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Background: Early events of protein folding are difficult to follow.
Results: The unfolded state may have extended and compact conformers, which interconvert at early microsecond.
Conclusion: Hydrophobic compaction and secondary structure formation do not occur simultaneously in aqueous solution.
They occur simultaneously in the presence of urea.
Significance: Hydrophobic collapse has been monitored at single molecular resolution.

What happens in the early stage of protein folding remains an
interesting unsolved problem. Rapid kinetics measurements
with cytochrome c using submillisecond continuous flow mix-
ing devices suggest simultaneous formation of a compact col-
lapsed state and secondary structure. These data seem to indi-
cate that collapse formation is guided by specific short and long
range interactions (heteropolymer collapse). A contrasting
interpretation also has been proposed, which suggests that the
collapse formation is rapid, nonspecific, and a trivial solvent
related compaction, which could as well be observed by a
homopolymer (homopolymer collapse). We address this con-
troversy using fluorescence correlation spectroscopy (FCS),
which enables us to monitor the salt-induced compaction
accompanying collapse formation and the associated time con-
stant directly at single molecule resolution. In addition, we fol-
low the formation of secondary structure using far UV CD. The
datapresentedhere suggest that both thesemodels (homopolymer
andheteropolymer) couldbe applicable dependingon the solution
conditions. For example, the formationof secondary structure and
compact state is not simultaneous in aqueous buffer. In aqueous
buffer, formation of the compact state occurs through a two-state
co-operative transition following heteropolymer formalism,
whereas secondary structure formation takes place gradually. In
contrast, in thepresenceofurea,acompactionof theproteinradius
occurs gradually over an extended range of salt concentration fol-
lowing homopolymer formalism. The salt-induced compaction
and the formation of secondary structure take place simultane-
ously in the presence of urea.

Several experimental and theoretical techniques have been
devised to study dynamics of the unfolded state and to monitor
early events of protein folding (1–4). Many of these studies
involve measurements of rapid kinetics using mixing tech-

niques with sub-millisecond and �s time resolutions (5–8).
Cytochrome c has been found to be an attractive model system
for these experiments (9).
Two long-standing controversial questions related to the

nature and time scale of the initial events of protein folding have
been addressed by many of these rapid kinetics measurements.
First, is it the hydrophobic collapse, which occurs first, followed
by the formation of the secondary structure, or do they occur
simultaneously? Second, is the initial event of protein folding
directed by specific interactions between the participating
amino acids, or is it nonspecific? Rapid kinetics measurements
show barrier limited formation of a native-like collapsed states
in the early time scale (6, 10). These experiments and other data
seem to suggest that hydrophobic collapse and secondary
structure formation take place simultaneously (11). These stud-
ies indicated that collapse is guided by specific short and long
range interactions and barrier-limited (heteropolymer col-
lapse) (6, 9–10). A contrasting interpretation was brought up
by Sosnick et al. (12, 13), who suggested that the initial collapse
is nonspecific. According to this interpretation, the initial col-
lapse is a trivial compaction, which any homopolymer would
experience when the denaturant gets diluted by aqueous buffer
(homopolymer collapse). The controversy has been found dif-
ficult to resolve because of several reasons. First, the number of
experimental techniques, which could probe early change in
conformation and �sec dynamics in the unfolded state, is lim-
ited. Second, pathways of protein folding are heterogeneous
with complications arising from parallel pathways, trapped
intermediates, and misfolding.
We addressed these questions bymaking use of fluorescence

correlation spectroscopy (FCS)2 and far UV CD to study the
salt-induced collapse and secondary structure formation of
cytochrome c from Saccharomyces cerevisiae. Bovine serum
albumin also was used to verify some of the key experimental
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results on a different protein system. FCS is a unique experi-
mental technique that can measure conformation of the
unfolded state and its fluctuation dynamics in the �s time scale
using the same experimental data. Additionally, FCS offers sin-
gle molecule sensitivity, which could efficiently isolate folding
events from any competing undesired processes such as
aggregation.
Using FCS, we observed the presence of a fluctuation dynam-

ics between an extended and a collapsed conformer of cyto-
chrome c unfolded at pH 2. The time constant of their inter-
conversion was 50 �s. The equilibrium population of collapsed
conformer increased upon the addition of salt as monitored by
a decrease in the hydrodynamic radius (rH). Using far UV CD
and FCS, we independently monitored the formation of sec-
ondary structure and that of the collapsed state, respectively. In
aqueous buffer, the formation of collapsed state followed a
cooperative two-state transition occurring at low salt concen-
tration (heteropolymer collapse), although secondary structure
forms gradually over a large range of salt concentration. In
aqueous buffer, these two events are not simultaneous. A salt-
induced compaction of the hydrodynamic radius has been
observed in the presence of urea. However, the contraction of
the unfolded chain and secondary structure formation
occurred simultaneously in urea. In the presence of urea, the
contraction followed homopolymer formalism.

