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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 (GdnHCI)-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 GdnHCI-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 GdnHCI 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 that these proteins may not require intermediates to fold, has
has been directed toward understanding the folding of been an erosion of the importance ascribed previously to
proteins that fold apparently in a two-state manner without folding intermediates in determining a protein folding
any detectable accumulation of folding intermediates ( pathway. This has happened even though for many of the
3). As a consequence, much has been learned about the naturgpparent two-state folders, it is likely that intermediates are
of the kinetic barrier that separates unfolded and folded indeed populated transiently but that they cannot be detected
proteins and how it is determined, at least in part, by because either they are too unstable or they follow the rate-
structural parameters of the folded protein such as topology |imiting step in folding. Indeed, in the case of several two-
(4, 5). However, another consequence, because it seemedtate folders, a change in folding conditions can be used to
stabilize unstable folding intermediates sufficiently so that
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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 &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 naturkS,(14)

and that initial intermediates observed during folding may
be misfolded {5—17) have questioned the relevance of FiGUREL: Structure of single-chain monellin (MNEI). The structure
folding intermediates. The experimental demonstration that has been drawn using entifA3 in the PDB, using the program
folding, as well as unfolding, may occur via multiple ™MoImol-

pathways populated by structurally distinct intermediates on
an energy landscapé&—24) and the observations that the
pathway utilized may depend on the starting conditids (

25) as well as the conditions during folding have also brought B-strands 4 and 5, corresponding to residues 3% of the

into focus the necessity for understanding the roles played . o
by intermediates. This necessity has been reinforced by theA chain @2, 44). The structure of monellin is similar 1o that

view derived from statistical models of protein foldir@5(- of the cystatin family of thiol proteinase inhibitorég). Its
28) that intermediates are not only unnecessary for folding fold, the so-ca_lledﬂ-grasp .f0|d.’ is one of the 10 most
to occur but may actually serve as kinetic traps that impede common protein folds,'wr.n'ch is shared npt only by. the
folding. cystatins but als_o by u_b_lqumn, the B1 domain of protein G,
Although delineating the roles of partly folded intermediate and chymotrypsm. |nh|b.|tor . )
structures in specifying the utilization of competing protein ~ Two single-chain variants of monellin have been shown
folding and unfolding pathways is crucial, determining their to be similar structurally to the naturally occurring dimeric
role in protein aggregation is turning out to be equally Protein @3) (Figure 1). In one variant, the C terminus of
important. Proteins very often aggregate transiently during the B chain has been linked directly to the N terminus of
folding (29-31) as well as unfolding32) because of the  the A chain 46), whereas in the other variant (MNEI), a
self-association of folding or unfolding intermediates, and Gly-Phe dipeptide has been used to link the two terndi#j.(
in some cases the aggregation is specific, leading to theBoth single-chain variants appear to be functionally as sweet
formation of amyloid protofibrils 3, 34). In the case of  asthe naturally occurring two-chain protein. The single-chain
some proteins, amyloid formation is linked directly to disease Variants of moneliin unfold reversibly37) and are more
(35). It has hence become important to delineate the roles Stable than the naturally occurring two-chain protéi# ¢6).
of intermediates not only during folding and unfolding but They can be unfolded completely in GdnHCI, and they refold
also as the starting points for aggregation leading to amyloid completely back to the native state upon removal of
formation. For this, it is essential to study a protein that is denaturant. The mechanism of folding remains, however,
well suited to serve as a model protein for studying the unknown.
mechanism of protein folding as well as protein aggregation. In this study, the mechanism of refolding of the GdnHCI-
One such protein is the small protein monellin. unfolded single-chain monellin (MNEI), as well as the
Monellin is an intensely sweet protein, isolated originally mechanism of unfolding by GdnHCI, has been characterized
from the berry of an African plantDioscoreophyllum in detail. The change in fluorescence accompanying the
cuminisii (36). It is well suited as a model protein for refolding of the protein is shown to occur in three kinetic
studying the mechanism of protein folding because it unfolds phases-very fast, fast, and slow. Double-jump, interrupted
and refolds reversibly in both its naturally occurring het- refolding experiments indicate that four parallel folding
erodimeric form and in artificially created monomeric pathways are operative from two unfolded forms of the
variants. Hence, it is attractive as a model protein not only protein and that native protein forms in a single, very slow
for the study of the folding of a monomeric proteBiff but kinetic phase that is silent to fluorescence change. It is shown
also for the study of how multimeric proteins fol@g 39), that some of this heterogeneity arises due to the occurrence
for the study of the folding and unfolding of a protein in the of proline isomerization in the unfolded protein. Interestingly,
absence of the potentially complicating presence of chemicalthe heterogeneity seen in the fast phase of folding cannot be
denaturants, and for the study of how chaperones facilitateascribable to proline isomerization, but arises, instead,
the complementation of polypeptide chains when assisting because two folding pathways operate in competition with
the folding of a multimeric protein. It is also well suited as each other. It is shown to arise because of kinetic partitioning
a model protein for studying the mechanism of protein during folding from a very early folding intermediate. The
aggregation40, 41). change in fluorescence accompanying the unfolding of the
Naturally occurring heterodimeric monellin consists of a protein is shown to occur in two kinetic phases, and double-
chain A of 45 amino acids, comprising three antiparallel jump, interrupted unfolding experiments indicate the exist-
f-strands, and a chain B of 50 amino acids, comprising one ence of two parallel unfolding pathways leading to the two
long a-helix intersecting with two antiparall@gtstrands. The  unfolded forms of the protein. Unfolding intermediates can
five -strands form a single sheetd). The two chains are  be detected on the slower of the two unfolding pathways.

held together mainly by interchain hydrophobic interactions,
H-bonds and salt bridgegJ). The sweet-taste determinant
of monellin appears to be located in the loop containing
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MATERIALS AND METHODS a bandwidth of 1 nm, a response time of 1 s, and a scan

. . ) speed of 20 nm min. Measurements were made usin
Materials. All chemicals and reagents were obtained from P g

. - . . protein concentrations of 100M in a 1 cm path length
Sigma (uncliess otherwise mentioned) and were of the highesty ete  Fifty wavelength scans were averaged for each
purity grade.

spectrum.

Purification of Single-Chain MonellinThe gene for MNEI Equilibrium Unfolding Experiment&quilibrium unfolding
was subcloned into the pET22bvector between the sites 4 monellin was monitored using fluorescence, far-UV CD,

of Ndd andHindlll. The amino acid sequence of the protein 54 near-UV CD as probes. Protein(80 M for fluores-
expressed in théscherichia coliBL 21 DE3* strain is cence, 815 uM for far-UV CD, and 65-70 uM for near-

MGEWEIIDIGPFTOQNLGKFAVDEEN- UV CD) was incubated in different concentrations of
KIGQYGRLTFNKVIRPCMKKTIYENEG- GdnHCI ranging from 0 to 6 M, for 6 h. The equilibrium
FREIKGYEYQLYVYASDKLFRADISEDYK-  forescence signals were measured on the stopped-flow

TRGRKLLRFNGPVPPP. The underlined residues are found module (SFM-4) from Biologic, with which the kinetic

in chain B of two-chain monellin. The C terminus of chain  gyperiments were also done. The protein sample was excited
B is attached to the N terminus of chain A through & Gly- 5t 280 nm, and fluorescence emission was monitored using
Phe dipeptide linker. Cells were grown overnight after 3 340 nm band-pass filter. For each point, the signal was
induction with 0.25 mM isopropyfi-p-1-thiogalactopyra-  ayeraged for 120 s. During the monitoring of equilibrium
n03|d9 (IPTG).. The pur|f|cat|on_ protocol used has been unfolding using far-UV CD at 222 nm as the probe, a
described preV|0ust4(_7). \/ery brlgfly, the harvested ceI.Is 0.2 cm path length cuvette was used, and the signal was
were broken by sonication. This was followed by ion ayeraged for 30 s. During the monitoring of equilibrium
exchange chromatography on an SP-Sepharose column a”gnfolding using near-UV CD at 270 nm as the probe, a 1
then by gel filtration on a G-75 column. cm path length cuvette was used, and the signal was averaged
The purity of the protein was checked on SDS-PAGE and oy 60 s.
was found to be>99% pure. ESI mass spectroscopy  Kinetic Experiments Rapid (milliseconds) mixing of
indicated a pure protein of mass 11403 Da, which corre- so|ytions and the observation of kinetic processes during
sponds to the mass of the above sequence. In addition, gyotein folding or unfolding reactions were done using a
secpnd minor £10%) mass of 11271 Da was observed,_ Biologic SFM-4 machine. Mixing dead-times of the order
which corresponds to the mass of the above sequence withyf 6.2 ms were obtained, using a cuvette of 0.15 cm path
the N-terminal methionine cleaved out. Typically, 50  |ength, with flow rates of 5 mL &. The final protein

100 mg of protein was obta_lined fromléi_of E. coligrowth._ concentration in the cuvette ranged from 8 to AM.

