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ABSTRACT: Early kinetic intermediates observed during the
folding of many proteins are invariably compact and appear to
possess some secondary structure. Consequently, it has been
difficult to understand whether compaction drives secondary
structure formation or secondary structure formation facilitates
compaction during folding. In this study of the folding of single-
chain monellin, it is shown that a kinetic molten globule (MG)
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is populated at 2 ms of folding. Far-UV circular dichroism (CD) measurements show that the kinetic MG is devoid of any helical
structure even under the most stabilizing folding conditions. Multisite fluorescence resonance energy transfer (FRET)
measurements show that the kinetic MG is compact with different segments having contracted to different extents. It is shown
that the sequence segment that goes on to form the sole helix in the native protein is fully collapsed in the kinetic MG. This
segment expands to accommodate the helix as the kinetic MG folds further to the native state, while other segments of the
protein contract. Helix formation starting from the kinetic MG is shown to occur in multiple kinetic steps, whether measured by

far-UV CD or by FRET.

Little is understood about how the ubiquitous molten

globule (MG), found to form early on the folding
pathways of many proteins, folds into the structured native
(N) state of the protein. MGs formed by a wide variety of
proteins have been shown to be compact' ™ but without a well-
packed core; ™ to possess some degree of secondary structure,’
although this structure may not be stable”® and may not even
be nativelike;””"* and to possess very few specific tertiary
interactions but yet have a nativelike topology.'*'> The MG
appears to be a heterogeneous ensemble of different
conformations whose stability and composition, and hence
structure, depend upon the stabilization conferred by the
specific conditions under which folding occurs.'°™"" MGs
populated on folding pathways (kinetic MGs) are important to
study because the major structural features of a native protein,
tight packing and significant specific structure, appear to arise
only after the kinetic MGs first form.”"~** It is likely that the
partial structure that a kinetic MG does possess acts as the seed
for the major structure formation reactions that progressively
transform it to the N state.

Kinetic MGs typically form in <1 ms. During their formation,
it appears that specific secondary structure formation is
preceded by a nonspecific collapse of the polypeptide
chain.'®**7>* This is not surprising given that polypeptide
chain collapse reactions can occur in times as short as S0
ns,”*>” and the formation of secondary structures, at least in
isolated peptides, is typically somewhat slower.”® Moreover,
secondary structures in proteins invariably need to be stabilized
by specific tertiary interactions.”*””° Nevertheless, for some
proteins, chain collapse and secondary structure formation have
not been temporally resolved.”’ ~** The difficulty in dissecting
the kinetic process of MG formation into individual steps is
compounded when the unfolded (U) state itself possesses

-4 ACS Publications  © 2015 American Chemical Society

5356

34,35 . . 36,37
compact substructures, including secondary structure,

which would seed further secondary structure formation in the
kinetic MG. Indeed, in molecular dynamics simulations of the
folding of several proteins, secondary structure was observed to
form in the early stages of folding, presumably only because the
starting U states already possessed secondary structures.’® An
understanding of how different segments of structure in the
kinetic MG differ in their stabilities may not only provide a clue
about how they form but also suggest how they are likely to
develop further structure.

To understand how the compact nature of the kinetic MG
can facilitate the formation of secondary structure, in particular
helical structure, it is necessary to first populate a kinetic MG
with little if any secondary structure. This becomes possible to
do for some proteins under less stabilizing folding conditions,'®
but the kinetic MG invariably is found to possess secondary
structure under folding conditions that confer greater
stablllty 192439 MGs devoid of specific secondary structure
are rare,"”*' but once a kinetic MG devoid of specific structure
(a structureless globule) is identified, it is also important to use
a probe other than far-UV circular dichroism (CD) to probe for
secondary structure formation, because aromatic residues, " **as
well as polyproline II conformations,"* can also contribute
significantly to the far-UV CD signal; hence, measurement of
only far-UV CD may give erroneous results.

Fluorescence (Forster) resonance energy transfer (FRET)
has been shown to be a powerful tool in the study of protein
folding and unfolding reactions.'®*>*"*~>% In FRET measure-
ments, the change in distance separating a donor (D)
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fluorophore from an acceptor (A) fluorophore during folding
or unfolding is measured, and multisite FRET measurements
allow structural changes in multiple segments of the protein
structure to be probed. If an appropriate D—A fluorophore pair
is placed suitably across a sequence stretch that will fold to form
a helix, it should be possible to monitor the rise of the helix
from a collapsed state, because the D—A distance would expand
as the collapsed sequence stretch forms the rodlike helix.

