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ABSTRACT: The folding of reduced cytochrome c (redcyt c) is increasingly being recognized as undergoing
a mechanism that deviates from a two-state process. In previous far-UV TRORD studies of redcyt c
folding, a rapidly forming intermediate was attributed to the appearance of a molten-globule-like (MG)
state [Chen, E., Goldbeck, R. A., and Kliger, D. S. (2003) J. Phys. Chem. A 107, 8149–8155]. A slow
folding phase (>1 ms) was identified with the formation of native (N) secondary structure from that MG
form. Here, using 0.65 mM SDS to induce the MG state in oxidized cytochrome c, folding of redcyt c
was triggered with fast photoreduction and probed from early microseconds to milliseconds using far-UV
TRORD spectroscopy. The kinetics of the reaction are described with a time constant of 50 ( 16 ms,
which corresponds to 1 ( 0.6 ms upon extrapolation of the data to zero SDS concentration. The latter
folding time is about 5 times faster than the calculated GuHCl-free time constant of 5.5 ( 1.4 ms for
slow-phase folding obtained in our previous study. This ratio of rates would be consistent with a scenario
in which 20–30% MG that is suggested to form in the fast phase of redcyt c folding in GuHCl is an
obligatory intermediate. The native state forms from this obligatory intermediate with an observed rate,
kf ) fkMGfN, where f is the fractional population of MG and kMGfN is the microscopic rate for MG f N.
Calculation and comparison of the mq/m values show agreement within the uncertainties between the
SDS (∼0.5) and GuHCl (∼0.3) based redcyt c folding experiments, suggesting that the two experiments
report on comparable intermediates. The m values were obtained from far-UV CD SDS titration experiments,
from which calculated thermodynamic parameters allowed estimation of the reduction potential for the
MG state to be ∼155 mV (-15 kJ/mol) vs NHE which, like the reduction potential for the native state,
is more favorable than that for the unfolded protein.

The many functions of proteins rely on the flexibility of
their structures: for example, to bind ligands or target
molecules, to translocate across biological membranes, or
to transition between different conformational states (1–7).
Cellular activities such as protein degradation by ATP-
dependent proteases require that the protein unfolds in order
to travel through narrow channels that run along the axes of
the proteasome (6). Various sensory and signaling proteins
undergo chromophore and domain-specific polypeptide back-
bone conformational changes that lead to domain/domain
interactions with a partner protein for downstream signal
transduction (7). Many intrinsically disordered proteins, being
extended and flexible with little to no secondary structure,
can bind to a variety of substrates or partner proteins, which
results in compaction to a folded state (4). Thus, whereas
proteins are most often discussed in terms of their native
state “folded” conformation, it is clear that the unfolded and
the partially unfolded structures also play crucial functional
roles.

A partially unfolded structure of particular note is the
molten globule (MG1), which is characterized by a compact
state with native-like secondary structure and fluctuating
tertiary structure (8–11). The ambiguity of the term native-
like leads to a fairly large range of protein structures that
are defined to be molten globule (12–15). With that in mind,
the status of the MG as a stable intermediate in in Vitro
protein folding had been controversial for years until recently,
where increasing evidence has MG becoming accepted as
an on-pathway intermediate (2, 16–20). In ViVo, it has been
proposed that the MG species is associated with several
cellular processes such as transmembrane translocation, as
well as with the chaperone machinery (21–26). The MG and
other partly folded states have also been observed to play a
role in human diseases, either through aggregation or through
some other mechanism (27–36). It is clear that the funda-
mental steps of protein folding, involving the unfolded (U),
the native (N), and the MG and other partially folded states,
are important to functional successes on the cellular level.
Consequently, understanding the structure and dynamics of
the transition from these states to the more rigid native
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conformation is critical. The engineering of de novo proteins
(37) is predicated on the knowledge of protein folding
fundamentals, making it possible to test first principles while
at the same time to strive to create new proteins with defined
activities.