In all studies, the monellin concentration was determined gxcitation was at 280 nm, and fluorescence emission was
using the extinction coefficient?’™™ = 1.46 x 10 M™*  measured using a 340 nm band-pass filter. Data were
cm (36). acquired in three time domains on different channels, with

Buffers and SolutionsThe native buffer used for all  different sampling times for each domain. For refolding
equilibrium and kinetic experiments was 50 mM sodium experiments, monellin was first unfolded #h in unfolding
phosphate, 25@M EDTA, and 1 mM DTT at pH 7. The  puffer containiy 4 M GdnHCI. Thirty microliters of
presence of DTT in all buffers ensured that the monellin equilibrium-unfolded protein was diluted into 270 of
molecules did not exist as dimers formed through intermo- premixed native and unfolding buffers, so that the final
lecular disulfides. The unfolding buffer was native buffer GdnHCI concentration was in the range of €85 M. For
containing 4-8 M GdnHCI (ultrapure, 99.9% from USB).  unfolding experiments, monellin was equilibrated in native
The concentrations of stock solutions of GdnHCI were buffer prior to use. Thirty microliters of equilibrated native
determined by measuring the refractive index using an Abbe protein at pH 7 was diluted into 27@L of premixed
3L refractometer from Milton Roy. All measurements were unfolding and native buffers, so that the final GdnHCI
carried out at room temperature (25). All buffer solutions concentration was in the range of 3.6 M.
were passed through 0.2an filters and degassed before  pH Jump-Induced Refolding in the Absence of Denaturant.
use. Monellin was first unfolded by adding 1 volume of 0.1 M

Fluorescence Spectr&luorescence spectra were collected NaOH to 2 volumes of monellin in 50 mM phosphate buffer,
on a Spex Fluoromax 3 spectrofluorometer. For intrinsic pH 7, and adjusting the final pH to 12. Refolding was
fluorescence measurements, the protein samples were exciteghitiated by mixing 1 volume of unfolded protein at pH 12
at either 280 or 295 nm and emission spectra were collectedwith 6 volumes of refolding buffer (50 mM sodium
from 300 to 400 nm, with a response time of 1 s, an phosphate, pH 6.8) in the Biologic SFM-4 module, so that
excitation bandwidth of 0.3 nm, and an emission bandwidth the final pH was 7. A mixing dead-time of 1.5 ms was
of 5 nm. Measurements were made using protein concentra-achieved by using a cuvette of 0.08 cm path length and a
tions of 4 uM, and each spectrum was recorded as the flow rate of 6 mL s*. The final protein concentration in the
average of five fluorescence emission wavelength scans. cuvette was~10 uM. When refolding was monitored by

Circular Dichroism (CD) SpectraCD spectrum measure- measurement of intrinsic tryptophan fluorescence, the fluo-
ments were carried out on a Jasco J 720 spectropolarimeterrescence was excited at 280 nm and emission was measured
Far-UV CD spectra were collected with a bandwidth of 1 using a 340 nm band-pass filter.
nm, a response time of 1 s, and a scan speed of 20 nrtmin When refolding was monitored by measurement of ANS
The protein concentration used was 2M in a 0.1 cm fluorescence, the refolding buffer at pH 6.8 contained
path length cuvette. Thirty wavelength scans were averaged~45uM ANS. The final concentration of the protein during
for each spectrum. Near-UV CD spectra were collected with refolding was 4uM, and that of ANS was 4@&M. ANS
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fluorescence was excited at 350 nm, and emission was7.1 M GdnHCI so that the GdnHCI concentration became

measured using a 450 nm band-pass filter.

Double-Jump Assay for the Formation of the N State
during Folding in 0.5 M GdnHCIA Biologic SFM-4 mixing
module was used to mix 3gL of equilibrium-unfolded
protein n 4 M GdnHCI buffer with 22Q:L of native buffer,
such that the final GdnHCI concentration was 0.5 M. The
refolding mixture was aged for different lengths of time in
a delay loop of 19@L volume (the intermixer volume was
220 uL). After different refolding times (from 300 ms to
3600 s), 5QuL of the solution in the delay loop was mixed
with 305uL of unfolding buffer containig 6 M GdnHCI so
that the final GdnHCI concentration during unfolding was
5 M. The final protein concentration wag//1 in a 0.15 cm

5 M. After different times of unfolding, 1580L of native
buffer was added so that the final concentration of GdnHCI
became 1.5 M. The final protein concentration wasgtZM

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,
70uL of protein was mixed with 15@L of unfolding buffer
containing 7.35 M GdnHCI in a 190L loop (the intermixer
volume was 22Q:L) so that the final GAnHCI was 5 M.
After different times of unfolding (from 200 ms to 10 s),
70 uL of the solution from the delay loop was mixed with
162 uL of native buffer so that the final GdnHCI concentra-

path length cuvette. A dead-time of 25 ms was obtained usingtion became 1.5 M. The final protein concentration was 6

flow rates of 1.4 mL st The unfolding reaction after each 10xM in a 0.15 cm path length cuvette. The mixing dead-
time of refolding was monitored by measurement of fluo- time was 8 ms with a flow rate of 6.44 mL-s Refolding
rescence emission at 340 nm. The amount of native proteinwas observed after different times of unfolding. At the initial
formed at each time of refolding was determined from time points of unfolding (from 200 ms to 10 s), only a
measurement of the amplitude of the slowest phase ofdecrease in the fluorescence intensity with a rate of 0.014
unfolding, which occurred at a rate of 0.0310.002 s*. + 0.001 s' was observed. At intermediate time points of
The amounts of two folding intermediates formed at each unfolding (from 20 to 50 s), there was first a decrease and
time of refolding were determined from measurement of the then an increase in the fluorescence intensity, with rates of
amplitudes of the two faster kinetic phases of unfolding, 0.0144 0.001 and 0.0024:t 0.0002 s, respectively. At
which had observed rates of 4451 and 0.24 0.04 s later time points (75500 s), two kinetic phases of increasing
The fractions of N and the two folding intermediates formed fluorescence intensity at rates of 0.0250.001 and 0.0024

at any time were determined as the amplitudes of the + 0.0002 s! were observed. The fractions of U and the
corresponding kinetic phases of unfolding, relative to the intermediate formed at any time was determined from the
amplitude of the total amplitude of the unfolding reaction amplitudes of the increasing and decreasing phases of
initiated when the refolding reaction was allowed to proceed fluorescence change, respectively, relative to the amplitude

for 3600 s.

Double-Jump Assay for the Formation of U during
Unfolding in 5 M GdnHCI. A Biologic SFM-400 mixing
module was used to mix &l of equilibrated native protein
solution with 14QuL of unfolding buffer containing 7.85 M

of refolding phase initiated when the unfolding was first
allowed to proceed for 500 s.

Data Analysis. (a) Equilibrium Unfolding Dat&quilib-
rium unfolding transitions were analyzed using a two-state
N < U model (L3) to obtain the values for the free energy

GdnHCI such that the final GANHCI concentration was 5 M. of unfolding in waterAGy and the midpoint of transition
The unfolding protein solution was aged in a delay loop of (Cy).

190uL (the intermixer volume was 226L). After different (b) Kinetic Refolding and Unfolding Datalhe kinetic
times of unfolding (from 5 to 800 s), 5@ of the unfolding traces for refolding monitored by the change in fluorescence
protein in the delay loop was mixed with 430 native were fit to two- or three-exponential equations, as necessary.
buffer so that the final GdnHCI concentration was 0.5 M. The kinetic traces for unfolding were fit to a single-
The final protein concentration wag®/ in a 0.15 cm path exponential equation.

length cuvette. The mixing dead-time was 11.9 ms with @ (c) Interrupted Unfolding Assay&he kinetic traces for
flow rate of 6.25 mL s*. The refolding reaction after each  refolding in 0.5 M GdnHCI, after first unfolding in 5 M

time of unfolding was monitored by measurement of the GdnHCI, were fit to three-exponential equations.
fluorescence emission at 340 nm. The amplitudes of the three The kinetic traces for refolding in 1.5 M GdnHClI, after

observable kinetic phases of refolding in 0.5 M GdnHCI, it unfolding in 5 M GdnHCI for<20 s, were fit to a single-
which had observed rate constants 071, 1+ 0.3, and  gxnonential equation. The kinetic traces for refolding in

0.1+ 0.02 s, were determined at each time of unfolding. 1 5\ GdnHCI, after first unfoldingri 5 M GdnHCI for times
_Thqr relative ar_nplltude_s were determined by Q|V|d|ng the beyond 20 s, were fit to a two-exponential equation.
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
GdnHCI rather than in 0.5 M GdnHCI. In 1.5 M GdnHCI,
the refolding kinetics are simpler, and hence it is possible
to identify unfolding intermediates that refold with kinetics Wwhere Ay is amplitude at any time, A is the maximum
that are different from the kinetics starting from U. Both amplitude of the intermediate phase, afdand 1, are
manual mixing and stopped-flow mixing experiments were observed rates of formation and decay of intermediates.
carried out. The manual mixing experiments were done by (d) Interrupted Refolding Assayhe kinetic traces for
mixing 200 uL of protein in native buffer with 47%L of unfolding in 5 M GdnHClI, after first refolding in 0.5 M

The formation and decay of intermediates were fit to the
equation

A2

Ap = A(i — )LZ)(e_lllt - e_lzt)

1

1)
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FIGURE 2: Spectroscopic characterization of monellin at pH 7 and
25 °C: (a) fluorescence emission spectra with excitation at Ficure 3: Stability of monellin at pH 7, 25C: (a) equilibrium
280 nm; (b) fluorescence emission spectra with excitation at 295 GdnHCl-induced unfolding curve determined by monitoring fluo-
nm; (c) far-UV CD spectra; (d) near-UV CD spectra. In all panels, rescence emission at 340 nm (the inset shows the equilibrium urea-
the solid lines indicate the spectra of native protein, the dashedinduced unfolding curve); (b) equilibrium GdnHCl-induced un-
lines indicate spectra of protein unfoldedé M GdnHCI, and the folding curve determined by ellipticity at 222 nm; (c) equilibrium
dotted lines indicate spectra of protein unfolded at pH 12. GdnHCl-induced unfolding curve determined by monitoring ellip-
ticity at 270 nm; (d) fraction unfolded versus GdnHCI concentration;

GdnHCI for different periods of time, were fit to a three- (O) fluorescence;4) far-UV CD; (v) near-UV CD. The solid lines
exponential equation through the data are nonlinear least-squares fit to a two-state N

p : U model, and yield values fakGyy andmyy were 6.2 kcal mot?
and 2.7 kcal moit M1, respectively.

