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ABSTRACT: The protein folding character of cytc was studied with the use of a photocleavableo-nitrobenzyl
derivative of Met65 (NBz-Met65). For the NBz-Met65 cytc, the Soret absorption band slightly blue
shifted compared with the unlabeled cytc, the 695 nm absorption band related to the Met80 sulfur ligation
to the heme iron disappeared, and its resonance Raman spectrum was characteristic of a six-coordinate
low-spin species, all characters demonstrating coordination of a non-native ligand, probably a histidine,
instead of Met80 to the heme iron. The far-UV circular dichroism (CD) spectrum of cytc was altered,
and the transition midpoint concentration value of guanidine hydrochloride (GdnHCl) for unfolding the
protein decreased by 0.9 M by the modification, which showed perturbation of the structure and decrease
in protein stability, respectively. With irradiation of 308 nm laser pulses on the NBz-Met65 cytc, the
Soret absorption band slightly red shifted, the 695 nm absorption band appeared, and the CD spectrum
shifted toward that of the native protein, which demonstrated recovery of the methionine heme coordination
and the native protein structure, due to reconversion of NBz-Met65 to unlabeled methionine. A fast phase
was detected as a change in Soret absorbance with a rate constant of 21 000( 4000 s-1 during refolding
of cyt c initiated by irradiation of a 308 nm pulse on the NBz-Met65 cytc in the presence of 2 M GdnHCl.
The observed rate constant corresponded well with that reported by the tryptophan fluorescence study
[Shastry, M. C. R. S., and Roder, H. (1998)Nat. Struct. Biol. 5, 385-392]. The intermediate decayed
with a rate constant of 90( 15, followed by another phase with a rate constant of 13( 3 s-1, and was
not seen in the absence of GdnHCl.

Cytochromec (cyt c)1 is frequently used as a model for
protein folding studies, due to its relatively small size and
covalently bound heme, whose properties are sensitive to
its environment and spin state. The axial ligands of the heme
iron for native cytc are Met80 and His18 (1, 2), whereas a
non-native histidine instead of Met80 coordinates to the iron
when the protein is unfolded with a high denaturant
concentration at neutral pH (3, 4). Both His26 and His33
have been implicated as the non-native histidine (4, 5), but
it has been suggested recently by cytc mutant studies that
His33 is the dominant sixth heme ligand in the unfolded state
(3). At low pH, one or both of the axial ligands are replaced
by water molecules (6, 7).

The heme and its axial ligands of cytc, which are essential
for structural stabilization (8) and function (9) of the protein,
affect its folding dynamics (3, 10-16). Among the three
kinetic phases observed as changes in Soret absorbance and
tryptophan fluorescence during folding of cytc, the inter-
mediate phase with a time constant of about 240 ms
disappeared at low pH, whereas the intermediate and slow
phases both disappeared by addition of an excess of an
exogenous imidazole, indicating that the bis-histidine-
coordinated form of the unfolded protein creates a kinetic
barrier during folding of the protein (10). Changes in the
heme axial ligands during folding of cytc have been studied
in detail for the time scale from 100µs to 40 ms by resonance
Raman (RR) spectroscopy combined with a rapid mixer (13-
15). These results indicated that replacement of the axial
heme ligand of cytc would occur even after a few
milliseconds during its folding process. Although the stopped-
flow method combined with various types of spectroscopies
(11, 17-20) and the hydrogen exchange labeling method
(21) are useful techniques and widely used for studying
protein folding characters, the early event of protein folding
is difficult to follow by these methods, where the time
resolution is limited by the mixing dead time of a few
milliseconds. For example, about 44% of theR-helical signal
of native ferric cytc occurred within the dead time of the
stopped-flow circular dichroism (CD) measurement, indicat-
ing that a significant amount of the secondary structure was
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formed within 4 ms (19). Recently, attempts have been made
to develop new methods, such as photoinduced heme
reduction (22-24), heme-CO ligand photolysis (25), and
rapid mixing (13-16, 26, 27) methods, which would
elucidate the fast refolding character of cytc, although these
methods were limited to heme-containing proteins or reac-
tions which occur longer than 45µs.