A MG-like intermediate is suggested to play a role in the
mechanism of reduced cytochrome c (redcyt c) folding (38–46).
Although such deviation from a simple two-state mechanism
has been controversial, recent studies are finding increasing
evidence to support it. In far-UV time-resolved optical
rotatory dispersion (TRORD) studies by this group, redcyt
c folding in the presence of increasing concentrations of
GuHCl exhibited a rapid secondary structure folding process
with a correspondingly faster time constant (45). That paper
described the fast phase (<1 ms) of redcyt c folding in terms
of formation of a MG species and a subsequent slow phase
(>1 ms) wherein that MG forms native secondary structure.
That hypothesis is tested here with the study of the kinetics
of secondary structure folding from MG to the native state.
In general, fast kinetic studies of redcyt c folding are limited
relative to those for oxidized cytochrome c (oxcyt c) and
still fewer can be found specifically on folding of the redcyt
c MG (38–48). Although MG is most frequently observed
under conditions of low or high pH (with low to moderate
ionic strength), it can also be induced with low to intermedi-
ate concentrations of guanidine hydrochloride and urea, with
high temperatures, with sugars, alcohols, polyanions such
as poly(vinylsulfate), membrane mimetics such as anionic
lysophospholipids and anionic lipid vesicles, and n-alkyl
sulfates (11, 15, 49–54). N-Alkyl sulfates (e.g., sodium octyl
sulfate, sodium dodecyl sulfate (SDS), sodium decyl sulfate,
sodium tetradecyl sulfate) are anionic surfactants that are
either electrostatic or hydrophobic in nature depending on
the concentration. In the presence of SDS oxcyt c has been
shown to undergo different structural changes above and
below the critical micelle concentration (CMC) (52, 55–59).
Interaction of SDS monomers, present below the CMC (2.2
mM in 45 mM NaP) (56), with oxcyt c (pH 7) results in
partial unfolding of the protein. In contrast, binding of SDS
micelles (above the CMC) with oxcyt c (pH 7) induces
recovery of secondary structure.

That oxcyt c unfolds in the presence of SDS monomers
raised the question of how the reduced species might interact
with the monomers and presented the opportunity to study
folding from the MG state of redcyt c. Previous kinetic
studies of MG folding in SDS have focused on the oxidized
species (52, 56, 57, 59–62). Thus, the first step of this study
was to determine whether redcyt c would be more stable in
SDS than is oxcyt c, as observed in GuHCl (38, 39). That
is, it has been demonstrated that the folding free energies of
the two redox species are different in denaturant, with redcyt
c being more stable. Indeed, the far-UV CD SDS titration
exhibited a small window of low SDS concentrations where
oxcyt c was more unfolded than redcyt c, with the largest
difference induced by approximately 0.65 mM SDS. With
this result, the kinetics of folding of the redcyt c MG to the
native state, triggered by rapid photoreduction (39–41), were
accessible to TRORD methods from the nanosecond to
seconds time regime. The results of the far-UV CD SDS
titration, the TRORD kinetic, as well as near-UV CD and
Soret and visible region magnetic CD (MCD) experiments
are presented below.

MATERIALS AND METHODS

Sample Preparation. Horse heart cyt c (Sigma-Aldrich,
St. Louis, MO), monobasic and dibasic NaP (Thermo Fisher
Scientific, Waltham, MA), SDS (MP Biomedicals, Costa
Mesa, CA), sodium hydrosulfite (Fluka, Ronkonkoma, NY),
and NADH (Sigma-Aldrich, St. Louis, MO) were used
without further purification.

The samples for the far-UV CD SDS titration of cyt c
were prepared from two stock solutions: 20 µM oxcyt c and
100 mM SDS in 50 mM NaP (pH 7). Oxcyt c solutions were
first stirred in air to oxidize all traces of redcyt c before CD
measurements. 100 mM SDS was added in small aliquots
to obtain samples with final SDS concentrations of 0, 0.1,
0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.2, 1.4, 1.6, and 1.8 mM.
Each sample was separated into two aliquots: one was for
the oxcyt c measurement, and the second was degassed with
N2 gas before it was placed into a N2-purged glovebag, where
it was converted to redcyt c by addition of sodium hydrosulfite.

Oxcyt c and redcyt c samples (20 µM) for near-UV CD
and Soret and visible MCD measurements were prepared
using the same method as described above for the titration
experiments. For these studies, samples containing 0.65 mM
SDS were measured to characterize the initial and final states
of the TRORD experiments. Both the CD and MCD spectra
provide information on the integrity of the heme interactions
in the presence of SDS. For the MCD experiments a sample
of cyt c (20 µM) prepared in 5.5 M GuHCl was also
measured to compare the ligation state of the SDS cyt c
samples with those of a bis-his heme coordination. UV–vis
spectra (UV-2101PC, Shimadzu, Columbia, MD) of the
oxidized and reduced samples were collected before the CD
and MCD measurements. A second spectrum was obtained
for the redcyt c sample after each CD/MCD measurement
to ensure that the solution had not reoxidized. The concentra-
tion of the GuHCl in the cyt c solutions was determined by
refractive index measurements on a refractometer (ABBE-
3L, Milton Roy).

