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ABSTRACT: We investigate optically triggered protein folding dynamics
of cytochrome c (Cytc) using transient grating (TG) and transient
absorption (TA) spectroscopies. Despite many studies on protein folding
dynamics of Cytc, a well-known model protein, direct spectroscopic
evidence for the three-dimensional global folding process has been rarely
reported. By measuring the TG signal of CO-bound Cytc (Cytc-CO) in
the presence of a denaturant, we clearly detected the change of diﬀusion
coeﬃcient that reﬂects the size change of Cytc upon photodissociation of
the CO ligand from unfolded Cytc-CO. The quantitative analysis of TG signals supports that the optically triggered folding
reaction of Cytc in the presence of a denaturant takes place through a detectable intermediate (three-state folding kinetics). This is in
contrast with the two-state folding dynamics of Cytc under a denaturant-free environment without any detectable intermediate.1
From the quantitative global analysis of the TG signals, the rate constants for the U f I and I f N transitions in a CAPS buﬀer
solution (pH 7) at room temperature in the presence of a denaturant at various concentrations are determined to be 1065 ( 17 to
3476 ( 103 s-1 and 101 ( 6 to 589 ( 21 s-1, respectively. In addition, the activation energies (Ea) for the U f I and I f N
transitions are determined to be 8.7 ( 1.0 kcal/mol and 7.1 ( 1.3 kcal/mol, respectively. The folding dynamics of Cytc initiated by
the CO photolysis is discussed based in terms of the protein size change.

1. INTRODUCTION
Protein folding is the self-assembly of a polypeptide chain into
its characteristic and functional three-dimensional (3D) structure. Proteins can perform their functions only when they have
their correct 3D structures. Conversely, accumulation of misfolded proteins can cause fatal diseases such as Alzheimer’s, mad
cow, and Parkinson’s. In this respect, an understanding of the
protein folding/unfolding process is important, yet it requires
detailed knowledge of protein conformational changes. To
obtain such information on the protein structural changes, many
experimental and theoretical eﬀorts have been made.2-14 In
particular, time-resolved spectroscopic techniques with high
sensitivity and superb time resolution have been eﬀective in
tracking protein folding processes occurring on time scales from
nanoseconds to seconds. For example, time-resolved circular
dichroism (CD),3-5 IR and Raman,6-8,15 fast mixing stoppedﬂow method,16,17 transient absorption (TA) spectroscopy,16-19 and
laser-induced transient grating (TG) have been applied to studying
the dynamics of protein conformational changes.1,14,20-22 Among
these spectroscopic techniques, the TG method is a unique tool
that can sensitively probe the global structural changes by
monitoring the change of the diﬀusion coeﬃcient of a protein.
This aspect of the TG technique separates itself from the other
techniques that are suited for obtaining the information on the
local, speciﬁc energy states or chromophores. The diﬀusion
coeﬃcient, D, is certainly a sensitive measure for monitoring a
protein folding process because it is directly related to the size and
shape of a macromolecule. Practically, in various biological
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reactions such as protein folding, the diﬀusion coeﬃcient reﬂects
not only the global structural change of a biomolecule itself but
also the intermolecular interaction between protein and solvent.
In this work, we investigate the optically triggered folding
dynamics of CO-bound reduced cytochrome c (Cytc-CO) in
various denaturant concentrations by using laser-induced TG
and TA spectroscopies. Cytc is a small heme protein (∼12 kDa)
and serves as an electron carrier in the electron transport chain
across a membrane. Unlike other heme proteins such as myoglobin and hemoglobin, the heme iron of Cytc does not bind to
the CO ligand in its native state because it is bound to Met-80
residue covalently. However, in the presence of a denaturant,
Met-80 can be replaced by a CO ligand, inducing the unfolding of
Cytc. Conversely, the folding reaction of Cytc can be triggered by
photoinduced dissociation of the CO ligand, as shown in
Figure 1a. This optically triggered folding process of Cytc-CO
is a good model system for studying the protein folding process
and thus has been intensively studied using TA and time-resolved
CD method. However, direct spectroscopic evidence for the
conformational change associated with the folding of Cytc has
been lacking. For example, a TA measurement of the same
system mainly probed the binding of the iron-residues and the
CO recombination.18,23 In addition, the dynamics for the formation of a secondary structure and two rebinding reactions of
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TG signals shows that the folding dynamics of Cytc triggered by
the photodissociation of a CO ligand is well explained by a threestate folding kinetic model rather than the two-state and sequential mechanisms.