[GdnHCI] (M)

RESULTS

monellin, as seen in the near-UV CD spectrum, is also

Characterization of Single-Chain MonelliMNEI. The completely lost upon unfoldingii6 M GdnHCI.

wavelength of maximum fluorescence emission of native _ _
single-chain monellin is 348 nm, whereas that of the unfolded =~ Figure 2a shows the fluorescence spectrum of monellin
monellin, which contains seven tyrosine residues and onePeak of tyrosine fluorescence is seen because the tyrosine
tryptophan residue in its sequence, is strongly quenched: there&dug has ionized to tyrosinate, which is not fluorescent.
relative fluorescence of native single-chain monellin at Monellin also appears to be completely unfolded at pH 12
310nm upon excitation at 280 nm is only 60% of that of an N the gbsence of any denaturant: the maximum flu_ore_scence
equimolar concentration df-acetyltyrosine amide, whereas €mission at pH 12 occurs at 355 nm upon excitation at
the relative fluorescence at 348 nm upon excitation at 295 295 nm as it doesni6 M GdnHCI. However, the intensity
nm is only 20% of that of an equimolar concentration of Of the fluorescence of the protein at pH 12 is only 70% of
N-acetyltryptophan amide. Upon excitation at 280 nm, the that of the proteinn 6 M GdnHCI (Figure 2b). Figure 2c
because the tyrosine residues are excited principally, and thel2, Which is the same as that at pH 13 (data not shown), is
fluorescence at 355 nm in unfolded protein is low because Nearly the same as that seen6 M GdnHCI. Similarly,

little energy transfer occurs from the excited tyrosine residues Figure 2d shows that the near-UV CD spectrum obtained at
to the sole tryptophan residue: the distances between thes@H 12 is not very different from that obtained in 6 M
residues are larger in the unfolded protein. The poor GANHCI. Other studies (data not shown) indicated that
efficiency of energy transfer in the unfolded state, but not monellin is not deamidated when incubated at pH 12 for up
in the folded state, is also evident in the observation that at0 4 h and that the protein at pH 12 is as unfolded as it is at
distinct peak of tyrosine fluorescence is observed only for PH 13, as judged from the CD spectra (data not shown).
the unfolded protein and not for the folded protein. Upon  Stability of Single-Chain MonellinFigure 3a shows the
excitation at 295 nm, at which wavelength the sole tryp- fluorescence-monitored, GdnHCI-induced equilibrium un-
tophan residue is excited directly, the fluorescence spectrumfolding curve for monellin at pH 7, 25C. Fluorescence was
undergoes a red shift upon unfolding in GdnHCI, such that excited at 280 nm and monitored at 340 nm, the wavelength
the wavelength of maximum emission is shifted from at which the native and unfolded states differ most in their
348 nm for the native protein to 355 nm for the unfolded intrinsic fluorescence. The equilibrium unfolding curve
protein. Figure 2c shows that the secondary structure ofdisplays a marked upward curvature at GAnHCI concentra-
monellin, evident as principally @-sheet in the far-UV CD  tions below those corresponding to the unfolding transition
spectrum, is lost completely upon unfoldingd M GdnHCI. zone. Panels b and ¢ of Figure 3 show the far-UV CD-
Figure 2d shows that the specific tertiary structure of monitored and near-UV CD-monitored GdnHCIl-induced
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equilibrium unfolding curve. The fluorescence and CD- 1.2
monitored equilibrium curves indicate that the protein is half
unfolded at a GdnHCI 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 0 200 400 600 800 1000 O 200 400 600 800 1000
low GdnHCI 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& are converted to plots of c
fraction of protein unfolded versus GdnHCI concentration,
they overlap. An analysis of the data in Figure 3d according @ ¢y |
to a two-state N= U model indicates that the free energy fz
of unfolding is 6.2+ 0.5 kcal mot™.

Kinetics of Refolding and Unfoldingrigure 4a shows the
time courses of the increase in fluorescence during refolding ¢
in different concentrations of GdnHCI. It is seen that there © (4 F===7= 7=———- , ,
is no sub-millisecond burst phase change in fluorescence. 00 01 02 40 80 00 05 1.0 500 1000
Each kinetic trace commences from the same point, corre- Time of refolding (s) Time of refolding (s)
sponding to the fluorescence of monellm4 M GdnHCI. FiIGURE 4: Folding and unfolding kinetics of monellin at pH
Each kinetic trace for refolding in low concentrations of 7 25°C. (a) Intrinsic tryptophan fluorescence-monitored kinetic
GdnHCl is well-described by a three-exponential equation, traces of refolding in 0.6, 1, and 1.5 M GdnHCI, shown top to
whereas refolding in concentrations of GdnH€1.25 M is bottom. The solid lines through 0.6 & M data traces represent

) ; ) ; ; nonlinear least-squares fits to a three-exponential equation, and the
well-described by a two-exponential equation. As expected solid line through the 1.5 M data trace represents nonlinear least-

from the equilibrium unfolding curve of Figure 3a, the final - squares fits to a two-exponential equation. The dashed line indicates
fluorescence value for folding in low concentrations of the fluorescence value of protein 4 M GdnHCI from which

GdnHCI exceeds the fluorescence of the native state. refolding was commenced. (b) Intrinsic tryptophan fluorescence-
Figure 4b shows the time course of the decrease in monitored kinetic traces of unfolding in 4, 5,&® M GdnHCI,

. S e . shown top to bottom. The solid lines through the data traces
fluorescence during unfolding in different concentrations of represent nonlinear least-squares fits to a single-exponential equa-

GdnHCI. _A” kinetic traces are well-described by single- ton. The dashed line represents the fluorescence of protein in native
exponential equations, and when extrapolated badk=to buffer in the absence of any denaturant. In both panels, the insets

0, they do so to a fluorescence value that exceeds theshow the initial parts of the kinetic traces. In both panels, and for

; . all traces; fluorescence values have been normalized to a value of
iuzog((;s‘,cence of the native protein in zero denaturant, by 1 for the fluorescence of fully folded protein 0 M GdnHCI. (c)

. . . . Intrinsic tryptophan fluorescence-monitored kinetic trace of refold-
To determine whether the protein equilibrated in 1.5 M ing induced by a pH jump from 12 to 7 in the absence of denaturant.
GdnHCl was indeed native, albeit with a higher fluorescence The solid line through the data trace represents a nonlinear least-
value, its unfolding kinetics was determined at different final Squares fit to a three-exponential equation. The values obtained
concentrations of GdnHCI (data not shown). At each fOf the apparent rate constauis 1, and/; are 108+ 7, 8+ 1.6,

. 7 and 0.6t 0.2 s'%, respectively, and those for the relative amplitudes
concentration of GdnHCl between 3.5 and 5.5 M, the Kinetic ¢ the observable kinetic phases, a,, andog are 0.55+ 0.09,
trace of unfolding commenced at the value expected for 0.30+ 0.06, 0.15+ 0.05, respectively. The dashed line indicates
protein equilibrated in 1.5 M GdnHCI, and the observed rate the fluorescence value of the protein at pH 12, from which refolding
constant for unfolding was identical to that observed when Was commenced. (d) ANS fluorescence-monitored kinetic trace of

: : . refolding induced by a jump in pH from 12 to 7, in the absence of
folding was commenced from native buffer not containing any denaturant. The solid line through the data trace represents a

any GdnHCI. o _ nonlinear, least-squares fit to a three-exponential equation. The
pH-Jump-Induced Refoldindzigure 4c shows the time  values obtained for the apparent rate constagts,, andl; are

course of the increase in intrinsic tryptophan fluorescence 5.2+ 1, 0.4+ 0.1, and 0.003= 0.0002 s*, respectively, and those

; ; ; ; for the relative amplitudesy, a,, andogs are 0.7+ 0.09, 0.2+
&h;tttacc;omlzpl)anles refolding Conseqtu%nt t? gétémp n T frol;‘n 0.06, 0.1+ 0.05, respectively. The dashed line indicates the values
- ,O : uorescence was e),(C' ed a n_m' SUD- ot the fluorescence of ANS in the presence of the unfolded protein
millisecod burst phase change in fluorescence is observedat pH 12 and of the native protein at pH 7.

but this can be accounted for by the increase in fluorescence
expected when the deprotonated tyrosine residues (tyrosi-Typically, ANS does not bind to unfolded protein or native
nates) in the protein at pH 12 are protonated to tyrosine at protein, which makes it an ideal probe to monitor transiently
pH 7, immediately upon the jump in pH (see Figure 2a). populated intermediates during folding, which have exposed
The subsequent observable refolding reaction occurs in threehydrophobic patches. Figure 4d shows that the ANS fluo-
kinetic phases characterized by apparent rate constants ofescence is not enhanced in the presence of completely
108+ 7,84+ 0.6, and 0.6+ 0.2 s'%. unfolded monellin at pH 12 or folded monellin at pH 7. Itis
The hydrophobic dye 8-anilino-1-naphthalenesulfonic acid seen, however, that the ANS fluorescence increases and
(ANS) binds to exposed hydrophobic patches of partially decreases during the course of refolding at pH 7. The increase
structured folding intermediates. Upon binding, its fluores- in fluorescence occurs in a sub-millisecond burst phase,
cence increases substantially over that of unbound ANS.during the mixing dead-time, and the subsequent decrease
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Ficure 5: Dependence of folding and unfolding kinetics on
GdnHCI concentration. Folding and unfolding kinetics were studied
by monitoring fluorescence at 340 nm. (a) Kinetic versus equilib-
rium amplitudes: ©) equilibrium unfolding curve;4) t = 0 points

of kinetic refolding traces;Y{) t = « points of kinetic refolding
traces; &) t = 0 points of kinetic unfolding tracesy| t = c points

of kinetic unfolding traces. The solid line through the equilibrium
unfolding data is a nonlinear least-squares fit to a two-state N
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that both refolding and unfolding reactions reached comple-
tion. Each refolding trace extrapolates backt at 0, to
approximately the value expected by linear extrapolation of
the unfolded protein baseline to low GdnHCI 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 tat= 0 to a
fluorescence value which is 20% larger than the fluorescence
of the native state in the absence of GdnHCI.

