increase in
GdnHCl concentration. For refolding at GdnHCl concentra-
tions g1.5 M, only the fast and slow phases of refolding
are observed. The relative amplitude of the slow kinetic phase
increases with an increase in GdnHCl concentration. The
relative amplitudes of the two faster phases detected by ANS
fluorescence measurement of refolding in zero denaturant
match the relative amplitudes of the fast and slow phase of
refolding in the lowest concentrations of GdnHCl used.

Figure 5d shows the relative amplitudes of slow phase and
burst phase in unfolding kinetics. The relative amplitude of
the slow phase decreases with GdnHCl concentration,
whereas that of the burst phase increases.

Double-Jump Unfolding Assays. To determine the amounts
of native protein and folding intermediates at different times
during refolding, interrupted refolding experiments were
carried out. At different times of refolding in 0.5 M GdnHCl,
refolding was interrupted and the protein transferred to 5 M
GdnHCl. Figure 6a shows the kinetics of unfolding when
refolding was interrupted at different times. It is seen that
the total amplitude of the unfolding reaction increases with
the time at which refolding was interrupted, indicating the

FIGURE 5: Dependence of folding and unfolding kinetics on
GdnHCl concentration. Folding and unfolding kinetics were studied
by monitoring fluorescence at 340 nm. (a) Kinetic versus equilib-
rium amplitudes: (O) equilibrium unfolding curve; (4) t ) 0 points
of kinetic refolding traces; (3) t ) ∞ points of kinetic refolding
traces; (2) t ) 0 points of kinetic unfolding traces; (1) t ) ∞ points
of kinetic unfolding traces. The solid line through the equilibrium
unfolding data is a nonlinear least-squares fit to a two-state NT
U model. (b) Dependence of the observed rates for folding and
unfolding on GdnHCl concentration: (O) slow phase of refolding;
(4) fast phase of refolding; (3) very fast phase of refolding; (b)
slow phase of unfolding. The rates of folding in the absence of
denaturant were obtained from intrinsic tryptophan fluorescence-
monitored refolding induced by a pH jump from 12 to 7 (Figure
4c). The larger symbols at zero denaturant represent the apparent
rate constants obtained from ANS fluorescence-monitored refolding
induced by a pH jump from 12 to 7 (Figure 4d). The solid lines
through the three sets of apparent folding rate constants are least-
squares fits to the equation logλ ) log λH2O + mf[GdnHCl] and
yield values forλvfH2O, λfH2O, andλsH2O of 108, 8, and 0.6 s-1,
respectively, and formvf

f, mf
f, and ms

f of -2.3, -2.2, and
-1.8 M-1, respectively. The solid line through the apparent rate
constants for unfolding is a least-squares fit to the equation logλs

) log λs
H2O + mu [GdnHCl] and yields values forλs

H2O andms
u of

0.00002 s-1 and 0.52 M-1, respectively. (c) Dependence of the
relative amplitudes of the very fast (3), fast (4), and slow (O)
phases of refolding on GdnHCl concentration. (d) Dependence of
the relative amplitude of the slow phase (b) and burst phase (9)
of unfolding on GdnHCl concentration. The relative amplitudes
shown in panels c and d were calculated using linearly extrapolated
native protein and unfolded protein baselines shown as dashed lines
in panel a. The solid lines through the relative amplitude data have
been drawn by inspection only. Error bars on the points represent
the standard deviations of three separate measurements.
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increasing amount of partially and fully folded protein with
time of refolding. Each kinetic unfolding trace is described
by a three-exponential equation, and the relative amplitude
of each kinetic phase of unfolding depends on the time at
which refolding was interrupted. Of the three observed rate
constants determined for each kinetic unfolding trace, one
rate constant corresponds to the observed rate constant for
the unfolding of native protein. At the longest time at which
refolding was interrupted, which was 3600 s, unfolding
occurs in one kinetic phase corresponding to this rate
constant, indicating that all protein molecules have become
fully folded at 3600 s.

Figure 6b shows that the time course of the increase in
the relative amplitude of the kinetic phase corresponding to
the unfolding of native protein is well-described as a single-
exponential process. This represents the kinetics of formation
of native protein. It is seen that the apparent rate constant

for the formation of native protein is 0.0024 s-1, which is
40-fold slower than the slowest rate constant of 0.1 s-1

observed for the change in fluorescence that occurs during
refolding in 0.5 M GdnHCl (Figure 5b). This result clearly
indicates that the slowest phase of fluorescence change during
refolding does not represent the formation of native protein
but the formation of one or more intermediates which possess
the same fluorescence properties as native protein. Native
protein forms very slowly from these late intermediates in
steps, which are silent to fluorescence change. It should be
noted that the apparent rate constant for the formation of
native protein, 0.0024 s-1, matches the slowest apparent
constant measured by the change in ANS fluorescence during
unfolding initiated by a pH jump from 12 to 7 (Figure 4d).

The other two observed rate constants of unfolding in the
interrupted refolding experiments are much faster than the
rate constant of unfolding of native protein. These two faster
kinetic unfolding phases therefore represent the unfolding
of two partially folded forms of the protein, IF1 and IF2, which
are more unstable than the native protein. For each kinetic
unfolding trace, the relative amplitudes of these two kinetic
phases can be taken to represent the relative amounts of IF1

and IF2 that were present at the time folding was interrupted,
if it is assumed that the quantum yields of fluorescence of
IF1, IF2, and N are all the same. Panels c and d of Figure 6
show that the populations of IF1 and IF2 increase at a rate of
1 s-1, reach a maximum, and then decrease to zero at a rate
of 0.0024 s-1. Thus, the rates at which IF1 and IF2 disappear
are the same as the rate of appearance of native protein.

In a separate, manual mixing, experiment, refolding was
commenced in 1 M GdnHCl, and the fraction of molecules
present as N at any time of refolding was determined by
carrying out the unfolding assay as described above (inset
of Figure 6b). It was seen that the apparent rate of formation
of N during refolding in 1 M GdnHCl is also 0.0024 s-1, as
it is for refolding in 0.5 M GdnHCl. Hence, it appears that
the rate of formation of N from the late intermediate(s) is
independent of the GdnHCl concentration in which the
protein is refolded.

