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Abstract

Determining how polypeptide chain collapse initiates structure formation during protein folding is a long
standing goal. It has been challenging to characterize experimentally the dynamics of the polypeptide chain,
which lead to the formation of a compact kinetic molten globule (MG) in about a millisecond. In this study, the
sub-millisecond events that occur early during the folding of monellin from the guanidine
hydrochloride-unfolded state have been characterized using multiple fluorescence and fluorescence
resonance energy transfer probes. The kinetic MG is shown to form in a noncooperative manner from the
unfolded (U) state as a result of at least three different processes happening during the first millisecond of
folding. Initial chain compaction completes within the first 37 ps, and further compaction occurs only after
structure formation commences at a few milliseconds of folding. The transient nonnative and native-like
hydrophobic clusters with side chains of certain residues buried form during the initial chain collapse and
the nonnative clusters quickly disassemble. Subsequently, partial chain desolvation occurs, leading to the
formation of a kinetic MG. The initial chain compaction and subsequent chain rearrangement appear to
be barrierless processes. The two structural rearrangements within the collapsed globule appear to prime the

protein for the actual folding transition.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

The defining event on the folding pathways of
many proteins is the formation of the molten globule
(MG) conformation, which is usually complete by a
few milliseconds of folding [1-3]. At this critical
juncture during folding, immediately preceding the
major structure formation reactions, the polypeptide
chain has partially compacted [2,4], has gained
some specific structure, including secondary struc-
ture [5,6], is likely to have already adopted a
native-like topology [7,8], but is still liquid-like in its
conformational dynamics. The malleability of the
structures of kinetic MGs results in them being
tunable by a change in folding conditions [4,9-11].
Kinetic MGs may contain nonnative structure
[12,13], but how nonnative structure forms and
modulates folding is not clearly known. It is from
the kinetic MG that most of the protein structure will
slowly evolve, ultimately leading to the tightly
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packed, solid-like native state (N state) that confers
function to the protein. Understanding the dynamics
of the protein chain, which lead to the formation of
the kinetic MG, is crucial for understanding how
structure formation is seeded during the initiation of
protein folding.

Continuous-flow, microsecond mixing studies of
the folding of several proteins [14-21] have shown
that the initial contraction of the polypeptide chain is
usually complete within the mixing dead time, which
can be as short as 10 ps. Other studies, in which
folding was initiated with even faster time resolution,
suggested that initial chain contraction might actually
occur on the 100-ns timescale [22,23]. The initial
contraction of the fully unfolded (U) form in high
denaturant to the U form in refolding conditions (Ug)
has been likened to the coil-to-globule collapse of a
homopolymer chain that occurs upon transfer from
good to bad solvent [24-26]. Is protein chain
contraction indeed a non-specific [4,27—29], second
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order [20,29-33] process governed by excluded
volume effects, chain entropy, and a few stabilizing
but nonnative enthalpic interactions? [3,34] Or does
the evolutionarily designed heteropolymer chain
contract by a barrier-limited process, in which
some but not all protein molecules collapse, with
contraction being driven by at least some native
interactions, thereby leading to at least some native
structure? [16—18,35—-37] Does chain collapse lead
to concomitant formation of specific secondary
structure, as predicted by some theoretical studies
[38,39], or does chain collapse precede secondary
structure formation, as seen in some experimental
studies? [4,29,33,40-43] It is not known whether it is
the sequence of the protein chain that determines
the extent to which initial chain contraction occurs
and why different segments of the chain compact
to different extents [31,44,45]. Finally, it is not
known whether the contraction is driven by only
hydrophobic interactions [4,46,47], whether
hydrogen-bonding interactions also play a significant
role [48,49], and to what extent these interactions
are nonnative [13].

After the initial chain compaction to Ug, which is
completed in the 100-ns to 10-ps time domain, the
polypeptide chain is likely to undergo rearrangements
that lead to the formation of the kinetic MG in the 10-us
to 10-ms time domain. Diffusive motions of the
polypeptide chain in compact denatured protein
conformations are known to occur in the 10-to-100-us
time domain [50-52] and are expected to be slowed
down by internal friction [53], hydrodynamic effects,
and by the transient formation and breakage of many
enthalpic interactions [54]. Little is known about
whether further chain contraction occurs during this
diffusive meandering of the protein chain as Ug
transforms into the kinetic MG and to what extent
chain desolvation occurs. Is the diffusive process
limited in rate by significant free energy barriers [53],
or is it a gradual barrierless process as some studies
indicate? [20] In particular, the role played by
long-range interactions, whether native or nonnative,
is not understood. How such interactions along with
steric effects come into play in inducing and stabilizing
secondary structure during the formation of the kinetic
MG [38] is still to be understood. To better understand
how a kinetic MG becomes primed to fold during the
process of its formation, it is necessary to dissect the
sub-millisecond folding process into individual steps
using multiple structural probes.

The small plant protein monellin (MNEI) is known
to fold via a kinetic molten MG that offers itself as an
attractive system for understanding how kinetic MGs
form [16,45]. The kinetic MG of MNEI is devoid of the
helical structure present in N state, and its different
sequence segments unfold noncooperatively and
have different stabilities [45]. It appears to possess
some specific structure, as judged by its shape
monitored by small angle X-ray scattering (SAXS)

[16] and by the observation that some, but not all,
intramolecular distances within it have contracted
more than expected by the denaturant dilution [45].
Understanding the chain rearrangements that lead
to the formation of the kinetic MG of MNEI will lead to
a better understanding of how helical structure
begins to form from a protein denatured state [45]
of the heterogeneity inherent in the kinetic MG
ensemble [8,11] and how such heterogeneity might
lead to subsequent structure formation occurring
along multiple folding routes [55,56].