Figure 5a also shows that tlhe= 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 unfoldingi5 M GdnHCI 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 GdnHCI concentration. The observed rate
constants are seen to have similar exponential dependences
on GdnHCI concentration. For none of the three dependences
of the observed rate constants on GdnHCI concentration is

U model. (b) Dependence of the observed rates for folding and @ rollover seen at low denaturant concentrations, indicating

unfolding on GdnHCI concentrationOj slow phase of refolding;
(») fast phase of refolding;) very fast phase of refolding®)
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

that the rate-limiting steps remain the same over the range
of GdnHCI concentrations studied. When extrapolated to zero
denaturant, the three observed rate constants are 10@&sy
fast), 10 s? (fast), and 0.8 ' (slow). These values match

4c). The larger symbols at zero denaturant represent the apparenthe observed rate constants in zero denaturant, which were
rate constants obtained from ANS fluorescence-monitored refolding determined by initiating refolding by a pH jump from 12 to
induced by a pH jump from 12 to 7 (Figure 4d). The solid lines 7 \When extrapolated to zero denaturant, the observed slow

through the three sets of apparent folding rate constants are least

squares fits to the equation ldg= log AH,O + m{GdnHCI] and
yield values forlV'H,0, A'H,0, andAsH,0 of 108, 8, and 0.6,
respectively, and form'%;, mf;, and m% of —2.3, —2.2, and
—1.8 M1, respectively. The solid line through the apparent rate
constants for unfolding is a least-squares fit to the equatioriiog
= log A%,0 + m, [GAnHCI] and yields values fotS,o andm, of
0.00002 st and 0.52 M1, respectively. (c) Dependence of the
relative amplitudes of the very fasv), fast (1), and slow Q)

tate constant of unfolding is 0.00002's

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 GAnHCI 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

phases of refolding on GdnHCI concentration. (d) Dependence of GAnHCI concentration. For refolding at GdnHCI concentra-

the relative amplitude of the slow phas®)(and burst phasem)
of unfolding on GdnHCI concentration. The relative amplitudes

shown in panels ¢ and d were calculated using linearly extrapolated

tions >1.5 M, only the fast and slow phases of refolding
are observed. The relative amplitude of the slow kinetic phase
ncreases with an increase in GdnHCI concentration. The

native protein and unfolded protein baselines shown as dashed lined g )
in panel a. The solid lines through the relative amplitude data have relative amplitudes of the two faster phases detected by ANS

been drawn by inspection only. Error bars on the points representfluorescence measurement of refolding in zero denaturant

the standard deviations of three separate measurements.

occurs in three kinetic phases with apparent rates oft5.2
1, 0.4+ 0.1, and 0.003 0.0002 s* and relative amplitudes

match the relative amplitudes of the fast and slow phase of

refolding in the lowest concentrations of GdnHCI used.
Figure 5d shows the relative amplitudes of slow phase and

burst phase in unfolding kinetics. The relative amplitude of

of 0.7, 0.2, and 0.1, respectively. Thus, the two faster the slow phase decreases with GdnHCI concentration,
apparent rate constants, determined by measurement of ANSyhereas that of the burst phase increases.

fluorescence, match the two slower apparent rate constants, poyple-Jump Unfolding AssayEo determine the amounts

determined by measurement of intrinsic tryptophan fluores-

cence, for folding in zero denaturant.

Dependence of Folding and Unfolding Kinetics on Gdn-
HCI ConcentrationFigure 5 brings out the dependence of
the folding and unfolding kinetics on GdnHCI concentration.
In Figure 5a, it is seen that both refolding and unfolding
kinetic traces extrapolate &t o to the value of fluorescence
expected from the equilibrium unfolding curve, indicating

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 GdnHCI,

refolding was interrupted and the protein transferred to 5 M
GdnHCI. 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
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o 12 1.2 for the formation of native protein is 0.0024!swhich is
§ 40-fold slower than the slowest rate constant of 0.1 s
§ 101 Z 0.9 observed for the change in fluorescence that occurs during
5 08 | g 0.6 refqldmg in 0.5 M GdnHCI (Figure 5b). This result clearly_
c 5 indicates that the slowest phase of fluorescence change during
E 056 ] S o3 refolding does not represent the formation of native protein
3 but the formation of one or more intermediates which possess
© 04 e 0.0 the same fluorescence properties as native protein. Native
0 100 200 300 400 500 0 1200 2400 3600 protein forms very slowly from these late intermediates in
Time of unfolding (s) Time of refolding (s) steps, which are silent to fluorescence change. It should be
1.2 12 noted that the apparent rate constant for the formation of
© 030 a s native protein, 0.00247%, matches the slowest apparent
£ 09 09 05 a 4 constant measured by the change in ANS fluorescence during
s 0415 s 03 W unfolding initiated by a pH jump from 12 to 7 (Figure 4d).
5§ 0 Froyey § 06 The other two observed rate constants of unfolding in the
2 03 e % | 8 . interrupted refolding experiments are much faster than the
L w rate constant of unfolding of native protein. These two faster

kinetic unfolding phases therefore represent the unfolding
of two partially folded forms of the proteingland k,, 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 amoungs of |
and k; that were present at the time folding was interrupted,
if it is assumed that the quantum yields of fluorescence of
Ir1, Ir2, and N are all the same. Panels ¢ and d of Figure 6
show that the populations of;land k; increase at a rate of
1 s%, reach a maximum, and then decrease to zero at a rate
of 0.0024 s. Thus, the rates at whickjland k, disappear
are the same as the rate of appearance of native protein.
In a separate, manual mixing, experiment, refolding was
11, respectively. The amounts of NetJ and b, formed at each commencedri 1 M GdnHCI, and the fraction of molecules

time of refolding, from 50 ms to 3600 s, were determined from a Present as N at any time of refolding was determined by
double-jump unfolding assay, as described under Materials andcarrying out the unfolding assay as described above (inset

1200 2400 3600
Time of refolding (s)
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 GdnHCI 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 GdnHCI
concentration from 0.5 to 5 M. The inset shows the ihifiss of
the kinetic unfolding traces. The fraction of N, the fraction of
intermediate d;, and the fraction of intermediate,lare plotted
against time of refolding, in panels b, c, and d, respectively. At
any time of refolding, N, 41, and k. were identified as the forms
that unfold with rates of 0.01% 0.003, 0.24 0.04, and 4.5+

2400 3600 0

0 1200
Time of refolding (s)

Methods. The fractions of Ng4, and k, formed at any time of
refolding were determined as the amounts ofd\,dnd k, 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

of Figure 6b). It was seen that the apparent rate of formation
of N during refolding h 1 M GdnHCl is also 0.002478, as
it is for refolding in 0.5 M GdnHCI. Hence, it appears that

according to a single-exponential process, with an apparent rate.the rate of formation of N from the late intermediate(s) is

constant of 0.002473. The inset in panel b shows the time course
of formation of N during refoldingn 1 M GdnHCI, determined by
a manual mixing double-jump experiment. The solid line through

independent of the GdnHCI concentration in which the
protein is refolded.
Double-Jump Refolding Assayi® determine the amount

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 ©f Unfolded protein at different times during unfolding, as
N of 0.0025 s!. Each data point represents the average of three Well as to detect any heterogeneity in the unfolded form,
independent determinations from different experiments, and the interrupted unfolding experiments were carried out. At
error bars represent the standard deviations. different times during unfoldingi 5 M GdnHCI, unfolding
was interrupted by effecting a drop in GdnHCI concentration
increasing amount of partially and fully folded protein with - from 5 to 0.5 M. Figure 7a shows the kinetic traces of
time of refolding. Each kinetic unfolding trace is described yefolding in 0.5 M GdnHCI of protein that had been unfolded
by a three-exponential equation, and the relative amplitude jn 5 M GdnHCI for different times. It is seen that the total

of each kinetic phase of unfolding depends on the time at amplitude of the refolding reaction increases with the time
which refolding was interrupted. Of the three observed rate for which the protein was unfolded prior to refolding. In