Double-Jump Refolding Assays.To determine the amount
of unfolded protein at different times during unfolding, as
well as to detect any heterogeneity in the unfolded form,
interrupted unfolding experiments were carried out. At
different times during unfolding in 5 M GdnHCl, unfolding
was interrupted by effecting a drop in GdnHCl concentration
from 5 to 0.5 M. Figure 7a shows the kinetic traces of
refolding in 0.5 M GdnHCl of protein that had been unfolded
in 5 M GdnHCl for different times. It is seen that the total
amplitude of the refolding reaction increases with the time
for which the protein was unfolded prior to refolding. In
general, the change in fluorescence accompanying the
refolding reaction is described as a three-exponential process,
with the three kinetic phases having rate constants similar
in value to those measured for the refolding of equilibrium
unfolded protein (Figure 5b). The relative amplitudes of the
three kinetic phases of refolding vary with the time the
protein was unfolded prior to the refolding jump. After the
longest time for which unfolding was allowed to proceed
prior to being interrupted by the refolding jump (800 s), the
relative amplitudes of the three kinetic phases match the
relative amplitudes observed for the refolding of equilibrium-
unfolded protein, which are 15% for the very fast phase,

FIGURE 6: Kinetics of formation of the N state and two intermediate
forms from the equilibrium-unfolded U form. Refolding was
initiated by effecting a jump in GdnHCl concentration from 5 to
0.5 M. Panel a shows the kinetic unfolding traces obtained when
the refolding was interrupted at different times (from bottom to
top: 0.2, 10, 100, 500, and 3600 s) with a jump in GdnHCl
concentration from 0.5 to 5 M. The inset shows the initial 5 s of
the kinetic unfolding traces. The fraction of N, the fraction of
intermediate IF1, and the fraction of intermediate IF2 are plotted
against time of refolding, in panels b, c, and d, respectively. At
any time of refolding, N, IF1, and IF2 were identified as the forms
that unfold with rates of 0.011( 0.003, 0.2( 0.04, and 4.5(
1 s-1, respectively. The amounts of N, IF1, and IF2 formed at each
time of refolding, from 50 ms to 3600 s, were determined from a
double-jump unfolding assay, as described under Materials and
Methods. The fractions of N, IF1, and IF2 formed at any time of
refolding were determined as the amounts of N, IF1, and IF2 formed
at that time divided by the amount of N formed after folding was
complete. The solid line in panel b describes the formation of N
according to a single-exponential process, with an apparent rate
constant of 0.0024 s-1. The inset in panel b shows the time course
of formation of N during refolding in 1 M GdnHCl, determined by
a manual mixing double-jump experiment. The solid line through
the data in the inset is a fit of the data to a single-exponential
equation and yields an apparent rate constant for the formation of
N of 0.0025 s-1. Each data point represents the average of three
independent determinations from different experiments, and the
error bars represent the standard deviations.
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60% for the fast phase, and 25% for the slow phase (Figure
5c,d).

Panels b-d of Figure 7 show how the relative amplitudes
of the three kinetic phases of refolding change with the time
the protein was unfolded in 5 M GdnHCl prior to refolding.
It is seen that the relative amplitude of the very fast phase is
already at its final value (15%) even when the protein is
unfolded for only 5 s. On the other hand, the relative
amplitudes of the fast and slow phases develop to the final
values seen for equilibrium unfolded protein at the same rate
of 0.011 s-1, which matches the observed rate of unfolding
of the protein in 5 M GdnHCl. Hence, the unfolded form
that gives rise to the fast and slow phases of folding is formed
at the same rate at which the protein is observed to unfold.

The double-jump refolding assays were also carried out
by interrupting unfolding in 5 M GdnHCl by a refolding
assay in 1.5 M GdnHCl. The change in fluorescence
accompanying the refolding process in 1.5 M GdnHCl occurs
in two kinetic phases:∼80-85% (slow) and∼15-20%
(fast) (Figure 5c). The results of the double-jump refolding

assay are therefore less complex (Figure 8). Figure 8a shows
kinetic traces of refolding of protein that had been unfolded
for different times. The refolding kinetic trace of protein that
was unfolded for any time longer than 75 s is well-described
by a two-exponential increase in fluorescence. The apparent
rate constants of this increase in fluorescence are 0.025 and
0.0024 s-1, which are the same as the fast and slow kinetic
phases of refolding in 1.5 M GdnHCl (Figure 5c) of
equilibrium unfolded protein. The relative amplitudes of these
two kinetic phases of refolding are seen to increase with the
time at which unfolding in 5 M GdnHCl was interrupted
and to reach values of 80-85 and 15-20% at the longest
time of prior unfolding.

For protein that was unfolded for a short time (from
200 ms to 10 s) in 5 M GdnHCl before being transferred to

FIGURE 7: Kinetics of formation of the U form from the N state.
Unfolding was initiated by effecting a jump in GdnHCl concentra-
tion from 0 to 5 M. Panel a shows the kinetic refolding traces
obtained when unfolding in 5 M GdnHCl was interrupted at
different times (from bottom to top: 10, 20, 100, and 200 s) by a
jump in GdnHCl concentration from 5 to 0.5 M. The kinetic traces
have been normalized to a value of 1 for fully folded protein in
0 M GdnHCl. The solid lines through the data represent fits to the
sum of three exponentials. All refolding traces yielded the same
three rate constants: 7( 2, 1( 0.3, and 0.1( 0.03 s-1. The inset
shows the initial 5 s of therefolding traces. The relative amplitudes
of the very fast, fast, and slow kinetic refolding phases are plotted
against the time at which unfolding is interrupted by the jump in
GdnHCl concentration from 5 to 0.5 M, in panels b, c, and d,
respectively. The insets in panels b, c, and d show how these relative
amplitudes vary during the first 50 s of unfolding. The solid lines
through the data in panel b represent a linear fit of the data, and
the solid lines through the data in panels c and d represent fits of
the data to single-exponential equations and yield apparent rate
constants of 0.011 s-1 (panel c) and 0.011 s-1 (panel d). Each data
point in panels b, c, an d represents the average of three independent
determinations from different experiments, and the error bars
represent the standard deviations.