EXPERIMENTAL PROCEDURES

Iso-1-cytochrome c (C2436), sodium perchlorate (CAS-
7601-89-0), and urea (CAS-13-6) were obtained from Sigma.
Alexa Fluor 488-maleimide and tetramethyl rodamine 5
maleimide (TMR) were obtained from Molecular Probes
(Eugene, OR). All of the other reagents used were of the highest
available grade.
Far UV CD spectra were carried out using a Jasco J715 spec-

tropolarimeter. Experiments were performed typically with 9
�M TMR-maleimide-labeled cytochrome c-TMR. Far-UV CD
spectra were recorded over a 200–250-nm range, and each
spectrumwas averaged using 10 repeat scans. Steady state fluo-
rescence experiments were carried out with TMR-labeled pro-
tein using a PTI fluorescence spectrometer (Photon Technol-
ogy Intl.). The fluorescence emission spectra were recorded
between 560–650 nm using an excitation wavelength of 540
nm. Final concentration of the labeled cytochrome c used for
the steady-state fluorescence was 1 �M.

MALDI mass spectrometry was carried out using a 4800
MALDI-TOF-TOF mass spectrometer (Applied Biosystems)
equipped with a microchannel plate detector. The delay time
used was 500 ns. Mass spectra were acquired by averaging 600
to 800 shots. Labeled cytochrome c fragment of 1 �M concen-
tration was used for the mass spectrometry measurements.
Cytochrome c from S. cerevisiae contains one free cysteine

(Cys-102), which was labeled with TMR using published pro-
cedures (14). Labeling of BSA with Alexa Fluor 488-maleimide
was carried out using an identical method. Labeling of cyto-
chrome c with TMR does not result in any significant effect on
the structure, conformation, and folding of the protein (14).
FCS experiments were carried out with a ConfoCor 3 LSM
setup (Carl Zeiss, Evotec, Jena, Germany) using a 40� water

immersion objective. The detailed experimental procedure has
been published previously (15, 16).
For FCS data analysis, correlation function curves observed

with the FCS experimentswere analyzed using differentmodels
as described below.
Model 1 (Simple Diffusion Model)—For a single component

system without any conformational event, the diffusion time
(�D) of a fluorophore (for example, the free dye, TMR or Alexa
Fluor 488-maleimide-labeled bovine serum albumin) and the
number of particles in the observation volume (N) can be calcu-
lated by fitting the correlation function (G(�)) to Equation 1 (17),

G��� � 1 �
1

N�
1

1 �
�

�D
��

1

1 � S2
�

�D
�

0.5

(Eq. 1)

where S is the structure parameter, the depth-to-diameter ratio
of the Gaussian observation volume.
Model 2 (Simple Diffusion with Conformation Fluctuation

Model)—Because the correlation functions obtained with cyto-
chrome c-TMR at pH 2 could not be analyzed using model 1
described above, we needed to use model 2 for the successful
representation of the data. This model (model 2) assumes a
single diffusing species (with the diffusion time of �D), which
undergoes a chemical reaction or conformational change. The
correlation function of the system can be represented by Equa-
tion 2 (17).
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��

1
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�
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(Eq. 2)

The parameter �R represents the time constant of a conforma-
tional fluctuation between a fluorescent and a non-fluorescent
conformer (for example, A^ B, and both of the conformers, A
and B, have the same �D) provided that the said event occurs
faster than the diffusion time (�R �� �D). F is the amplitude of
�R, which corresponds to the average fraction of the molecules
in the non-fluorescent (dark) state (17). For both Equations 1
and 2, a rapid exponential component with amplitude 20–30%
and the time constant of 1–3 �s for the triplet state photophys-
ics also is present.
The diffusion coefficient (D) of the molecule can be calcu-

lated from �D using Equation 3,

�D �
�2

4D
(Eq. 3)

where � is the beam radius of the observation volume, which
can be obtained by measuring �D of a fluorophore of known D.
The hydrodynamic radius (rH) of a labeledmolecule can be cal-

culated fromD using the Stokes Einstein equation (Equation 4),

D �
kT

6��rH
(Eq. 4)

where k is the Boltzmann constant, T is the temperature, and �
corresponds to the viscosity of the solution.
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FCS data were further analyzed by maximum entropy
method (MEM) (18). This is a model-free method in which the
multicomponent correlation function can be represented by n,
the number of non-interacting fluorescent species. These spe-
cies can have diffusion time values between 0.001 and 500 ms.
MEMminimizes the parameter 	2 andmaximizes the entropic
quantity, S � �ipilnpi (where pi � ai�iaj) to obtain an opti-
mized fit (15, 18).