Chemical modification has been used to study the molec-
ular recognition and structural properties of proteins including
cyt c (28-30). Small structural perturbation of cytc has been
reported for carboxymethylation of Met65 (31), whereas
chemical modification of Met80 with iodoacetic acid has
been shown to affect the protein stability (32). It has been
shown that creatine kinase with its thiol groups modified by
5,5′-dithiobis(2-nitrobenzoic acid) had been partially un-
folded and could be refolded and reactivated in the presence
of dithiothreitol (33, 34). A photocleavable disulfide bond
was introduced into a model peptide, and re-formation of
its secondary structure was observed by irradiation of a UV
light (35). o-Nitrobenzyl derivatives are also photoreactive
(36) and have been utilized to study the kinetics of neu-
rotransmitter receptors (37, 38). Recently, theo-nitrobenzyl
group was introduced into a Ras protein to study its
molecular recognition character (39).

To investigate the folding character of cytc and to develop
a general method for studying protein folding characters, we
introduced a photocleavableo-nitrobenzyl group into cytc
by chemical modification. Alkylation of the methionine
residue was performed, since cytc has only two methionine
residues and the thioether group of methionine can be
selectively alkylated at low pH. Cytc with ano-nitrobenzyl
derivative of Met65 (NBz-Met65) was partially unfolded and
started to refold by reconversion of NBz-Met65 to unlabeled
Met65 by irradiation of a UV light according to the reaction:

The time-resolved absorption change with irradiation of a
UV light on the NBz-Met65 cytc is also studied with the
use of the laser photolysis reaction.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of Cyt c with o-Nitrobenzyl-
Modified Methionine. Horse heart cytc was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Chemi-
cal modification of cytc methionines to theiro-nitrobenzyl
derivatives was performed by mixing cytc (90 mg) in 50
mM glycine hydrochloride buffer (6 mL), pH 1.5, with
o-nitrobenzyl bromide (10 mg) in dimethylformamide (0.6
mL). The mixed solution was stirred for 15 min at 50°C
under a nitrogen atmosphere and in the dark to avoid
sulfoxide formation and photocleavage, respectively. Urea

and (NH4)2SO4 were added to theo-nitrobenzyl-modified cyt
c solution to final concentrations of 3 and 2 M, respectively.
The modified cyt c’s were separated using a Phenyl-
Toyopearl column (15× 2.5 cm, volume 23 mL) in the dark
at 4°C with a flow rate of 1 mL/min. Unlabeled cytc eluted
from the column with 10 mM Tris-HCl buffer, pH 7.4,
containing 2 M (NH4)2SO4 and 3 M urea, while modified
cyt c’s attached to it. For purification of modified cytc’s, a
gradient of the (NH4)2SO4 concentration from 2 to 1 M (300
mL of 2 M + 200 mL of 0 M) with 10 mM Tris-HCl buffer,
pH 7.4, containing 3 M urea was performed. At the final
stage, 10 mM Tris-HCl buffer, pH 7.4, containing 3 M urea
without (NH4)2SO4 was used. Potassium ferricyanide was
added to each modified cytc fraction in 50 mM Tris-HCl
buffer, pH 7.4, and the oxidant was subsequently removed
using a DEAE-Sephacel column. To confirm that the
modified protein was monomeric, gel filtration of unlabeled
and modified cytc’s was performed in the presence and
absence of 2 M GdnHCl on a Sephadex G-100 column (25
× 1 cm, volume 20 mL) with 10 mM Tris-HCl buffer, pH
7.4, in the dark at 4°C with a flow rate of 0.5 mL/min.

CleaVage of Cyt c at Met65 with CNBr. Cyt c is
preferentially cleaved at Met65 by the reaction with CNBr
under the reported condition (40). CNBr (50 equiv to cytc)
in 98% formic acid (0.7 mL) was added to unlabeled or
modified cyt c in 50 mM Tris-HCl buffer, pH 7.4. The
solutions were stirred for 24 h at room temperature under a
nitrogen atmosphere in the dark. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
was performed for the solutions before and after the reaction
with CNBr which were dialyzed with 50 mM Tris-HCl
buffer, pH 7.4. The analysis was performed using a 12%
separation gel with a Tris-glycine buffer. The obtained gel
was stained with CBB R-250.