2. BACKGROUND
Principle of TG Spectroscopy. In a TG experiment, a sample
is excited by spatial modulation of light intensity, i.e. transient
grating, produced by the interference of two excitation light
waves. The TG signal (ITG) is proportional to the sum of the
square of the refractive index (δn: phase grating) and/or the
absorbance (δk: amplitude grating) differences between the peak
and valley of the grating pattern,

ITG ðtÞ ¼ R½δnðtÞ2 þ β½δkðtÞ2

ð1Þ

where R and β are coefficients determined by the experimental
conditions. The amplitude grating (δk) arises from chemical
species that absorbs the probe light. Since CO and proteins
possess no absorption at the probe wavelength of 780 nm, the
amplitude grating term vanishes in our case.
The δn mainly comes from (i) the thermal energy releasing
process, δnth(t) and (ii) the sum of refractive index changes of
each chemical species, ∑δnspe(t):
δnðtÞ ¼ δnth ðtÞ þ

∑δnspeðtÞ

ð2Þ

Therefore, the TG signal can be expressed as
ITG ðtÞ ¼ R½δnth ðtÞ þ

Figure 1. (a) Folding curves of Cytc-CO and Cytc as a function of the
concentration of Gd-HCl. The native-state structure of reduced Cytc is
completely unfolded by the CO binding at an appropriate denaturant
concentration. Thus, the folding dynamics of Cytc can be initiated by the
photodissociation of CO ligand. These curves are taken from the data of
Eaton et al. (refs 2 and 18). The arrows indicate the concentration of
Gd-HCl used in our TG experiments. (b) TG signals measured by
photoexcitation of 1 mM Cytc-CO solution in 50 mM CAPS buﬀer
(pH 7) containing various concentrations of Gd-HCl (from right to
left, 2.0, 3.5, 4.0, 4.6, and 6.0 M Gd-HCl, and q2 = 0.91, 0.87, 0.89, 0.86,
and 0.92  1012 m-2, respectively). The TG signals were normalized at
the maximum intensity of each TG signal. The TG signals for the Cytc
samples of 2.0 and 6.0 M Gd-HCl concentrations rises following the
instrumental response of our system and decays on microsecond time
scale, which is ascribed to the decay of thermal grating. There is no
additional decay components afterward in millisecond time range as the
folding cannot be initiated at these Gd-HCl concentrations. However,
for the Cytc samples containing Gd-HCl in the concentration range of
3.5-4.6 M, the TG signals show strong grow-decay dynamics in
millisecond time range due to the folding dynamics in addition to the
thermal grating decay observed on microsecond time scale.

∑δnspe ðtÞ2

Generally, the thermal grating, δnth(t), results from the
temperature change in the medium induced by the energy
dissipated from the nonradiative decay of excited state population and by the enthalpy change of a reaction. If the excited state
decay and the reaction are fast enough to release the thermal
energy, the temporal proﬁle of the thermal grating is given by
δnth ðtÞ ¼ δnth expð - kth tÞ ¼ δnth expð - Dth q2 tÞ

ð4Þ

where Dth is the thermal diﬀusivity. A rate constant, kth, which is
equal to Dthq2, allows us to readily extract the contribution of the
thermal grating. On the other hand, the species grating (δnspe)
consists of the following two contributions; (i) the population
grating (δnpop) and (ii) volume grating (δnvol), where δnpop and
δnvol are the refractive changes due to the population and the
volume gratings, respectively (δnspe = δnpop þ δnvol). The
intensity of the species grating signal is determined by the
diﬀerence in the refractive index changes due to the reactant
(δnR, unfolded Cytc-CO) and the product (δnP). Thus, the
observed TG signal intensity can be expressed by
ITG ðtÞ ¼ R½δnth ðtÞ þ δnP ðtÞ - δnR ðtÞ2

CO ligand were measured by a time-resolved CD experiment,
but any additional slow dynamics due to the folding process of
Cytc were not observed.5
In this paper, using the TG method, we clearly demonstrate
the evidence for the size change of Cytc associated with the
folding reaction. By measuring the TG signals while varying the
grating wavenumber (q) and the sample temperature, we obtain
the rate constant and activation energy of the Cytc folding
reaction, respectively. The quantitative analysis of the measured

ð3Þ

ð5Þ

The “product” in eq 5 stands for any chemical species produced
from the reactant at the time of observation.
Application to the Folding Dynamics of Cytc. The folding
processes of many proteins have been often interpreted using
two-state, three-state, or sequential mechanisms. In principle, a
more complicated mechanism such as parallel pathways composed of a mixture of these simple mechanisms cannot be ruled
out, but analysis of the TG signal considering such possibilities is
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impractical due to the drastic increase of the number of fitting
parameters. Nevertheless, comparison of the three simplified
versions of mechanisms still should give insight into the folding
mechanism. The two-state mechanism involves a transition
from the unfolded to the folded state without any detectable
intermediate. The folding reaction of a protein in the three-state
mechanism takes place through a detectable intermediate,
whereas the protein structure in the sequential mechanism
continuously changes with time. We compare our data with
the models for the two-state, three-state, and sequential mechanisms. First, D of Cytc in the two-state model changes
abruptly between two values by the transition between unfolded and folded states. When the protein folds via the twostate mechanism with a protein folding rate, kf, as in the
following scheme,
hv

kf

Cytc - CO f CytcU ðUÞ sf CytcN ðNÞ
-CO

32
-δnth expð - Dth q2 tÞ
6
7
6 -δnCytc - CO expð - DU q2 tÞ þ δnU expf - ðDU q2 þ kf Þtg
7
R6
7
4
5
kf
2
2
δn
½expf
ðD
q
þ
k
Þtg
expð
D
q
tÞ
þ
N
U
f
N
ðDN - DU Þq2 - kf