FIGURE 8: Kinetics of formation of the U form from the N state.
Unfolding was initiated by effecting a jump in GdnHCl concentra-
tion from 0 to 5 M. Panel a shows the fluorescence-monitored
kinetic refolding traces obtained when unfolding in 5 M GdnHCl
was interrupted at different times (from top to bottom: 10, 50, 100,
and 200 s) by a jump in GdnHCl concentration from 5 to 1.5 M.
The kinetic traces have been normalized to a value of 1 for fully
folded protein in 0 M GdnHCl. The solid lines through the data
represent fits to the sum of exponentials. All refolding traces yielded
the same rate constants: 0.014( 0.001 and 0.0024( 0.0002 s-1.
The inset shows the initial 100 s of the refolding traces. Panel b
shows the fluorescence-monitored kinetic traces of refolding in
1.5 M GdnHCl, obtained after unfolding in 5 M GdnHCl for 10 s,
at different final protein concentrations: 0.5µM (solid line), 1µM
(0), and 8.15µM (O). Panel c shows the relative amplitudes of
the slow (O) and fast phases (4) of fluorescence increase during
refolding, plotted against the time at which unfolding is interrupted
by the jump in GdnHCl concentration from 5 to 0.5 M. The inset
shows the initial 100 s of the same. The solid lines through the
data in panel c represent fits of the data to a single-exponential
equation. In both cases, the fits yield an apparent rate constant of
0.011 s-1. Panel d shows the relative amplitude of the decrease in
fluorescence (2), which is observed when unfolding is interrupted
at any time within the first 50 s, plotted against the time at which
unfolding is interrupted. The solid line through the data in panel d
represents a fit of the data to a two-exponential equation (eq 1)
and yields apparent rate constants of 0.2 and 0.06 s-1. Each data
point in panels c and d represents the average of three independent
determinations from different experiments, and the error bars
represent the standard deviations.

Folding and Unfolding Pathway of MNEI Biochemistry, Vol. 46, No. 42, 200711735



1.5 M GdnHCl, the refolding trace is well-described as a
single-exponential decrease in fluorescence. The apparent rate
constant for this decrease in fluorescence is 0.014 s-1 and is
independent of the time (from 200 ms to 10 s) the protein
was unfolded prior to the refolding jump. The refolding traces
of protein that was unfolded for times between 10 and 50 s
show first a decrease and then an increase in fluorescence,
with rates of 0.014 and 0.0024 s-1, respectively. The fast
kinetic phase of the increase in fluorescence, which occurs
at a rate of 0.025 s-1 during refolding in 1.5 M GdnHCl,
cannot be discerned when the time of prior unfolding is
<75 s. Figure 8b shows that the kinetic phase of decrease
in fluorescence, which occurs at the rate of 0.014 s-1, is
independent of protein concentration, indicating that it does
not arise from transient aggregation during unfolding or
refolding (32).

Figure 8c shows how the relative amplitudes of the slow
and fast kinetic phases of the increase in fluorescence that
accompanies refolding in 1.5 M GdnHCl increase with the
time of prior unfolding in 5 M GdnHCl. The kinetics of the
increase in the relative amplitude of the slow refolding phase
(0.0024 s-1) display an initial lag phase of 15 s duration,
after which its relative amplitude increases exponentially at
a rate of 0.011 s-1, which is the same as the apparent rate
constant of fluorescence change when native protein is
unfolded in 5 M GdnHCl (Figure 5b). Similarly, the kinetics
of the increase in the relative amplitude of the fast refolding
phase (0.025 s-1) display an initial lag phase. This lag appears
to be longer in duration than that seen for the slow refolding
phase, but this is most likely because of the inaccuracies in
the measurement of the fast refolding phase at shorter times
of prior unfolding.

The kinetic phase of the decrease in fluorescence during
refolding, which occurs at a rate of 0.014 s-1, is not seen in
the case of protein that is unfolded to equilibrium (Figures
4 and 5), that is, when unfolding is commenced from U. It
must therefore arise from the refolding of a partially unfolded
intermediate that is populated transiently during the first 50
s of refolding. Figure 8d shows that the amplitude of this
kinetic phase of the decrease in fluorescence (0.014 s-1)
increases as the time of prior unfolding is increased from
0.2 to 10 s and then decreases to zero as the time of prior
unfolding is increased further from 10 to 100 s. The time
course of change of this amplitude of this kinetic phase is
well-described as a two-exponential process with apparent
rate constants 0.2 and 0.06 s-1 for the increase and decrease
in amplitude, respectively. Figure 8d therefore shows that
the partially unfolded intermediate, IUE, is populated maxi-
mally at about 10 s of unfolding in 5 M GdnHCl. The
fluorescence of IUE appears to exceed that of N by∼10%.

DISCUSSION

Equilibrium Unfolding of Single-Chain Monellin Appears
To Be Two-State.The observation that the equilibrium
unfolding transition curves obtained using different probes
[fluorescence, far-UV CD (222 nm), and near-UV CD
(280 nm)] are co-incident (Figure 3) suggests that intermedi-
ates are not populated to any significant extent at equilibrium
at any concentration of denaturant. Although the fluorescence-
monitored equilibrium unfolding curve shows a significant
upward curvature in the native protein baseline region, the

possibility that a partially unfolded structure might be
populated in 1.5 M GdnHCl could be ruled out by the
observation that protein that had been equilibrated at this
concentration of GdnHCl, in which its fluorescence was
maximum, unfolded at the same rate as protein equilibrated
in native buffer in zero denaturant.

Refolding Kinetics of Single-Chain Monellin Are Complex
in Strongly Stabilizing Conditions.In this study, the refolding
of single-chain monellin in strongly stabilizing conditions
such as in 0.5 M GdnHCl is shown to occur in five kinetic
phases. The fastest kinetic phase is apparent when refolding
is monitored by measurement of the change in ANS
fluorescence and is complete in the sub-millisecond time
domain. Hence, one or more early intermediates, IE, are
formed in the sub-millisecond time domain. It is likely that
IE, at 1 ms of refolding, consists of more than one species
because, subsequently, ANS dissociates from the folding
protein molecules in three kinetic phases. Previous sub-
millisecond measurements of the folding of single-chain
monellin at pH 9.4 have identified IE to be the product of a
chain collapse reaction (48), which is complete in 300µs.
IE was reported to contain an insignificant amount of
secondary structure. It was observed that the tryptophan
fluorescence of IE is the same as that of the fully unfolded
protein. This could mean that IE is only loosely compact in
a manner that the tryptophan residue remains solvent
accessible, or it could mean that the tryptophan residue (Trp4)
is at too N-terminal a position on the sequence for it to report
on the folding of the entire protein molecule. However, IE

obviously has sufficient solvent-accessible hydrophobic
surface for ANS to bind.