In the current study, the sub-millisecond folding
reactions of MNEI were studied using a custom-built,
continuous-flow setup with a mixing dead time of
37 ps. The folding reaction of MNEI was initiated from
the guanidine hydrochloride (GdnHCI)-unfolded state
and was monitored by intrinsic tryptophan fluores-
cence, multisite fluorescence resonance energy
transfer (FRET), fluorescence of an 5-((((2-iodoacetyl)
amino)-ethyl)amino)-naphthalene-1-sulfonic acid
(IAEDANS) adduct on the protein, and by 1-anilino
napthalene8-sulfonate (ANS) fluorescence. For mul-
tisite FRET measurements, the single tryptophan at
residue position 4 was used as the donor fluorophore,
and a thionitrobenzoate (TNB) moiety attached to
cysteine residues located at different parts of the
protein in different single-cysteine-containing mutant
variants of MNEI was used as an acceptor (Fig. 1).
The sub-millisecond folding reaction occurs in at least
three distinct kinetic phases. The initial collapse
transition is over within the mixing dead time, giving
an upper limit of ~10 ps to the time constant for the
coil-to-globule transition in MNEI. Surprisingly, the
collapsed globule has already formed hydrophobic

Fig. 1. Structure of single-chain monellin. The positions
of the residues, which were mutated to cysteine (spheres)
in the different single-cysteine-containing mutant forms of
MNEI used for the multisite FRET measurements, are
shown. The structure was drawn from the PDB entry 1FA3
using PYMOL. The single tryptophan residue (W4) used
as the donor fluorophore is also shown (sticks).
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patches that can bind the hydrophobic dye, ANS. The
sole tryptophan in the protein has undergone nonna-
tive burial in Ug. The collapsed globule undergoes two
consecutive structural transitions, one accompanied
by a hyperfast decrease in tryptophan fluorescence
and the other by an ultrafast decrease in the
fluorescence of ANS, which leads to the formation of
the kinetic MG.

Results

W4 shows hyperfluorescence within the 37-ps
dead time

When refolding was initiated using the microsecond
mixer, the single tryptophan residue 4 (W4) in MNEI
showed an increase in fluorescence within the 37 ys
dead time of the microsecond mixer. Since the entire
signal change in tryptophan fluorescence, which is
seen upon the folding of U to N, could be captured by
stopped-flow mixing, it was surprising to observe this
transient burst-phase increase in fluorescence in the
microsecond time domain (Fig. 2). The fluorescence

emission spectrum also appeared to show a blue
shift relative to the fluorescence spectrum of the U
state, which shows maximum fluorescence at 355 nm
[55]. The amplitude of the burst phase of hyperfluor-
escence was more at 340 nm than at 360 nm (Fig. 2a
and b). The amplitude of this burst phase decreased
with an increase in GdnHCI concentration (Fig. 2c).
It should be noted that the fluorescence of the U
state of MNEI in 4 M GdnHCI is 0.95 times that of
the fluorescence of N-acetyl-L-tryptophanamide
(NATA) in 4 M GdnHCI at 340 nm and is 0.85 times
that of the fluorescence of NATA in 4 M GdnHCI at
360 nm.

The tryptophan fluorescence then decreased in a
hyperfast kinetic phase with a time constant of 50 +
10 ps in 0.86 M GdnHCI. The rate constant for this
hyperfast phase decreased with an increase in
GdnHCI concentration (Fig. 2d). Further changes in
tryptophan fluorescence, in three kinetic phases of
folding, were observed in the millisecond-to-second
time domain upon stopped-flow mixing (Fig. 2d), and
the three rate constants of the three kinetic phases
were found to be similar in values to the values
published earlier [45,55].
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Fig. 2. Refolding of MNEI (Cys42)
monitored by tryptophan fluores-
cence. (a) Representative kinetic
trace of folding in 0.86 M GdnHCI
obtained by monitoring the trypto-
phan fluorescence at 340 nm after
continuous-flow mixing. The kinetic
trace obtained using stopped-flow
mixing under identical conditions
is shown after the x-axis break.
(b) Representative kinetic trace at
1.7 M GdnHCI. The insets in panels
(@ and b) show the kinetic traces
monitored by fluorescence emission
at 360 nm. The signals were normal-
ized to the value of 1 for the
fluorescence signal of the protein in
4 M GdnHCI. (c) Comparison of the
equilibrium and kinetic amplitudes
of the fluorescence change at
340 nm.e, the equilibrium transition;
4, the t = 0 points of the stopped-flow
kinetic traces; a, the t= 0 points of
sub-millisecond, continuous-flow ki-
netic traces; v, t= » signals of the
stopped-flow traces. The discontinu-
ous black line represents the signal
of the unfolded protein in 4 M
GdnHCI. (d) Comparison of the rate
constants of different refolding
phases observed by both stopped-
flow and continuous-flow mixing, by

measurement of the tryptophan fluorescence at 340 nm. e, hyperfast phase; a, very fast phase; m, fast phase; ® , slow phase;

, very slow phase.
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In order to study how the different segments of the
polypeptide chain undergo compaction during the
sub-millisecond time domain by FRET, three
single-tryptophan- and single-cysteine-containing
variants of MNEI were prepared (Fig. 1). In all the
three MNEI variants, W4 was used as the donor (D)
fluorophore, and a TNB attached to the cysteine ata
specific location in each mutant variant was used as
the acceptor (A). For all three TNB-labeled proteins,
Cys29-TNB, Cys42-TNB, and Cys97-TNB, the
sub-millisecond kinetic traces of folding obtained
from continuous-flow mixing merged into the kinetic
traces obtained from stopped-flow mixing (Fig. S3a—c).
The kinetic traces of folding of all three TNB-labeled
proteins extrapolated at t = 0 to the fluorescence value
of U proteinin4 M GdnHCI (Fig. S3a—c). The decrease
in tryptophan fluorescence for each TNB-labeled
protein occurred in the hyperfast phase: the rate
constants were found to be similar to the rate constants

obtained for the corresponding unlabeled protein
(Fig. 3), whose tryptophan hyperfluorescence de-
creased in this phase (Fig. 2).

In order to understand the nature of barriers that
slow down the sub-millisecond dynamics of the
protein, the microsecond mixing refolding experi-
ments were carried out at different temperatures.
The activation energies for the sub-millisecond
dynamics of the three different segments of
the protein were determined for Cys29-TNB,
Cys42-TNB, and Cys97-TNB from Arrhenius plots
and had values of 5.2 kcal/mol, 6.7 kcal/mol, and
5.2 kcal/mol, respectively (Fig. S3d).

