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Folding Dynamics of Ferrocytochrome c in a Denaturant-Free Environment
Probed by Transient Grating Spectroscopy
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There have been numerous experimental and theoretical stud-
ies that aim to clarify the folding process occurring in biologi-
cal systems, but many unsolved important questions still
remain for protein folding.[1–8] Generally, the folding processes
of most proteins have been interpreted by two-state or se-
quential mechanisms.[2, 5, 9–11] The two-state mechanism involves
a transition from the unfolded state to the folded state with-
out any detectable intermediates, whereas the sequential
mechanism comprises multistate transitions through inter-
mediates. To illuminate the detailed mechanism of protein
folding processes, it is important to detect and characterize
the species and intermediates involved in the folding process.
Folding intermediates are short-lived, often heterogeneous,
and cannot be studied by the usual crystallographic or NMR
methods. Therefore, faster spectroscopic methods, such as
time-resolved infrared,[12] time-resolved circular dichroism
(CD),[5, 6, 13, 14] transient absorption,[15] and stopped-flow optical
spectroscopic methods,[3, 16] have been utilized. These diverse
methods can provide reaction rates, signal the accumulation of
intermediates, and give local information on the role of partic-
ular amino acids or averaged parameters of the main chain.
However, they do not provide global structural information in
general.

In this respect, the diffusion coefficient (D), which represents
molecular migration in the liquid phase, is certainly a useful
quantity for monitoring a protein-folding process because it is
a fundamental physical parameter directly linked to the macro-
molecular size and shape. Indeed, Terazima and co-workers
have shown that the change in diffusion coefficient reflects
the conformational change of a biomolecule that occurs in the
process of various biological reactions, such as protein fold-
ing.[17–20] They used laser-induced transient grating (TG) spec-
troscopy to measure the change in D followed by a protein
folding process.[17–20] The TG technique can detect a spatial
concentration modulation of chemical species induced by laser
irradiation. From the temporal profile of the TG signal intensity,
the D values of the parent molecule and transient species in-
volved in a photoreaction can be determined directly from the
decay rate of the signal measured. In summary, TG spectrosco-

py provides information about global structural change,
whereas transient absorption is more sensitive to local struc-
ture and CD is informative for secondary structures.

In the study reported herein, we investigate the optically
triggered folding dynamics of CO-bound ferrocytochrome c
(CytC-CO) under highly basic conditions (pH 13) by using time-
resolved TG spectroscopy. The folding dynamics of CytC with a
denaturant has been previously studied by using a combina-
tion of the electron transfer of nicotinamide adenine dinucleo-
tide (NADH) and TG spectroscopy.[18] Our study differs in that
no denaturant is used so that the effect of the denaturant can
be estimated, and the photodissociation of CO is a much
faster reaction-triggering method than electron transfer of
NADH (�ms),[18] thereby greatly improving the time resolution.
Indeed, we captured a process of about 700 ns, which cannot
be studied by the latter reaction-triggering method. CytC-CO
molecules in strongly basic solution are unfolded without a de-
naturant, such as guanidine hydrochloride (Gd-HCl) and
urea.[21] By contrast, CytC in the absence of the CO ligand has
a nativelike structure in terms of secondary and tertiary struc-
tural content in strongly basic solutions (see Figure 1). There-

fore, the CO photodissociation of unfolded CytC-CO in strongly
basic solution initiates folding, and CytC represents an ideal
protein for studying the folding kinetics in the absence of a
denaturant, thus mimicking a more natural environment for
folding.