ð8Þ
where δnCytc-CO, δnU, and δnN are the initial refractive index
changes for Cytc-CO, the unfolded Cytc, and the folded Cytc,
respectively.
Second, in the three-state mechanism, the folding reaction of a
protein takes place through a detectable intermediate (I) as in the
following scheme.
hv

kUI

kIN

CytcCOU sf CytcU ðUÞ sf I sf CytcN ðNÞ

ð9Þ

The time-dependence of each species is given by the following
diﬀusion equations:
DCytc - COðx, tÞ
D2 Cytc - COðx, tÞ
¼ DCytc - CO
Dt
Dx2
DUðx, tÞ
D2 Uðx, tÞ
¼ DU
- kUI Uðx, tÞ
Dt
Dx2
2
DIðx, tÞ
D Iðx, tÞ
¼ DI
þ kUI Uðx, tÞ - kIN Iðx, tÞ
Dt
Dx2
2
DNðx, tÞ
D Nðx, tÞ
¼ DN
þ kf Iðx, tÞ
Dt
Dx2

ð7Þ

By solving these equations assuming similar molecular sizes for
Cytc-CO and CytcU (DCytc-CO ∼ DU), the TG signal for the

Two - State
ITG
¼

2

ð6Þ

the time dependence of each species is given by the following
diffusion equations:
DCytc - COðx, tÞ
D2 Cytc - COðx, tÞ
¼ DCytc - CO
Dt
Dx2
DUðx, tÞ
D2 Uðx, tÞ
¼ DU
- kf Uðx, tÞ
Dt
Dx2
2
DNðx, tÞ
D Nðx, tÞ
¼ DN
þ kf Uðx, tÞ
Dt
Dx2

two-state model can be obtained as:

ð10Þ

By solving these equations, the TG signal for the three-state
model can be expressed as follows:

2

3
-δnth expð - Dth q2 tÞ
6
7
6 -dnCytcCOU expð - DU q2 tÞ þ dnCytcU expð - ðDU q2 þ kUI ÞtÞ
7
6
7
6
7
dn
k
I UI
2
2
6
7
Three - State
7
ITG
ðtÞ ¼ R6 þðD - D Þq2 þ k - k ½expð - DU q þ kUI ÞtÞ - expð - DI q þ kIN ÞtÞ
6
I
U
IN
UI
"
#7
6
7
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dnCytcN kUI kIN
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4þ
5
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ðDN - DU Þq2 - kUI
ðDN - DI Þq2 - kIN

ð11Þ
Finally, in the sequential mechanism, the protein structure
continuously changes with time and therefore the D of the
protein is time-dependent without any speciﬁc intermediate
value. The time dependence of D can be modeled by a single
exponential function with a rate constant k f ,
DðtÞ ¼ DU þ ðDN - DU Þð1 - expð - kf tÞÞ

2

Sequential

ITG

32
-δnth expð - Dth q2 tÞ - δnCytc - CO expð - DCytc - CO q2 tÞ
"
#
6
7
2
7
¼ R6
4 þδn exp -D q2 t - ðDN - DU Þq ð1 - expð - k tÞÞ
5
N
N
f
kf

ð12Þ

where D U and D N are the diﬀusion coeﬃcients of unfolded
Cytc(U) and folded Cytc(N), respectively. The time-dependent C(x,t) of the folded protein is governed by the following
diﬀusion equation with time-dependent D(t)
DCðx, tÞ
D2 Cðx, tÞ
¼ DðtÞ
Dt
Dx2

Solving the equation provides the TG signal for the sequential model as:

ð13Þ

ð14Þ

3. EXPERIMENTAL SECTION
Sample Preparation. Equine heart cytochrome c (Cytc) was
purchased from Sigma-Aldrich and dissolved in 50 mM CAPS
buffer (pH 7.0) containing Gd-HCl at various concentrations.
The concentrations of the Cytc solutions were adjusted to be
1 mM. The Cytc is reduced by adding 10 μL of 1 M sodium
dithionite solution to the Cytc solutions under a nitrogen
3129
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atmosphere. Then, the CO gas is passed over the reduced sample
for 30 min to convert the Cytc to the CO-bound Cytc (CytcCO). For the spectroscopic measurements, the prepared solutions were put into a rubber-topped, airtight quartz cuvette of 2
mm optical path length. To ensure the freshness of the sample
solutions, the spectoscopic measurements were made immediately after the sample preparation.
Diffusion Coefficient. The diffusion coefficient determined
from the global fitting of TG signals after photoexcitation of
Cytc-CO at various Gd-HCl concentrations was corrected for
the increase of the solution viscosity due to Gd-HCl as reported
by Kawahara et al.24
Transient Grating Spectroscopy. The experimental setup for
the TG experiment is similar to that reported previously.25,26 The
second harmonic (532 nm) of a Nd:YAG laser (Brilliant B, pulse
width 6-7 ns) was used as an excitation beam and a photodiode
beam (780 nm, Thorlabs) as a probe beam. The diffracted probe
beam (TG signal) off the transient grating created by pump light
was isolated from the excitation laser beam by a glass filter
(Thorlabs FGL715S) and a pinhole. A photosensor module
(Hamamatzu H7732-10) with a photomultiplier tube
(Hamamatzu R-928) detected the isolated TG signal and a
digital oscilloscope (Tektronix TDS 3052B) digitized it. The
repetition rate of the photoexcitation was set to 2 Hz. The energy
of the excitation beam was kept below ∼10 μJ to prevent
multiphoton absorption. The TG signal was averaged 32 times
to obtain a sufficient signal-to-noise ratio. The size of the
excitation beam focused at the sample position was about 1
mm diameter. The laser-irradiated volume was small (typically
ca. 2  10-3 cm3) compared to the total volume of the sample
solution. The sample cells were kept inside a temperaturecontrolled sample holder. All experiments were carried out at
room temperature.
The value of the grating wavenumber (q) in the TG measurement is determined from the decay rate of the thermal grating
signal of a reference sample, bromocresol purple (BCP), because
BCP releases the energy of the absorbed photon as heat into the
solvent with a quantum yield of unity. All TG measurements
were carried out within a small q2 range (e6.2  1012 m-2)
where the folding rate of a protein is on the time scale of the same
order of magnitude as the diﬀusion rate so that the TG signal
associated with the diﬀusion process is more sensitive to the
folding process.
Transient Absorption Spectroscopy. Transient absorption
(TA) experiments were performed for 200 μM of Cytc-CO
solution in a CAPS buffer (pH 7) using the second harmonic
(532 nm) of a Nd:YAG laser (Brilliant B, pulse width 6-7 ns) as
an excitation source and a 250 W Xe lamp as a probing light
source. The probing light was oriented perpendicular to the
excitation laser beam, passed through a grating monochromator,
and detected with a photomultiplier (Hamamatsu R-928) and a
digital oscilloscope (Tektronix TDS 3052B).

4. RESULTS AND DISCUSSION
Figure 1b shows the TG signals of Cytc-CO solutions in
50 mM CAPS buﬀer (pH 7) containing various concentrations of
Gd-HCl. The TG signals from the Cytc samples of low (e2 M)
and high (g6 M) Gd-HCl concentrations, where both CytcCO and Cytc are completely folded or unfolded (see Figure 1a),
show simple temporal decay proﬁles, i.e., rise rapidly following
the instrumental response of our system and decay on
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Figure 2. Transient absorption change observed at 633 nm following
photolysis of 200 μM Cytc-CO solution in 50 mM CAPS buﬀer
solution (pH 7) involving 4.0 M Gd-HCl. The temporal proﬁle of the
absorbance change is expressed by a tetra-exponential function with
relaxation times of ∼2 μs, ∼73 μs, ∼780 μs, and ∼30 ms. The
theoretical ﬁtting result is shown in red. According to Kliger and coworkers,5 the ﬁrst two are attributed to the binding of methionines (Met80 or Met-65) and histidines (His-26 or His-33) to the heme iron and
subsequent photodissociation of CO ligand, respectively, and the ∼780
μs process is due to the bimolecular recombination of CO and Cytc. The
slowest one (>30 ms) has not been reported in a previous TA studies in
the literature.

microsecond time scale without any longer kinetic components.
In contrast, for the samples of 3.5, 4.0, and 4.6 M Gd-HCl
concentrations, where the folding of Cytc can be initiated by
photodissociation of a CO ligand as shown in Figure 1a, the TG
signals show additional grow-decay kinetic components in
millisecond time range.
The measured TG signals can be decomposed to two contributions: thermal grating and species grating. In a TG experiment, the solute molecules excited by a periodic spatial
modulation of light intensity can either (i) return to their ground
state by releasing the absorbed photon energy to the solvent
(heating) or (ii) undergo photoreactions that produce new
chemical species, generating concentration modulations of heat
and chemical species, respectively. These thermal and species
gratings in turn lead to the sinusoidal modulation of the refractive
index (δn), which diﬀracts the probe beam to give the TG signal.
As a result, the TG signal intensity is proportional to the square of
the sum of (i) the refractive index change due to the thermal
energy releasing process (δnth(t)) and (ii) the sum of refractive
index changes of each chemical species (∑δnspe(t)), as described
in eq 2. Accordingly, the TG signal intensity decreases as each of
the two contributions becomes weaker. For example, the thermal
grating term, δnth(t), decays by translational diﬀusion of heat via
solvent. Since the rate constant of the δnth(t) decay is equal to
Dthq2 as shown in eq 4, it is easy to identify the thermal grating
component. In the data shown in Figure 1, the decay component
observed on microsecond time scale is attributed to the thermal
grating. After the decay of the thermal grating signal is complete,
the TG signal shows grow-decay dynamics on millisecond time
scale, only for the samples containing 3.5-4.6 M Gd-HCl
where the folding transition from unfolded to native state is
induced by the photodissociation of the CO ligand. These results
already imply that the grow-decay dynamics is related to the
folding dynamics even prior to any quantitative analysis.
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Figure 3. (a) Time proﬁles of the species grating signals after photoexcitation of Cytc-CO in a CAPS buﬀer solution (pH 7) containing 4.6
M Gd-HCl at various q2 ranges (from right to left, q2 = 0.40, 0.63, 0.86,
1.79, 2.33, 3.74 and 6.21 1012 m-2). The theoretical ﬁts obtained from
the global ﬁtting analysis using the three-state model are shown in red.
Residuals are given of the global ﬁtting results for (b) the three-state, (c)
the two-state, and (d) the sequential mechanisms, respectively. The
measured TG signals are well reproduced by the three-state mechanism
rather than the two-state or the sequential mechanism.