Of the five kinetic phases, three are detected when intrinsic
tryptophan fluorescence is monitored (Figures 3 and 4). The
very fast phase, with an apparent rate constant, in zero
denaturant, of 100 s-1, accounts for 15% of the total
fluorescence change during refolding. The observation that
its amplitude is independent of denaturant concentration
suggests that the very fast phase arises from a separate
population of unfolded molecules. The relative amplitude
of the very fast phase indicates that this unfolded state (U1)
comprises 15% of the unfolded protein at equilibrium. In a
previous study of folding at pH 9.4 (48), a significant change
in far-UV CD was seen to occur in this very fast phase. The
fast and slow phases, with apparent rate constants in zero
denaturant of 8 and 0.6 s-1, respectively, account for the
remaining 85% of the fluorescence change. Surprisingly, the
fast phase was not seen in an earlier study of the folding of
alkali unfolded single-chain monellin at pH 9.4 in zero
denaturant, by either fluorescence or CD measurement (48).
The observation that with increasing GdnHCl concentration
the relative amplitude of the slow phase decreases at the
expense of that of the fast phase suggests that the fast and
slow phases arise from the same population of unfolded
molecules and that this population of unfolded molecules
(U2) is distinct from that giving rise to the very fast phase
of refolding. U2 is populated to∼85% at equilibrium.

Finally, there is also a very slow phase of folding, with
an apparent rate constant of 0.0024( 0.0003 s-1. This kinetic
phase is silent to fluorescence change and, hence, has not
been reported in the earlier study of the refolding of single-
chain monellin(48), where it was assumed that the slow
phase leads to the formation of native protein. The very slow
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phase can be detected in double-jump, interrupted folding
experiments in which the amount of native protein can be
determined quantitatively (Figure 6). These experiments
indicate that the formation of native protein proceeds from
intermediates possessing native-protein fluorescence, in the
very slow phase of folding. The very slow phase of refolding
could also be detected when folding was monitored by
measurement of ANS fluorescence, indicating that some ANS
dissociates from the refolding protein molecules in the very
last step of folding. In the earlier study of the refolding of
single-chain monellin (48), the very slow phase was not
detected by measurement of ANS fluorescence, because the
measurement was not done beyond 10 s of refolding.

Fast and Slow Phases of Fluorescence Change Occur on
Competing Fast and Slow Folding Pathways.As discussed
above, the fast and slow folding pathways originate from
the same unfolded form, U2. The simplest explanation for
the origin of the fast and slow phases of refolding is that
they represent two competing pathways of folding and that
utilization of the slow pathway at the expense of the fast
pathway dominates folding at higher concentrations of
GdnHCl. It would be very unlikely that the fast and slow
phases represent consecutive steps via an intermediate on a
single pathway, because that would mean that the fluores-
cence properties (and, hence, structure) of the intermediate
are changing drastically with a change in denaturant con-
centration.

Because the relative amplitudes of the fast and slow phases
of fluorescence change (60 and 25%, respectively, in 0.5 M
GdnHCl) are not proportional to the observed fast and slow
rate constants (1 and 0.1 s-1 in 0.5 M GdnHCl), the kinetic
partitioning leading to the observed relative utilization of
the fast and slow folding pathways must occur very early
after commencement of folding from refolding U2. Because
it is known that at least one burst phase intermediate, IE, is
populated within a few milliseconds of refolding, it would
appear that the kinetic partitioning occurs during the U2 f
IE transition. The observation that the dissociation of ANS
from IE as it folds occurs in fast as well as slow kinetic phases
(Figure 4d) supports the assumption that IE feeds into both
the fast and slow pathways of folding. IE must therefore
consist of two forms, IE1 and IE2, and the relative populations
of IE1 and IE2 would determine the relative utilization of the
fast and slow refolding pathways.

Fast Folding Phase Leads to the Formation of Two
Intermediates on Competing Pathways. It is observed from
the interrupted refolding experiments in 0.5 M GdnHCl that
the rate (1 s-1) at which the two intermediates IF1 and IF2

build up in population is the same as the rate of the fast
fluorescence change during refolding in 0.5 M GdnHCl. This
suggests that the fast phase of fluorescence change represents
the formation of IF1 and IF2. If this is true, then the relative
amplitude of this fast kinetic phase, which is 60% (Figure
5c), must reflect the maximum extent to which IF1 and IF2

are populated during refolding. Panels c and d of Figure 6
indicate that this is indeed so: at 10 s of refolding, when
the fast phase of fluorescence change is complete,∼60% of
the molecules are present as IF1 and IF2. The agreement also
supports the assumption (see Results) that the quantum yields
of fluorescence of IF1, IF2, and N are all the same.

IF1 must be substantially more stable than IF2: IF1 is seen
to unfold 20-fold more slowly than IF2 (see Figure 6 legend).

Nevertheless, they form at the same rate and also trans-
form into native protein at the same rate (Figure 6). The
most likely explanation is that IF1 and IF2 form on two paral-
lel pathways, IE1 f IF1 f N and IE1 f IF2 f N, because it
is very unlikely that two intermediates of vastly different
stabilities will form on a single pathway at the same
time.