Absorption and CD Spectral Measurements. Ferric unla-
beled and NBz-Met65 cytc were dissolved in 50 mM Tris-
HCl buffer, pH 7.4, or 20 mM sodium phosphate buffer, pH
7.2. Photolysis of NBz-Met65 was performed by irradiation
of 100 shots of laser pulses at 308 nm (3µs, 1 Hz, about 8
mJ per pulse per cm2) obtained with a XeCl excimer laser
(Lambda Physik, LPX120). After UV irradiation, the small
amount of photoreduced cytc was oxidized by adding
potassium ferricyanide in 50 mM Tris-HCl buffer, pH 7.4,
and subsequently removing the oxidant with a DEAE-
Sephacel column for absorption measurements at 250-600
nm. To obtain the proportion of recovery of the unlabeled
protein by irradiation of UV pulses on the NBz-Met65 cytc
in the presence of 2 M guanidine hydrochloride (GdnHCl),
the intensities of the 695 nm absorption band and the CD
spectra of the unlabeled protein and those before and after
UV irradiation on the NBz-Met65 cytc were compared in
the presence of 2 M GdnHCl, whereas the absorption spectra
in the Soret region were compared after removing GdnHCl
and reoxidizing the small amount of photoreduced protein.
Absorption and CD spectra were recorded with a Shimadzu
UV-3101PC spectrometer and a Jasco J-720 spectropola-
rimeter, respectively, in quartz cells with path lengths of 10
and 0.5 mm, respectively. All measurements were carried
out at 10°C.

RR Measurements. Ferric unlabeled and NBz-Met65 cyt
c’s (20 µM) were dissolved in 50 mM Tris-HCl buffer, pH
7.4. Raman scattering was excited at 406.7 nm with a Kr+
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laser (Spectra Physics, 2060) and detected with a CCD
detector (Princeton Instruments, PI-CCD) attached to a single
polychromator (Ritsu Oyo Kogaku, DG-1000). The laser
power was adjusted to 10 mW, and the diameter of the laser
beam was focused to 50µM at the sample point. Raman
shifts were calibrated with acetone, and the accuracy of the
peak positions of the Raman bands was(1 cm-1. Measure-
ments were carried out at room temperature with a flow cell
(600 µm × 600 µm).

Time-ResolVed Absorption Measurements. Ferric NBz-
Met65 cytc (8 µM) was dissolved in 50 mM Tris-HCl buffer,
pH 7.4, in the presence of 2 M GdnHCl or in the absence of
it and placed in a quartz cuvette (path length, 10 mm).
Photolysis of NBz-Met65 cytc was initiated by the XeCl
excimer laser pulse at 308 nm (3µs, about 12 mJ per pulse
per cm2). Time-resolved absorption changes were measured
at 10°C with a light obtained from a halogen lamp which
was introduced into the cuvette orthogonal to the laser pulse.
The absorption changes were recorded on a digital oscil-
loscope (Lecroy, LC574A), which received voltage signals
from the photomultiplier attached to a monochromator
(Unisoku, RSP-601-03). The sample solution in the cuvette
was renewed after each pulse. Least-squares exponential fits
were performed for the time-resolved absorption data using
Igor Pro version 3.13 (WaveMetrics).

RESULTS AND DISCUSSION

Purification of NBz-Met65 Cyt c and Identification of
Met65 Modification.Specific chemical modification of a
methionine thioether group has been reported for modifica-
tion of cyt c with iodoacetic acid at pH 1.5, due to
protonation of the reactive side chains of other residues, such
as lysine and histidine, at low pH (32). Likewise, o-
nitrobenzyl bromide would specifically react with the thio-
ether group of methionine at pH 1.5. The methionine-
modified cytc’s which absorbed on the hydrophobic column
were separated into three well-resolved fractions by perform-
ing a gradient of the (NH4)2SO4 concentration from 2 to 0
M with 10 mM Tris-HCl buffer, pH 7.4, containing 3 M
urea (41). The two fractions, which eluted from the column
on decreasing the (NH4)2SO4 concentration, both contained
one o-nitrobenzyl methionine derivative per molecule, as
estimated by comparison of the absorbance increase around
270 nm by the modification with the intensity of the 270
nm absorption band of theN-acetylmethionineo-nitrobenzyl-
sulfonium chloride in the same buffer. The most hydrophobic
modified cytc fraction which started to elute with the buffer
without (NH4)2SO4 should have both methionines modified.
Actually, the intensity increase of the 270 nm absorption
band of this fraction indicated that the protein contained two
o-nitrobenzyl-modified methionines per molecule.