MNEI undergoes compaction within 37 ps of the
initiation of folding

The change in FRET efficiency during sub-
millisecond folding was calculated from the kinetic
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Fig. 3. Sub-millisecond refolding kinetic traces of different TNB-labeled and unlabeled variants of MNEI. The kinetic
traces were obtained by monitoring tryptophan fluorescence at 360 nm upon excitation at 295 nm. The data for the
W4-C29 (a—d), W4-C42 (e—h), and W4-C97 (i—I) distances of MNEI were measured using Cys29 and Cys29-TNB, Cys42
and Cys42-TNB, and Cys97 and Cys97-TNB, respectively. Panels (a, e, and i) represent kinetic refolding traces in 0.86 M
GdnHCI, and panels (b, f, and j) represent kinetic refolding traces in 1.7 M GdnHCI for both unlabeled (blue) and labeled
(red) proteins. The dashed blue and red lines in panels (a, b, e, f, i, and j) represent the signals for the unlabeled
and labeled proteins, respectively, in 4 M GdnHCI. FRET efficiency monitored the kinetic traces that are shown in panels
(c, g, and k) for folding in 0.86 (gray), 1.1 (green), 1.4 (dark red), and 1.7 (pink) M GdnHCI. The FRET efficiency in the U
state in 4 M GdnHCI is shown as a dashed green line. The mean FRET efficiencies are shown as dashed black lines
through the data, as shown in panels (c, g, and k). Panels (d, h, and I) compare the rates of hyperfast fluorescence change

for the labeled (red) and unlabeled (blue) proteins.
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traces of labeled (Fpa) and unlabeled (Fp) proteins
for the three segments of the protein (W4-C29,
W4-C42, W4-C97). For each of these segments,
the FRET efficiency increased within the 37-ps
burst phase (Fig. 3) and then remained constant
from 37 ps to 1.4 ms (Fig. 3), changing further only
due to the folding transition that occurred at longer
times.

Strictly speaking, the FRET efficiency needs to be
calculated from the ratio of fluorescence quantum
yields of the FRET donor in the absence and
presence of the FRET acceptor. In practice, howev-
er, FRET efficiency changes during folding are
invariably determined using the fluorescence inten-
sities, not the quantum yields, at one particular
wavelength [32,33,35,40]. In order to make sure
that the ratio of fluorescence intensities of the donor
in the absence and presence of acceptor, at a
particular wavelength, correctly represents the ratio
of quantum yields, it is important to demonstrate that
the same value for the FRET efficiency was obtained
for the initially collapsed form (Uc), when intensities
were measured at a second wavelength [31]. Figure
S4 shows that this is indeed the case: the FRET
efficiency in Ug for the W4-C42 segment of the
protein was the same whether the fluorescence
intensities were measured at 340 nm or at 360 nm.
Since all the three distances probed showed
increases in FRET efficiency during the 37-ps burst
phase, it was concluded that the volume of the
polypeptide chain had decreased due to initial
polypeptide chain collapse.

The increase in FRET efficiency accompanying
the collapse of U to U was found to be different for
the different FRET pairs (Table S1), indicating that
different distances had contracted to different
extents. Furthermore, the increase in FRET efficien-
cy for each segment was found to be independent of
the final FRET efficiency in the N state, suggesting
that Ug was a randomly collapsed globule. In order
to estimate the extents of contraction for different
segments of the protein during the 37-us burst
phase, the FRET efficiencies determined for U and
Uc were converted into distances using Eq. (1), with
the previously determined value for Ry of 22.5 A
[57]. In using Eqg. (1), it was assumed that the
distribution of intramolecular distances in both U and
Uc was a Gaussian distribution (see Supplementary
Data).

For the U state, which is an ensemble of states that
interconvert on the time scale of few us [58], the
assumption of a Gaussian distribution for each of the
three chain segments encompassing the FRET pair
allowed the value of the radius of gyration, Ry, to be
calculated for the whole protein (see Supplementary
Data). The average of the three estimates for R,
225 + 2.6 A, is similar in value to the value of Ay
determined by SAXS in a previous study [16],
pointing to the validity of the Gaussian chain model

for the U state. More importantly, for every protein
segment defined by W4 at one end and a TNB
moiety attached to a Cys residue at the other end,
the dependence of the segment-wise Ry values
(albeit only three in number) on the number of
residues, N, separating the Trp and Cys residues in
the segment, yielded a value for the scaling
exponent, v (Ry a NY), of 0.59 (Fig. S5a), which is
close to the value (0.6) expected for a random coil
[24]. In this context, it is important to note that for
other proteins, it appears that the Gaussian chain
model may not be appropriate for describing the
dimensions of the U state [59,60].

For the Uc state, there were two potential
problems in using the FRET data to determine
intramolecular distances and Rg. Firstly, the value of
Ro, which is given by Eq. (2), may not be the same
for U and U. This is because W4 is partially buried,
as indicated by its hyperfluorescence, in Uc (see
above) but not in U state. Hence, the value of Qp
[Eq. (2)] for U is higher than that for U, but it is only
1.2- to 1.3-fold higher (Fig. 2), and since R, a QJ/®
[Eq. (2)], there will be a negligible effect on the value
of Ry. The partial burial of W4 in Uc may have also
affected its dynamics and hence altered the value
of k2 [Eq. (2)], which was assumed to have a value of
2/3 as in the U state, in which W4 and the TNB
moiety would be randomly oriented with respect to
each other. Nevertheless, since U appears to be a
randomly collapsed globule (see above), it is likely
that the value of 2/3 for of k? may still be applicable.
In any case, Ry a (k%) '8; consequently, the effect of
a small change in k® on R, should be small.
Secondly, there may be specific interactions and
structures present in Ug, as suggested by the
observation that the W4-C42 and W4-C97 segments
have contracted more than expected from a mere
solvent change [45]. Although a fully unfolded
protein chain may be describable as a Gaussian
chain, even when it might possess significant
amounts of structure [61], it is unlikely that a
collapsed chain would be similarly describable if
structure were to be present. These structures might
affect the dynamics of the chain. Not surprisingly,
the three estimates for the value of Ry of the whole
protein in the Ug state, obtained using the Gaussian
distribution assumption for Uc, were found to vary
over a large range, from 13.2 to 19.6 A (Table S1),
and the scaling exponent, v, obtained from the
dependence of the segment-wise Rg values (albeit
only three in number) on length of segment (N) had a
value of 0.24 (Fig. S5b), and not 0.33, as expected
for a collapsed globule [24]. It should be noted that a
scaling exponent of 0.35 was observed for the
dependence of Rg on N for early collapsed
intermediates [62]. On the other hand, a scaling
exponent of 0.46 has been reported [63] for the
chain-length dependence of the Ay of the U state in
refolding conditions.
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The collapsed globule (Uc) has hydrophobic
patches