RESULTS

FCS has been used extensively to measure hydrodynamic
radius (rH) of fluorescently labeled molecules at a single mole-
cule resolution (19, 20). Additionally, FCS has been used to
monitor conformational dynamics of biologicalmolecules at�s
time scale (3, 4). As a matter of fact, FCS is one of the very few
experimental techniques that canmeasure protein dynamics in
the�s time scale. This is becauseNMR and stopped flowmeth-
ods are limited by their time resolution typically at ms; time
resolved fluorescence decay experiments are effective only at
the ns or ps time range. Computational studies including
molecular dynamics simulations are frequent at the ns or ps
time scale because of computational constraints one would
encounter to perform simulations at �s time scale.
In a typical FCS experiment, intensity fluctuations of a

labeled molecule inside a small observation volume are moni-
tored with time. Intensity fluctuations may arise due to the
diffusion of the molecule (with a diffusion time of �D) in or out
of the observation volume (Equation 1) or due to the kinetics of
a conformational change (with the time constant of �R) whose
rate is faster than the molecular diffusion (�R �� �D, Equation
2). Analysis of the diffusion component (�D) using Equations 3
and 4 provides hydrodynamic radius (rH). Analysis of the

kinetic component provides information about the time con-
stant (�R) of the conformational fluctuations in the �s time
scale.
We have used FCS and far UV CD to study salt-induced

collapse and secondary structure formation of TMR-labeled
cytochrome c (cytochrome c-TMR) at pH 2. Labeling with
TMR does not affect the conformation and folding of cyto-
chrome c (14, 21). At low pH (for example, at pH 2), the protein
becomes positively charged. To avoid the repulsive interactions
between the positively charged residues at acidic pH, it unfolds
and becomes extended. Unfolding of cytochrome c-TMR at pH
2 leads to a large decrease in the secondary structure as
observed by far UV CD experiments (supplemental Fig. S1).
The correlation functions obtained by the FCS experiments
with cytochrome c-TMR at pH 2 could not be fit to Equation 1
resulting in non-random residual distributions (Fig. 1a). The
data instead have been fit to Equation 2 (Fig. 1b), which con-
tains an exponential time constant (�R of 50 �s) in addition to a
diffusion component (of diffusion time of �D). Using the �D
value obtained from the diffusion component, we have calcu-
lated the hydrodynamic radius (rH) of the protein at pH 2 to be
31 Å (using Equations 3 and 4, “Experimental Procedures”).
The parameter �R denotes the time constant of a conforma-
tional fluctuation occurring between a non-fluorescent and a
fluorescent conformer (also see “Experimental Procedures” for
explanations of Equations 1 and 2). The parameter F denotes
the amplitude of �R describing the relative population of the
compact non-fluorescent state in equilibrium. Fitting of the
FCS data using two exponential components (1 diffusion � 2
exponential components) does not improve the quality of the
fit.

FIGURE 1. a, representative correlation function obtained by FCS experiments with on average a single cytochrome c-TMR molecule at pH 2. The fit of this data
to Equation 1 yields non-random behavior of the residual distribution (shown at the bottom of the figure) suggesting that Equation 1 may not be appropriate.
b, correlation function obtained with cytochrome c-TMR at pH 2 could be fit successfully to Equation 2. Residual distribution calculated using Equation 2
(shown at the bottom of the figure) is completely random, indicating the goodness of the fit.
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The addition of salts (for example, sodium perchlorate)
increases the dielectric constant of the aqueous solution.
Because the repulsive interactions between the positive
charged residues are inversely proportional to the dielectric
constant of themedium, the hydrophobic interactions predom-
inate resulting in the compaction of the unfolded state. The
value of rH, as observed by FCS experiments with cytochrome
c-TMR, decreases with the addition of sodium perchlorate at
pH 2 (Fig. 2a), suggesting the formation of a compact collapsed
state. The value of rH in the presence of 120 mM sodium per-
chlorate at pH 2 has been found to be 18 Å. The parameter F
increases with the increase in the sodium perchlorate concen-

tration (Fig. 2b), which occurs in concert with the decrease in
rH. The value of �R remains at 50 �s at low salt concentration
and decreases to 20�s as the salt induced transition occurs (Fig.
2c). In addition, the presence of 120 mM sodium perchlorate
leads to partial refolding of cytochrome c-TMR as observed by
an increase in the ellipticity measured by far UV CD (supple-
mental Fig. S1).