CNBr is well-known to preferentially react with the side
chain of Met65 and cleave the protein for unlabeled cytc
(40), while it would not react with the protein when the side
chain of Met65 is derivatized. Unlabeled cytc and the two
single-methionine-modified cytc solutions were subjected
to the CNBr reaction and subsequent SDS-PAGE analysis.
The results of the SDS-PAGE analyses for the unlabeled
and two single-methionine-modified cytc’s are shown in
Figure 1. CNBr-treated unlabeled cytc exhibited a smaller
molecular weight than unlabeled cytc due to cleavage at

Met65 by the CNBr reagent (Figure 1, lane b), while the
amount of the cleaved protein decreased significantly for the
o-nitrobenzyl-modified cytc of the latter-eluted fraction
(Figure 1, lane f). These results indicated that theo-
nitrobenzyl-modified methionine for the protein of the latter-
eluted fraction was Met65. However, the protein of the
former-eluted fraction of the two single-methionine-modified
cyt c’s reacted with CNBr (Figure 1, lane d). Since
o-nitrobenzyl-modified cytc of the former-eluted fraction
contained oneo-nitrobenzyl methionine other than Met65,
the protein should be modified at the position of another
methionine, Met80. Among the three modified cytc’s, the
NBz-Met65 cytc was used in this study. However, the NBz-
Met65 cytc was estimated to have a molecular weight similar
to that of the unlabeled protein as judged by gel filtration in
the presence and absence of 2 M GdnHCl, which suggested
that the NBz-Met65 cytc was monomeric under both
conditions.

Spectroscopic Characterization of NBz-Met65 Cyt c.The
absorption spectra of unlabeled and NBz-Met65 cytc’s and
their difference spectrum are shown in Figure 2A. The Soret

FIGURE 1: SDS-PAGE analysis of CNBr-treated cytc’s: untreated
(a) and CNBr-treated (b) unlabeled cytc, untreated (c) and CNBr-
treated (d) modified cytc of the former eluted fraction of the two
single-modified cytc’s, and untreated (e) and CNBr-treated (f)
modified cytc of the latter eluted fraction.

FIGURE 2: Absorption spectra in the 250-600 nm region for ferric
unlabeled and NBz-Met65 cytc’s: (A) NBz-Met65 (a) and
unlabeled (b) cytc and their difference spectrum (spectrum a-
spectrum b) (c); (B) NBz-Met65 cytc before (a) and after (b)
irradiation of 100 shots of 308 nm laser pulses and their difference
spectrum (spectrum a- spectrum b) multiplied by 3.7 (c).
Concentrations of the samples: NBz-Met65 cytc, 10 µM (a);
unlabeled cytc, 2.5 µM (Ab); NBz-Met65 cytc after irradiation,
8 µM (Bb). Spectra Aa, Ba, and Bb are multiplied with factors of
0.25, 0.25, and 0.31, respectively, to adjust the intensity of the Soret
absorption band. Tris-HCl buffer (50 mM), pH 7.4, was used.
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absorption band at 409 nm of ferric cytc shifted slightly to
a shorter wavelength by the modification. The direction of
the wavelength shift for the Soret absorption peak by the
modification was the same as that observed for ferric
unlabeled cytc when it was unfolded by addition of GdnHCl
(42). The intensity increase around 270 nm for the NBz-
Met65 cytc is attributed to incorporation of theo-nitrobenzyl
derivative of methionine into the protein, since the absorption
spectrum of theN-acetylmethionineo-nitrobenzylsulfonium
chloride solution showed an absorption peak at 270 nm.