The small protein, monellin, in its single-chain form, MNEI,
is particularly well suited for studying the interplay of chain
compaction and secondary structure formation during the early
stages of folding. In its -grasp fold, a single long helix is packed
against a five-stranded f-sheet.® A kinetic MG has been shown
to form within 1 ms of the initiation of its folding reaction.””*®
The kinetic MG of MNEI is especially interesting to study
because it has been shown to be heterogeneous with
subpopulations from which different folding pathways operate
in parallel.”*>’

In this study, it is shown that the kinetic MG of MNEI is
devoid of a-helical secondary structure, as measured by far-UV
CD, even under the most stabilizing folding conditions. A
FRET D—A pair was placed at the ends of the sequence stretch
spanning the helix that is present in the N state, and it is shown
that this distance, as well as three other intramolecular distances
also probed by FRET, has contracted substantially in the kinetic
MG. The four distances have contracted to different extents,
with the maximal contraction seen in the sequence stretch that
will go on to form the helix. As the kinetic MG proceeds to
fold, the distance spanning the latter sequence stretch expands
to accommodate the helix, while the other segments of the
protein become more compact.

B MATERIALS AND METHODS

Buffers and Reagents. All the chemicals used in this study
were of high purity grade and obtained from Sigma. The
guanidine hydrochloride (GdnHCI) used was of ultrapure
grade and was obtained from USB chemicals. The native buffer
used consisted of SO mM phosphate (pH 7) containing 250 uM
EDTA and 1 mM DTT. For the labeled protein, DTT was not
added to the buffer. The unfolding buffer used was native buffer
containing 4 M GdnHCI. All buffers were filtered through 0.22
um filters and degassed before the experiment.

Protein Expression and Purification. The procedure for
the purification of MNEI has been described previously.”® The
protein concentration was determined using an extinction
coefficient of 14600 M™' cm™ at 280 nm.*® In the case of the
labeled protein, the absorbance at 280 nm was corrected for the
contribution of the TNB label as described previously.*

DTNB Labeling of MNEI. The cysteine residue in different
single-cysteine-containing mutant variants of MNEI was
modified by adding the TNB moiety to it. The procedure for
TNB labeling was the same as that described previously.”> The
extent of labeling was checked with electrospray ionization
mass spectrometry, and the protein was found to be >95%
labeled. Once labeling had occurred, the molecular weight
increased by 196 Da, corresponding to the addition of a TNB
moiety to the single cysteine residue.

Equilibrium Unfolding Studies. Equilibrium unfolding
studies were conducted using a stopped flow module (SFM-4)
from Biologic. The protein solution was mixed with buffer
containing different concentrations of GdnHCI and incubated
at room temperature for 6 h. The final protein concentration
was 10 M. The samples were excited at 295 nm, and the
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emission was monitored at 360 nm using a band-pass filter with
a bandwidth of +10 nm (Asahi spectra).

CD-monitored equilibrium unfolding experiments were
conducted using a JASCO J-815 spectropolarimeter. The
ellipticity at 222 nm was measured using a cuvette with a
path length of 2 mm and a bandwidth of 2 nm. The sample
concentration used for CD measurement was 10 uM. The
signal was converted into relative ellipticity by normalizing all
the signals to the signal of the native protein in 0 M GdnHCL

Fluorescence Emission Spectra. The fluorescence spectra
of the unlabeled and TNB-labeled proteins were acquired using
a FluoroMax-3 (JobinYvon) spectrofluorimeter. The samples
were excited at 295 nm, with an excitation bandwidth of 0.5
nm, and the emission was monitored from 310 to 450 nm with
a bandwidth of 5 nm. Three scans were averaged for each
sample. The protein concentration used was 10 yM, and the
path length of the cuvette was 1 cm.