The results discussed above could be explained by assuming
the presence of a conformational equilibrium between an
extended (U, 31 Å) and a compact collapsed (IC, 18 Å) con-
former in the unfolded state of cytochrome c-TMR at pH 2.

U �extended� ^ IC �collapsed� (Eq. 5)

The presence of an equilibrium containing three states (for
example, one described in Equation 6) can be ruled out. This is
because, the use of Equation 2 (which represents a two-state
equilibriumbetweenU and IC, Equation 5 above) is sufficient to
successfully fit the correlation functions data of cytochrome
c-TMR at pH 2. The use of an equation containing two expo-
nential components (with time constants of �R1 and �R2) in
addition to a diffusion component (of diffusion time of �D),
which would define a three states equilibrium (Equation 6),
does not improve the quality of the fit.

IC� �collapsed� ^ U �extended� ^ IC	 �collapsed�

(Eq. 6)

It has been shown that the presence of heme quenches TMR
fluorescence of the protein (22). The compact collapsed con-
former (IC) is non-fluorescent because heme (the quencher) is
close to the attached fluorophore (TMR) ensuring efficient
quenching of TMR fluorescence. Alternatively, the extended
conformer (U) is strongly fluorescent because heme (the
quencher) and TMR (the fluorophore) are distant from each
other. The parameterF, which corresponds to the population of
the non-fluorescent conformer (see “Experimental Proce-
dures”), would represent the population of IC (the compact con-
former) in the equilibriumbetweenU and IC. The time constant
(�R) of the interconversion betweenU and IC has been found to
be 50 �s. The population of IC increases with sodium perchlo-
rate concentration as observed by a decrease in rH (Fig. 2a) and
an increase in F (Fig. 2b). The decrease in rH with sodium per-
chlorate occurs in a single co-operative step that could be fit
successfully using a two-state transition model, and the mid-
point is 23 mM. The increase in F with the sodium perchlorate
concentration occurs simultaneously (Fig. 2b), and a fit using
the two state transition hypotheses leads to a midpoint of
20 mM.
The presence of an equilibrium between an extended and a

compact conformer in the unfolded state of cytochrome c has
been shown before by fluorescence spectroscopy and small
angle x-ray scattering experiments (14, 23, 24). The formation
of the collapsed unfolded states for multiple other proteins has
also been demonstrated (25–29). Shastry and Roder (6)

FIGURE 2. The variation of rH (a), F (b), and �R (c) with sodium perchlorate
concentrations at pH 2. These parameters have been calculated by fitting
the correlation functions using Equation 2. The lines drawn through rH and F
data show their fit to a two-state unfolding transition model. The data sug-
gests the presence of a conformational fluctuation between equilibrium dis-
tributions of U (rH of 31 Å) and IC (rH of 18 Å) at pH 2. The presence of sodium
perchlorate shifts the equilibrium toward IC. The equilibrium between U and
IC could be defined successfully using a two-state transition hypothesis. The
error bars shown in this and other figures have been calculated using at least
three independent measurements.
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observed a 60-�s time kinetics of the formation of the compact
state of cytochrome c using a continuous flow capillary mixing
technique. Pascher et al. (29) observed a 40-�s time kinetics for
the early events of cytochrome c folding. These results are com-
parable with the 50-�s time constant observed in the present
study.
Several control experiments have been carried out to estab-

lish that the parameter �Rmeasures a true physical event and is
not a fitting artifact. First, experiments have been carried out
with TMR (the free dye) using the same setup and experimental
conditions. Supplemental Fig. S2 shows the correlation func-
tions obtained by the FCS experiments with TMR at pH 2. The
data are fit successfully to Equation 1 and the use of �R is not
needed. Second, FCS experiments have been carried out with
cytochrome c-TMR using different laser power and pinhole
diameters. The possibility of an artifactual extra component at
large pinhole diameter has been reported previously (30). We
see no systematic variation in the value of �R and F with the
variation of laser power and pinhole diameters studied at pH 2
in the absence or presence of sodium perchlorate (supplemen-
tal Figs. S3 and S4). This experiment suggests that �R represents
a true conformational event and not an erroneous component
arising from the imperfect Gaussian approximation of the con-
focal volume element.
In the third control experiment, we used cyanogen bromide-