The band at 695 nm, which is related to the methionine
sulfur ligation to the heme iron (43), disappeared for the
NBz-Met65 cytc (Figure 3, curve a), showing that Met80
was released from the heme iron by the modification. It is
interesting thato-nitrobenzyl modification of Met65 for cyt
c would cause release of Met80 from the heme iron, probably
due to perturbation of the protein structure. Although Met80
was released from the heme iron, the maximum wavelength
of the Soret absorption band of NBz-Met65 cytc shifted
less than 1 nm from that of unlabeled cytc (Figure 2A),
while that of ferric cytc has been shown to shift by 4 nm to
a shorter wavelength by unfolding the protein (42). These
results indicate that the environment of the heme would
significantly affect the maximum wavelength of the Soret
absorption band of cytc.

RR spectroscopy is a useful technique to obtain informa-
tion on the spin and coordination states of the heme (44).
For example, RR spectroscopy has been used to identify the
heme ligand coordination state of cytc for various unfolded
conditions (7, 13-15). The RR spectra of unlabeled and
NBz-Met65 cyt c’s are shown in Figure 4. The spectra
exhibited an oxidation state marker bandν4 at 1372-1373
cm-1, typical of a six-coordinate Fe(III) heme. Theν2 and
ν3 modes, which primarily contain the CâCâ and CRCm

stretching vibrations (44), are very sensitive to the heme
ligands and spin state. Theν2 andν3 bands of unlabeled cyt
c were observed at 1584 and 1502 cm-1, respectively,
whereas they were detected at 1586 and 1503 cm-1,

respectively, for the NBz-Met65 cytc, typical of a six-
coordinate low-spin species. The 695 nm absorption band
diminished in the absorption spectrum of NBz-Met65 cytc
(Figure 3, curve a), indicating that Met80 was uncoordinated
from the heme iron. These results suggest that Met80 is
replaced with a non-native histidine ligand, forming a bis-
histidine coordinated form, for the NBz-Met65 cytc. His33
has been implicated by mutant studies to be the non-native
histidine ligand of unfolded cytc by addition of GdnHCl at
neutral pH (3). Similarly, His33 could be the non-native
histidine ligand which coordinated to the heme iron of NBz-
Met65 cytc.

Since the far-UV CD spectra of proteins are related to the
secondary and tertiary structures, we compared the CD
spectra between unlabeled and NBz-Met65 cytc’s (Figure
5A). The change in the CD spectra indicated that cytc was
structurally perturbed by the modification.

Stability of NBz-Met65 Cyt c against GdnHCl Denatur-
ation. Small structural perturbation of cytc has been
mentioned by NMR studies on carboxymethylation of Met65
(31), whereas chemical modification of Met80 with iodoace-
tic acid has been shown to decrease stability of the protein
(32). To investigate the influence ofo-nitrobenzyl modifica-
tion of Met65 on protein stability of cytc, we measured the
222 nm CD ellipticity at various GdnHCl concentrations
(Figure 6). The obtained values were fitted by assuming a
two-state model with an equilibrium between the native and
denatured states (45), and the fitted lines are overlapped in
Figure 6. TheCm value, which is the transition midpoint
concentration of GdnHCl for unfolding the protein, is
frequently used as a probe for protein stability (45). TheCm

value of unlabeled cytc was 2.8 M in 50 mM Tris-HCl
buffer, pH 7.4, at 10°C, while that of NBz-Met65 cytc
decreased to 1.9 M under the same condition. The decrease
in the Cm value of NBz-Met65 cytc demonstrated destabi-
lization of the protein byo-nitrobenzyl modification. Met65

FIGURE 3: Absorption spectra in the 650-750 nm region for ferric
unlabeled and NBz-Met65 cytc’s: spectra before (a) and after (b)
irradiation of 100 shots of 308 nm laser pulses on NBz-Met65 cyt
c and the spectrum of unlabeled cytc (c). The difference spectrum
(d) represents spectrum b- spectrum a multiplied by 5. The
concentration of cytc was 800µM. Other conditions were the same
as those in Figure 2.