Stopped Flow Refolding Experiments. All the milli-
second refolding experiments were conducted on the SFM-4
instrument. A mixing dead time of 2 ms was achieved by using a
flow rate of 5 mL/s with a cuvette with a path length of 0.8
mm. The protein was unfolded in 4 M GdnHCI for 4 h.
Refolding was initiated by rapidly diluting the denaturant into a
buffer containing different concentrations of GdnHCL

For ANS-monitored refolding experiments, the denatured
protein was diluted into refolding buffer containing ANS using
the SFM-4 instrument and the MOS-450 acquisition system.
The dead time of mixing was 6.2 ms. The sample was excited at
350 nm, and the emitted fluorescence was collected using a 450
nm band-pass filter with a bandwidth of 10 nm (Asahi spectra).
The final ANS concentration in the reaction was 330 uM, and
the protein concentration was 10 pM.

For CD-monitored refolding experiments, a SFM-400
module was interfaced with a JASCO J-815 spectropolarimeter.
The dead time of mixing was 10 ms. The CD signal was
monitored at 222 nm with a bandwidth of 2 nm. The final
protein concentration used for stopped flow CD measurement
was 25 uM.

Data Analysis. FRET Efficiency Calculation. The FRET
efficiencies for the different distances probed were calculated
using the equation

E=1- 1D
(1)

where Fp, is the fluorescence of the donor in the presence of
the acceptor, which is the value obtained from the labeled
protein, and Fy, is the fluorescence of donor alone, which is the
value obtained from the unlabeled protein.

Calculation of Fractional FRET Efficiencies. The fractional
change in FRET efficiency (Fj;) was calculated according to the
equation

Fp

EN_EC

F =
5 EN_EU

@)

where Ey and E; are the FRET efficiencies of the native and
unfolded states, respectively, and E is the FRET efficiency of
the collapsed species.

Fitting the Equilibrium Unfolding Curves. The equilibrium
unfolding transition was fitted to a two-state N < U model,*°
and the values of the free energy of unfolding in water (AGy)
and the slope of the transition (m value) were obtained from
the fit using SigmaPlot12.
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B RESULTS

Tryptophan Fluorescence Changes Due to FRET. Four
different single-tryptophan- and single-cysteine-containing
variants of MNEI were studied by FRET. In each, the single
tryptophan, W4, was the FRET donor (D) and a
thionitrobenzoate (TNB) moiety, attached to a differently
located thiol (of C29, C42, CS3, or C97), was the FRET
acceptor (A) (Figure 1).

Q29

F53

Figure 1. Structure of MNEIL The figure shows the positions of the
residues that have been mutated to cysteine in the different single-
cysteine-containing mutant forms of MNEI used for the multisite
FRET measurements. The sole helix is formed by the sequence stretch
of G10—G28. The single tryptophan residue (W4) used as the donor
fluorophore is also shown. The structure was drawn from Protein Data
Bank entry 1FA3 using PyMOL (version 1.30, Schrédinger, LLC).

The fluorescence emission spectra of the unlabeled mutant
variants Cys29, Cys42, CysS3, and Cys97 and their labeled
counterparts, Cys29-TNB, Cys42-TNB, CysS53-TNB, and
Cys97-TNB, respectively, in their folded and unfolded states,
are shown in Figure 2. For all mutant variants, the fluorescence
intensity of the labeled protein was lower than that of the
corresponding unlabeled counterpart, and the fluorescence
intensity was lower at all the wavelengths, which is a hallmark of
FRET. The extent of fluorescence quenching was greater in the
native protein than in the unfolded protein, because the D—A
distance is shorter in the native protein. The extent of
quenching was different for the different mutant variants, as
expected for cases in which quenching is distance-dependent,
and due to FRET.”