treated labeled cytochrome c-TMR as the control. Cyanogen
bromide treatment with the protein yields a fragment with
molecular weight of 3139 Da (as judged by mass spectrometry,
supplemental Fig. S5). Although the fragment was still labeled
with TMR, it did not contain the heme group as judged by
absorption spectroscopy (supplemental Fig. S6). The absence of
heme in the cyanogen bromide fragment resulted in a complete
absence of fluorescence quenching observed in the full-length
protein (supplemental Fig. S7 shows the fluorescence spectra of
native and cyanogen bromide-treated fragment of cytochrome
c with the same TMR concentration). Because the fragment
lacks the non-fluorescent state and the parameter F in Equation
2 denotes the relative amplitude of the non-fluorescent state,
the correlation function of the cyanogen bromide-treated frag-
ment is not expected to contain the �R component. Alterna-
tively, the presence of any �R component in the correlation
function of the cyanogen bromide fragmentwould represent an
artifact and not a physical motion. The correlation function
data of the cyanogen bromide-treated protein can be fit suc-
cessfully to Equation 1 and the use of �R is not needed (supple-
mental Fig. S8).
The addition of sodium perchlorate at pH 2 results in the

formation of a molten globule-like intermediate (defined in the
present work as IS). The formation of IS is accompanied by
the formation of large secondary structure (supplemental Fig.
S1). The salt-induced formation of secondary structure has
been monitored independently by the increase in the ellipticity
at 222 nm using far UVCD. Fig. 3 shows a comparison between
the formation of IC (monitored by the decrease in rH and an
increase in F) and that of IS (monitored by the increase in the
ellipticity at 222 nm). Although the formation of IC is a two-
state cooperative transition, the formation of IS occurs through
a shallow transition and completes at higher salt concentration.

Moreover, the formation of IS is significantly less cooperative. A
comparison between these two processes (the formation of IC
and IS) suggests that IC contains 
60% of the secondary struc-
ture, whereas the remaining secondary structure forms gradu-
ally as the IS state forms (Fig. 3). Although the kinetics of the
formation of IS is not measured directly, we could unambigu-
ously show that the formation of IC and IS are not simultaneous
and they correspond to two separate thermodynamic events. As
mentioned before, IS is similar to the molten globule-like inter-
mediate states studied extensively for multiple proteins includ-
ing cytochrome c (31). The formation of the native state (N)
occurs in subsequent slow steps requiring further refolding
(such as using a buffer with a pH of 7.4). It may be important to
point out that extreme care has been exercised to rule out any
aggregation related complications in these measurements with
the protein at low pH and in the presence of salt. This is partic-
ularly important for the bulk CD experiments, which require
relatively high concentrations. For every experiment, the
reversibility of the CD measurements has been established.
Althoughureahasbeenwidelyusedas aproteindenaturant, the

mechanism of its action has been debated extensively (32–36).
Although an “indirect” mechanism has been proposed, it is now
generally believed that urea unfolding occurs through “direct”
binding to protein backbone. Interestingly enough, there are con-
troversies regarding the nature of the direct binding of urea: either
it is hydrophobic anddirected toward theapolar residues (36), or it
is performed through hydrogen bonding and directed toward the
polar residues of the protein (37). It has been shown using hydro-
gen deuterium exchange that urea unfolds protein by forming
direct hydrogen bonds to the peptide groups (38).
In a separate experiment, we use FCS and far UV CD to

monitor the formation of IC and IS induced by sodium perchlo-
rate in the presence of increasing concentration of urea at pH 2.
The interaction of urea with the protein would oppose the for-
mation of compact collapsed state, and thus, these experiments
should monitor the competing effects of urea and sodium per-

FIGURE 3. The comparison between the formation of collapsed state (IC)
and that of secondary structure (IS). The formation of IC has been monitored
by rH using FCS data (black squares), whereas far UV CD at 222 nm (red squares)
has been used to monitor the formation of IS. The data containing the varia-
tion of rH with sodium perchlorate concentration has been fit to a two-state
unfolding transition as shown by the black line. The line through the CD data
(red line), on the other hand, is for the presentation only and not a fit using
a physically validated equation. All measurements have been carried out
at pH 2.
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chlorate on the formation of IC and IS. Fig. 4 shows the variation
of rH and the ellipticity at 222 nm with sodium perchlorate
concentration in the absence and presence of different concen-
trations of urea at pH 2. At low urea concentration (0 and 1 M

urea), the formation of IC and IS is not simultaneous. The for-
mation of IC occurs through a sharp two-state transition with a
large decrease in rH and increase in F, whereas IS forms gradu-
ally through a shallow transition (see above).
In the presence of 3 M urea and beyond at pH 2, F has been