Here, it is noteworthy that TG signals measured for the
samples containing various concentrations of Gd-HCl do not
show any decay component arising from bimolecular recombination of CO and Cytc. Since the photoreaction of Cytc-CO in 2
and 6 M Gd-HCl does not involve any folding process as
depicted in Figure 1a, the bimolecular recombination process of
CO and Cytc should dominate. However, the measured TG
signals for the solutions containing 2 and 6 M Gd-HCl show
only the thermal grating component on microsecond time scale.
These results indicate that TG signals contain no contribution
from the bimolecular recombination of CO and Cytc under these
experimental conditions and thus the TG method is not sensitive
to the CO recombination process. However, this observation
does not mean that the CO recombination process does not
occur under our experimental conditions. For example, Kliger
and co-workers used TA and time-resolved CD spectroscopies to
follow the dynamics of Cytc-CO with 4.6 M Gd-HCl at 40 °C
and observed time-dependent absorption and CD intensity
changes attributed to the processes of residue-coordination
and two recombination processes of CO ligand.5 For comparison, we also conducted a TA experiment for Cytc-CO with 4.0
M Gd-HCl at room temperature, as shown in Figure 2. The
temporal proﬁle of the absorbance change in the TA signal can be
well ﬁt by a tetra-exponential function with relaxation times of
∼2 μs, ∼73 μs, ∼780 μs, and ∼30 ms. In the work by Kliger and
co-workers, the ﬁrst two decay components of ∼2 μs and ∼73 μs
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Figure 4. (a) Time proﬁles of the transient grating signals after
photoexcitation of Cytc-CO in a CAPS buﬀer solution (pH 7) containing 3.5 M Gd-HCl at various q2 ranges (from right to left, q2 = 0.87,
1.75, 3.20, and 5.61  1012 m-2). (b) Time proﬁles of the transient
grating signals after photoexcitation of Cytc-CO in a CAPS buﬀer
solution (pH 7) containing 4.0 M Gd-HCl at various q2 ranges (from
right to left, q2 = 0.89, 1.60, 2.94, and 5.21  1012 m-2). These ﬁgures
show global ﬁtting results of the whole TG signals based on the threestate model. The theoretical ﬁts obtained from the global ﬁtting analysis
are shown in red.

time constants were assigned to the binding of methionines
(Met-80 or Met-65) and histidines (His-26 or His-33) to the
heme iron, respectively, upon photodissociation of the CO
ligand and the ∼780 μs component was ascribed to the
bimolecular recombination of CO and Cytc. In contrast to
others, the slowest one (∼30 ms) has never been observed in
other studies. The origin of this novel component is not clear at
present and will be further discussed later in this paper. These
assignments imply that the TA signal is not a sensitive probe of
the global structural changes such as protein folding. Overall, the
TG and TA spectroscopies give the information complementary
to each other, and at this point, one can conclude that the growdecay dynamics observed in TG signals is related to the folding
process of Cytc.
In order to further examine the folding dynamics of Cytc
induced by the photodissociation of the CO ligand, we measured
the TG signals at various q2 values for the Cytc-CO sample
containing 4.6 M Gd-HCl, as shown in Figure 3. With decreasing q2 values, the grow-decay dynamics on millisecond time
scale become slower, indicating that this dynamics are attributed
to the diﬀusion processes of chemical species because the rate
constant of the TG signal is given by Diq2 (ki = Diq2), where Di is
the diﬀusion coeﬃcient of i species. Considering that the
processes of CO-ligand releasing and folding of Cytc are involved
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Table 1. DU, DI, DN, kUI and kIN Values Determined from the Global Fitting of the TG Signals Obtained by Photoexcitation of
Cytc-CO at Various Gd-HCl Concentrations and Comparison with the Values Obtained from Previous Studies in the Literature