From previous millisecond mixing experiments, it
was known that the kinetic MG populated at 1 ms
after the initiation of folding contains hydrophobic
patches that can bind ANS [45]. In order to
determine the time scale of formation of these
hydrophobic patches, the refolding of MNEI was
carried out using microsecond mixing by monitoring
the fluorescence of ANS. It was seen that ANS
binding and its consequent increase in fluorescence
were completed within the 37-ps burst phase
(Fig. 4a). Hence, the hydrophobic patches capable
of binding ANS were already formed within the
mixing dead time of 37 ps. The ANS fluorescence
then decreased at a rate slower than the rate of
hyperfast decrease in intrinsic tryptophan fluores-
cence. This ultrafast phase decrease in ANS
fluorescence had a time constant of 250 pys. The
rate of the ultrafast decrease in ANS fluorescence
was found to be independent of ANS concentration
(Fig. S6), indicating that ANS did not modulate the
kinetics of the ultrafast phase and that the observed
change in the fluorescence of ANS was not limited
by the amount of ANS used.

There are two possible explanations for the
ultrafast decrease in ANS fluorescence. The first
explanation is that the rate of ultrafast decrease
represents the rate of dissociation of ANS from the
intermediate (lyg) formed at the end of the hyperfast
phase of folding from Uc. ANS would dissociate from
lve because it is less tightly bound to it than Uc. This
explanation is unlikely because the ultrafast rate of
decrease in ANS fluorescence has a significant

dependence on GdnHCI concentration. It decreases
from 6600 s~ in 0.6 M GdnHCI to 4000 s~ "in 0.8 M
GdnHCI, while the viscosity of the solution increases
by only 1%.

The second possible explanation is that the
ultrafast decrease in ANS fluorescence represents
the transition of |l\g to a later intermediate from which
it dissociates extremely rapidly. This explanation is
more likely as the ultrafast rate decreases signifi-
cantly with an increase in GdnHCI concentration
(Fig. 4b), as expected for a folding process. The
dissociation of ANS from some regions of the folding
chain would occur as those parts of the chain
become desolvated, resulting in the expulsion of
water along with ANS. The observed rate constants
for ANS-monitored refolding in the millisecond-to-
second time domain, obtained upon stopped-flow
mixing, were found to be comparable to those
measured in previous studies [45,55].

IAEDANS moiety attached to C42 showed an
increase in fluorescence within 37 us

The refolding of MNEI was also monitored by
probing the fluorescence of an IAEDANS moiety
attached to the C42 thiol using both stopped-flow
mixing and continuous-flow mixing. The fluores-
cence of IAEDANS is environment sensitive and
was found to be higher for the N state than for the U
state, which was expected, since C42 is buried at the
interface of the sole a helix and the five B strands
(Fig. 1) in the N state, while it is exposed to aqueous
solvent in the U state. The equilibrium unfolding
transition of MNEI showed a sigmoidal decrease in
IAEDANS fluorescence, with an increase in GdnHCI
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represent the spreads in the data from at least two repetitions

of the experiments.
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concentration (Fig. 5b). When the refolding kinetics
of MNEI was monitored by the measurement of
IAEDANS fluorescence after stopped-flow mixing,
the fluorescence was observed to increase in a burst
phase that was completed in the mixing dead time of
6.2 ms (Fig. 5a). In fact, this initial increase in the
IAEDANS fluorescence occurred within the dead
time of the microsecond mixing experiment itself,
that is, within 37 ps (Fig. 5a). This result corroborat-
ed the observation that Uc had already formed
hydrophobic patches that could bind ANS within
37 ps. It appeared that the region around C42
formed a hydrophobic cluster during the 37-ps
burst phase, in which the IAEDANS moiety became
buried, resulting in the enhancement of its fluores-
cence. After the initial increase in the 37-ps burst
phase, the IAEDANS fluorescence remained con-
stant for a few milliseconds, increasing again only
when the kinetic MG folds further to the N state. This
raises the possibility that the hydrophobic cluster
that buries the IAEDANS moiety during the 37-ps
burst phase might be native like, persisting during
folding to the N state.

Discussion

The sub-millisecond folding reaction of MNEI was
studied using multiple probes, and at least three

kinetic phases could be detected during the first
millisecond of folding. The initial collapse transition
was found to be over within the 37-ps mixing dead
time of the continuous-flow mixer. The product of the
initial collapse reaction, Ug, is a collapsed globule
having hydrophobic patches that are capable of
binding ANS and having its tryptophan in a
nonnative conformation. The subsequent dynamics
that takes place in the collapsed globule represents
the structural transitions that result in the formation of
a kinetic MG at a few milliseconds of folding, from
which structure formation proceeds along multiple
parallel pathways.