There could be an alternative explanation. There may be
only one sequential pathway: IE1 f IF1 f N, and IF2 may
be a dead-end, probably, misfolded intermediate that forms
from IF2. If this were true, then the IF1 h IF2 equilibrium
would have to be rapid (∼10-fold faster) compared to the
formation of IF1, to account for the observation that both IF1

and IF2 are seen to form essentially together (Figure 6). It
has been suggested that such a dead-end, misfolded inter-
mediate might be responsible for the observation, in pulsed-
HX studies of the folding of several proteins (49, 50), that
on-pathway intermediates are not populated fully at the time
they have formed to their maximum extent. However, it is
unlikely that such an explanation is correct in the present
case: in 5 M GdnHCl, the unfolding of IF2 to IF1 would be
much faster than it would be in 0.5 M GdnHCl, and both IF1

and IF2 would be expected to unfold in one observable kinetic
phase, corresponding to the unfolding of IF1. Because the
unfolding of IF1 and IF2 in 5 M GdnHCl is seen to occur in
two separate kinetic phases, it is very unlikely that one forms
directly from the other. Hence, it appears that IF1 and IF2

must form separately on different competing pathways. It
should be noted that in the case of the pulsed-HX experi-
ments referred to above, as well as in the case of other
experiments in which a dead-end misfolded intermediate has
been postulated as an explanation for an on-pathway
intermediate not being populated fully (51), competing
pathways are a viable alternative explanation (52, 53).

Intermediates Are Also Populated on the Pathways GiVing
Rise to the Very Fast and Slow Folding Phases of Fluores-
cence Change.During refolding in 0.5 M GdnHCl, 25% of
the fluorescence change occurs in the slow kinetic phase at
a rate of 0.1 s-1 and 15% in the very fast kinetic phase at a
rate of 7 s-1. These kinetic phases of change in fluorescence
appear to occur on two different folding pathways, one very
fast and one slow (see above). Native protein is, however,
formed in only one very slow kinetic phase with an apparent
rate constant of 0.0024 s-1. It therefore appears that
intermediates must be populated on both the slow and very
fast folding pathways. The very fast phase of fluorescence
change would correspond to the formation of the intermediate
IVF from unfolded protein, on the very fast folding pathway.
The slow phase of fluorescence change would correspond
to the formation of the intermediate IS from unfolded protein,
on the slow folding pathway. Both IVF and IS must transform
to N at the same very slow rate. The fluorescence properties
of IVF and IS would be the same as that of N, because the
very slow folding phase is silent to fluorescence change (see
above). The double-jump, interrupted refolding experiment
is, however, unable to detect the presence of IVF and IS. It
seems that IVF and IS must be so unstable in 5 M GdnHCl
that they unfold too quickly to be seen.

NatiVe Protein Is FormedVia Multiple Pathways but in a
Single Very Slow Kinetic Phase. Each of the four parallel
folding pathways (see above) is distinguished by the ac-
cumulation of a unique intermediate, IF1, IF2, IVF, or IS. IS
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forms the most slowly, at an apparent rate of 0.1 s-1 in
0.5 M GdnHCl. Because only a single very slow kinetic
phase with an apparent rate constant of 0.0024 s-1 is observed
for the formation of N, it seems that all four intermediates,
IF1, IF2, IVF, and IS, on the four different folding pathways
transform to N at this very slow apparent rate. It is because
N is formed on four different parallel pathways, from
intermediates which themselves form at rates 40-4000-fold
faster, that effectively no lag phase can be observed during
the formation of N (Figure 6d).

Folding Appears To Be Simpler in Marginally Stabilizing
Conditions. When refolding is carried out in marginally
stabilizing conditions (1.5 M GdnHCl), only the fast and slow
phases of refolding are observed. The value of the faster
observed rate constant of refolding (0.025 s-1) is such that
this apparent rate constant could be attributed to either the
fast or very fast kinetic phases of refolding (see Figure 5c).
However, the observation, in interrupted unfolding experi-
ments, that the relative amplitude of this kinetic phase
increases concomitantly with that of the slow phase of
refolding, as the time of prior unfolding is increased (Figure
8c), suggests that the observed rate constant of 0.025 s-1

corresponds to that of the fast refolding phase. The absence
of the very fast phase of fluorescence change suggests that
the intermediate IVF is strongly destabilized and not popu-
lated. It is likely that the early intermediate, IE, and the later
intermediates, IS, IF1, and IF2, are also destabilized in 1.5 M
GdnHCl. In fact, the observation that the apparent rate of
the slow phase of fluorescence change during refolding in
1.5 M GdnHCl is the same as the apparent rate of formation
of N (0.0024 s-1) suggests that IS, like IVF, may not be
populated in 1.5 M GdnHCl. In this context, it is to be noted
that IS and IVF are more unstable than IF1 and IF2: the
unfolding reactions of the former in 5 M GdnHCl are too
fast to be measured in the double-jump, interrupted refolding
experiments (Figure 6), whereas those of the latter are
measurable.

In summary, the refolding experiments, single-jump as
well as double-jump, suggest the following. (1) Two popula-
tions of unfolded molecules, U1 and U2, are present. U1 is
populated to∼15% and U2 to ∼85% at equilibrium. (2) A
loosely compact folding intermediate IE is populated at
1 ms of refolding. IE is likely to consist of more than one
species having intrinsic tryptophan fluorescence properties
identical to those of U1 or U2. IE can bind ANS. (3) The
very fast phase of fluorescence change during refolding
originates from U1 and occurs on a separate folding pathway.
(4) The fast and slow phases of fluorescence change during
refolding originate from U2, and they represent two folding
pathways that compete with each other. (5) The fast phase
of fluorescence change during refolding itself represents the
formation of two intermediates, IF1 and IF2, of differing
stabilities on two competing pathways. (6) An intermediate
IVF is populated on the pathway of folding on which the very
fast change in fluorescence occurs. Another intermediate, IS,
is populated on the pathway of folding on which the slow
change in fluorescence occurs. (7) The fluorescence proper-
ties of IF1, IF2, IVF, and IS are identical to those of N. (8)
Native protein is formed in a single very slow kinetic phase.
(9) IF1 and IF2 have been shown to transform directly to N,
and there is no necessity to postulate the involvement of
additional intermediates in the transformation of IVF or IS to

N. (10) When folding is carried out in marginally stable
conditions (1.5 M GdnHCl), IVF does not appear to populate
to any significant extent.