found to be very low (
5%) or it may even be absent. In addi-
tion, no change in F (which is inherently less) is observed in the
presence of added sodium perchlorate (Figure 5). However, a
small but significant decrease in rH has been observed, which
occurs along with an increase in the secondary structure (Fig.
4d). The absence of any significant amplitude of F in the
absence or presence of sodiumperchlorate concentrations sug-
gests that there is no rapid equilibrium between the extended
(U) and any compact (IC-like) state. Thus, the interconversion
between U an IC must be slow with time constant higher than
the diffusion time (�D). This conclusion comes directly from
Equation 2 (see “Experimental Procedures”), which assumes
�R �� �D for �R and F to be observed in the experimental corre-
lation functions. This inference is supported also by Fig. 4, c and
d, which show non-two state formation of IC, which occurs
simultaneouslywith the formation of IS. The values of ellipticity
at 222 nm and rH in the absence and presence of high concen-
tration of sodium perchlorate for all urea concentrations are
shown in Table 1. These values were used as the start and end
points of all the experiments described above. Supplemental
Fig. S9 shows the far UV CD spectra of the protein in the
absence and presence of sodium perchlorate in the presence of
different concentrations of urea.
Because the above experiments have been carried out with

only one protein (cytochrome c-TMR), we wanted to repeat
some of these measurements with at least another protein sys-
tem to find out whether any general trend could be established.
FCS experiments with Alexa Fluor 488-maleimide-labeled
bovine serum albumin (BSA-Alexa Fluor 488-maleimide) sug-
gest a sharp collapse formation at pH 2 in the presence of

FIGURE 4. Variation of rH (black) and ellipticity at 222 nm (red) with
sodium perchlorate concentration in the presence of 0 M urea (a), 1 M

urea (b), 3 M urea (c), and 4 M urea (d). At low urea concentration (0 and 1 M

urea), the formation of IC and IS are not simultaneous. In the presence of high
concentration of urea (3 and 4 M urea), however, IC and IS form simultaneously.
The variation of rH with sodium perchlorate concentration in the absence of
urea (a) could be fit successfully using a two-state unfolding transition.

The data deviate from this model in the presence of urea and the drawn lines
are only for presentation purposes (b– d).

FIGURE 5. The variation of amplitude of �R (F, %) of cytochrome c at pH 2
with sodium perchlorate concentration in the absence (black) and pres-
ence (red) of 3 M urea. A large increase in F with the salt concentration has
been observed in the absence of urea, whereas no significant change is pres-
ent in the presence of 3 M urea.
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increasing concentrations of sodium perchlorate (supplemen-
tal Fig. S10). Identical to what has been observed with cyto-
chrome c-TMR, collapse formation follow a shallow transition
in the presence of urea at pH 2 (Fig. 4). Although the results
obtained with BSA-Alexa Fluor 488-maleimide are identical to
that of cytochrome c-TMR, we are currently investigating sev-
eral other protein systems containing different secondary
structural elements (it should be noted that both cytochrome
c-TMR and BSA-Alexa Fluor 488-maleimide are predomi-
nately 
-helical) to determine whether the nature of secondary
structure may have any influence on the interconnection
between the hydrophobic collapse and secondary structure
formation.

DISCUSSION

The nature of the collapse or whether it is a homopolymer
(nonspecific) or heteropolymer (specific) has been the subjects
of long-standing debates. A collapse process pertaining to a
homopolymer is expected to be continuous and extended (39).
Computational and experimental studies suggest that homopo-
lymer collapse comprise multiple kinetic stages leading to
extended process (39–41). The observed formation of IC in the
absence of urea (Fig. 4a) could be fit successfully to a two-state
transition. In contrast, the presence of high concentration of
urea results in relatively extended transitions for IC, which devi-
ates from the two-state behavior (Fig. 4d). To further clarify, we
have shown the MEM distribution of �D values in the presence
of different sodium perchlorate concentration at pH 2 in
the absence (Fig. 6a) and presence of 3 M urea (Fig. 6b). In the
absence of urea, the MEM profiles remain unchanged at a rel-
atively large value of �D before the collapse and shift sharply to
the lower value as the transition occurs (Fig. 6a). In the pres-
ence of 3 M urea, this is not the case, and the shift in the MEM
profiles occurs in continuous manner (Fig. 6b). The FCS data
presented in this paper thus suggest that the collapse in the
absence of urea may not follow nonspecific homopolymer for-
malism. In the presence of urea, on the other hand, the data
seem to suggest a homopolymer-like nonspecific compaction.
The presence of “specific” and “nonspecific” components in the
early folding of Barstar has been identified using multisite fluo-
rescence resonance energy transfer measurements (42).
Using the considerations outlined in the previous paragraph,

the specific and nonspecific contributions to the secondary
structure formation have been calculated in the presence of
different urea concentrations and shown in Fig. 7. Fig. 7 shows
that the nonspecific component to the secondary structure of IS
increases with the urea concentration in a sigmoidal fashion.