Labeling Does Not Affect the Stability or Folding
Pathway of MNEI. The stabilities of the TNB-labeled and
unlabeled variants of the different single-cysteine-containing
variants of MNEI are similar (Figure 2, inset). The stability of
Cys42-TNB is 0.8 kcal/mol lower than that of the unlabeled
form (Figure 2b, inset). Because C42 is completely buried in
the native state of Cys42, the modification of this residue, by
the addition of the TNB group, may have disrupted packing
interactions and caused the decrease in stability. The kinetic
and equilibrium experiments were performed by monitoring
the tryptophan fluorescence emission at 360 nm, which is close
to the isoemissive point of the fluorescence spectra of the
unfolded and native forms of the unlabeled protein (Figure 2).
Most of the change in the fluorescence signal in the case of the
labeled protein (donor in the presence of acceptor) can then be
attributed to the change in distance, because the fluorescence of
the unlabeled (donor only) protein changes only marginally
(Figure 3a,b). The refolding of MNEI proceeds in three kinetic
phases when it is monitored by fluorescence (Figure 3), as
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Figure 2. Fluorescence emission spectra of labeled (blue) and
unlabeled (red) single-cysteine-containing mutant forms of MNELI: (a)
Cys29 and Cys29-TNB, (b) Cys42 and Cys42-TNB, (c) CysS3 and
CysS3-TNB, and (d) Cys97 and Cys97-TNB. The spectra of the
native protein are shown as solid lines, and those of the unfolded
protein in 4 M GdnHCI are shown as dashed lines. The spectra were
normalized to the fluorescence value of the native unlabeled protein at
360 nm. The equilibrium unfolding transitions of the labeled (blue)
and unlabeled (red) protein variants are shown in the inset.
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Figure 3. Representative refolding kinetic traces of the labeled and
unlabeled forms of MNEL Panels a and ¢ show the refolding traces of
Cys29 and Cys29-TNB, respectively, and panels b and d show the
refolding traces of Cys42 and Cys42-TNB, respectively. The red and
blue lines represent the refolding traces obtained at 0.24 and 0.4 M
GdnHCI, respectively. The extrapolated unfolded protein signals at
0.24 and 0.4 M GdnHCI are shown as the dashed red and blue lines,
respectively. The inset in each panel shows the complete kinetic
curves. The black lines through the data are three-exponential fits to
the data.
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described previously.”® The fluorescence signal of Cys29-TNB
shows an unusual increase with folding time (Figure 3c),
whereas the fluorescence signal of Cys42-TNB shows the
expected decrease (Figure 3d). The rate constants of the
unlabeled and the labeled variants were found to be similar
(Figure 4) except for that of the slow phase of Cys97-TNB
(Figure 4d).
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Figure 4. Comparison of the rate constants of the three refolding
phases of MNEL Refolding rate constants of the labeled (empty
symbols) and unlabeled (filled symbols) variants of (a) Cys29, (b)
Cys42, (c) CysS3, and (d) Cys97: (triangles) very fast phase,
(squares) fast phase, and (circles) slow phase of refolding. The solid
lines through the data points were drawn to guide the eye. The error
bars represent the standard errors obtained from two independent
experiments.

MNEI Undergoes Denaturant-Induced Expansion in
the Native and Unfolded States. The equilibrium unfolding
transitions of both the labeled and unlabeled proteins are
shown in Figure 5. The signal for the unlabeled protein changes
only marginally because the signal is collected at 360 nm, close
to the isoemissive point of the native and unfolded forms of the
unlabeled protein variants. The magnitude of the signal of the
labeled protein increases in a sigmoidal manner with an
increase in GdnHCl concentration (Figure S). The increase in
denaturant concentration causes the unfolding of the proteins,
which results in an increase in the D—A distance, resulting in an
increase in tryptophan fluorescence. The extent of the increase
in the fluorescence of labeled protein is different for different
segments of the protein; this indicates that the increase is due
to FRET.>® MNEI undergoes polymer-like expansion when the
denaturant concentration is increased in the native and
unfolded protein baseline regions, which is evident from the
increase in the fluorescence of the labeled protein with an
increase in GdnHCIl concentration, for all four distances
monitored (Figure S).

MNEI Undergoes Chain Collapse within 2 ms of
Folding. Figure 5 compares the amplitude of the signal change
observed in the kinetic refolding experiment to that observed in
the equilibrium unfolding transition. The ¢ = 0 signal in the case
of the unlabeled proteins falls on the extrapolated unfolded
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Figure 5. Comparison of the kinetic and equilibrium amplitudes of
fluorescence change for the four single-cysteine-containing variants of
MNEL Data for (a) Cys29 and Cys29-TNB, (b) Cys42 and Cys42-
TNB, (c) CysS3 and CysS3-TNB, and (d) Cys97 and Cys97-TNB:
(gray circles) equilibrium unfolding transitions of the labeled (bottom)
and unlabeled (top) proteins, (blue triangles) ¢ = 0 and ¢ = oo signals
of the kinetic refolding traces of the labeled protein, and (red
triangles) extrapolated t = 0 values and t = oo values of the kinetic
traces of folding of the unlabeled protein. In each panel, the dashed
black line represents the unfolded protein baseline extrapolated to
lower GdnHCI concentrations.