DU/m2 s-1
2 -1

Cytc in pH 7 with

Cytc in pH 7

Cytc in pH 7 with

Cytc in pH 13 without

Cytc in pH 7 with

3.5 M Gd-HCl triggered

with 4.0 M Gd-HCl

4.6 M Gd-HCl triggered

Gd-HCl triggered

Gd-HCl triggered

by CO photolysis

triggered by CO photolysis

by CO photolysis

by CO photolysisa

by electron transferb

0.42  10-10 (0.54  10-10)e

0.34  10-10 (0.47  10-10)e

0.79  10-10

0.66  10-10c,e

0.51  10-10 (0.62  10-10)e
-10

(0.85  10

-10 e

-10

(0.73  10

-10

DI/m s

0.70  10

-

-

0.92  10-10 (1.12  10-10)e

0.73  10-10 (0.93  10-10)e

0.51  10-10 (0.69  10-10)e

1.30  10-10

1.2  10-10d,e

kUI/s-1

2893 ( 109

3476 ( 103

1065 ( 17

256 ( 5

22

kIN/s-1

101 ( 6

589 ( 21

127 ( 2

)

0.37  10

(0.50  10

-10 e

DN/m2 s-1

)

0.57  10

-10 e

)

a

These values are taken from ref 1. b These values are taken from the ref 14. c This value was determined for unfolded Cytc (Fe3þ) in 3.5 M Gd-HCl
solutions. d This value was determined for folded Cytc (Fe2þ) in 1 M Gd-HCl solutions. e The D values corrected for the increase of the solution
viscosity by adding Gd-HCl (corresponding to D at 0 M Gd-HCl).

in the photoinduced reaction of Cytc-CO, the following four
chemical species can contribute to the species grating signal:
unfolded Cytc-CO, unfolded Cytc, folded Cytc, and CO. Since
the molecular sizes of unfolded Cytc-CO and unfolded Cytc are
very similar, the diﬀusion coeﬃcients of the two species are
similar. Furthermore, since any species grating contribution from
CO was not exhibited in the TG signal as explained above, the
grow-decay proﬁles in the millisecond time range is likely to be
related to the diﬀusion processes of unfolded Cytc and folded
Cytc. From the qualitative analysis of the grow-decay proﬁles in
millisecond time range, we conﬁrmed that the values of the
diﬀusion coeﬃcients obtained from the rise and decay components are signiﬁcantly diﬀerent, implying the grow-decay proﬁles in millisecond time range is attributed to the diﬀusion
processes of unfolded Cytc and the photoproduct such as the
folded Cytc produced by the folding reaction of Cytc following
after the photodissociation of CO ligand. Therefore, we analyzed
the TG signal based on the folding mechanism. That is, the TG
signal due to the folding reaction of Cytc can be analyzed with the
deﬁnite folding kinetics in terms of the change of the diﬀusion
coeﬃcient of a protein.
As mentioned previously, folding processes of most proteins
can be interpreted by two-state, three-state or sequential mechanisms. We compare our data with all three models. Using
equations expressed from the three folding mechanisms (eq 8,
11, and 14), we ﬁt all the TG signals by minimizing the
discrepancy between the experiment and theory for all q2 values
used in the measurements. The results of this global ﬁtting
analysis are depicted in Figure 3. The measured TG signals are
better ﬁt by the three-state mechanism than the two-state or the
sequential mechanism, supporting that the folding reaction of
Cytc takes place following three-state folding kinetics. Furthermore, the time proﬁles of the TG signals for the samples
containing 3.5 and 4.0 M Gd-HCl are also better ﬁt by threestate mechanism than by the two-state and the sequential
mechanism (see Figure 4). The determined parameters are
summarized in Table 1. This analysis result indicates that the
folding process of Cytc induced by the photodissociation of CO
ligand in the presence of a denaturant takes place through a threestate mechanism. In contrast, it was reported that the folding
dynamics of Cytc under a denaturant-free environment occur via
a two-state mechanism.1 Our three-state mechanism agrees with
the results of previous works by Segel et al.27 and Roder et al.28 In
the small-angle X-ray scattering study on Cytc with varying
concentrations of Gd-HCl at neutral pH, Segel et al. showed
that at least three equilibrium states exist for the protein: one

Figure 5. Changes of the diﬀusion coeﬃcient, D, of the unfolded Cytc,
intermediate (I) and folded Cytc as a function of the concentration of
Gd-HCl.