constants determined for each kinetic unfolding trace, one general, the change in fluorescence accompanying the
rate constant corresponds to the observed rate constant fofefo|ding reaction is described as a three-exponential process,
the unfolding of native protein. At the longest time at which \yith the three kinetic phases having rate constants similar
refolding was interrupted, which was 3600 s, unfolding in value to those measured for the refolding of equilibrium
occurs in one kinetic phase corresponding to this rate ynfolded protein (Figure 5b). The relative amplitudes of the
constant, indicating that all protein molecules have becomethree kinetic phases of refolding vary with the time the
fully folded at 3600 s. protein was unfolded prior to the refolding jump. After the
Figure 6b shows that the time course of the increase inlongest time for which unfolding was allowed to proceed
the relative amplitude of the kinetic phase corresponding to prior to being interrupted by the refolding jump (800 s), the
the unfolding of native protein is well-described as a single- relative amplitudes of the three kinetic phases match the
exponential process. This represents the kinetics of formationrelative amplitudes observed for the refolding of equilibrium-
of native protein. It is seen that the apparent rate constantunfolded protein, which are 15% for the very fast phase,
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FicUrRE 7: Kinetics of formation of the U form from the N state. Ficure 8: Kinetics of formation of the U form from the N state.
Unfolding was initiated by effecting a jump in GdnHCI concentra- Unfolding was initiated by effecting a jump in GdnHCI concentra-
tion from O to 5 M. Panel a shows the kinetic refolding traces tion from 0 to 5 M. Panel a shows the fluorescence-monitored
obtained when unfoldingni 5 M GdnHCI was interrupted at  kinetic refolding traces obtained when unfoldingd M GdnHCI
different times (from bottom to top: 10, 20, 100, and 200 s) by a Wwas interrupted at different times (from top to bottom: 10, 50, 100,
jump in GdnHCI concentration from 5 to 0.5 M. The kinetic traces and 200 s) by a jump in GdnHCI concentration from 5 to 1.5 M.
have been normalized to a value of 1 for fully folded protein in The kinetic traces have been normalized to a value of 1 for fully
0 M GdnHCI. The solid lines through the data represent fits to the folded proteinn 0 M GdnHCI. The solid lines through the data
sum of three exponentials. All refolding traces yielded the same represent fits to the sum of exponentials. All refolding traces yielded
three rate constants: % 2, 1+ 0.3, and 0.1 0.03's L. The inset the same rate constants: 0.0£4).001 and 0.0024- 0.0002 s
shows the initib5 s of therefolding traces. The relative amplitudes ~ The inset shows the initial 100 s of the refolding traces. Panel b
of the very fast, fast, and slow kinetic refolding phases are plotted Shows the fluorescence-monitored kinetic traces of refolding in
against the time at which unfolding is interrupted by the jump in 1.5 M GdnHCI, obtained after unfolding 5 M GdnHCl for 10 s,
GdnHCI concentration from 5 to 0.5 M, in panels b, ¢, and d, atdifferentfinal protein concentrations: QM (solid line), 1uM
respectively. The insets in panels b, ¢, and d show how these relative(l0), and 8.15:M (O). Panel ¢ shows the relative amplitudes of
amplitudes vary during the first 50 s of unfolding. The solid lines the slow ©) and fast phases) of fluorescence increase during
through the data in panel b represent a linear fit of the data, and refolding, plotted against the time at which unfolding is interrupted
the solid lines through the data in panels c and d represent fits of by the jump in GdnHCI concentration from 5 to 0.5 M. The inset
the data to single-exponential equations and yield apparent rateshows the initial 100 s of the same. The solid lines through the
constants of 0.011°% (panel c) and 0.011°% (panel d). Each data  data in panel c represent fits of the data to a single-exponential
point in panels b, ¢, an d represents the average of three independerggquation. In both cases, the fits yield an apparent rate constant of
determinations from different experiments, and the error bars 0.011 s*. Panel d shows the relative amplitude of the decrease in
represent the standard deviations. fluorescence4), 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
60% for the fast phase, and 25% for the slow phase (F'gurerepresents a fit of the data to a two-exponential equation (eq 1)
5¢,d). and yields apparent rate constants of 0.2 and 0-06Each data
Panels b-d of Figure 7 show how the relative amplitudes pointin panels ¢ and d represents the average of three independent
of the three kinetic phases of refolding change with the time déterminations from different experiments, and the error bars
. - . . represent the standard deviations.
the protein was unfoldechi5 M GdnHCI prior to refolding.

It is seen that the relative amplitude of the very fast phase is assay are therefore less complex (Figure 8). Figure 8a shows
already at its final value (15%) even when the protein is kinetic traces of refolding of protein that had been unfolded
unfolded for only 5 s. On the other hand, the relative for different times. The refolding kinetic trace of protein that
amplitudes of the fast and slow phases develop to the finalwas unfolded for any time longer than 75 s is well-described
values seen for equilibrium unfolded protein at the same rate by a two-exponential increase in fluorescence. The apparent
of 0.011 s*, which matches the observed rate of unfolding rate constants of this increase in fluorescence are 0.025 and
of the proteinm 5 M GdnHCI. Hence, the unfolded form  0.0024 s?, which are the same as the fast and slow kinetic
that gives rise to the fast and slow phases of folding is formed phases of refolding in 1.5 M GdnHCI (Figure 5c) of
at the same rate at which the protein is observed to unfold. equilibrium unfolded protein. The relative amplitudes of these
The double-jump refolding assays were also carried out two kinetic phases of refolding are seen to increase with the
by interrupting unfoldingn 5 M GdnHCI by a refolding time at which unfoldingn 5 M GdnHCI was interrupted
assay in 1.5 M GdnHCI. The change in fluorescence and to reach values of 885 and 15-20% at the longest
accompanying the refolding process in 1.5 M GdnHCI occurs time of prior unfolding.
in two kinetic phases:~80—85% (slow) and~15—20% For protein that was unfolded for a short time (from
(fast) (Figure 5c¢). The results of the double-jump refolding 200 ms to 10 s) in 5 M GdnHCI before being transferred to
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1.5 M GdnHCI, the refolding trace is well-described as a possibility that a partially unfolded structure might be
single-exponential decrease in fluorescence. The apparent ratpopulated in 1.5 M GdnHCI could be ruled out by the
constant for this decrease in fluorescence is 0.014usd is observation that protein that had been equilibrated at this
independent of the time (from 200 ms to 10 s) the protein concentration of GdnHCI, in which its fluorescence was
was unfolded prior to the refolding jump. The refolding traces maximum, unfolded at the same rate as protein equilibrated
of protein that was unfolded for times between 10 and 50 s in native buffer in zero denaturant.

show first a decrease and then an increase in fluorescence, Refolding Kinetics of Single-Chain Monellin Are Complex
with rates of 0.014 and 0.0024 % respectively. The fast  in Strongly Stabilizing Condition#n this study, the refolding
kinetic phase of the increase in fluorescence, which occursof single-chain monellin in strongly stabilizing conditions
at a rate of 0.02573 during refolding in 1.5 M GdnHClI, such as in 0.5 M GdnHCI is shown to occur in five kinetic
cannot be discerned when the time of prior unfolding is phases. The fastest kinetic phase is apparent when refolding
<75 s. Figure 8b shows that the kinetic phase of decreaseis monitored by measurement of the change in ANS
in fluorescence, which occurs at the rate of 0.014 & fluorescence and is complete in the sub-millisecond time
independent of protein concentration, indicating that it does domain. Hence, one or more early intermediates,are

not arise from transient aggregation during unfolding or formed in the sub-millisecond time domain. It is likely that
refolding 32). lg, at 1 ms of refolding, consists of more than one species

Figure 8c shows how the relative amplitudes of the slow because, subsequently, ANS dissociates from the folding
and fast kinetic phases of the increase in fluorescence thatProtein molecules in three kinetic phases. Previous sub-
accompanies refolding in 1.5 M GdnHCI increase with the Millisecond measurements of the folding of single-chain
time of prior unfolding h 5 M GdnHCI. The kinetics of the ~ monellin at pH 9.4 have identifie¢ to be the product of a
increase in the relative amplitude of the slow refolding phase chain collapse reactio®8), which is complete in 30@s.
(0.0024 s?) display an initial lag phase of 15 s duration, le was reported to contain an insignificant amount of
after which its relative amplitude increases exponentially at Secondary structure. It was observed that the tryptophan
a rate of 0.011 g, which is the same as the apparent rate fluorescence ofd is the same as that of the fully unfolded
constant of fluorescence change when native protein isProtein. This could mean that Is only loosely compact in
unfolded h 5 M GdnHCI (Figure 5b). Similarly, the kinetics @ manner that the tryptophan residue remains solvent
of the increase in the relative amplitude of the fast refolding accessible, or it could mean that the tryptophan residue (Trp4)
phase (0.0253) display an initial lag phase. This lag appears is at too N-terminal a position on the sequence for it to report
to be longer in duration than that seen for the slow refolding ©n the folding of the entire protein molecule. Howeve, |
phase, but this is most likely because of the inaccuracies inobviously has sufficient solvent-accessible hydrophobic
the measurement of the fast refolding phase at shorter timessurface for ANS to bind.
of prior unfolding. Of the five kinetic phases, three are detected when intrinsic

The kinetic phase of the decrease in fluorescence during!"YPtoPhan fluorescence is monitored (Figures 3 and 4). The

refolding, which occurs at a rate of 0.014'sis not seen in V€'Y fast phase, with an apparent rate constant, in zero
. . _ . ~ 0,

the case of protein that is unfolded to equilibrium (Figures denaturant, of 1007, accounts .for 15% of the .total