Generally, a denaturant can significantly influence the pro-
tein conformation. For example, Zhang et al. reported that the
structure of the unfolded SH3 domain of Drosophila character-
ized in aqueous buffer was not identical to that characterized
in 2 m Gd-HCl.[22] Furthermore, Logan et al. reported that the
secondary structures of the unfolded FK506 binding protein

Figure 1. Schematic representation of the transition between folded and un-
folded CytC at pH 13 considered in this work. Unlike typical folding experi-
ments, a denaturant, such as Gd-HCl or urea, is not used, but CO ligands are
used to generate CytC-CO. CytC-CO in a strong alkali solution is unfolded
without a denaturant. However, CytC in the absence of CO ligand has a na-
tivelike structure in terms of secondary and tertiary structural content in
strong alkali solutions.
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determined in the presence of Gd-HCl and urea were differ-
ent.[23] In addition, we can trace fast events in the folding reac-
tion of CytC because the photodissociation of the CO ligand
takes place on the sub-picosecond timescale. In this study, we
observed TG signals due to the folding dynamics, and a de-
tailed analysis shows that the folding kinetics is more consis-
tent with the two-state mechanism than the sequential mecha-
nism. The experimentally determined D values of both the un-
folded and folded CytC at pH 13 without a denaturant provide
information in terms of molecular size. The activation energy
for the folding process is also determined from temperature-
dependent TG signals. Together with TG spectroscopy, transi-
ent absorption (TA) spectroscopy is also used and the results
show that the two methods are indispensable complements
for understanding the overall protein dynamics.

Figure 2 a shows TG signals for the CytC-CO sample after the
photodissociation of the CO ligand in an N-cyclohexyl-3-amino-

propanesulfonic acid (CAPS) buffer solution (pH 13) at various
q2 ranges (q : grating wavenumber). All signals consist of sever-
al components. The signal rises quickly after photoexcitation
within the instrumental response of our system and then
shows a weak, slowly rising component (component 1), which
can be seen in a temporally expanded view (the black curve in
Figure 2 b). After this, the signal shows a decay component in
the microsecond timescale (component 2), then weak grow–
decay dynamics from about 10 ms to about 1 ms (compo-
nent 3), and finally another slower grow–decay dynamics in
the millisecond time range (component 4). In the following, we
first qualitatively demonstrate that the observed TG signals are
related to protein folding by various control experiments.
Then, a more quantitative analysis is given.

As a first control experiment, a TG signal was measured
from a reference sample, namely, bromocresol purple (the red
curve in Figure 2 b). The photon energy absorbed by bromoc-
resol purple is nonradiatively released to the solvent without
invoking any other photoreactions, and thus its TG signal re-
flects the thermal releasing process. The TG signal in the red
curve of Figure 2 b shows only a single decay component,
which is similar to component 2 from the CytC sample, thus
indicating that component 2 is probably the result of a thermal
releasing process. The components 1, 3, and 4 are observed
only for the CytC-CO sample at pH 13. To further check wheth-
er these components are related to folding dynamics, we per-
formed another control experiment for a CytC sample under
neutral conditions (pH 7), where CytC is in a folded form and
therefore the energy absorbed by the heme group is released
as heat to the solvent, just as the reference bromocresol
purple. Indeed, the TG signal at pH 7 shown in Figure 2 c has
only a decay component similar to component 2 for the CytC-
CO sample at pH 13, which confirms that the other compo-
nents at pH 13 shown in Figure 2 a may be due to the folding
process.

As a further control to gauge the contribution of the bimo-
lecular recombination of CO and CytC to the TG signal, we
measured the TG signal at pH 7 in the presence of 6 m Gd-HCl
where the denaturant fully converts CytC to unfolded CytC-CO,
which is susceptible to photodissociation of the CO. The pho-
toreaction of CytC-CO in this condition (pH 7) does not initiate
any folding process and the bimolecular recombination pro-
cess of CO and CytC should dominate.[15, 21] Its TG signal in the
inset of Figure 2 c shows only the thermal decay, as in the
signal without denaturant at pH 7, which indicates that the TG
signal is not sensitive to the CO recombination process (Fig-
ure 2 c). However, this does not mean that the CO recombina-
tion process is absent under our conditions. Bhuyan and co-
workers[21] used TA spectroscopy to follow the dynamics of
CytC-CO at pH 13 with a very low concentration of denaturant,
which is similar to our denaturant-free conditions, and ob-
served time-dependent absorption changes attributed to resi-
due-coordination processes and the CO recombination pro-
cess.