MNEI undergoes polymer-like compaction

The observation that the collapse of the polypep-
tide chain is complete within 37 ps of the initiation of
refolding, as seen by the burst-phase increase in
FRET efficiency for all the 3 distances probed (Fig.
3), suggests that the initial polypeptide chain
collapse reaction occurs with a time constant shorter
than ~10 ps. For many other proteins too, the
collapse transition was found to be over within the
mixing dead time of the microsecond mixing
experiment [15,16,19,37]. An upper limit of 1 ys
was proposed for the collapse transition in proteins
from the measurements of diffusion-limited contact
formation in the U state of cytochrome ¢[58]. Hence,
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Fig. 5. Refolding of Cys42-IAEDANS. The fluorescence of the IAEDANS moiety was monitored at 470 nm upon
excitation at 375 nm. (a) Representative kinetic traces at 0.6 M GdnHCI (red) and 1.0 M GdnHCI (blue). The
sub-millisecond data before the x-axis break were obtained using continuous-flow mixing, and the data from 6 ms onwards
were obtained using stopped-flow mixing. The signals are normalized to the signal of the U protein in 4 M GdnHCI (dashed
black line). (b) Comparison of the equilibrium and kinetic amplitudes of the refolding of Cys42-IAEDANS; e, the equilibrium
unfolding transition; a, extrapolated t = 0 signals of the stopped-flow kinetic traces; v, t = « signal of the stopped-flow
kinetic traces. The solid black line through the equilibrium unfolding data is fit to a two-state, N - U, unfolding model, which
yielded a value for AG, of 3.5 kcal/mol. The dashed red line represents the extrapolated U protein baseline. (c) The rate
constants of the four observable phases of the refolding of C42-IAEDANS at different GdnHCI concentrations:a, very fast
phase; m, fast phase; ®, slow phase; v, very slow phase. The solid black lines through the data points are linear regression
fits. The error bars, mostly hidden under the symbols, represent the spreads obtained from at least two repetitions of the
experiments.
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the actual time scale of collapse is likely to be much
faster than 10 ps in the case of MNEI. In the case of
BBL, the time scale of polypeptide chain collapse
had been measured by temperature-jump experi-
ments to be around 60 ns at 305 K [22]. For
cold-shock protein (Csp Tm), the global chain recon-
figuration time, an equilibrium property which serves
as an approximate upper limit for the collapse time,
was found to be 50 ns from single-molecule FRET
measurements [23].

The pre-exponential factor in the Arrhenius rate
expression indicates the folding rate constant in the
absence of a barrier. For the folding of the Ag_gs
repressor, this was estimated to be 0.5-1 ps [64],
and for BBL, it was estimated to be 1.3 ps at 333 K
[65]. Indeed, the diffusion-limited folding speed limit,
in the absence of a barrier, has been suggested to
be Nr/100 ps, where Ny is the number of residues
[66]. For a 100-residue protein, the time scale of
diffusion-limited folding is 1 ps. A similar speed limit
has been obtained from a theoretical analysis of
kinetic data on fast-folding proteins [67]. The current
study suggests that the collapse transition of MNEI,
which occurs with a time constant of less than 10 ps,
is slowed down by a barrier of only ~2kg T, compared
to how fast it might occur in the absence of any
barrier. Such a small barrier could conceivably be
traversed by thermal fluctuations, and it is possible
that the initial collapse transition might effectively
occur through a continuum of states. However, it
should be noted that the only definitive way to
determine whether a protein folding or unfolding
transition occurs in a continuous manner or not
would be to examine the evolution of population
distribution of molecules at different times during the
process [57]. It should also be noted that neither from
the results of the previous experiments [16,45] nor
from the results of the current study was it possible to
determine whether all MNEI molecules have under-
gone collapse and whether the collapsed molecules
have all contracted to the same extent.

In the current study, the increases in FRET
efficiency were different for the different donor-
acceptor pairs, suggesting that the different seg-
ments contract to different extents, with the longer
segment contracting more (Fig. 3 and Table S1). The
value of Ry can be determined with confidence for
the whole protein only in the U state, but not in Uc
(see Results). Hence, it is difficult to determine how
accurate are the extents to which the three segments
of the protein appear to have contracted in Ugc. The
different extents, in the range of 15-47% (Table S1),
to which the three different distances appear to have
contracted could either be real and due to the
structure present in Uc or be an artifact due to
uncertainty in the determination of Ry for Uc (see
Results). In a previous study, the extent of initial
collapse was determined by SAXS to be 30%
collapse [16]. For several other proteins, SAXS

measurements showed that Ry changes by 40-50%
during the entire folding reaction and by 20-30%
during the initial collapse transition [68]. On the other
hand, single-molecule FRET measurements indicat-
ed that the initial extent of contraction upon collapse
is 30—40% [68].

It should be noted that FRET is more biased
towards shorter distances, whereas scattering in-
tensity is biased towards longer distances. For some
proteins, SAXS measurements were unable to
detect any collapse having occurred during the
formation of the kinetic MG [69-71], presumably
because the fractional contraction was too small to
be measured by SAXS. In FRET measurements,
specific distances are measured, very often just one
[32,35,72,73], and it is possible that even when one
segment of the protein undergoes contraction, which
can be measured by FRET, the overall dimensions
of the protein do not decrease sufficiently to be
measured by SAXS. It is therefore important to carry
out multisite FRET to establish the extent of volume
compaction during the early collapse transition and
to compare these measurements with SAXS
measurements.

Specificity of initial collapse reaction of MNEI

Multisite FRET has been used to characterize the
dimensions of the kinetic MGs of several proteins
[29,31,41]. In earlier studies, the collapse transition
was said to be non-specific if the FRET efficiencies
in the kinetic MG at low denaturant (refolding)
conditions could be predicted by extrapolation of
the FRET efficiencies in the U state at high
denaturant (unfolding) conditions [29,31,44]. The
collapsed state would then correspond to the U state
in refolding conditions. The collapse transition was
said to be specific if the FRET efficiencies for at least
a few segments of the protein were more than that
expected from such extrapolation in the U protein at
the lower denaturant concentration [44].

In the previous study [45], it was seen that two of
the segments (W4-C42 and W4-C97) underwent
compaction to an extent that was more than that
expected for the U state in refolding conditions and
that the only sequence segment W4-C29, which
spans the sole helix, underwent a solvent-induced
compaction that could be predicted by the behavior
of the U state at the high denaturant concentrations.
In the current study, it has been shown that the initial
contraction is complete within the first 37 ps of
folding in Uc itself. The sequence segments that
contract more than expected might be doing so
because they form some structure. Some of this
structure in Ug appears to be nonnative, as indicated
by the observation that W4 has become transiently
buried presumably in a local hydrophobic cluster.
From the current study, it is not possible to say
whether the initial compaction in MNEI was brought
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about by specific interactions that are also present in
the final N state or by non-specific interactions
similar to a polymer collapse. Several observations,
including the time scale of the initial chain collapse
(<10 ps), the nonnative burial of W4, the correlation
between the extent of contraction during the U-to-Ug
transition and the length of the sequence segment,
the gradual change in the size of U with denaturant
concentration, and the absence of the sole helix [45]
suggest that the burst-phase product at 37 ps of
refolding is a collapsed unfolded state (Uc) and not
an intermediate with specific structure. Non-specific,
polymer-like compaction prior to the folding transition
has been seen for several proteins
[4,20,27,29,31,33,40,41,43,44,74]. It has been sug-
gested that only when the folding temperature is
close to the collapse temperature will the initial
collapse transition result in the formation of specific
structure [75].