For example, the nonspecific component of the secondary
structure is
40% in the absence of urea, whereas it increases to
100% in the presence of 4 M urea. The specific component, on
the other hand, decreases identically from 60% (in the absence
of urea) to 0% (in the presence of 4 M urea). In the presence of

TABLE 1
The values of hydrodynamic radius (rH) and ellipticity at 222 nm of U, IC, IS, and N in the presence of different urea concentration
N corresponds to the native state of TMR-cytochrome c in 20 mM sodium phosphate buffer at pH 7.4. Ellipticity and rH of U change in the presence of different
concentrations of urea, and the change depends on the extent of the residual structure present in U. deg, degree.

Urea Concentration (M)
U IC IS N

Ellipticity at 222 nm rH Ellipticity at 222 nm rH Ellipticity at 222 nm rH Ellipticity at 222 nm rH
mol deg Å mol deg Å mol deg Å mol deg Å

0 �4.5 30.7 �8.2 18 �10.6 18 �15.1 20
1 �5.1 31.9 �8 22.5 �10.5 22.5 �15.1 20
3 �2.7 31.1 �5 25.5 �5 25.5 �15.1 20
4 �2.4 32.3 �3.6 25 �3.6 25 �15.1 20

FIGURE 6. The variation of the maximum entropy profiles of cytochrome
c-TMR with sodium perchlorate concentration in the absence (a) and
presence (b) of 3 M urea at pH 2. In the absence of urea, the maximum
entropy profiles shift sharply toward lower diffusion time as IC forms. This
behavior of maximum entropy profiles is not consistent with the homopoly-
mer collapse hypothesis. In the presence of urea, however, IC forms slowly and
gradually over an extended range of sodium perchlorate concentration, as
expected for a homopolymer collapse.

FIGURE 7. The variation in the percentage of nonspecific (red) and specific
contributions (black) to the secondary structure with urea concentra-
tion. A percentage of nonspecific component increases and that of specific
component decreases with urea concentration. It is important to note that
these percentage calculations are based on total secondary structure change
between the U and IS and the native state (N) is not considered.
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high concentration of urea, the protein behaves like a homopo-
lymer, resulting in simultaneous formation of collapse and sec-
ondary structure (which is entirely due to nonspecific contacts).
Fig. 8 summarizes the results discussed in the present work

and shows a possible reaction coordinate diagram for the for-
mation of IC and IS in the absence and presence of urea. In the
absence of urea (Fig. 8a),U and IC are involved in a rapid equi-
librium driven by specific contacts and thus, a defined transi-
tion state is expected. The present data are inadequate to deter-
mine whether IS forms sequentially through the formation of IC
or they occur in parallel. Nevertheless, it is difficult to
demonstrate IS formation (parallel or sequential) using defined
transition states. The not-so-defined nature of IS formation
(sequential or parallel) is thus demonstrated using dotted lines
in Fig. 8a. Of course, it is possible that these pathways are com-
posed of several steps requiring low transition state barriers. In
the presence of urea (Fig. 8b), there is no defined equilibrium
betweenU and IC (or IS) and these two processes (the formation
of IC-like states and secondary structure) occur simultaneously
through a homopolymer-like mechanism. This is to be noted
that the formation of the native state (N) is not considered
either in Fig. 8 or in any of the percentage calculations discussed
in the previous paragraph (also see Fig. 7). Because the forma-
tion of N is not considered, a large change in the secondary
structure may be excluded from the calculation. This is not
significant in the absence of urea, because the extent of second-
ary structure of IS and that ofN are not very different. However,
in the presence of urea, the extent of secondary structure of IS
would be significantly less (as it contains only the nonspecific
component). The formation of the rest and majority of the sec-
ondary structure (IS toN transition) would take place slowly as
the native state (N) form.
Thus, the long-standing specific versus nonspecific contro-

versy of the initial protein folding events in the refolding buffer
may now be addressed. The present data explains the apparent

disagreement between distancemeasurements (light scattering
or fluorescence data indicating specific nature) and secondary
structure measurements (CD experiments suggesting the pres-
ence of nonspecific nature) for the early folding processes. We
show that, if the collapse is probed by the contraction of the
unfolded state, the initial collapse formation would seem to
be specific. This conclusion comes directly fromFig. 4a because
the change in rH with sodium perchlorate concentration in the
absence of urea is cooperative and rapid, as expected for a spe-
cific transition. On the other hand, if the early formation of the
secondary structure is monitored, it would show both nonspe-
cific and specific contributions. The present data are also in
agreement with the far UV circular dichroism measurements
using microsecond continuous flow mixer, which show early
formation of 
20% of the native secondary structure at the
earliest time point monitored (5).
It has been shown that pronounced biases toward the native