For TRORD experiments, oxcyt c solutions (∼20 µM)
were stirred in air to oxidize trace redcyt c. At the same
time, solid SDS was placed into a N2-purged glovebag and
after 15 min enough deoxygenated NaP (50 mM) was added
to prepare a 100 mM solution. Once the oxcyt c solution
was deoxygenated with N2 gas, it was placed into the
glovebag, where enough 100 mM SDS was added to give a
final concentration of 0.65 mM SDS. In the time allotted
for equilibration of the oxcyt c-SDS solution, solid NADH
was placed into the glovebag and allowed to deoxygenate.
The oxcyt c-SDS solution was then added to the deoxygen-
ated solid for a final NADH concentration of 500 µM.
UV–vis measurements were obtained before and after
addition of SDS and after addition of NADH. Upon addition
of SDS the wavelength maximum of the oxcyt c Soret band
(409 nm) blue-shifts to 407 nm and the band increases in
intensity by a factor of about 1.2. These markers were used
to check that the appropriate amount of SDS (0.65 mM) had
been added. The 340 nm absorbance band was monitored to
determine the concentration of NADH. The addition of
NADH for the kinetic experiments was not expected to
change the CMC for SDS. This was confirmed by equilib-
rium CD measurements, where in the presence of NADH
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the changes in the secondary structure for the oxidized and
reduced proteins in 0.65 mM SDS are the same as without
NADH.

CD and MCD Experiments. Far-UV data for the SDS
titration and near-UV data were measured on a CD spec-
trophotometer (JASCO 720, Easton, MD, and Aviv 60DS,
Lakewood, NJ) using 2 mm and 10 mm path length quartz
cuvettes, respectively. The data were measured every 1 nm
with a 1 nm bandwidth in the 190–300 nm and the 240–340
nm wavelength regions. Measurements used an integration
time of 8 and 4 s per step, respectively. The far-UV data for
the SDS titration comprises a total of 8 sets of scans, whereas
11 sets of data were averaged in the near-UV region, for
each sample.

MCD measurements were collected on a CD spectropho-
tometer (AVIV model 60DS, Lakewood, NJ) with a 0.64 T
PM-2 permanent magnet (JASCO Inc., Easton, MD). The 5
mm path length sample quartz cuvette was positioned
between the two poles of the magnet. For the two different
orientations of the magnetic field, antiparallel and parallel
to the propagation direction of the light beam, data were
collected for each sample. These data were collected every
1 nm from 350 to 650 nm with an integration time of 2 s
and a 1 nm bandwidth. The data shown here represent an
average of 8 experiments for each sample.

TRORD Experiments. 355 nm pulses (13–15 mJ, 7 ns,
fwhm) from a Quanta Ray DCR-1 Nd:YAG laser were used
to rapidly photoreduce oxcyt c for subsequent protein folding.
The time-dependent evolution of the protein conformational
changes was followed with ORD measurements. The TRORD
apparatus has been described in detail elsewhere (63) and
will only be discussed briefly here. The probe source of the
TRORD apparatus was a xenon flash lamp which, initially
unpolarized, was directed to a MgF2 polarizer. The beam
diameter of the linearly polarized light was then focused from
ca. 6 mm to ca. 300 µm with a UV-enhanced aluminum
spherical mirror (F2, Edmund Optics, Inc., Barrington, NJ).
The sample cell was placed at the focus of the probe beam
where it overlapped with the 1–2 mm photoexcitation beam.
The flash lamp beam passed through the sample perpen-
dicularly to the face of the cell windows and was oriented
ca. 15° relative to the photoexcitation beam. A second UV-
enhanced aluminum spherical mirror was used to collect the
probe beam, which was then sent to a second MgF2 polarizer,
whose polarization axis was oriented perpendicularly to that
of the first polarizer. The probe beam was then focused onto
the slit of a spectrograph with a 600 grooves/mm grating
(200 nm blaze) and detected by a multichannel CCD detector
(iStar, Andor Technology, South Windsor, CT). ORD
measurements involved collecting probe beam intensities
when the first polarizer was rotated off the cross position
(90°) of the two polarizers by +� and then -�, with � )
1.87° in this study. The difference between the +� and -�
intensities divided by their sum is the ORD signal.