The initially collapsed globule of MNEI has
solvent-exposed hydrophobic patches

The observation that the fluorescence of the
extrinsic fluorophore ANS increases in the 37-ps
burst phase (Fig. 4) suggests that the burst-phase
product Uc has hydrophobic patches that can bind
ANS. It should be noted that while the binding of
ANS to hydrophobic patches, which were formed in
the collapsed globules populated during the first
millisecond of folding, has been interpreted to mean
that the collapsed globule has specific structure [37],
a non-specific collapse driven by hydrophobic
interactions can also lead to an increase in ANS
fluorescence [29]. The burst-phase increase in the
fluorescence of W4 (Fig. 2) and of IAEDANS moiety
(Fig. 5) attached to the protein indicates that the W4
and C42 regions of the protein are both parts of the
regions that form these hydrophobic patches.
Interestingly, the hydrophobic cluster that buries
W4 seems to be nonnative, since it dissolves in the
hyperfast phase as seen by the decrease in
fluorescence of W4 (Fig. 2). On the other hand, the
hydrophobic cluster around C42 may be native like,
as it does not dissolve but is retained in the kinetic
MG at a few milliseconds of folding (Fig. 5a).
Thereafter, the cluster is further consolidated during
the main folding reactions; IAEDANS fluorescence is
further enhanced as the kinetic MG folds (Fig. 5a).

Some studies indicate that the initial collapse
transition is due to hydrophobic interactions between
the side chains [4,22,76]. In the current study, the
observation that the formation of hydrophobic
patches and compaction of the polypeptide chain
are complete within the 37-ps burst phase suggests
that the collapse transition in MNEI might be due to
hydrophobic side-chain-mediated interactions. In a
theoretical study [77], using a heteropolymer having
hydrophobic and hydrophilic monomers similar to

proteins, it was proposed that the hydrophobic
side-chain-driven compaction results in the forma-
tion of minimum energy compact (MEC) states and
that proteins are able to fold on biologically relevant
time scales due to the formation of these MECs
during the first millisecond of folding [77]. The
earliest compact state Uc observed in this study
might qualify as a MEC.

In the current study of the folding of MNEI,
hydrophobic patches were seen to form within the
37-ps burst phase; while in an earlier study of MNEI
[16], they were observed to form with a time constant
of 19 = 1 ms, when the folding was started from
MNEI unfolded at pH 12. There could be two
reasons for this difference: (1) The U states at high
pH and at high GdnHCI might be different, and they
might fold by traversing different routes on the
multidimensional energy landscape. An analogous
difference was observed for Ag_gs repressor protein
for folding, which was induced by a temperature
jump and by microfluidic mixing, and had been
attributed to differences in the U states populated at
high temperature and high denaturants [78]. (2) A
less likely explanation for the difference in the rates
observed is the slight difference in the proteins used
in the two studies. The variant of MNEI used in the
earlier pH-jump-induced folding study lacks the
linker dipeptide (glycine-phenylalanine) and had
the sole cysteine mutated to a serine. In the current
study, it is shown that the C42 region undergoes a
major structural transition during the 37-ps burst
phase, as shown by the refolding experiment using
the fluorescence of the IAEDANS moiety attached to
C42as the probe (Fig. 5).

The tryptophan microenvironment changes during
the sub-millisecond folding of MNEI

Most folding studies carried out in the sub-
millisecond time domain have used tryptophan
fluorescence as the probe [79—-81]. The fluorescence
of tryptophan can change due to a change in its
microenvironment, due to quenching by different
groups in the protein, due to a change in solvation, or
due to FRET with an acceptor moiety attached to the
protein. In the current study, the observation of a
burst-phase increase in tryptophan fluorescence
and a blue shift in its emission maximum (Fig. 2)
suggests the transient formation of nonnative inter-
actions, since the fluorescence of W4 shows a
consequent decrease in a hyperfast phase as
opposed to an expected increase during folding.
Similar increases in tryptophan fluorescence within a
few ps of the initiation of folding have been observed
for RNaseH [54], cytochrome ¢, apomyoglobin and
lysozyme [19], and acyl-CoA binding protein [82]. In
the current study, even though a hyperfast decrease
in tryptophan fluorescence was observed for both
TNB-labeled and unlabeled proteins (Fig. 3), the
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FRET efficiency did not change during this phase,
which suggests that the decrease in tryptophan
fluorescence is due to a change in local environment
and that the dimensions of the polypeptide chain
remain unchanged during the hyperfast phase. A
similar change in tryptophan fluorescence without a
change in the dimensions of the protein was also
observed during the sub-millisecond folding of protein
L [43]. Several sub-millisecond folding studies have
tried to interpret a decrease in tryptophan fluores-
cence in the presence of a FRET acceptor as a
collapse transition [19,35,42]. If tryptophan fluores-
cence is measured only in the presence of a FRET
acceptor, and that is seen to decrease, the decrease
may not be because of FRET but because the
quantum yield of the donor tryptophan itself de-
creases. The observation of a change in tryptophan
fluorescence in the absence of a FRET acceptor
without any change in the overall dimensions of the
protein in the case of protein L and MNEI, emphasizes
the need to interpret the kinetics monitored by
tryptophan fluorescence more conservatively.

Sub-millisecond folding of MNEI occurs in
multiple steps

The sub-millisecond dynamics of MNEI monitored
by different probes indicates that the kinetic MG
observed at a few ms of folding reaction is the
product of three different events happening within
the sub-millisecond time domain. The results of the
current study are summarized in Fig. 6. The scheme
proposed is the simplest scheme and does not
negate the possibility of more complex parallel
pathways predicted for the early folding events.
The compaction event due to the collapse transition
is over within the mixing dead time, and Ug has
hydrophobic patches that can bind ANS and W4 in a
nonnative conformation. Ug also has the IAEDANS

Trp fluorescence t
IAEDANS fluorescence t

adduct on C42, buried in a hydrophobic cluster that
might be native like because the burial of the
IAEDANS moiety persists right up to and in the N
state. On the other hand, the nonnative structure
around W4 dissolves in a hyperfast phase, with a
time constant of 50 ys, which results in the
formation of a very early intermediate (lvg). lve
undergoes an ultrafast decrease in ANS fluores-
cence, which would be due to the expulsion of water
from the protein, resulting in the formation of kinetic
MG. It is likely that this dehydration of the chain
facilitates the formation of backbone hydrogen
bonds and the initiation of formation of secondary
structure in the kinetic MG.