We also conducted a TA experiment as shown in Figure 2 d.
The TA signal can be expressed by a triexponential function
with relaxation times of �0.9, �11, and �770 ms. According to

Figure 2. a) Time profiles of the TG signals (in log scale) after photoexcita-
tion of CytC-CO in a CAPS buffer solution (pH 13) at various q2 ranges (from
left to right, q2 = 0.39, 0.62, 1.07, 1.32, and 2.46 � 1012 m�2). b) Early-time part
of the TG signals of CytC (black line) and a reference sample (bromocresol
purple, red line) observed at q2 = 0.39 � 1012 m�2. c) TG signal after photoex-
citation of CytC-CO under neutral conditions (pH 7) without a denaturant at
q2 = 1.79 � 1012 m�2. Inset: TG signal after photoexcitation of CytC-CO at pH 7
in the presence of 6 m Gd-HCl at q2 = 0.92 � 1012 m�2. d) Transient absorption
change following photolysis of 200 mm CytC-CO in a CAPS buffer solution
(pH 13). The temporal profile of the absorbance change was expressed by a
triexponential function with relaxation times of �0.9, �11, and �770 ms.
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Bhuyan and co-workers, the first two are due to the binding of
methionines (Met80 or Met65) and histidines (His26 or His33)
to the heme iron followed by the photodissociation of the CO
ligand, and the slow one (�770 ms) is caused by the bimolecu-
lar recombination of CO and CytC. Any kinetic components
slower than the CO recombination are not detected in the TA
signal, which indicates that this signal is not a sensitive probe
for global structural changes, such as protein folding. Overall,
our experiments with TG and TA spectroscopy show the com-
plementary nature of the two detection methods, and at this
point one can conclude that components 1, 3, and 4 of Fig-
ure 2 a are likely to be related to the folding process.

A quantitative analysis is given in the following discussion.
In the TG experiment, the sample is excited by spatially modu-
lated light intensity produced by the interference of two exci-
tation light waves. The excited solute molecules can either
return to the ground state by releasing the absorbed photon
energy to the solvent (heating) or undergo photoreactions to
produce new chemical species. The spatially modulated light
therefore generates sinusoidal concentration modulations of
1) the heated or normal solvent (thermal grating) and 2) the
depleted reactant and the new chemical species (species gra-
ting). These concentration modulations in turn lead to sinusoi-
dal modulations in the refractive indices (dn), which are finally
monitored as a TG signal by the diffraction efficiency of a
probe beam. As a result, the TG signal intensity ITG is propor-
tional to the square of the sum of the refractive index change
due to 1) the thermal releasing process (dnth(t)) and 2) the sum
of the refractive index changes of each chemical species
(�dni(t)) [Eq. (1)]:

ITGðtÞ ¼ a dnth tð Þ þ
X

dni tð Þ
h i2

ð1Þ

where a is a constant. The TG signal intensity becomes weaker
as the spatial modulation of the refractive index changes
decays to zero. The decay of dnth(t) occurs by the translational
diffusion of the heat through the solvent. For �dni(t), the
decay can occur by either translational diffusion or further re-
actions of the chemical species (in this case, proteins).

In general, the refractive index change dn(t) due to transla-
tional diffusion is proportional to the Fourier transform of its
concentration change, C ACHTUNGTRENNUNG(x,t), given by solving a diffusion equa-
tion. For example, if D is time-independent and diffusion is the
only process responsible for the decay of CACHTUNGTRENNUNG(x,t), then solving
the diffusion equation gives the decay rate constant of Dq2,
that is, dn(t) =dn exp ACHTUNGTRENNUNG(�Dq2t), where dn is the initial change in
refractive index. For this reason, dnth(t) =dnth exp ACHTUNGTRENNUNG(�Dthq2t),
where dnth is the initial refractive index change due to the
thermal grating and Dth the thermal diffusivity of the solution.
The CO photodissociation of unfolded CytC-CO depletes CytC-
CO and generates unfolded CytC and CO within the instru-
ment response time of the TG measurement. The decay of the
refractive index change caused by the depleted CytC-CO can
only occur by diffusion, and thus dnCytC-CO(t) =dnCytC-CO ex-
p(�DCytC-COq2t). If the photoproducts are formed within the ex-
citation pulse width and do not involve further reactions, the

temporal progression of the TG signal can be expressed as fol-
lows [Eq. (2)]:

ITGðtÞ ¼ a dnth exp �Dthq2tð Þ þ
X

i

dni exp �Diq
2tð Þ

" #2

ð2Þ

where Di is a diffusion coefficient of the chemical species. Ini-
tially it was attempted to fit the TG signal with this simple
equation. It is straightforward to assign component 2 to the
thermal grating signal. The Dq2 of the fast component 1 shows
a constant value regardless of q2, which means that its dn1(t) is
not due to a diffusion process but to fast protein dynamics. In
other words, dn1(t) = dn1 exp ACHTUNGTRENNUNG(�k1t) rather than dn1 exp ACHTUNGTRENNUNG(�D1q2t).
The fit quality is quite satisfactory in the early timescale (com-
ponents 1 and 2). However, the Dq2 of subsequent signals
(components 3 and 4) in the slower time region (�10 ms to
�0.2 s) are not linearly proportional to q2 and the fit quality is
not satisfactory. This finding indicates that Equation (2), which
assumes that any new species, such as a folded protein, does
not form by a folding process during diffusion, cannot properly
explain the TG signal. This means that the folding processes
occur in timescales similar to the diffusion process, and equa-
tions taking the folding kinetics into account more explicitly
are necessary. This also suggests that component 3 results
from the square of the sum of the refractive index changes
due to species grating signals from not only unfolded proteins
but also newly emerging folded proteins. Component 4 is also
mainly due to the diffusion process of the proteins (both un-
folded and folded). These assignments are confirmed in a
quantitative analysis described below.

We compared our data with two folding models, namely,
the two-state mechanism and the sequential mechanism. First,
in the sequential mechanism, the protein structure continuous-
ly changes with time, and therefore, the D of the protein is
time-dependent. The time dependence of D can be modeled
by a single exponential function with a folding rate constant kf

[Eq. (3)]:

DðtÞ ¼ DU þ DN � DUð Þ 1� exp �kf tð Þð Þ ð3Þ

DU and DN are the diffusion coefficients of unfolded (U) and
folded (N) CytC, respectively. The time-dependent C ACHTUNGTRENNUNG(x,t) of the
folded protein is governed by the following diffusion equation
with time-dependent D(t) [Eq. (4)]:

@Cðx; tÞ
@t

¼ DðtÞ @
2Cðx; tÞ
@x2

ð4Þ

Solving the equation eventually provides the last term in the
following equation for the TG signal [Eq. (5)]:

ISequential
TG ¼a dn1 exp �k1tð Þ½ � dnth exp �Dthq2tð Þ

þdnCytC�CO exp �DCytC�COq2t
� �

þdnN exp �DNq2t � DN � DUð Þq2

kf
1� exp �kf tð Þð Þ

� ��2

ð5Þ
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where dnCytC-CO and dnN are the initial refractive index changes
due to CytC-CO and the folded CytC, respectively.

On the other hand, if the protein folds via the two-state
mechanism with a protein folding rate (kf) as in the following
pathway [Eq. (6)]:

CytC-CO
hn

�CO
��!CytCCU ðUÞ kf�!CytCN ðNÞ ð6Þ

the time dependence of each species is given by the following
diffusion equations [Eqs. (7)]:

@CytC� COðx; tÞ
@t

¼ DCytC�CO

@2CytC� COðx; tÞ
@x2

@Uðx; tÞ
@t

¼ DU

@2Uðx; tÞ
@x2 � kfUðx; tÞ

@Nðx; tÞ
@t

¼ DN

@2Nðx; tÞ
@x2 � kfNðx; tÞ

ð7Þ

Solving these equations by considering the similar molecular
sizes of CytC-CO and CytCU (DCytC-CO�DU) provides the last
three terms in the TG signal for the two-state model as follows
[Eq. (8)]:

ITwo�State
TG ¼a dn1 exp �k1tð Þ½ � dnth exp �Dthq2tð Þ

þdnCytC�CO exp �DUq2tð Þ þ dnU exp � DUq2 þ kfð Þtf g

þ kf

DN � DUð Þq2 � kf

dnN exp � DUq2 þ kfð Þtf g � exp �DNq2tð Þ½ �
�2

ð8Þ

Using these two mechanisms, we fit all TG signals by minimiz-
ing the discrepancy between the experiment and theory for all
q values used in the measurement. The results of this global fit-
ting analysis are depicted in Figure 3. The good agreement be-
tween theory and experiment for the two-state mechanism and
about five times larger residuals for the sequential mechanism
than for the two-state mechanism support the two-state mecha-
nism for the folding reaction of CytC. The determined parame-
ters are as follows; DCytC-CO�DU = 0.79�0.04 � 10�10 m2 s�1,
DN = 1.3�0.1 � 10�10 m2 s�1, k1 = 1.4�0.1 � 106 s�1, and kf =

256�5 s�1.
Figure 3 b shows all the decomposed individual exponential

terms in Equation (8). Note that two grow–decay dynamics
(components 3 and 4) are due to the square of the sum of the
refractive index changes of various components in Equa-
tion (8). In particular, the grow–decay behavior of component 3
is dominated by the third and fourth terms of Equation (8),
and another grow–decay dynamics of component 4 is domi-
nated by the third and fifth terms of Equation (8).

The folding rate constant of 256�5 s�1 is slightly smaller
than that (380 s�1) determined by a stopped-flow experiment
using two-syringe mixing.[21] In that experiment, the initial un-
folded CytC solution prepared in 5 m Gd-HCl was diluted by
mixing a folding buffer at pH 12.7, and the folding rate con-
stants were measured for various final Gd-HCl concentrations,
which were used to extrapolate and estimate the folding rate
for zero denaturant concentration.[21] A much smaller constant
of 68 s�1 was also reported from an experiment using a similar

stopped-flow method.[16] To determine the activation energy
(Ea) for the folding reaction of CytC, TG experiments were car-
ried out at various temperatures (see Figure 4). Using the Ar-
rhenius theory, Ea =�RT ln ACHTUNGTRENNUNG(kf/A) ; Ea and A were determined to
be 21.8�1.5 kcal mol�1 and 7.6�0.7 � 1018 s�1, respectively. The
folding energy barrier of 21.8 kcal mol�1 is larger than that re-
ported in the literature (8.2 kcal mol�1),[16] where the activation
energy was estimated without any temperature-dependent
measurements by using an estimated pre-exponential factor A
from a literature value. If A determined from our TG measure-
ments is used, a value similar to ours would result. Further-
more, our value is consistent with that estimated from the ex-
perimental results of Terazima and co-workers (see Figure 5 in
ref. [17]).

Figure 3. a) Global fitting results of the whole range of TG signals based on
the two-state model. The theoretical fits obtained from the global fitting
analysis are shown in red. Inset: expanded view of late time delays from
1 ms to 0.2 s. b) Schematic decomposition of the components of the TG
signal according to the two-state model. The observed TG signal at
q2 = 0.39 � 1012 m�2 could be reproduced by taking the square of the sum of
these components in Equation (8). c) Residuals of global fitting results for
the two-state mechanism (top) and the sequential mechanism (bottom). It is
evident that the observed TG signals are well reproduced by the two-state
mechanism rather than the sequential mechanism.
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The folding time constant obtained in our TG measurement
(3.9 ms) is considerably slower than the CO recombination
time constant (�770 ms) from our TA experiment. Notably, the
ratio of these two time constants determines the fraction of
the folded proteins, and the current ratio (5:1) is not high
enough to completely quench the folding pathway to the
point where the TG signal due to folding is below the detec-
tion limit.