FIGURE 4: RR spectra in the 1300-1700 cm-1 region for ferric
unlabeled (a, c) and NBz-Met65 (b, d) cytc’s in the absence (a, b)
and presence (c, d) of 2 M GdnHCl. Experimental conditions: slit
height, 10 mm; slit width, 200µm; excitation wavelength, 406.7
nm; laser power, 10 mW (at the sample point); sample, 20µM in
50 mM Tris-HCl buffer, pH 7.4; room temperature.
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is located at the 60s’ helix which is tightly packed with the
N-terminal helix, and the sulfur atom of Met65 is pointing
toward the N-terminal helix. Changes in the packing of the
N- and C-terminal domains of cytc by site-directed mu-
tagenesis have been reported to destabilize the protein (46).
Therefore,o-nitrobenzyl modification of Met65 for cytc
would affect the molecular packing between the 60s’ and
N-terminal helices and thus may perturb the protein structure
and decrease its stability.

Irradiation of UV Light on NBz-Met65 Cyt c.The
absorption spectra of NBz-Met65 cytc before and after
irradiation of 100 shots of laser pulses at 308 nm and their
difference spectrum are shown in Figure 2B. The peak
position of the Soret band of ferric cytc which shifted to a
shorter wavelength byo-nitrobenzyl modification of Met65
shifted backward to a longer wavelength with irradiation of

a UV light on the NBz-Met65 cytc. The pattern of the
difference absorption spectrum of NBz-Met65 cytc before
and after irradiation of a UV light was similar to that between
NBz-Met65 and unlabeled cytc’s (Figure 2), suggesting that
cyt c recovered its native heme coordination structure with
the UV irradiation, due to recovery of unlabeled Met65 by
releasing 2-nitrosobenzaldehyde. Reaction of theo-nitroben-
zyl derivative for the NBz-Met65 cytc by the UV irradiation
was verified by the decrease in the 270 nm absorption band,
whereas formation of 2-nitrosobenzaldehyde by the irradia-
tion was confirmed by the absorption increase around 320
nm (Figure 2B, curve c), since 2-nitrosobenzaldehyde has a
strong absorption band around 320 nm. The amount of the
heme which recovered its heme environment by irradiation
of 100 shots of UV pulses was estimated to be about 27%
from the intensity of the difference pattern of the Soret
absorption band (Figure 2). The 695 nm absorption band
also appeared with irradiation of the UV light on the NBz-
Met65 cytc, demonstrating recoordination of Met80 to the
heme iron (Figure 3, curve af b). The amount of the heme
which recovered its methionine coordination by irradiation
of 100 shots of UV pulses was estimated to be about 20%
from the intensity increase of the 695 nm absorption band.

The CD spectra of the far-UV region before and after
irradiation of 100 shots of laser pulses at 308 nm on the
NBz-Met65 cytc are also shown in Figure 5A. Negative
peaks at 208 and 222 nm in the CD spectra are characteristic
of R-helices. However, these peaks are also influenced by
the tertiary structure with contribution from the side chains.
The intensity of the negative peak around 222 nm in the
CD spectra of NBz-Met65 cytc increased by the UV
irradiation, demonstrating recovery of the native protein
structure by conversion of NBz-Met65 to unlabeled me-
thionine. For example, the 220 nm CD ellipticity regained
19% of its modification-reduced intensity with irradiation
of UV pulses. The estimated proportion which regained the
native conformation with irradiation of UV pluses on the
NBz-Met65 cyt c corresponded relatively well between
absorbance and CD measurements, suggesting that the NBz-
Met65 cytc converted to the native conformation with the
UV irradiation.