The funnel-shaped energy landscape envisaged
for proteins [83—85] suggests that the folding
reaction is more heterogeneous at the earliest
stages of folding. Conformational heterogeneity is
lost incrementally as the folding reaction proceeds
[86]. In previous studies, multiple kinetic phases
were observed during the sub-millisecond folding of
protein L [483], barstar [20], and cytochrome c¢
[19,35,87]. The lack of cooperativity also suggests
that the folding reaction on the sub-millisecond time
scale is not limited by a large free energy barrier;
instead, it occurs in multiple steps, each having a
marginal barrier (<3 kgT). The activation energies
obtained for the dynamics of different segments of
MNEI were ~9 kgT (5.2 kcal/mol, 6.7 kcal/mol, and
5.2 kcal/mol for Cys29-TNB, Cys42-TNB, and
Cys97-TNB, respectively) (Fig. S3d). The viscosity
of water has an Arrhenius-like dependence on
temperature, and the change in viscosity due to an
increase in temperature contributes 7 kgT to the
barrier height [72]. Thus, only marginal barriers of
around 2 kgT separate the different conformational
sub-states in the collapsed globule.

In an equilibrium model for the formation of a
productive MG of barstar [27,74], the pH unfolded

Fig. 6. Cartoon diagram showing
the sequence of events happening

:':\,E;ﬂ":ﬂf;i::‘,',:et T Ruosescel ARCMIONSaDNNGE during the first 1 ms of folding.
The unfolded protein undergoes
burst-phase collapse within 10 ps

<10ps S0ps, 250 ps of initiation of folding. The initial

Burst Hyperfast Ultrafast chain collapse is accompanied by

Phase Phase Phase differential increases in the FRET
efficiencies of different D-A pairs,

anincrease in the fluorescence of W4

kinetic (blue residue) and of an IAEDANS

U Uc IVE MG moiety attached to C42, and an

increase in fluorescence of ANS.
The collapsed globule undergoes a

hyperfast phase decrease in tryptophan fluorescence and forms a very early intermediate, Iyg. Desolvation of some regions of
lve results in an ultrafast decrease in ANS fluorescence, leading to the formation of a kinetic MG that then proceeds to fold to
the N state. The green ovals represent the hydrophobic patches.
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form of barstar was shown to undergo folding
through multiple equilibrium intermediates in a
noncooperative manner, upon the addition of salt
to screen electrostatic repulsion in the chain. Kinetic
studies showed that these equilibrium intermedi-
ates were on pathway to the N state [27]. A
sub-millisecond kinetic study of the folding of
barstar showed that a collapse transition precedes
the first structure formation step, both occurring
within a millisecond of the initiation of folding [20].
The sub-millisecond structure formation reaction of
barstar was shown to be barrierless, based on the
observation of the rate being independent of
denaturant concentration and temperature [20].
The observation that the sub-millisecond folding
reactions of many other proteins also have negligi-
ble dependences on denaturant concentration
[35,82,88,89] suggests that these early folding
transitions may, in general, not be slowed down by
sizable free energy barriers.

Dynamics within the collapsed globule

The initial collapse transition of MNEI is over
within the 37-ps burst phase (Fig. 3). The two
observable structural transitions, namely the
hyperfast decrease in tryptophan fluorescence
(Figs. 2, 3) and the ultrafast decrease in ANS
fluorescence (Fig. 4), represent the structural
rearrangements that prime the subsequent folding
reaction. The dimensions of the protein remain
unchanged during these two structural transitions.
Sub-millisecond dynamics without a change in the
overall size of the protein after the initial chain
collapse was observed for DHFR [18], protein L
[43], MNEI [16], apomyoglobin [15], and ribonucle-
ase A [37]. The sub-millisecond dynamics of
cytochrome ¢, apomyoglobin, and lysozyme ob-
served with tryptophan fluorescence as the probe
were interpreted as the formation of native tertiary
contacts [19]. However, tryptophan fluorescence
can also change due to a change in its local
environment and hence may not be indicative of the
formation of tertiary contacts.

The current study shows that the nonnative
interactions formed during the initial collapse tran-
sition are rearranged to enable the protein to fold to
its native structure. These dynamics within the
collapsed globule might be the defining features of
sequences that can undergo folding. It was argued
that the initial collapse transition may not be the
signature of a sequence that can fold successfully
[90]: for several proteins, the collapse transition can
be mimicked by non-foldable analogs of the same
proteins [90-93]. This again hints at the
non-specific, polymer-like nature of the initial col-
lapse transition. It seems that the foldability of a
sequence comes into play only after the initial
collapse transition, when the collapsed polypeptide

chain undergoes rearrangements dictated by the
chemistry of the sequence, which prime the actual
folding reaction.

The N state of MNEI expands upon addition of
denaturant

While this study has revealed much about the
microsecond folding events in the initially collapsed
globule of MNEI and their dependence on low
concentrations of GdnHCI, it has also revealed
interesting information on how low concentrations
of GdnHCI affect the N state of the protein. The
fluorescence of the buried W4 in native MNEI has a
steep dependence on GdnHCI concentration in the
range from 0 to 1.4 M (Fig. 2c): it increases by 20%
while that of NATA increases only by 7% (data not
shown). A simple explanation for this observation is
that fluorescence in the N state is quenched by the
local structure, and the addition of denaturant
causes the N state to expand slightly, thus resulting
in the quenching being released and in increased
fluorescence. Indeed, the N state of MNEI had been
shown in previous FRET-based studies to expand
upon the addition of denaturant [45,89,94]. Similar
denaturant-induced expansion of the N state has
also been observed for barstar [95] and for the SH3
domains of PI3 kinase [29] and a-spectrin [96]. It is
possible that this may be a general property of
proteins, which is difficult to detect by most
conventional probes.