Unfolding Kinetics of Single-Chain Monellin Is Also
Complex. Although the observable kinetics of the unfolding
of single-chain monellin are single exponential when moni-
tored by measurement of intrinsic tryptophan fluorescence,
there is also an unobservable sub-millisecond burst phase
change in fluorescence (Figure 5). The observations that
unfolding occurs in two kinetic phases and that the relative
amplitude of the burst phase increases, albeit only by 15%,
at the expense of the observable phase suggest two unfolding
pathways. It is unlikely that the two unfolding pathways
originate from two populations of native monellin molecules
because NMR studies of single-chain monellin have failed
to detect heterogeneity in the native state (47, 54). It therefore
appears that kinetic partitioning occurs early during unfold-
ing, leading to two unfolding pathways, one fast and the other
slow.

Fast Unfolding Pathway Leads to the Formation of U1.
The very fast phase of fluorescence change during refolding
has been suggested to originate from the unfolded form U1,
as it transforms into the folding intermediate IVF. The
observation, in a double-jump, interrupted unfolding experi-
ment in 5 M GdnHCl (Figure 7), that the relative amplitude
of the very fast phase of fluorescence change reaches its final
equilibrium value of 15% within 5 s of thecommencement
of unfolding (Figure 7) suggests that U1 is fully populated
within 5 s ofunfolding. In the direct unfolding experiment
in 5 M GdnHCl (Figures 4b and 5a), the fast,∼15% change
in fluorescence, from the extrapolated native baseline at
5 M GdnHCl to thet ) 0 value of the observed kinetic trace
of unfolding, occurs within the first few milliseconds of
unfolding. This 15% change in fluorescence corresponds to
the final population of U1 at equilibrium and indicates that
U1 forms completely within a few milliseconds. There is no
evidence for the population of an unfolding intermediate on
the N f U1 pathway.

Slow Unfolding Pathway Leads to the Formation of the
Unfolded Form U2. As described above, both the fast and
slow phases of the change in fluorescence during refolding
appear to originate from events taking place during the
folding of only one of the two unfolded forms, namely, U2.
The observation, in a double-jump, interrupted unfolding
experiment (Figure 7), that the relative amplitudes of the
fast and slow phases of the change in fluorescence during
refolding increase to their final equilibrium values with the
time of unfolding, at the same apparent rate, indicates that
this is indeed so. Moreover, this apparent rate, which
corresponds to the rate of formation of U2 from N, occurs at
the same rate as that of the slow observable change in
fluorescence in a direct unfolding experiment. Thus, the slow
unfolding pathway leads to the formation of U2.

Intermediates Are Populated on the Nf U2 Pathway. The
double-jump experiments in which unfolding in 5 M GdnHCl
was interrupted at different times by refolding in 0.5 M
GdnHCl were useful because they allowed the identification
of two pathways of unfolding, as described above. But
because the kinetics of refolding in 0.5 M GdnHCl is
complex, it was not possible to identify unfolding intermedi-
ates that might be populated on the Nf U2 pathway. In
principle, such unfolding intermediates can be identified on
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the basis of the expectation that they would fold to N at
rates faster than the rate of folding of U2 to N.

Hence, double-jump experiments in which unfolding in
5 M GdnHCl was interrupted by refolding in 1.5 M GdnHCl,
were also carried out. In 1.5 M GdnHCl, U1 and U2 refold
with the change in fluorescence occurring in only the fast
(15-20%) and slow (80-85%) kinetic phases, which leads
directly to the formation of N. In other words, the intermedi-
ate IVF is too strongly destabilized in 1.5 M GdnHCl to
accumulate to any significant extent (see above). The
refolding assay for unfolding intermediates becomes simpler
to analyze and interpret.

The 15 s lag observed in the formation of U2, in the
double-jump experiments in which unfolding in 5 M GdnHCl
was interrupted by switching to refolding in 1.5 M GdnHCl
(Figure 8c), clearly indicates that at least one intermediate
is populated on the Nf U2 pathway. The double-jump
experiment also indicates the population of an intermediate,
IU1, the fluorescence of which is more than that of U and
which can fold back to N at a rate of 0.014 s-1, which is
6-fold faster than the rate at which N is formed during
refolding from U. The amount of IU1 at different times of
unfolding could be quantified from the relative amplitude
associated with its refolding rate. It was found that IU1 is
formed at an apparent rate of 0.2 s-1 and disappears at a
rate of 0.06 s-1. These rates account for the 15 s lag phase
seen in the formation of U2 from N, but they also indicate
that IU1 cannot be transforming directly to U2, because U2
forms at an apparent rate of 0.011 s-1 (see above). It becomes
necessary to include an additional intermediate, IU2, on the
unfolding pathway, which forms from IU1 at a rate of 0.06
s-1 and which transforms to U2 at a rate of 0.011 s-1.

Rapidly Formed Unfolding Intermediate, IUE, Allows
Kinetic Partitioning along the Two Unfolding Pathways. U1

is formed very rapidly from N, within a few milliseconds.
Nevertheless, most of the protein molecules unfold via the
slower N f U2 pathway: for unfolding in 5 M GdnHCl,
85% of the unfolding molecules utilize this pathway and only
15% utilize the competing Nf U1 pathway. Such substan-
tive utilization of the slower Nf U2 pathway will occur
only if the first step on this pathway is faster than the rate
of the N f U1 reaction. Hence, it is necessary to postulate
that an intermediate, IUE, is formed so rapidly on the Nf
U2 pathway that a majority of protein molecules are
channeled into this pathway. The optical properties of IUE

would necessarily have to be the same as those of N;
otherwise, a much larger burst phase change in fluorescence
would be observed.