protein baseline (Figure S5). The burst phase loss of the
fluorescence signal in the case of the labeled proteins shows
that the distances have contracted within the dead time of 2 ms.
For Cys29-TNB, the kinetic t = 0 points fall on the extrapolated
unfolded protein baseline. This indicates that for the species
populated within the 2 ms dead time of stopped flow mixing,
the W4—C29TNB distance has contracted to the value
expected for the unfolded state under refolding conditions.
This distance appears to have undergone nonspecific
contraction (Figure Sa). For Cys42-TNB, CysS3-TNB, and
Cys97-TNB, the kinetic t = 0 points fall below the extrapolated
unfolded baseline, indicating that the contraction of the W4—
C42TNB, W4—CS3TNB, and W4—C97TNB distances is
greater than that expected by only nonspecific contraction
induced by solvent change. The contraction of these distances
would appear to be associated with the formation of specific
structural elements in the protein at 2 ms of folding (Figure
Sb—d). At higher (>1 M) GdnHCI concentrations, however, all
the distances appear to undergo only a nonspecific solvent-
induced compaction (Figure S).

The kinetic traces monitored using FRET, calculated from
the fluorescence signals of the labeled (Fp,) and unlabeled
(Fp) proteins using eq 1, show an initial burst phase increase
from the value seen for the unfolded state, for all four distances
probed (Figure 6). This initial increase in FRET efficiency is
indicative of a collapse transition occurring within 2 ms. The
W4—-C42, W4—C53, and W4—C97 segments show further
increases in FRET efliciency as refolding proceeds, suggesting
that further compaction occurs along with structure formation
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Figure 6. FRET efficiency-monitored refolding traces of (a) W4—C29,
(b) W4—C42, (c) W4—CS3, and (d) W4—C97. The FRET efficiencies
were calculated from the kinetic traces of refolding of the labeled and
unlabeled proteins at 0.4 M GdnHCI. The very fast and fast refolding
phases are shown in the main panels, and the complete kinetic curves
are shown in the insets. The black line through the data is a three-
exponential fit to the data. The FRET efficiency in the unfolded state
in 4 M GdnHCI is shown as a dashed red line.

(Figure 6b—d). Rather unusually, the W4—C29 segment shows
a decrease in FRET efficiency as the folding reaction proceeds,
which indicates that it expands with increasing folding time
(Figure 6a).

Asynchronous Compaction of Different Segments of
MNEI. From the kinetic ¢ = 0 signals obtained from the kinetic
traces of folding of the labeled and unlabeled proteins (Figure
5), the FRET efficiency of the collapsed state (kinetic MG)
formed at 2 ms was calculated using eq 1. Figure 7 shows that
the FRET efficiency of the collapsed species decreases with an
increase in GAnHCI concentration in an apparently exponential
manner, and its dependence on GdnHCI concentration
continues into that of the unfolded state. This indicates that
the process that results in the formation of the kinetic MG is
noncooperative. It was further observed that the dependence
on GdnHCI concentration of the fractional change in FRET
efficiency calculated using eq 2 is different for the four distances
probed (Figure 8), indicating that the four distances have
contracted asynchronously, and that the four segments of
structure in the kinetic MG have different stabilities. The
midpoints for the denaturant dependences of the fractional
change in FRET efficiency are different for the four distances
studied (Figure 8). The W4—C29 segment, which ultimately
forms the helix, has contracted most in the kinetic MG (Figure
8).