4 and 5), that is, when unfolding is commenced from U. It fluorescgnce c_ha_nge during refolding. The observation t_hat

must therefore arise from the refolding of a partially unfolded its amplitude is independent of denaturant concentration

intermediate that is populated transiently during the first 50 suggests that the very fast phase arises ffom a separate
s of refolding. Figure 8d shows that the amplitude of this population of unfolded molecules. The relative amplitude

kinetic phase of the decrease in fluorescence (0.01# s of the very fast phase indicates that this unfoldt_ad _staiae (U
increases as the time of prior unfolding is increased from COMPrises 15% of the unfolded protein at equilibrium. In a
0.2 to 10 s and then decreases to zero as the time of prior,prevlous study of folding at pH 9'.48)’."’1 significant change
unfolding is increased further from 10 to 100 s. The time in far-UV CD was seen tq occur in this very fast phasg. The
course of change of this amplitude of this kinetic phase is fast and slow phases, with apparent rate constants in zero
well-described as a two-exponential process with apparentdenaturant of 8 and 0.6°5 respectively, account for the
rate constants 0.2 and 0.06 §or the increase and decrease '€maining 85% of the fluorescence change. Surprisingly, the
in amplitude, respectively. Figure 8d therefore shows that fast phase was not seen in an earhe_r study of the f_oldmg of
the partially unfolded intermediateye, is populated maxi- alkali unfolded ;lngle-chaln monellin at pH 9.4 in zero
mally at about 10 s of unfoldingni5 M GdnHCI. The denaturant, by either fluorescence or CD measurerd@t (

fluorescence of J= appears to exceed that of N byl0% The observation that with increasing GdnHCI concentration
' the relative amplitude of the slow phase decreases at the

DISCUSSION expense of that of the fast phase suggests that the fast and
slow phases arise from the same population of unfolded
Equilibrium Unfolding of Single-Chain Monellin Appears molecules and that this population of unfolded molecules
To Be Two-StateThe observation that the equilibrium (U,) is distinct from that giving rise to the very fast phase
unfolding transition curves obtained using different probes of refolding. U, is populated to~85% at equilibrium.
[fluorescence, far-UV CD (222 nm), and near-UV CD Finally, there is also a very slow phase of folding, with
(280 nm)] are co-incident (Figure 3) suggests that intermedi- an apparent rate constant of 0.0824€.0003 s?. This kinetic
ates are not populated to any significant extent at equilibrium phase is silent to fluorescence change and, hence, has not
at any concentration of denaturant. Although the fluorescence-been reported in the earlier study of the refolding of single-
monitored equilibrium unfolding curve shows a significant chain monellin(48), where it was assumed that the slow
upward curvature in the native protein baseline region, the phase leads to the formation of native protein. The very slow
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phase can be detected in double-jump, interrupted folding Nevertheless, they form at the same rate and also trans-
experiments in which the amount of native protein can be form into native protein at the same rate (Figure 6). The
determined quantitatively (Figure 6). These experiments most likely explanation is that{ and k, form on two paral-
indicate that the formation of native protein proceeds from lel pathways, d1 — Irz — N and k; — I — N, because it
intermediates possessing native-protein fluorescence, in thas very unlikely that two intermediates of vastly different
very slow phase of folding. The very slow phase of refolding stabilities will form on a single pathway at the same
could also be detected when folding was monitored by time.
measurement of ANS fluorescence, indicating that some ANS  There could be an alternative explanation. There may be
dissociates from the refolding protein molecules in the very only one sequential pathwaygil— |1 — N, and k> may
last step of folding. In the earlier study of the refolding of be a dead-end, probably, misfolded intermediate that forms
single-chain monellin 48), the very slow phase was not from Ig. If this were true, then thes] = I, equilibrium
detected by measurement of ANS fluorescence, because thevould have to be rapid~10-fold faster) compared to the
measurement was not done beyond 10 s of refolding. formation of k,, to account for the observation that both |
Fast and Slow Phases of Fluorescence Change Occur onand k, are seen to form essentially together (Figure 6). It
Competing Fast and Slow Folding Pathways. discussed  has been suggested that such a dead-end, misfolded inter-
above, the fast and slow folding pathways originate from mediate might be responsible for the observation, in pulsed-
the same unfolded form, JUThe simplest explanation for HX studies of the folding of several proteingd( 50), that
the origin of the fast and slow phases of refolding is that on-pathway intermediates are not populated fully at the time
they represent two competing pathways of folding and that they have formed to their maximum extent. However, it is
utilization of the slow pathway at the expense of the fast unlikely that such an explanation is correct in the present
pathway dominates folding at higher concentrations of case: m 5 M GdnHCI, the unfolding ofd to I would be
GdnHCI. It would be very unlikely that the fast and slow much faster than it would be in 0.5 M GdnHCI, and bath |
phases represent consecutive steps via an intermediate on and k, would be expected to unfold in one observable kinetic
single pathway, because that would mean that the fluores-phase, corresponding to the unfolding ef. IBecause the
cence properties (and, hence, structure) of the intermediateunfolding of I; and k> in 5 M GdnHCI is seen to occur in
are changing drastically with a change in denaturant con- two separate kinetic phases, it is very unlikely that one forms
centration. directly from the other. Hence, it appears that dnd k.
Because the relative amplitudes of the fast and slow phaseanust form separately on different competing pathways. It
of fluorescence change (60 and 25%, respectively, in 0.5 M should be noted that in the case of the pulsed-HX experi-
GdnHCI) are not proportional to the observed fast and slow ments referred to above, as well as in the case of other
rate constants (1 and 0.1'dn 0.5 M GdnHCI), the kinetic ~ experiments in which a dead-end misfolded intermediate has
partitioning leading to the observed relative utilization of been postulated as an explanation for an on-pathway
the fast and slow folding pathways must occur very early intermediate not being populated fullypl), competing
after commencement of folding from refolding.\Because pathways are a viable alternative explanatibg, 63).
it is known that at least one burst phase intermedigtés| Intermediates Are Also Populated on the Pathwaysr@i
populated within a few milliseconds of refolding, it would Rise to the Very Fast and Slow Folding Phases of Fluores-
appear that the kinetic partitioning occurs during thetJ cence ChangeDuring refolding in 0.5 M GdnHCI, 25% of
Ig transition. The observation that the dissociation of ANS the fluorescence change occurs in the slow kinetic phase at
from Ig as it folds occurs in fast as well as slow kinetic phases a rate of 0.1 s' and 15% in the very fast kinetic phase at a
(Figure 4d) supports the assumption thafdeds into both rate of 7 s*. These kinetic phases of change in fluorescence
the fast and slow pathways of folding: must therefore  appear to occur on two different folding pathways, one very
consist of two forms,d; and k», and the relative populations  fast and one slow (see above). Native protein is, however,
of g1 and k2 would determine the relative utilization of the  formed in only one very slow kinetic phase with an apparent
fast and slow refolding pathways. rate constant of 0.0024-%5 It therefore appears that
Fast Folding Phase Leads to the Formation of Two intermediates must be populated on both the slow and very
Intermediates on Competing Pathwaltsis observed from fast folding pathways. The very fast phase of fluorescence
the interrupted refolding experiments in 0.5 M GdnHCI that change would correspond to the formation of the intermediate
the rate (1 s%) at which the two intermediates;land k, Ive from unfolded protein, on the very fast folding pathway.
build up in population is the same as the rate of the fast The slow phase of fluorescence change would correspond
fluorescence change during refolding in 0.5 M GdnHCI. This to the formation of the intermediatefrom unfolded protein,
suggests that the fast phase of fluorescence change represents the slow folding pathway. Botld and k must transform
the formation of §; and k. If this is true, then the relative  to N at the same very slow rate. The fluorescence properties
amplitude of this fast kinetic phase, which is 60% (Figure of Iy and k would be the same as that of N, because the
5¢), must reflect the maximum extent to whigh and k» very slow folding phase is silent to fluorescence change (see
are populated during refolding. Panels ¢ and d of Figure 6 above). The double-jump, interrupted refolding experiment
indicate that this is indeed so: at 10 s of refolding, when is, however, unable to detect the presenceypfand k. It
the fast phase of fluorescence change is comple®@% of seems thatyk and k must be so unstablei5 M GdnHCI
the molecules are present asdnd k.. The agreement also  that they unfold too quickly to be seen.
supports the assumption (see Results) that the quantum yields Native Protein Is Formedia Multiple Pathways but in a
of fluorescence ofgd;, Ig, and N are all the same. Single Very Slow Kinetic Phas&ach of the four parallel
I must be substantially more stable thas Ilg; is seen folding pathways (see above) is distinguished by the ac-
to unfold 20-fold more slowly than (see Figure 6 legend).  cumulation of a unique intermediate,! g2, Ivr, OF Is. s
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forms the most slowly, at an apparent rate of 0.1 im N. (10) When folding is carried out in marginally stable
0.5 M GdnHCI. Because only a single very slow kinetic conditions (1.5 M GdnHCI)k does not appear to populate
phase with an apparent rate constant of 0.002#&observed to any significant extent.
for the formation of N, it seems that all four intermediates,  Unfolding Kinetics of Single-Chain Monellin Is Also
Ir1, Ie2, Ive, @and k, on the four different folding pathways Complex Although the observable kinetics of the unfolding
transform to N at this very slow apparent rate. It is because of single-chain monellin are single exponential when moni-
N is formed on four different parallel pathways, from tored by measurement of intrinsic tryptophan fluorescence,
intermediates which themselves form at rates-4000-fold there is also an unobservable sub-millisecond burst phase
faster, that effectively no lag phase can be observed duringchange in fluorescence (Figure 5). The observations that
the formation of N (Figure 6d). unfolding occurs in two kinetic phases and that the relative
Folding Appears To Be Simpler in Marginally Stabilizing amplitude of the burst phase increases, albeit only by 15%,
Conditions When refolding is carried out in marginally atthe expense of the observable phase suggest two unfolding
stabilizing conditions (1.5 M GdnHCI), only the fast and slow pathways. It is unlikely that the two unfolding pathways
phases of refolding are observed. The value of the fasteroriginate from two populations of native monellin molecules
observed rate constant of refolding (0.0258)ds such that because NMR studies of single-chain monellin have failed
this apparent rate constant could be attributed to either theto detect heterogeneity in the native sta@ 64). It therefore
fast or very fast kinetic phases of refolding (see Figure 5c). appears that kinetic partitioning occurs early during unfold-
However, the observation, in interrupted unfolding experi- ing, leading to two unfolding pathways, one fast and the other
ments, that the relative amplitude of this kinetic phase slow.
increases concomitantly with that of the slow phase of Fast Unfolding Pathway Leads to the Formation of. U
refolding, as the time of prior unfolding is increased (Figure The very fast phase of fluorescence change during refolding
8c), suggests that the observed rate constant of 0.025 s has been suggested to originate from the unfolded foym U
corresponds to that of the fast refolding phase. The absenceas it transforms into the folding intermediatgr.| The
of the very fast phase of fluorescence change suggests thabbservation, in a double-jump, interrupted unfolding experi-
the intermediate\k is strongly destabilized and not popu- mentn 5 M GdnHCI (Figure 7), that the relative amplitude
lated. It is likely that the early intermediate, bnd the later  of the very fast phase of fluorescence change reaches its final
intermediates,d I, and k,, are also destabilized in 1.5 M  equilibrium value of 15% withi 5 s of thecommencement
GdnHCI. In fact, the observation that the apparent rate of of unfolding (Figure 7) suggests that i$ fully populated
the slow phase of fluorescence change during refolding in within 5 s ofunfolding. In the direct unfolding experiment
1.5 M GdnHCl is the same as the apparent rate of formationin 5 M GdnHCI (Figures 4b and 5a), the fast15% change