TRORD measurements were obtained at 2, 3, 7, 11, 50,
100 and 500 µs, 5, 10, 50, and 100 ms after initiation of
redcyt c folding. ORD data were also collected for the
pretrigger oxcyt c and the sodium hydrosulfite-reduced cyt
c that was prepared at the end of the time-resolved experi-
ments. Approximately 512–636 averages were collected for
the time-resolved data, and 3440 and 768 averages were
obtained for the equilibrium oxidized and reduced cyt c

signals, respectively. Many more averages were acquired for
the oxcyt c species because a pretrigger signal was measured
before each time-resolved signal. This method of measure-
ment was used to monitor the integrity of the solution
throughout the experiment. Time-resolved measurements
were collected with a repetition rate of 0.5 Hz. The sample
was flowed only between laser pulses, at a rate of ∼5 µL/s.
This rate was determined to move all the irradiated solution
out of the laser beam footprint. Sample was moved to a 2
mm path length quartz flow cell with a peristaltic pump that
was placed in a N2-purged glovebag, which also contained
the deoxygenated oxcyt c stock solution. The postirradiated
sample was exposed to air, which regenerated the oxcyt c
for further TRORD experiments. UV–vis spectra were used
to determine how much redcyt c, if any, remained in the
oxcyt c solution after regeneration. Typically, the samples
either were not reused or were reused only once. The sample
was maintained at a temperature of 25 °C, and the temper-
ature at the sample was checked periodically throughout the
experiment with an infrared temperature probe (80T-IR,
Fluke Corporation, Everett, WA).

Data Analysis. The values for the titration curve were
obtained from multiwavelength CD measurements by aver-
aging the spectrum over the wavelength range of 219–226
nm. MCD spectra were obtained from the difference of the
signals obtained in the parallel and antiparallel magnetic field
configurations divided by 2. The TRORD data were analyzed
using difference data calculated by subtracting the pretrigger
signal from the time-resolved signals. The ORD signals were
offset to zero from 275 to 280 nm. Subsequently, a kinetic
trace was obtained by averaging the ORD signals over the
228 to 236 nm wavelength range. The algorithms for the
exponential fitting analyses were written in the mathematical
software package, Matlab (The MathWorks, Inc., South
Natick, MA).

The reported error bars for the far-UV CD data are the
calculated standard deviations of the CD signal mean value
at 222 nm, whereas those for the near-UV CD and visible
MCD spectra of the redcyt c data are the calculated standard
deviations of the CD signal mean value at 264 and 552 nm,
respectively. The value at 264 nm was obtained by averaging
the CD spectral data from 262 to 266 nm, the value at 552
nm was determined by averaging from 547 to 557 nm, and
that for 222 nm was obtained by averaging around 217 to
227 nm.

RESULTS

The results of the SDS titration of 20 µM cyt c (Figure 1)
showed different responses of the oxidized and reduced states
to the detergent. Oxcyt c responds to low concentrations of
SDS (<2 mM), showing a steady decrease in the magnitude
of the CD signal at 222 nm from as little as 0.1 mM up to
0.6 mM. In contrast, the redcyt c CD signal responds quite
differently, remaining relatively unperturbed until 0.6–0.7
mM SDS. After this SDS concentration the CD signal
decreases in magnitude until about 1.2 mM SDS, after which
it reaches approximately the same signal intensity as that
for oxcyt c. The partly unfolded oxcyt c and redcyt c species
stabilized by the presence of low SDS concentrations have
about 30% less secondary structure content than the respec-
tive native species. These results show a window of SDS
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concentrations where the secondary structure of oxcyt c is
partly unfolded and that for redcyt c is natively folded. By
using the electron-transfer trigger (39–41) it is possible to
initiate folding of redcyt c by rapid photoreduction of oxcyt
c. Because the greatest difference in the CD signal is
observed at 0.6–0.7 mM SDS, the kinetics of redcyt c folding
were measured in the presence of 0.65 mM SDS.