or non-native structures exist in the unfolded states of a protein
(43, 44). Because U and IC maintain an equilibrium in the
unfolded state, the nature of contact formation in the unfolded
state would dictate the nature of bias present in IC. The pres-
ence of non-native or misfolded bias in IC, for example, would
be kinetically inefficient for the subsequent folding events
because these misfolded contacts needed to be broken before
the protein could be folded properly. These processes of break-
ing of misfolding contacts would slow down the formation of
the secondary structure (formation of IS). Although it is difficult
to monitor the nature of bias in the unfolded state of a protein
experimentally, several successful attempts are available. The
presence of high content of �-structures has been observed in
the collapsed unfolded state of CspTm (45). The possibility of
the formation of short and highly dynamic �-segments result-
ing in non-native hydrogen bond interaction has been postu-
lated within the unfolded state, which could contribute to the
chain contraction (46, 47). The use of NMR has been particu-

FIGURE 8. A schematic diagram showing the sodium perchlorate induced formation of IC and IS in aqueous buffer (a) and in the presence (b) of
3 M urea. The unfolded extended conformer (U) does not have any secondary structure although the cofactor heme is bound to the protein. U has been
found to be in rapid equilibrium with a compact conformer (IC) and the time constant of their interconversion is 50 �s. The addition of sodium
perchlorate shifts the equilibrium toward IC, which is accompanied by a decrease in rH and an increase in F. The hydrophobic residues, which may be
involved in the formation of IC, are shown by space-filling spheres. The cofactor heme, because it is hydrophobic, may also contribute toward the
formation of IC. IC has been shown to contain partial secondary structure (presumably at the N and C-terminal helix regions). Sodium perchlorate
induced formation of IC is a sharp cooperative transition with a defined transition state. The formation of the secondary structure (IS) takes
place gradually over an extended range of sodium perchlorate concentration. This is an extended homopolymer-like transition and shown using dotted
lines. The formation of the native protein is slow and is not shown. No rapid equilibrium exists between the extended (U) and any IC-like state in the
presence of 3 M urea. A small extent of chain contraction (observed by the decrease in rH) and an increase in the secondary structure formation occur
slowly and simultaneously in the presence of urea. The structure of IC (or IS) in the presence of urea is not defined, although these states are more
compact than U and more extended than N (or IC observed without urea).
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larly useful to obtain molecular details about the local struc-
tures of the unfolded state (48–51).
The hydrodynamic radius (rH) of a protein in its completely

unfolded state in good solvent (like urea or guanidium hydro-
chloride) can be defined by an empirical relationship as
described below (52).

rH � 2.21N0.57 (Eq. 7)

The value of rH of a native or native like protein in poor solvent
(like aqueous buffer) is also defined well by Equation 8 (52).

rH � 4.75N0.29 (Eq. 8)

Fig. 9 shows the predicted values of rH of the completely
unfolded (in good solvent) and collapsed (in poor solvent) pro-
teins as a function of the number of amino acid residues. The
predicted values of rH have been generated using Equations 7
and 8. The experimental values obtained by the FCS experi-
ments at different solution conditions are also shown ion Fig. 9.
The observed value of rH in the presence 4 M urea at pH 2 (the
completely unfolded protein in good solvent) obtained by the
present FCS experiments falls exactly on the predicted line (Fig.
9). Similarly, the value of rH in the presence of sodium perchlo-
rate and no urea at pH 2 (the collapsed protein in poor solvent)
also is in exact agreement with the prediction. Not surprisingly,
the rH values of Ii in the presence of different urea concentra-
tions deviates significantly from both the predicted lines: they
are more compact than the completely unfolded state in urea,
whereas they aremore extended than the collapsed/native state
in aqueous buffer. Depending on the concentration of urea, the
rH values of IC would be either near the predicted line for the
extended state in good solvent (n � 0.6), or near the predicted
line for the collapsed/native state in poor solvent (n � 0.3) or
distant from both. These partially folded/unfolded states of dif-
ferent compactness or secondary structure are not definedwell,
although they may well have significant implications in the
mechanism of protein folding in general and in the field of the
intrinsically disordered proteins in particular. The present data
supportMuller-Spath et al. (53) who show that the dimensions of
an intrinsically disordered protein (or the unfolded state of a glob-

ular protein) would depend on several factors, including hydro-
phobicity, charge interactions, solution conditions, screening
effects of charged denaturants such as guanidinium hydrochlo-
ride, and the binding of denaturants with the protein chain.
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