Conclusion

The sub-millisecond folding reaction of MNEI from
the GdnHCI-unfolded state has been studied using
multiple fluorescence-based probes. The compac-
tion of the polypeptide chain is shown to be over
within the mixing dead time of 37 ps. The resultant
collapsed globule has the sole tryptophan buried in a
nonnative conformation and has already formed
hydrophobic patches that can bind the dye ANS. A
hyperfast decrease in tryptophan fluorescence
occurs with a time constant of 50 ps, and an ultrafast
decrease in the ANS fluorescence occurs with a time
constant of 250 us. All these transitions are over
within the first millisecond of folding, when the
specific, native-like secondary structure is yet to
form. The upper limit for chain collapse is estimated
to be 10 ps. The presence of multiple kinetic phases
reveals the noncooperative nature of early
sub-millisecond folding. The sub-millisecond kinetic
phases likely represent the structural rearrange-
ments that help in breaking nonnative interactions
formed due to the initial non-specific collapse and
the desolvation of some parts of the collapsed
polypeptide chain, which helps in preparing it for
the actual folding transition.
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Materials and Methods

Buffers and reagents

All the chemicals used in the current study were of high
purity grade and were obtained from Sigma. Ultra-pure
GdnHCI was obtained from United States Biochemicals.
The native buffer used was 50 mM sodium phosphate at
pH 7 containing 250 yM EDTA and 1 mM DTT. DTT was
not added in the experiments with the TNB-labeled proteins
since it caused the detachment of the label. Unfolding buffer
was prepared by adding 4 M GdnHCI to the native buffer.

Protein purification

The variants of MNEI were purified according to the
protocol described previously [55]. Cys42 (wt MNEI) had
cysteine at residue position 42, while Cys29 and Cys97
had the cysteine at residue position 29 and 97, respec-
tively. The purity and mass of each protein were verified by
electrospray ionization mass spectrometry (ESI-MS), and
the proteins were found to be more than 95% pure. The
concentration of the protein was determined using the
molar extinction coefficient of 14,600 M~' cm~" [55]. Inthe
case of TNB-labeled proteins, the contribution of the TNB
label to the absorbance at 280 nm was corrected as
described earlier [31].

TNB and IAEDANS labeling of MNEI

The labeling of MNEI with IAEDANS and TNB was
carried out as described previously [57,97]. In the case of
the TNB-labeled protein, the extent of labeling was
checked by ESI-MS, and the molecular mass of the
protein was found to increase by 196 Da, which corre-
sponded to the mass of the TNB moiety. The extent of
labeling was found to be >95%. In the case of the
IAEDANS-labeled protein, the extent of labeling was
checked both by absorbance measurement and ESI-MS
and was found to be >90%. The mass of the protein
increased by 306 Da upon the addition of the IAEDANS
moiety.

Equilibrium unfolding studies

Equilibrium unfolding experiments, in which the fluores-
cence of the IAEDANS moiety attached to C42 was
monitored, were carried out using the stopped-flow module
(SFM-4) from Biologic. The sample was excited at 375 nm,
and the fluorescence emission was collected at 470 nm
using a 470 + 10 nm band pass filter (Asahi Spectra). The
protein was incubated with different concentrations of
GdnHCI for 6 h at room temperature (25 °C) before the
fluorescence was measured.

The SFM-4 module was also used for equilibrium
unfolding experiments in which tryptophan fluorescence
was used as the probe. The sample was excited at
295 nm, and the fluorescence was collected at 340 nm
using a 340 + 10 nm band pass filter (Asahi Spectra). The
protein concentration used was 10 pM, and the path length
of the cuvette was 1 cm.

Millisecond kinetic refolding studies

All the millisecond kinetic refolding experiments were
carried out on the SFM-4 stopped-flow module. A dead time
of 1.8 ms was achieved by using a cuvette with a path length
of 0.8 mmand a flow rate of 5 mL/s. For refolding experiments
in which intrinsic tryptophan fluorescence was monitored, the
sample was excited at 295 nm, and the fluorescence was
collected at either 360 nm or 340 nm, usinga 360 + 10 nmor
a 340 = 10 nm band pass filter (Asahi Spectra).

For refolding experiments in which ANS fluorescence
and IAEDANS fluorescence were monitored using the
SFM-4 module from Biologic, a dead time of 6.2 ms was
achieved using a cuvette of path length 1.5 mm and a flow
rate of 5 mL/s. The sample was excited at 375 nm, and the
fluorescence was collected at 470 nm usinga 470 + 10 nm
band pass filter (Asahi Spectra). The data was collected
using the MOS-450 acquisition system (Biologic).

Microsecond mixing refolding experiments

The microsecond mixing experiments were carried out
using a custom-built, continuous-flow mixing setup. The
design of the continuous-flow mixing setup and the
experimental procedure for microsecond mixing experi-
ments are described in the Supplementary Data (Fig. S1).
The dead time was determined to be 37 + 5 ps by carrying
out experiments in which the kinetics of quenching of the
fluorescence of NATA by N-bromosuccinimide (Fig. S2)
was monitored.

Fitting equilibrium unfolding curves

The equilibrium unfolding transition was fit to a two-state
model to obtain the free energy of unfolding in water and its
dependence on denaturant concentration (m value) [98].

FRET efficiency calculation

The FRET efficiency (E) was calculated from the
fluorescence values of the unlabeled and TNB-labeled
proteins using Eq. (1).

E—1-_DA (1)

Fpa is the fluorescence of the donor in the presence of
acceptor (tryptophan fluorescence of the TNB-labeled
protein) and Fp, is the donor-only fluorescence (tryptophan
fluorescence of the unlabeled protein).

For the U state, the value of Ry had been determined
earlier [57] using Eq. (2):

Ro = 0.211 (Qp JK?n*)"°

(2)
Qp is the quantum yield of the donor, J is the overlap
integral that signifies the spectral overlap between the
donor's emission spectrum and the acceptor's absorption
spectrum, k2 is the orientation factor, and n is the refractive
index of the medium used. A value of 2/3 for k* was used,
which assumes the free rotation of the donor and acceptor
moieties.
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