The Helix of MNEI Is Absent in the Kinetic MG. To
examine the secondary structural content of the kinetic MG,
the refolding reaction was monitored by measurement of the
change in ellipticity at 222 nm, which probes the formation of
the single a-helix in MNEI The extrapolated t = 0 values of the
kinetic folding traces monitored by far-UV CD at 222 nm fall
on the extrapolated unfolded protein baseline (Figure 9b). This
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Figure 7. FRET efficiency of the initially collapsed form at different
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and (d) W4—C97. The cyan circles represent the FRET efficiencies of
the initially collapsed form (kinetic MG), which were calculated from
the extrapolated ¢t = 0 values of the kinetic traces of folding of the
labeled and unlabeled proteins. The dark red circles were calculated
from the equilibrium unfolding curves of the labeled and unlabeled
proteins. The black lines through the data points are single-exponential
fits to the data. In each panel, the FRET efficiency of the native state is
shown as a dashed red line.
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Figure 8. Fractional change in FRET efficiency of the initially
collapsed form. The fractional changes in FRET efficiency of the
initially collapsed form at different GdnHCI concentrations are shown
for segments W4—C29 (gray), W4—C42 (blue), W4—CS3 (red), and
W4—C97 (green). The solid lines through the data points have been
drawn to guide the eye.

shows that the helix is absent in the kinetic MG. Helical
structure forms in three kinetic phases whose rate constants
(Figure 9a,c) are similar to those monitored by fluorescence
(Figure 4). The sole helix in MNEI therefore forms in multiple
kinetic phases. The W4-C29TNB distance monitors the
segment of the protein that folds to form the a-helix and is
therefore an alternative probe for the formation of helical
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structure. The rates at which the W4-C29TNB distance associated with a late proline isomerization step during folding
increases (Figure 4a) are similar to the rates at which the (Figure 10b).>®

magnitude of the far-UV CD signal at 222 nm increases (Figure

9¢). B DISCUSSION

The Kinetic MG of MNEI Has Exposed Hydrophobic

Patches. ANS fluorescence-monitored refolding experiments The fast time scales of early folding events make it difficult to

delineate the temporal order of transitions such as chain
compaction and secondary structure formation. In this study,
the formation of secondary structure was probed in a slow
folding protein MNEI, which is known to undergo chain
collapse within 1 ms of refolding (Figure 11).”” The size of the

conducted using stopped flow mixing show a substantial
increase in ANS fluorescence consequent to its binding, which
occurs in the burst phase (Figure 10a). This indicates that the
kinetic MG of MNEI has solvent-accessible hydrophobic
patches that can bind to ANS, which are absent in the
unfolded state and buried in the native state. As folding N

proceeds further, ANS is expelled out of the core, which ol

becomes dry, resulting in a decrease in the fluorescence of ANS

<1ms
,C
(Figure 10a). The decrease happens in three kinetic phases
(Figure 10b), two of which have rates similar to those of the
fast and slow phases of fluorescence-monitored refolding. The ¢ ) o ) ]
Unfolded Protein Kinetic MG Native Monellin

very fast phase observed using tryptophan fluorescence, FRET,
and far-UV CD as probes is silent to ANS fluorescence. An
additional very slow phase, which is silent to tryptophan
fluorescence, FRET, and far-UV CD, is observed with ANS

Figure 11. Cartoon diagram showing the collapse of the protein within
the stopped flow mixing dead time of 2 ms. The helical segment is
colored blue. The helix is not present in the collapsed form and forms

fluorescence. The lack of denaturant dependence as well as the on the time scale of 11000 s. The probes used for detecting the
time scale of this very slow phase suggests that it may be different stages of folding are shown above the arrow.
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initially collapsed species (kinetic MG) formed at a few
milliseconds of refolding was monitored by multisite FRET,
which showed that the initial compaction occurs noncoop-
eratively and leads to the formation of some specific structure
in the kinetic MG. The kinetic MG is, however, shown to lack
helical secondary structure that forms subsequently in slower
kinetic phases.

The Initial Collapse Reaction of MNEI Is a Continuous
Transition. FRET efficiencies measured in different segments
of the kinetic MG populated at 2 ms of the refolding reaction
show exponential dependences on the concentration of the
denaturant, which merge into those of the FRET efficiencies
measured in the unfolded state at higher denaturant
concentrations (Figure 7). If the compaction event happening
within the first 2 ms of folding were a barrier-limited transition,
the product of such a reaction would have exhibited a sigmoidal
dependence of the FRET efficiency on the denaturant
concentration. It can thus be concluded that the initial chain
compaction of MNEI is a noncooperative barrier-less transition.
Previously, ensemble multisite FRET measurements had shown
that initial chain collapses in the case of barstar”"*>°***°" and
the SH3 domain of PI3 kinase®' are also gradual transitions.
Single-molecule FRET measurements have also shown that the
compaction of the polypeptide chain at low denaturant
concentrations is a barrier-less gradual transition in the case
of cold shock protein CspTm,”* chymotrypsin inhibitor 2
(CI2),* RNase H,°* and protein L.°° On the other hand,
collapse was suggested to be a barrier-limited transition in the
case of cytochrome ¢, based on the observation of exponential
foldiré% kinetics with an Arrhenius-like temperature depend-
ence.”” Exponential kinetics may not, however, be a signature of
a barrier-limited transition; indeed, it was shown that a
continuum of states with stabilities linearly dependent on
denaturant concentration can also show exponential ki-
netics.””%*