Origin of Heterogeneity in the Unfolded Protein. In the
consideration of both the folding and unfolding mechanisms,
it has been necessary to propose the existence of two
unfolded forms, U1 and U2. It is necessary to understand how
this heterogeneity might arise. For many proteins, isomer-
ization of the X-Pro bond is thought to be responsible for
similar heterogeneity. An X-Pro bond that is cis in the native
protein might become trans in the unfolded state, and
unfolded protein molecules with a cis X-Pro bond might
fold differently from those with a non-native trans X-Pro
bond (55-58). Two of the six proline residues in monellin
are in the cis conformation: Pro 41, in the middle of the
chain, participates in theâ sheet of monellin; and Pro 93,
present toward the end of the C terminus, is in a flexible

region. When a protein having two cis Pro residues is
unfolded, four unfolded forms will be present in equilibri-
um: UCC, UCT, UTC, and UTT. UCC, the unfolded form with
both proline residues in the cis conformation, is expected to
comprise only∼3% of the unfolded molecules (57, 59). UTT,
with both proline residues in the trans conformation, is
expected to comprise∼69%, whereas UCT and UTC are
expected to comprise∼28% (14% each) of the unfolded
molecules. From the experiments reported in this study, it
appears that it is necessary to postulate only two unfolded
forms of single-chain monellin, U1 (15%) and U2 (85%). It
therefore seems that U2 comprises UTT and either UTC or
UCT (69 + 14 ) 83%). U1 would then comprise UCC and
either UCT or UTC. At present, it is not known whether it is
Pro 41 or Pro 93 which is cis in UTC and which is cis in
UCT, but in either case it would mean that these two X-Pro
bonds are not equivalent.

Proline Isomerization during Refolding. If the above
assignment of UCC, UCT, UTC, and UTT to the two observed
unfolded forms, U1 and U2, is correct, then it is expected
that a very slow folding phase incorporating trans to cis
proline isomerization should occur during the folding of both
U1 and U2. As discussed above, all four kinetic folding
intermediates appear to transform to N in a very slow folding
phase with a rate characteristic of proline isomerization.
Proline isomerization reactions are characterized by high
enthalpies of activation, but direct measurement of the
temperature dependence of the very slow phase is not easy
because it is silent to any optical change. Nevertheless, the
observation that its rate is independent of the concentration
of GdnHCl in which refolding is carried out (see Results),
as is that of proline isomerization, suggests that no major
structure formation reaction occurs during the very slow
phase of folding. It has not been possible to detect an

FIGURE 9: Kinetic simulations supporting the refolding mechanism
of single-chain monellin. In each panel, experimental data from
Figures 4 and 6 are shown along with the kinetic simulation (dashed
line) to the refolding mechanism, carried out as described in the
text: (a) fluorescence-monitored kinetic trace of refolding in 0.5
M (solid line), normalized between values of 0 for unfolded protein
and 1 for native protein; (b) formation of N (O); (c) formation of
intermediate, IF1 (0); (d) formation of IF2 (4).
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expected rapid phase in the formation of N from the∼3%
of the unfolded molecules present as UCC, given the error of
measurement in the double-jump, interrupted refolding
experimenta, which report directly on the formation of N.

It is possible that IE1 and IE2, both of which originate from
U2, differ in having two and one proline residues, respec-
tively, in the non-native trans configuration. Then, the two
pathways originating from IE1 might differ in which of the
two proline residues undergoes trans to cis isomerization first
and which second. Such an explanation has been suggested
in the case of ribonuclease T1 (60), but in that case, the
fastest steps on the two pathways had rates corresponding
to those typically seen for proline isomerization. This
explanation for two competing pathways defined on the basis
of which proline residue undergoes isomerization first is very
unlikely in the case of monellin because the observed fast
rates of formation of IF1 and IF2 (∼1 s-1) are much too fast
for a proline isomerization reaction. Hence, it appears that
while proline isomerization does give rise to heterogeneity
in unfolded monellin, it does not give rise to the heterogene-
ity seen during the fast phase of folding.

Mechanism of Refolding. On the basis of the above
discussion the following mechanism is proposed to describe
the folding of single-chain monellin in strongly stabilizing
conditions:

All of the kinetic data on refolding in 0.5 M GdnHCl were
simulated numerically using the program KINSIM (61).
Although nearly all of the apparent rate constants in the
scheme have been determined experimentally, it was still
necessary to make the following minimal assumptions: (1)
It is assumed that IE consists of two species, IE1 and IE2,
because this allows kinetic partitioning of the folding
molecules along either of the two competing pathways, slow
and fast. Values for the apparent rate constants of the U2 f
IE1 and U2 f IE2 reactions have been assumed on the basis
of the observation (Figure 3d) that IE is populated at 1 ms
of refolding. Previous sub-millisecond measurements have
indicated that IE is formed within 300µs of refolding in the
absence of denaturant (48). (2) It is assumed that the U1 H
U2 reaction is a proline isomerization reaction. Hence, the
forward and backward rate constants for this reaction have
been assigned values typically seen for proline isomerization
reactions (62, 63) such that the equilibrium population of
U1 and U2 are 15 and 85%, respectively. (3) It is assumed
that the fluorescence properties of IVF, IS, IF1, and IF2 are the
same as those of N and that the fluorescence properties of
IE1 and IE2 are the same as those of either U1 or U2. The

bases for these assumptions have been discussed above. (4)
Although all steps in the mechanism are completely revers-
ible, it is assumed that in strongly stabilizing conditions for
folding, such as in 0.5 M GdnHCl, the reverse rate constants
are very small in comparison to the forward rate constant.
Hence, the reverse (unfolding) apparent rate constants have
been ignored except for the step involving proline isomer-
ization in the unfolded protein. (5) It is assumed that there
are only two unfolded forms, U1 and U2 (see the unfolding
mechanism below).

It is seen in Figure 9 that the refolding mechanism above,
incorporating competing pathways, accounts well for all of
the experimental data for refolding in 0.5 M GdnHCl, from
single-jump as well as double-jump experiments.

When refolding is carried out in 1.5 M GdnHCl, the
intermediate IVF appears not to be populated to any significant
extent, and as a result refolding occurs only in the slow and
fast kinetic phases with apparent rate constants of 0.0024
and 0.025 s-1, respectively. The mechanism of refolding in
1.5 M GdnHCl appears to have simplified to U1 H U 2 f
N, with U2 refolding as described in the refolding mechanism
above. The direct route from U1 to N is not expected to be
operative to any significant extent because the apparent rate
constant for the U1 f N reaction (0.0024 s-1) is slower
than the apparent rate constant of the U1 f U2 reaction
(0.01 s-1). As a result, the 15% unfolded molecules present
as U1 are channeled into the U2 f N folding pathway(s).

Mechanism of Unfolding.The following mechanism is
proposed to describe the unfolding of single-chain monellin
in strongly unfolding conditions.