Now, we consider the origin of the component 1 (k1) ob-
served in the time region of a few microseconds (see Fig-
ure 2 b). The process at about 710 ns is probably due to the
binding of several non-native ligands, such as His26, His33,
and Met80 (or Met65), to the heme iron followed by the pho-
todissociation of the CO ligand. Kumar et al. reported that the
process observed at about 0.33 � 106 s�1 (�300 ns) in 1.5 mm

CAPS containing 0.35 m Gd-HCl (pH 13) was due to the binding
of methionines (Met80 or Met65) to the heme iron of the pho-
toproduct (FeII-Met).[21] Kliger et al. suggested that the FeII-
Met80 coordination after the photodissociation of the CO
ligand took place with a rate constant of 5 � 105 s�1 (2 ms) in so-
lution at pH 6.5 containing 4.6 m Gd-HCl.[5] Thus, in view of our
Gd-HCl-free experimental conditions, the �710 ns kinetics may
be attributed to the molecular volume change and the absorp-
tion change associated with the FeII-Met coordination. This is
also consistent with our TA measurement (Figure 2 d), in which
the absorption change at 435 nm after photoexcitation of
200 mm CytC-CO in a CAPS buffer solution (pH 13) has relaxa-

tion dynamics of �0.9 ms due to the binding of methionines
(Met80 or Met65). Since the absorption change of a protein
due to FeII-Met coordination or the folding reaction at 780 nm
is, however, too small, we attribute the main contribution of
the �710 ns process to the molecular volume change induced
by FeII-Met coordination. Because dnth is generally negative,
there would be no slowly rising component if dn1 were also
negative. In other words, the presence of the slowly rising
component indicates that dnr is positive, thereby partly cancel-
ing the effect of dnth. The positive dnr decays over time, which
indicates that the coordination of FeII-Met after photoexcita-
tion of CytC results in the volume expansion. Indeed, it is well
accepted that the unfolding of proteins leads to a volume de-
crease due to the exposure of charged/polar and nonpolar res-
idues and the disruption of internal voids.[24–26] Thus, the FeII-
Met coordination can lead to a small increase in volume. This
volume expansion due to the coordination of FeII-Met, howev-
er, is substantially less than 1 % of the specific volume of a pro-
tein.

On the other hand, the value of DN determined from the
global fitting (1.3�0.1 � 10�10 m2 s�1) is consistent with that of
the native CytC reported previously (1.2–1.3 � 10�10 m2 s�1),[19, 27]

which indicates that the final state in our experiment is a fully
folded native CytC. In contrast, the DU value determined here
(0.79�0.04 � 10�10 m2 s�1) is significantly larger than that of Gd-
HCl-induced unfolded CytC at pH 7 (0.66 � 10�10 m2 s�1), deter-
mined by using a combination of the electron transfer of
NADH and TG spectroscopy.[19] The difference between the
values of D for two unfolded proteins may originate from the
different denaturation conditions, that is, the structure of the
unfolded protein induced by denaturant may be significantly
different from that induced by CO ligation and high pH. Since
it is generally known that a strong denaturant, such as Gd-HCl
and urea, can induce the complete denaturation of a protein,
the small value of DU (0.66 � 10�10 m2 s�1) obtained at pH 7 with
4 m Gd-HCl represents the D of a completely denatured pro-
tein. Thus, the larger DU obtained at pH 13 without any dena-
turant suggests that the conformation of the CO ligation- and
pH-induced denatured CytC is not a completely random-coiled
polypeptide but a partially folded one. By using a CD tech-
nique, Breslauer et al. reported that only 70–80 % of the sur-
face area of the base-induced unfolded CytC was exposed to
the solvent, and the unfolded CytC at alkaline pH had a partial-
ly ordered structure compared to that observed in the pres-
ence of Gd-HCl or urea.[28] The larger DU (0.79 � 10�10 m2 s�1) de-
termined under our experimental conditions provides quantita-
tive evidence that the denatured state of CytC in our study is
significantly different from that induced by a denaturant.