The native and unfolded protein baselines of the denaturant-
induced equilibrium unfolding curves for all the labeled mutant
forms of MNEI have a significant dependence on denaturant
concentration (Figure S). Such baselines, when observed with
FRET, are indicative of changes in the dimensions of the
protein upon addition of denaturant.*****°*%* A recent study
based on molecular dynamics simulations and FCS measure-
ments has suggested that side chain-mediated interactions are
responsible for the expansion of the polypeptide chain in
solutions containing denaturants.”” The observation that
protein chains expand with an increase in denaturant
concentration indicates that the evolutionarily designed
polypeptide chain behaves as a simple homopolymer when
the solvent conditions are altered. In fact, the unfolding of
MNE], probed by time-resolved FRET, could be explained by a
Rouse-like model of polymer physics, with a few intrachain
interactions.>*

The Kinetic MG State of MNEI Is Highly Heteroge-
neous. The four segments probed by multisite FRET behave
differently when the solvent conditions are changed to initiate
folding. The distance monitored in Cys29-TNB undergoes a
nonspecific contraction (Figure Sa), whereas the other three
distances appear to undergo a specific collapse transition
resulting in the contraction of the segments being greater than
that expected from extrapolation of the unfolded protein
baseline (Figure Sb—d). Moreover, the distance monitored in
Cys29-TNB, unlike the other distances probed, was observed to
have contracted, in the kinetic MG formed at the lower
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GdnHCI concentrations used, to a distance that was shorter
than that in the native state. This result is perhaps not
unexpected for a segment that undergoes nonspecific collapse
(Figure 5a).

The heterogeneity of structure in the kinetic MG is evident
from the asynchronous contraction of different segments of the
protein upon a change in denaturant concentration (Figure 8).
The heterogeneous nature of the kinetic MG at a few
milliseconds of folding has also been observed for barstar,””>*
the a subunit of tryptophan synthase,”” and staphylococcal
nuclease.”" The heterogeneity of the collapsed species can be
modulated by a change in experimental conditions. For
example, the fluorescence and CD properties of the burst
phase intermediate formed initially during the folding of barstar
could be modulated by denaturant, salt, and osmolytes.'™"* In
the case of apomyoglobin, the helical content of the collapsed
intermediate formed at a few milliseconds of folding was found
to increase with mutations that stabilized individual helices."

It is likely that the kinetic MG of monellin is stabilized by
non-native hydrophobic interactions. Such interactions are
likely to transiently stabilize the sequence segment that has
undergone nonspecific collapse in the kinetic MG and goes on
to form the helix (see above). Transient non-native hydro-
phobic interactions have been implicated in the stabilization of
folding intermediates.'>”*™”° However, at present, there is no
direct evidence that such interactions play a role either in
stabilizing the kinetic MG of monellin or in modulating its
subsequent folding to the N state, as has been seen for other
proteins.72‘76_79