of N (0.0024 s') suggests thats) like lyr, may not be in fluorescence, from the extrapolated native baseline at
populated in 1.5 M GdnHCI. In this context, it is to be noted 5 M GdnHCI to thet = 0 value of the observed kinetic trace
that Is and L are more unstable thariland ky the of unfolding, occurs within the first few milliseconds of

unfolding reactions of the formeni5 M GdnHCI are too unfolding. This 15% change in fluorescence corresponds to
fast to be measured in the double-jump, interrupted refolding the final population of | at equilibrium and indicates that
experiments (Figure 6), whereas those of the latter areU; forms completely within a few milliseconds. There is no
measurable. evidence for the population of an unfolding intermediate on
In summary, the refolding experiments, single-jump as the N— U, pathway.
well as double-jump, suggest the following. (1) Two popula-  Slow Unfolding Pathway Leads to the Formation of the
tions of unfolded molecules, Land U, are present. Uis Unfolded Form U. As described above, both the fast and
populated to~15% and U to ~85% at equilibrium. (2) A slow phases of the change in fluorescence during refolding
loosely compact folding intermediate Is populated at appear to originate from events taking place during the
1 ms of refolding. ¢ is likely to consist of more than one folding of only one of the two unfolded forms, namely,;.U
species having intrinsic tryptophan fluorescence propertiesThe observation, in a double-jump, interrupted unfolding
identical to those of Wor U,. Ig can bind ANS. (3) The  experiment (Figure 7), that the relative amplitudes of the
very fast phase of fluorescence change during refolding fast and slow phases of the change in fluorescence during
originates from | and occurs on a separate folding pathway. refolding increase to their final equilibrium values with the
(4) The fast and slow phases of fluorescence change duringtime of unfolding, at the same apparent rate, indicates that
refolding originate from g, and they represent two folding this is indeed so. Moreover, this apparent rate, which
pathways that compete with each other. (5) The fast phasecorresponds to the rate of formation of fbom N, occurs at
of fluorescence change during refolding itself represents thethe same rate as that of the slow observable change in
formation of two intermediatess] and k,, of differing fluorescence in a direct unfolding experiment. Thus, the slow
stabilities on two competing pathways. (6) An intermediate unfolding pathway leads to the formation o0f.U
Ive is populated on the pathway of folding on which the very  Intermediates Are Populated on the-NU, Pathway The
fast change in fluorescence occurs. Another intermediate, | double-jump experiments in which unfolding% M GdnHCI
is populated on the pathway of folding on which the slow was interrupted at different times by refolding in 0.5 M
change in fluorescence occurs. (7) The fluorescence proper-GdnHCI were useful because they allowed the identification
ties of Iy, Ik, Ivr, and k are identical to those of N. (8) of two pathways of unfolding, as described above. But
Native protein is formed in a single very slow kinetic phase. because the kinetics of refolding in 0.5 M GdnHCI is
(9) 1 and k, have been shown to transform directly to N, complex, it was not possible to identify unfolding intermedi-
and there is no necessity to postulate the involvement of ates that might be populated on the—N U, pathway. In
additional intermediates in the transformation @f or Is to 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 th N.

Hence, double-jump experiments in which unfolding in
5 M GdnHCl was interrupted by refolding in 1.5 M GdnHCI,
were also carried out. In 1.5 M GdnHCl,;@nd U, refold
with the change in fluorescence occurring in only the fast
(15—20%) and slow (86-85%) kinetic phases, which leads
directly to the formation of N. In other words, the intermedi-
ate I is too strongly destabilized in 1.5 M GdnHCI 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, Un the
double-jump experiments in which unfoldingb M GdnHCI
was interrupted by switching to refolding in 1.5 M GdnHCI
(Figure 8c), clearly indicates that at least one intermediate
is populated on the N— U, pathway. The double-jump
experiment also indicates the population of an intermediate,
lu1, the fluorescence of which is more than that of U and
which can fold back to N at a rate of 0.014'swhich is
6-fold faster than the rate at which N is formed during
refolding from U. The amount ofyl at different times of
unfolding could be quantified from the relative amplitude
associated with its refolding rate. It was found thgt i
formed at an apparent rate of 0.2'sand disappears at a
rate of 0.06 s'. These rates account for the 15 s lag phase
seen in the formation of {from N, but they also indicate
that ly; cannot be transforming directly to,lUbecause b
forms at an apparent rate of 0.011 ésee above). It becomes
necessary to include an additional intermediagg, dn the
unfolding pathway, which forms from,] at a rate of 0.06
s ! and which transforms to 4t a rate of 0.011°S.

Rapidly Formed Unfolding Intermediate gl Allows
Kinetic Partitioning along the Two Unfolding Pathways,
is formed very rapidly from N, within a few milliseconds.
Nevertheless, most of the protein molecules unfold via the
slower N— U, pathway: for unfoldingn 5 M GdnHCI,
85% of the unfolding molecules utilize this pathway and only
15% utilize the competing N> U; pathway. Such substan-
tive utilization of the slower N— U, pathway will occur
only if the first step on this pathway is faster than the rate
of the N— U; reaction. Hence, it is necessary to postulate
that an intermediatet, is formed so rapidly on the N~
U, pathway that a majority of protein molecules are
channeled into this pathway. The optical propertiesyef |
would necessarily have to be the same as those of N;
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Ficure 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 NDJ; (c) formation of
intermediate, d; (O); (d) formation of k, ().

region. When a protein having two cis Pro residues is
unfolded, four unfolded forms will be present in equilibri-
um: Ucc, Ucr, Ure, and Ur. Ucc, the unfolded form with
both proline residues in the cis conformation, is expected to
comprise only~3% of the unfolded molecule§T, 59). Urr,

with both proline residues in the trans conformation, is
expected to comprise-69%, whereas by and Uy 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, {15%) and U (85%). It
therefore seems that,ltomprises Wr and either Yc or

Ucr (69 + 14 = 83%). U, would then comprise kk and
either Uzt or Urc. At present, it is not known whether it is
Pro 41 or Pro 93 which is cis in4d and which is cis in
Ucr, but in either case it would mean that these tweb¢o
bonds are not equivalent.

Proline Isomerization during Refoldingf the above

otherwise, a much larger burst phase change in fluorescencassignment of &e, Ucr, Ure, and U+ to the two observed

would be observed.
Origin of Heterogeneity in the Unfolded Proteim the
consideration of both the folding and unfolding mechanisms,

unfolded forms, Y and U, 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

it has been necessary to propose the existence of twoU; and U. As discussed above, all four kinetic folding

unfolded forms, Wand W.. 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 XPro bond that is cis in the native
protein might become trans in the unfolded state, and
unfolded protein molecules with a cis>Pro bond might
fold differently from those with a non-native trans—®ro
bond 65—58). Two of the six proline residues in monellin
are in the cis conformation: Pro 41, in the middle of the
chain, participates in th8 sheet of monellin; and Pro 93,
present toward the end of the C terminus, is in a flexible

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 GdnHCI 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
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expected rapid phase in the formation of N from 8% bases for these assumptions have been discussed above. (4)
of the unfolded molecules present asclUgiven the error of Although all steps in the mechanism are completely revers-
measurement in the double-jump, interrupted refolding ible, it is assumed that in strongly stabilizing conditions for
experimenta, which report directly on the formation of N. folding, such as in 0.5 M GdnHCI, the reverse rate constants
It is possible thatd; and k»,, both of which originate from are very small in comparison to the forward rate constant.
U,, differ in having two and one proline residues, respec- Hence, the reverse (unfolding) apparent rate constants have
tively, in the non-native trans configuration. Then, the two been ignored except for the step involving proline isomer-
pathways originating fromgl might differ in which of the ization in the unfolded protein. (5) It is assumed that there
two proline residues undergoes trans to cis isomerization firstare only two unfolded forms, {and U, (see the unfolding
and which second. Such an explanation has been suggestethechanism below).
in the case of ribonuclease T6Q), but in that case, the Itis seen in Figure 9 that the refolding mechanism above,
fastest steps on the two pathways had rates correspondingncorporating competing pathways, accounts well for all of
to those typically seen for proline isomerization. This the experimental data for refolding in 0.5 M GdnHCI, from
explanation for two competing pathways defined on the basis single-jump as well as double-jump experiments.
of which proline residue undergoes isomerization firstis very  When refolding is carried out in 1.5 M GdnHCI, the
unlikely in the case of monellin because the observed fastintermediateJr appears not to be populated to any significant
rates of formation ofd; and k» (~1 s1) are much too fast  extent, and as a result refolding occurs only in the slow and
for a proline isomerization reaction. Hence, it appears that fast kinetic phases with apparent rate constants of 0.0024
while proline isomerization does give rise to heterogeneity and 0.025 s, respectively. The mechanism of refolding in
in unfolded monellin, it does not give rise to the heterogene- 1.5 M GdnHCI appears to have simplified tq & U , —
ity seen during the fast phase of folding. N, with U, refolding as described in the refolding mechanism
Mechanism of RefoldingOn the basis of the above above. The direct route from;Uo N is not expected to be
discussion the following mechanism is proposed to describe operative to any significant extent because the apparent rate
the folding of single-chain monellin in strongly stabilizing constant for the W— N reaction (0.0024 8) is slower
conditions: than the apparent rate constant of the & U, reaction
(0.01 s1). As a result, the 15% unfolded molecules present
as U are channeled into the U~ N folding pathway(s).