In conclusion, we have investigated the optically triggered
folding dynamics of CytC-CO by combining TG and TA spec-
troscopy, and have demonstrated the complementary nature
of TG and TA. TG is sensitive to the global folding process that
is not observed in TA, whereas CO recombination was visible
only in TA. After photodissociation of the CO ligand from un-
folded CytC-CO under strongly basic conditions, the TG signals
show the methionine-binding process as well as the folding
process, thus allowing us to provide the time constants for

Figure 4. TG signals after photoexcitation of CytC-CO at q2 = 1.96 � 1012 m�2

as a function of temperature. Inset: temperature dependence of the folding
rate constants determined from the fitting of TG signals. The activation
energy (Ea) for the folding reaction of CytC is estimated to be 21.8�1.5 kcal
mol�1.
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both processes, which are summarized in Figure 5. A quantita-
tive analysis of the TG signal supports two-state folding kinet-
ics rather than multistate folding kinetics (sequential mecha-

nism). The activation energy (Ea) for the folding reaction of
CytC is also determined from temperature-dependent TG sig-
nals. In addition, the measured diffusion coefficient for the un-
folded state provides strong evidence that the unfolded state
at pH 13 is partially unfolded, unlike that in the presence of
denaturant.

Experimental Section

The experimental setup for the TG experiment was similar to those
reported previously.[17, 29] The second harmonic (532 nm) of an
Nd:YAG laser (Brilliant B, pulse width 6–7 ns) was used as the exci-
tation beam and a photodiode beam (780 nm, Thorlabs) as the
probe beam. The diffracted probe beam (TG signal) was isolated
from the excitation laser beam with a glass filter (Thorlabs
FGL715S) and a pinhole. The isolated TG signal was detected by a
photomultiplier tube (Hamamatzu R-928) and was fed into a digital
oscilloscope (Tetronix TDS 3052B). The repetition rate of the photo-
excitation was 2 Hz. The TG signal was averaged about 32 times to
obtain a sufficient signal-to-noise ratio. The size of the excitation
beam at the sample position was focused to be about 1 mm f.
The laser-irradiated volume was small (typically ca. 2 � 10�3 cm3)
compared with the total volume of the sample solution. The
sample cell was kept inside a temperature-controlled holder (10–
35 8C). Most experiments were conducted at room temperature.

CytC-CO was prepared by using the following method: Equine
heart cytochrome c (CytC) was purchased from Sigma–Aldrich Co.
The CytC solution in CAPS buffer (10 mm, pH 13) was placed in a
rubber-topped airtight quartz cuvette (optical path length = 2 mm)
and the concentration of CytC was adjusted to 1 mm. CytC was re-
duced by adding sodium dithionite (10 mm) to the CytC solution
under a nitrogen atmosphere. CO gas was passed over the re-
duced sample for 30 min to fully convert CytC to the CO-bound
CytC (CytC-CO). Finally, the sample cell was purged again with N2

gas for several minutes. Even under this condition of dilute CO
concentration (less than 0.02 mm), the fraction of the CO-unbound
CytC was less than 1 % of that of CytC-CO if the equilibrium associ-
ation constant of about 6 � 105

m
�1 was used.[21] In addition, the

photoreaction of the CO-unbound CytC did not affect the species
grating signal. The sample solution was prepared just before mea-
surement.

The value of q in the TG measurement was determined from the
decay rate of the thermal grating signal of a reference sample, bro-
mocresol purple, which gave rise to only the thermal grating signal
due to nonradiative transition within the pulse width of the excita-
tion laser. Since in the high q2 range (>1 � 1013 m�2) the diffusion
process of a protein takes place on the order of submilliseconds
and this timescale is much faster than the folding rate, it is very
difficult to trace the protein folding dynamics. Thus, all TG meas-
urements were carried out with a small q2 range (�2.5 � 1012 m�2)
where the folding rate of a protein is on the same order of time-
scale as the diffusion rate, and thus the TG signal associated with
the diffusion process is more sensitive to the folding process.

TA spectroscopy was performed on 200 mm CytC-CO in a CAPS
buffer solution (pH 13) by using the second harmonic (532 nm) of
an Nd:YAG laser (Brilliant B, pulse width 6–7 ns) as the excitation
source and a 250-W Xe lamp as the probing light source. The prob-
ing 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 (Te-
tronix TDS 3052B).
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