The Sole Helix of MNEI Is Absent in the Kinetic MG at
2 ms of Folding. It is difficult to estimate the secondary
structural content of kinetic MGs by CD because far-UV CD
signals can change because of burial of aromatic amino
acids.** In fact, the far-UV CD signal of the kinetic MG
can be mimicked by nonfoldable analogues of proteins.”>" In
the study presented here, to delineate the status of the helix in
the kinetic MG of MNEI, FRET was used to follow the
contraction and expansion of the sequence segment that forms
the helix (W4—C29) (Figure 1). The W4—C29 segment
collapses in the kinetic MG to a distance that is shorter than the
distance in the native state, which is not surprising for a
nonspecific, solvent-induced compaction (Figure Sa). This
observation clearly shows that the kinetic MG of MNEI is
devoid of the sole helix. This result was further confirmed by
far-UV CD measurements (Figure 9). As the helix subsequently
forms from the kinetic MG, the D—A distance in W4-C29
segment expands to accommodate the helix (Figure 6a). This
result illustrates the usefulness of FRET in establishing the
secondary structural content of kinetic MGs. A similar FRET
strategy was used to delineate the secondary structural content
of the earliest intermediate populated during the folding of
adenylate kinase, where it was shown that fast chain collapse
precedes the formation of secondary structural elements.”*

The results of the FRET (Figure 6a) and far-UV CD (Figure
9) experiments clearly show that the kinetic MG of MNEI lacks
helical secondary structure. It supports the view that the
compaction of the polypeptide chain is responsible for the
formation of secondary structure. Theoretical studies have
shown that any polymer with attractive forces within the chain
can undergo compaction, and as a result, they form secondary
structural elements.”” It has been suggested™ that the major
driving forces for the formation of an a-helix are the
hydrophobic effect and the van der Waals forces in the closely
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packed helix. Helix formation was suggested to be driven by
hydrophobic collapse, and hydrogen bonding was suggested to
be a consequence of the structural constraint induced by the
energetically unfavorable burial of hydrogen bonding groups.*’
Helices in isolation are not stable. A classic example is the
myoglobin helices that are unstable in isolation, showing that
the hydrophobic effect and packing interactions play an
important role in promoting secondary structure formation.*>**
It is also known that packing interactions between the side
chains of amino acid residues are a major stabilizing force in
isolated helices.”” Not surprisingly, the chain B subunit of
double-chain monellin, which contains the residue stretch that
folds to form the helix, has no helicity in isolation.*

The Helix of MNEI Forms as the Core Becomes
Compact. The kinetic MG of MNEI at 2 ms of folding is also
capable of binding to the hydrophobic dye ANS (Figure 10),
which indicates that the core of the protein is not yet
consolidated. The helix rises from this less compact (compared
to the native state) kinetic MG, as observed by FRET
measurement of the W4—C29 (Figure 6a) distance and by
far-UV CD measurement (Figure 9), with a concomitant
decrease in ANS fluorescence (Figure 10a). The hydrophobic
environment created when water is expelled from the core after
initial chain collapse has occurred is likely to facilitate the
formation of hydrogen bonding between the backbone amides,
resulting in the formation of the helix.

Recent site-specific thiol labeling-monitored unfolding
studies under native conditions have shown that C13 in the
helix unfolds first, and that the packing interactions in the f-
sheet are the last ones to dissolve.*® In the refolding study
presented here, it is observed that under stabilizing (nativelike)
conditions, specific structure has formed within 2 ms in the
segments that constitute the f-sheet, namely, W4—C42, W4—
CS3, and W4—C97 (Figure Sb—d). The segment that
constitutes the helix (W4—C29) undergoes a nonspecific
solvent-induced compaction (Figure Sa), and the helix forms
from the asynchronously collapsed kinetic MG in three kinetic
phases, as observed by FRET and far-UV CD measurements.
These observations suggest that the sequence of folding events
observed in the kinetic refolding experiments is in the reverse
order of the sequence of unfolding events observed in the
native state thiol labeling measurements.

B CONCLUSION

In this study, the kinetic MG of MNEI is shown, by multisite
FRET measurements, to be compact at 2 ms of folding. The
initial chain collapse reaction is shown to be noncooperative
and gradual from the observed asynchronous compaction of
different segments of the polypeptide chain. The kinetic MG is
devoid of any helical secondary structure as observed by far-UV
CD, as well as by FRET between the D—A pair placed suitably
in the sequence segment that goes on to form the helix. The
sole helix of MNEI was shown to form in three kinetic phases
as monitored by FRET and far-UV CD measurements. The
helix rises from the asynchronously collapsed kinetic MG as the
core becomes compact. It appears that the formation of
backbone hydrogen bonds of the helix might be facilitated by
the expulsion of water from the compact kinetic MG. This
study illustrates the importance of initial chain collapse and
packing interactions in stabilizing the secondary structural
components of proteins.
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