native state (N) and two unfolded states with U2 being fully
unfolded and U1 having some residual folding structure. In
another work, Roder et al. suggested the existence of an intermediate (M), which has a compact structure distinct from that of
the native state, in the folding reaction of Cytc. We note that,
although the three-state mechanism gives the best agreement
among the tested mechanisms, the agreement is not perfect. This
leaves the possibility that the actual mechanism may not be a
simple one-way, three-state pathway but a more complex mechanism including parallel pathways.
The diﬀusion coeﬃcients of unfolded and folded Cytc, DU and
DN, that were determined from the global ﬁtting show linear
dependence on the concentration of Gd-HCl, as depicted in
Figure 5. As reﬂected in Figure 1, in the range of 3.5 - 4.6 M
Gd-HCl concentration, the secondary structure of Cytc is
completely formed regardless of the Gd-HCl concentration,
but DN as well as DU still sensitively varies with the concentration
of Gd-HCl. This ﬁnding suggests that the tertiary structure of
Cytc considerably varies depending on the denaturant concentration whereas the secondary structure of Cytc does not. The DN
(1.12  10-10 m2 s-1) at 3.5 M Gd-HCl determined from the
global ﬁtting agrees with that of the native Cytc reported
previously (1.2-1.3  10-10 m2 s-1),14,15,29 indicating that
the folded Cytc formed by the CO ligand photodissociation at 3.5 M
Gd-HCl has a native-like structure. The DU (0.61  10-10 m2 s-1)
at 3.5 M Gd-HCl is similar to, but DU (0.47  10-10 m2 s-1) at
4.6 M is signiﬁcantly smaller than that of unfolded oxidized Cytc
(Fe3þ) (0.66  10-10 m2 s-1) determined using a combination of
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the electron transfer of NADH and TG by Terazima and coworkers.30 This diﬀerence in diﬀusion coeﬃcients indicates that
the structure of unfolded reduced Cytc (Fe2þ) at 4.6 M GdHCl can be diﬀerent from that of unfolded oxidized Cytc (Fe3þ).
This diﬀerence is supported by a circular dichroism study by
Kliger and co-workers that demonstrated that even the secondary structure of unfolded oxidized Cytc (Fe3þ) signiﬁcantly
diﬀers from that of unfolded reduced Cytc -CO (Fe2þ).5 On
the other hand, DU (0.79  10-10 m2 s-1) at pH 13 without a
denaturant reported from a previous study1 is considerably
larger than DU (0.47-0.62  10-10 m2 s-1) at pH 7 with a
denaturant determined in this study, indicating that the unfolded Cytc at pH 13 without a denaturant is relatively more
folded than that at pH 7 with a denaturant.
Here, it is notable that DN (0.69  10-10 m2 s-1) determined
at 4.6 M Gd-HCl is much smaller than that in 3.5 M Gd-HCl,
indicating that the CO photodissociation at 4.6 M Gd-HCl does
not induce full folding of Cytc. Although Jones et al. reported that
the photodissociation reaction of the CO ligand in 4.6 M GdHCl solutions can induce full folding reaction of Cytc,18 Kliger
et al.5 and Arcovito et al.23 suggested that the folding reaction
under the same experimental condition is prohibited by a
competition with the CO rebinding reaction or the base elimination process. Our results clearly resolve this issue by showing that
the folding reaction at 4.6 M Gd-HCl leads to the formation of
partially folded structure while Cytc is fully folded at 3.5 M GdHCl via the three-state mechanism. On the other hand, the
diﬀusion coeﬃcients of an intermediate (I), DI’s, determined
from the global ﬁtting at 3.5 and 4.0 M Gd-HCl concentrations
are larger than the DU determined at each of the Gd-HCl
concentration, indicating that the intermediate has a more folded
structure compared with that of the unfolded Cytc.
We now discuss the rate constant for the Cytc folding process
initiated by the CO photodissociation. From the quantitative
global analysis of the TG signals, the rate constants of the
transition from the intermediate to the folded Cytc in CAPS
buﬀer (pH 7) containing a denaturant is determined to be 101 (
6 to 589 ( 21 s-1 (equal to the time constants of 9.9-1.7 ms),
whereas the transition from the unfolded state to the intermediate takes place with the rate constants of 1065 ( 17 to 3476 (
103 s-1 (0.9 - 0.3 ms time constants). These results indicate
that the conformational change of Cytc in terms of the size (or
shape) is complete within the time scale of a few milliseconds.
The rate constant for the I f N transition at 4.6 M Gd-HCl
(127 s-1) is greatly smaller than that reported by Jones and coworkers (1000 s-1) using the TA experiment and SVD
analysis.18 Recently, Bhuyan et al. reported that the folding
processes of ferrocytochrome c and Cytc-CO monitored by
ﬂuorescence take place through the two-state mechanism with
the rate constants of 501 and 912 s-1, respectively.31 These
folding rate constants are larger than that determined in this
study. This discrepancy is probably due to the diﬀerence in
experimental conditions and probing methods because the
folding kinetics of a protein tends to be very sensitive to the
refolding condition and the probing technique.
Here, it is noteworthy that the dynamics of ∼30 ms time
constant observed in our TA experiment is much slower than the
rate constant for the I f N transition measured from the TG
experiment. This observation suggests that there might be an
additional process after the folding of Cytc, which occurs on the
time scale of a few milliseconds.32 On the other hand, the rates for
the U f I and I f N folding transitions are determined to be
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Figure 6. TG signals after photoexcitation of Cytc-CO in 4.6 M GdHCl at q2 =1.0  1012 m-2 as a function of temperature (from top to
bottom, T = 323, 313, 303, 293, and 283 K). The inset shows the
temperature dependence of the folding rate constants determined from
the ﬁtting of TG signals. The activation energy (Ea) for the U f I and I
f N transitions are determined to be 8.7 and 7.1 kcal/mol, respectively.