Time-ResolVed Absorption Changes by UV Irradiation on
NBz-Met65 Cyt c. As discussed above, the structurally
perturbed NBz-Met65 cytc restored to its native structure
and recovered its methionine heme coordination by the UV
irradiation. Therefore, time-resolved absorption changes of
NBz-Met65 cytc initiated by irradiation of a single laser
pulse at 308 nm were investigated. The time-resolved
absorption measurements were performed in the presence
of 2 M GdnHCl, since a significant amount of NBz-Met65
cyt c was unfolded in 2 M GdnHCl, whereas unlabeled cyt
c was almost folded under this condition (see Figure 6). The
RR spectra of unlabeled and NBz-Met65 cytc’s in 2 M
GdnHCl were both characteristic of six-coordinate low-spin
species (Figure 4). The 695 nm absorption band was
undetectable for the NBz-Met65 cytc, while that of unlabeled
cyt c decreased its intensity by 35% in the presence of 2 M
GdnHCl (data not shown), indicating release of methionine
ligation from the heme iron. The NBz-Met65 cytc in 2 M
GdnHCl should therefore be a bis-histidine coordinated
species, while unlabeled cytc in the same condition should
be a mixture of bis-histidine and histidine-methionine

FIGURE 5: CD spectra of ferric unlabeled cytc (dotted line) and
NBz-Met65 cytc before (gray line) and after (full line) irradiation
of 100 shots of 308 nm laser pulses (A) in the absence and (B) in
the presence of 2 M GdnHCl. Cytc (6.5µM) was in 20 mM sodium
phosphate buffer, pH 7.2, at 10°C.

FIGURE 6: GdnHCl unfolding transitions for ferric unlabeled and
NBz-Met65 cyt c’s. CD ellipticities at 222 nm vs GdnHCl
concentration are plotted for unlabeled (b) and NBz-Met65 (Ã)
cyt c’s. Fitted lines according to the published method (45) are
also shown. Cytc (36 µM) was in 50 mM Tris-HCl buffer, pH
7.4, at 10°C.
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coordinated species. UV irradiation on the NBz-Met65 cyt
c in the presence of 2 M GdnHCl would represent an
equilibrium shift from a mixture of folded and unfolded bis-
histidine coordinated species to a mixture of folded bis-
histidine and histidine-methionine coordinated species
(Figure 8).

The CD spectra before and after UV irradiation on the
NBz-Met65 cytc in the presence of 2 M GdnHCl are shown
in Figure 5B, together with the spectrum of the unlabeled
protein in 2 M GdnHCl. The CD spectrum below 210 nm
was not obtainable, due to strong absorbance by GdnHCl.
Recovery of the native structure by the UV irradiation in
the presence of 2 M GdnHCl was estimated from the
ellipticity at 222 nm to be about 14%. The heme conforma-
tion was estimated to recover about 13% with irradiation of
UV pulses in the presence of 2 M GdnHCl, as judged from
the change in the Soret absorption (data not shown).
Restoration to its methionine-coordinated heme structure by
the UV irradiation in the presence of 2 M GdnHCl was
estimated to be about 11% from the intensity increase of
the 695 nm absorption band (data not shown). From these
Soret absorption and CD measurements, similar proportions
were obtained for recovery of the unlabeled protein with the
UV irradiation on the NBz-Met65 cytc in the presence of 2
M GdnHCl, which demonstrated recovery of unlabeled cyt
c by irradiation of UV pulses even in 2 M GdnHCl.

The absorbance changes at 401 and 418.5 nm after
irradiation of a 308 nm pulse light on the NBz-Met65 cytc
in the presence of 2 M GdnHCl are shown in Figure 7,
together with the least-squares exponential fits. A single
exponential fit was successful for the fast phase (Figure 7A),
while the fit for the later reactions was only successful with
a double exponential fit (Figure 7B). An intermediate was
detected as a Soret absorbance change with a rate constant
of 21 000( 4000 s-1 by irradiation of a 308 nm pulse on
the NBz-Met65 cytc in the presence of 2 M GdnHCl (Figure
7A). This fast phase was missing for irradiation of the same
UV pulse on the unlabeled cytc in the presence of 2 M
GdnHCl or on the NBz-Met65 cytc in the absence of it
(data not shown). The wavelength dependence of the relative
intensity of the absorbance change for this fast phase is
shown in the inset of Figure 7A. The Soret maximum
wavelength of the intermediate was estimated to be slightly
longer (about 1 nm) than that of NBz-Met65 cytc. This
intermediate decayed with a rate constant of 90( 15 s-1,
followed by another phase with a rate constant of 13( 3
s-1 (Figure 7B). The amount of the reacted species by
irradiation of a single pulse was estimated to be about 5%
from the final absorption changes in Figure 7B. Detection
of the∼10 ms phase suggested that perturbation around the
heme site would occur during formation ofR-helices, since
formation ofR-helices have been observed at this time region
(23). Formation of the native histidine-methionine coordi-
nated species from the bis-histidine coordinated species is
reported by RR spectroscopy to pass though another state,
which was suggested to be the histidine-water coordinated
form (13). The time scale of∼80 ms was similar to the time
scales of the ligand exchange processes, and this phase may
correspond to the histidine-water and/or histidine-methion-
ine ligand exchange processes, although the rate constants
differed a little from the reported values due to the differences
in the measuring conditions (10, 13-15). However, a similar