All of the kinetic data on the unfolding of single-chain
monellin in 5 M GdnHCl have been simulated numerically,
using the program KINSIM (61). Values for nearly all of
the steps in this mechanism have been determined experi-
mentally in this study, but it was still necessary to make the
following assumptions. (1) The value of the rate constant of
the Nf IUE transition was assumed to be sufficiently faster
than the Nf U1 reaction so that 85% of the unfolding
protein molecules utilized the Nf U2 pathway. It is known
experimentally that the Nf U2 is complete within a few
milliseconds (Figure 4). (2) It is assumed that the fluores-
cence properties of IUE, IU1, and IU2 are the same as those of
N, as discussed above. (3) The rate constants for the U1 H
U2 reaction have been assumed to have values representative
of proline isomerization reactions (see above). (4) Although
all steps in the above mechanism are reversible, it is assumed
that in strongly unfolding conditions, such as in 5 M GdnHCl,
the reverse reactions can be ignored.

It is clear from Figure 10 that the unfolding mechanism
above, incorporating multiple pathways, accounts well for
all of the experimental refolding data, from both single-jump
and double-jump experiments.
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Kinetic Partitioning Leads to Competing Folding Path-
ways.In protein folding studies, it has been relatively easy
to detect parallel folding pathways arising from multiple
unfolded forms that originate from proline isomerization in
the unfolded protein. As a consequence, it has been common
to attribute any heterogeneity observed in folding reactions
to proline isomerization reactions, even though studies with
several proteins show that proline isomerization is not the
sole cause of such heterogeneity in folding reactions (19,
22, 59). Nevertheless, it has been far more difficult in folding
studies to detect competing folding pathways that originate
from a single unfolded form or intermediate. In this study,
it has been shown directly, by the use of a double-jump assay
for quantifying two intermediates which form in parallel, that

the fast phase of fluorescence change, representing the major
phase of folding in stabilizing conditions, occurs on two
competing pathways. These competing pathways arise from
kinetic partitioning from the same early folding intermediate.
The kinetic partitioning occurs too quickly to be attributed
to proline isomerization (see above). It has also been
suggested that kinetic partitioning from the major unfolded
protein leads to the fast and slow phases of folding. This
kinetic partitioning occurs even more quickly, again far too
quickly to be attributed to proline isomerization. It also
appears that kinetic partitioning leads to two pathways for
unfolding. The direct demonstration of kinetic partitioning
leading to competing folding pathways is the major result
of the present study. Understanding the structural origin of
such kinetic partitioning is an important future goal.

Significance of Multiple Pathways for Folding and Un-
folding. The major result of this study is the demonstration
that multiple pathways are available to the protein for folding
and unfolding. The possibility of multiple pathways for
folding was brought out elegantly in a model for folding in
which the folding of a protein was likened to the assembly
of a jigsaw puzzle: assembly can start anywhere (multiple
pathways), but the end product is always the completed
puzzle (native state) (64). Since then, multiple folding and
unfolding pathways have been reported for several proteins.
It appears that for several proteins, only one of a few
available pathways is operative under a given set of
experimental conditions. For example, in the case of barstar,
as conditions become more stabilizing, one pathway domi-
nates at the expense of the other (19). In the case of
thioredoxin, folding is channeled along one out of several
available folding pathways, in the presence of the chaperone
GroEL (65). In the case of the monomericλ repressor, the
utilization of different folding pathways has been reported
(66) to be highly sensitive to a change in sequence (muta-
tion). Here, it has been shown, in the case of the single-
chain monellin, MNEI, that as conditions become less
stabilizing, the slow folding pathway predominates over the
other available folding pathways. In making multiple path-
ways available for the folding or unfolding of a protein,
evolution has conferred robustness on the folding process:
if mutation or a change in folding conditions disables one
folding pathway, another pathway can take over. It appears
that evolution has achieved such robustness by allowing the
folding reactions along any one pathway to occur in steps
defined by folding intermediates. Any one pathway can then
be selected over another by a change in folding conditions,
because such a change in folding conditions would change
the relative stabilities of the folding intermediates on the
different pathways.

Conclusion. In summary, it is shown that monellin utilizes
four parallel folding pathways originating from two unfolded
states. Although part of the heterogeneity seen can be
attributed to the presence of more than one unfolded form,
the major result of the current study is the demonstration of
kinetic partitioning leading to competing pathways for
folding. One of the pathways originates from one unfolded
form, and the other pathways originate from the second
unfolded form. We show that the pathways originating from
the second unfolded form all compete with one another and
that a change in folding conditions leads to greater utilization
of the slow pathway at the expense of the other pathways.

FIGURE 10: Kinetic simulations supporting the unfolding mecha-
nism of single-ehain monellin. In each panel, experimental data
from Figures 4, 7, and 8 are shown along with the kinetic simulation
(dashed line) to the unfolding mechanism, carried out as described
in the text: (a) fluorescence-monitored kinetic trace of unfolding
in 5 M GdnHCl (solid line); (b) relative amplitude of the very fast
phase (3) (the simulation shows how the amount of U1 changes
with time of unfolding in 5 M GdnHCl); (c) relative amplitude of
the fast phase of refolding in 0.5 M GdnHCl (4), as a function of
the time of prior unfolding in 5 M GdnHCl; (d) relative amplitude
of the slow phase of refolding in 0.5 M GdnHCl (O), as a function
of the time of prior unfolding in 5 M GdnHCl (the simulations in
panels c and d show how the amount of U2, which gives rise to the
fast and slow phases of refolding in 0.5 M GdnHCl, changes with
time of unfolding); (e) relative amplitude of the fast (4) and slow
(O) phases of refolding in 1.5 M GdnHCl, as a function of the
time of prior unfolding in 5 M GdnHCl (the simulations show how
the amount of U2, which gives rise to the fast and slow phases of
refolding in 1.5 M GdnHCl, changes with the time of unfolding in
5 M GdnHCl); (f) relative amount of IU1 (2) as a function of the
time of unfolding in 5 M GdnHCl.
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The results bring out the roles played by folding intermedi-
ates in directing the utilization of alternative folding pathways
when many pathways are available.
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