signiﬁcantly slower than those of the binding of His-26, His-33,
and Met-80 (or Met-65) residues to the heme iron upon the
photodissociation of CO ligand. These results imply that the
initial collapse associated with the binding of the His and Met
residues to the heme iron does not result in the detectable change
of diﬀusion coeﬃcient of a protein.
To determine the activation energy (Ea) for the folding
reaction of Cytc, we carried out the TG experiments for the
sample containing 4.6 M Gd-HCl at various temperatures, as
shown in Figure 6. Using the Arrhenius equation, Ea = -RT
ln(kf/A), the activation energies (Ea) for the U f I and I f N
transitions are determined to be 8.7 ( 1.0 kcal/mol and 7.1 ( 1.3
kcal/mol, respectively. In addition, the pre-exponential factors
(A) for the U f I and I f N transitions are determined to be 5.1
( 0.4  109 s-1 and 1.0 ( 0.1  107 s-1, respectively. For
comparison, in a previous study, we reported that the folding
dynamics from the partially folded Cytc to the native state Cytc
under a denaturant-free environment occurs via the two-state
folding mechanism.1 In the same study, the folding rate constant
of Cytc in the absence of a denaturant was determined to be
256 ( 5 s-1, and Ea and A for the folding reaction of Cytc were
calculated to be 21.8 ( 1.5 kcal/mol and 7.6 ( 0.7  1018 s-1,
respectively.1 The folding energy barrier of 15.8 kcal/mol (Ea,
total= Ea, UfI þ Ea, IfN) determined at 4.6 M Gd-HCl
concentration is smaller than that in the absence of a denaturant
(21.8 kcal/mol), supporting that the folding reaction of Cytc
takes place more easily in the presence of a denaturant than in the
absence of a denaturant. On the other hand, the TG intensity of
the grow-decay dynamics arising from the folding process of
Cytc signiﬁcantly decreases upon increasing the temperature, as
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the tertiary structure of Cytc has considerable variations depending on the denaturant concentration whereas the secondary
structure of Cytc does not. From the quantitative global analysis
of the TG signals, the rate constant of the transition from the
intermediate to the folded state in a CAPS buﬀer solution (pH 7)
involving denaturant is determined to be 101 ( 6 to 589 ( 21 s-1,
whereas the transition from the unfolded state to the intermediate
takes place with a rate constant of 1065 ( 17 to 3476 ( 103 s-1.
Furthermore, the activation energy (Ea) for the U f I and
I f N transitions are determined to be 8.7 ( 1.0 kcal/mol and
7.1 ( 1.3 kcal/mol, respectively.
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Figure 7. Schematic illustration of the folding reaction of Cytc initiated
by the photodissociation of CO ligand in the presence of a denaturant.
The initial collapse including the binding of Met-80 to the heme iron
followed by the photodissociation of CO ligand takes place without any
change of diﬀusion coeﬃcient of the protein on microsecond time scale,
and the following folding dynamics of Cytc proceeds with three-state
folding kinetics on millisecond time scale.

shown in Figure 6. This temperature dependence indicates that
the folding process of Cytc initiated by the photodissociation of
CO occur less eﬃciently at higher temperatures. Indeed, from a
comparative time-resolved CD experiment on Cytc-CO at
room temperature and 40 °C, the CD signal at 220 nm, which
corresponds to the native reduced CytC, is signiﬁcantly enhanced at room temperature compared to at 40 °C.5 This result
supports that the folding process of Cytc initiated by the
photodissociation of CO takes place eﬃciently at room temperature. In this study, all the experiments were carried out at
room temperature in 50 mM CAPS buﬀer solution (pH 7) to
stabilize the native state (or folding intermediates), while other
studies were performed at 40 °C in 100 mM phosphate buﬀer
solution. Consequently, we were able to detect the folding
process of Cytc more easily.

5. CONCLUSIONS
We have studied the optically triggered folding dynamics of
Cytc-CO with the transient grating technique and transient
absorption spectroscopy. After the photodissociation of the CO
ligand from unfolded Cytc-CO in the presence of a denaturant
Gd-HCl, the TG signal clearly shows a change in the diﬀusion
coeﬃcient, D, of Cytc due to the protein folding reaction. A
quantitative analysis of the TG signal detected as the change of
the diﬀusion coeﬃcient supports that the folding process of Cytc
initiated by the photodissociation of CO takes place via a threestate folding mechanism with a detectable intermediate rather
than a two-state or a sequential mechanism. The initial collapse
including the binding of Met-80 to the heme iron following the
photodissociation of CO ligand takes place without any change
of the diﬀusion coeﬃcient of the protein on microsecond time
scale, and the following folding dynamics of Cytc proceeds with
three-state folding kinetics on millisecond time scale, as summarized in Figure 7. Furthermore, D of the unfolded and folded
Cytc decrease with increasing denaturant concentration whereas
the circular dichroism intensity stays constant in the range of 3.5
- 4.6 M Gd-HCl concentration. This observation suggests that
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