intermediate was also observed for Met80o-nitrobenzyl-
modified cytc which decayed with a triphasic dependence
(41), and the slowest phase detected in this study for the
NBz-Met65 cytc might be an overlap of two phases.

The kinetics of the early intermediate was not affected by
introducing CO or removing O2, which neglects the pos-
sibility of formation of the ferrous cytc species by photore-
duction. The submillisecond protein folding dynamics of cyt
c in ferric and ferrous states have been studied by time-
resolved tryptophan fluorescence (16, 26) and CD (23)
methods. According to the stopped-flow CD measurements
of ferric cyt c folding, about 44% of theR-helical signal of
the protein formed within the dead time of the measurement,
indicating that a significant amount of the secondary structure
was formed within 4 ms (19). More recently, time-resolved
CD measurements of reduced cytc folding showed almost
no change in the secondary structure of the protein between
16 µs and 1 ms (23). However, tryptophan fluorescence
exhibited an exponential phase with a time constant of about
50 µs for ferric cyt c folding, indicating that the protein
collapse during protein folding occurred within 100µs (26)
(Figure 8). Since the protein collapse occurred earlier than
formation of theR-helices, a loosely packed intermediate
should be formed at the early stage of cytc folding. We

FIGURE 7: Time-resolved absorbance changes at 418.5 (a) and 401
nm (b) by irradiation of a single 308 nm pulse on ferric NBz-Met65
cyt c in the presence of 2 M GdnHCl: (A) -200 to 600µs and
(B) -0.1 to 0.3 s. The wavelength dependence of the relative
intensity of the absorbance change for the fast phase is shown in
the inset. The laser power was about 12 mJ per pulse per cm2. Cyt
c (8 µM) was in 50 mM Tris-HCl buffer, pH 7.4, at 10°C.
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have discussed above that the maximum wavelength of the
Soret absorption band would be significantly affected by the
environment of the heme. Since the time scale for formation
of the intermediate species detected in this study cor-
responded well with that for the protein collapse observed
by tryptophan fluorescence (about 50µs) (26) and the protein
collapse could affect the structure of the heme site, the early
intermediate may be attributed to perturbation in the bis-
histidine coordination structure caused by the protein collapse
(Figure 8). Observation of the fast 50µs phase under constant
pressure and denaturant concentration suggests that the fast
phase observed by tryptophan fluorescence (26) is not caused
by the change in the solution state due to mixing the two
solutions at high pressure. Finally, we suggest that the
o-nitrobenzyl modification in this study would be a useful
method for studying protein dynamics of other proteins at
their early folding stages.

In summary, Met65 cytc was chemically modified with
o-nitrobenzyl bromide to form a photocleavableo-nitrobenzyl
derivative of Met65, and the folding character of cytc was
studied with the use of this modified protein and subsequent
UV light irradiation. Met80 was released from the heme iron,
and the protein structure of cytc was perturbed by the
modification. The native folding structure of cytc recovered
by converting NBz-Met65 to unlabeled methionine with
irradiation of a UV light. We detected a fast phase as a
change in Soret absorption with a rate constant of 21 000(
4000 s-1 during refolding of cytc initiated by irradiation of
a 308 nm pulse on the NBz-Met65 cytc in the presence of
2 M GdnHCl. The rate constant for the fast phase cor-
responded well with that observed by the tryptophan
fluorescence study (26).
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