lJ1 Mechanism of UnfoldingThe following mechanism is
_ proposed to describe the unfolding of single-chain monellin
P b4 in strongly unfolding conditions.
S
=] 950 s1 0.2s 0.06 s
y ! N > lue >y )
U, %\ :cnl g
w -
7 - (7]
0.01 s
U, « >
1 0.0015 51 U,

All of the kinetic data on refolding in 0.5 M GdnHCI were All of the kinetic data on the unfolding of single-chain

simulated numerically using the program KINSING1j. monellin in 5 M GdnHCI have been simulated numerically,
Although nearly all of the apparent rate constants in the using the program KINSIM&1). Values for nearly all of
scheme have been determined experimentally, it was stillthe steps in this mechanism have been determined experi-
necessary to make the following minimal assumptions: (1) mentally in this study, but it was still necessary to make the
It is assumed thatelconsists of two speciesgil and ko, following assumptions. (1) The value of the rate constant of
because this allows kinetic partitioning of the folding the N— Iy transition was assumed to be sufficiently faster
molecules along either of the two competing pathways, slow than the N— U, reaction so that 85% of the unfolding
and fast. Values for the apparent rate constants of theeU  protein molecules utilized the N- U, pathway. It is known
g1 and U — g, reactions have been assumed on the basisexperimentally that the N—~ U, is complete within a few
of the observation (Figure 3d) that iis populated at 1 ms  milliseconds (Figure 4). (2) It is assumed that the fluores-
of refolding. Previous sub-millisecond measurements have cence properties ofjt, lui, and L, are the same as those of
indicated thatd is formed within 30Qus of refolding in the N, as discussed above. (3) The rate constants for the-U
absence of denaturamt§). (2) It is assumed that the,U= U, reaction have been assumed to have values representative
U, reaction is a proline isomerization reaction. Hence, the of proline isomerization reactions (see above). (4) Although
forward and backward rate constants for this reaction haveall steps in the above mechanism are reversible, it is assumed
been assigned values typically seen for proline isomerizationthat in strongly unfolding conditions, such ass M GdnHCI,
reactions 62, 63) such that the equilibrium population of the reverse reactions can be ignored.
U; and U are 15 and 85%, respectively. (3) It is assumed It is clear from Figure 10 that the unfolding mechanism
that the fluorescence properties of,lls, g, and k; are the above, incorporating multiple pathways, accounts well for
same as those of N and that the fluorescence properties ofll of the experimental refolding data, from both single-jump
lgr and k; are the same as those of either & U,. The and double-jump experiments.
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the fast phase of fluorescence change, representing the major
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g .gog phase of folding in stabilizing conditions, occurs on two
g "2 3 ' competing pathways. These competing pathways arise from
£ %o_s kinetic partitioning from the same early folding intermediate.
20 g The kinetic partitioning occurs too quickly to be attributed
2 :5_‘0-3 < S} < to proline isome_rizgtion (_s_ee_ above). It has_ also been
T os 300 S At S suggested that kinetic partitioning from the major unfolded
® é- ' protein leads to the fast and slow phases of folding. This

O T s mo w0 X o 20 a0 o0 a0 kinetic partitioning occurs even more quickly, again far too

. . quickly to be attributed to proline isomerization. It also
@ ¢ g |d appears that kinetic partitioning leads to two pathways for
£ 09 fg"_ 0.9 unfolding. The direct demonstration of kinetic partitioning
% z leading to competing folding pathways is the major result
5 041 KA w 06 1 of the present study. Understanding the structural origin of
2ol X s 0 | a such kinetic partitioning is an important future goal.
2 E Lo -H-—-0 Significance of Multiple Pathways for Folding and Un-
E oo Z o0 jﬁ) folding. The major result of this study is the demonstration

. < , . , that multiple pathways are available to the protein for folding

g © 20 400 600 800 0 200 400 600 800 and unfolding. The possibility of multiple pathways for
£ 10 e "2 folding was brought out elegantly in a model for folding in
y 0s ] ,g—ﬂ'““$ os which the folding of a protein was likened to the assembly
¥ ,g’ * %’/ 5 of a jigsaw puzzle: assembly can start anywhere (multiple
"5 06 B u ‘}// ‘g' 0.6 pathways),.but the end product is alwqys the pompleted
a é 0 / 2 puzzle (native state)sd). Since then, multiple folding and
bt 41 ‘? éé’/ S g 03 unfolding pathways have been reported for several proteins.
8 021 wE ] 00 & __ N It appears that for several proteins, only one of a few
2 é, G~ S available pathways is operative under a given set of
a 0.0 ¥ - r T - ; r T - T - . . .
E o 100 200 %00 450 500 o 20 40 60 80 100 experlmgptal conditions. For exar_n.plle, in the case of barsta_r,
< as conditions become more stabilizing, one pathway domi-

Thme of unfolding (%) nates at the expense of the othd9)( In the case of

Ficure 10: Kinetic simulations supporting the unfolding mecha- thioredoxin, folding is channeled along one out of several

nism of single-ehain monellin. In each panel, experimental data ilable foldi h in th fthe ch
from Figures 4, 7, and 8 are shown along with the kinetic simulation &vallablé folding pathways, in the presence of the chaperone

(dashed line) to the unfolding mechanism, carried out as describedGroEL (65). In the case of the monomericrepressor, the

in the text: (a) fluorescence-monitored kinetic trace of unfolding utilization of different folding pathways has been reported
in 5 M GdnHCI (solid line); (b) relative amplitude of the very fast (66) to be highly sensitive to a change in sequence (muta-
phase ¥) (the simulation shows how the amount of thanges tion). Here, it has been shown, in the case of the single-

with time of unfolding h 5 M GdnHCI); (c) relative amplitude of ’ . -
the fast phase of refolding in 0.5 M GdnHQY, as a function of ~ chain monellin, MNEI, that as conditions become less

the time of prior unfoldingni 5 M GdnHCI; (d) relative amplitude  stabilizing, the slow folding pathway predominates over the
of the slow phase of refolding in 0.5 M GdnHQD), as a function  other available folding pathways. In making multiple path-
of the time of prior unfoldingn 5 M GdnHCI (the simulations in ways available for the folding or unfolding of a protein,

anels ¢ and d show how the amount of Which gives rise to the ; : .
Past and slow phases of refolding in O.QSt M GdngI]-ICI, changes with _evolutlo_n has conferred _robust_ness on _the fold_lng process.
time of unfolding); (e) relative amplitude of the fast)(and slow if mutation or a change in folding conditions disables one

(O) phases of refolding in 1.5 M GdnHCI, as a function of the folding pathway, another pathway can take over. It appears
:mea?; g&ir?tf gfn{?\(/jviﬁi% R 5%?22';% Eggefziggtgﬁgos?g Vih%V;SthWOf that evolution has achieved such robustness by allowing the
refolding in 1.5 M Gdn_H?:I, changes with the time of l_JmPoIding in Lolglngdrsa?tllzns a}lc;ng ar:jy (gne Kathway totr(])ccur n Sttﬁps
5 M GdnHCI); (f) relative amount of s (a) as a function of the efined by Tolding Intermediates. Any one patnway can then
time of unfolding n 5 M GdnHClI. be selected over another by a change in folding conditions,
because such a change in folding conditions would change
Kinetic Partitioning Leads to Competing Folding Path- the relative stabilities of the folding intermediates on the
ways.In protein folding studies, it has been relatively easy different pathways.
to detect parallel folding pathways arising from multiple ConclusionIn summary, it is shown that monellin utilizes
unfolded forms that originate from proline isomerization in four parallel folding pathways originating from two unfolded
the unfolded protein. As a consequence, it has been commorstates. Although part of the heterogeneity seen can be
to attribute any heterogeneity observed in folding reactions attributed to the presence of more than one unfolded form,
to proline isomerization reactions, even though studies with the major result of the current study is the demonstration of
several proteins show that proline isomerization is not the kinetic partitioning leading to competing pathways for
sole cause of such heterogeneity in folding reactidt® (  folding. One of the pathways originates from one unfolded
22, 59). Nevertheless, it has been far more difficult in folding form, and the other pathways originate from the second
studies to detect competing folding pathways that originate unfolded form. We show that the pathways originating from
from a single unfolded form or intermediate. In this study, the second unfolded form all compete with one another and
it has been shown directly, by the use of a double-jump assaythat a change in folding conditions leads to greater utilization
for quantifying two intermediates which form in parallel, that of the slow pathway at the expense of the other pathways.
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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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