To further characterize the intermediate state of oxcyt c
and redcyt c in 0.65 mM SDS, near-UV CD and visible MCD
were measured. Figure 2 shows the near-UV CD spectra for
oxcyt c (A) and redcyt c (B) with and without 0.65 mM

SDS. The native state oxcyt c spectrum shows a positive
heme band centered at 260 nm and two negative features at
282 and 290 nm that are characteristic of the Trp59
residue (64, 65). Upon addition of 0.65 mM SDS, the broad
heme band increases in intensity and becomes narrower. The
two negative bands disappear, indicating the appearance of
non-native tertiary fluctuations around Trp59. These spectral
changes are consistent with previously observed changes in
the near-UV region that arise from addition of GuHCl and
in the acid-induced MG form (9, 66, 67). In contrast, for
redcyt c those two negative bands remain intact in the
presence of SDS. The slight difference between the two
spectra in Figure 2B is considered to be insignificant based
on the standard deviation calculated for the CD spectra,
suggesting that in the presence of 0.65 mM SDS the
environment of the Trp59 residue in redcyt c is native.

MCD spectra from 450 to 560 nm, a region that is sensitive
to the heme ligation state (68, 69), were measured to probe
the nature of the heme axial coordination for oxcyt c in 0.65
mM SDS. In the presence of denaturants such as GuHCl
and urea, it has been shown that the native Met80 ligand
competes largely with non-native residues such as His and
Lys for the sixth axial position (70–75). Consequently, to
identify the heme coordination for oxcyt c in 0.65 mM SDS
its MCD spectrum was compared to that for native oxcyt c
at pH 7 in NaP (His18-Fe-Met) (Figure 3A) and to oxcyt c
in 5.5 M GuHCl, pH 7 (His18-Fe-His) (Figure 3B). The
MCD spectral differences in Figures 3A and 3B indicate that
the His18-Fe-His heme coordination more closely describes
the ligation state for oxcyt c in SDS than the His18-Fe-Met
axial ligation. Figure 3C shows an overlay of the MCD
spectra obtained by a linear combination of the MCD
spectrum of oxcyt c in 5.5 M GuHCl and the MCD spectrum
of native oxcyt c (His18-Fe-Met) with the MCD spectrum
of oxcyt c in 0.65 mM SDS. The good overlay of the two
spectra suggests that in 0.65 mM SDS oxcyt c has ∼85%
His18-Fe-His and ∼15% His18-Fe-Met heme coordinations.
For redcyt c in 0.65 mM SDS the Soret and visible MCD
features differ from the native redcyt c spectrum by only a
slight decrease in the intensity of the bands (Figure 3D).
Although the change in intensity is small (∼6%), it is
significant based on the calculation of the uncertainty (1%)
of the MCD value averaged from 547 to 557 nm. The MCD
spectrum for redcyt c in 0.65 mM SDS clearly does not have
a His18-Fe-His heme coordination because in the presence
of 6 M GuHCl the MCD spectrum for redcyt c is red-shifted
by approximately 5 nm and is about 50% less intense than
that for the native protein (73).

The results of the near-UV CD and MCD measurements
indicate that in 0.65 mM SDS oxcyt c has fluctuating tertiary
structure. The intermediate species induced by 0.65 mM SDS
contains about 70% of the native oxcyt c secondary structure.
These structural features, near-native secondary structure and
non-native tertiary contacts, describe a MG-like oxcyt c
intermediate. In contrast, at the same concentration of SDS,
redcyt c exhibits native secondary structure and near-native
tertiary contacts. As was true for the far-UV CD above,
Figure 4A demonstrates that in 0.65 mM SDS the ORD
signal for 20 µM oxcyt c is also smaller in magnitude relative
to redcyt c. Thus, rapid photoreduction of the MG-like oxcyt
c yields an immediate, structurally equivalent redcyt c
photoproduct. However, at this concentration of SDS redcyt

FIGURE 1: CD-detected SDS titration curves for 20 µM oxcyt c
and redcyt c. Redcyt c (open circles) is more stable toward SDS
than oxcyt c (black circles), as the CD signal at 222 nm for redcyt
c does not begin to change significantly until after about 0.7 mM
SDS. In contrast, the CD signal for oxcyt c already shows a decrease
in magnitude at the lowest concentration of SDS (0.1 mM)
measured. An intermediate species, having about 30% less second-
ary structure than native oxcyt c and redcyt c, is formed after 0.5
and 1.2 mM SDS, respectively.

FIGURE 2: Near-UV CD spectra of 20 µM cyt c in 0.65 mM SDS.
The near-UV CD spectra for oxcyt c (A) and redcyt c (B) in 50
mM NaP (black line) are compared with those measured in 0.65
mM SDS (open circles). Addition of 0.65 mM SDS to redcyt c
does not appear to affect the native tertiary interactions of the
protein, whereas for oxcyt c the near-UV CD spectra show
sharpening and narrowing of the 260 nm band (heme) and
disappearance of the 282 and 290 nm bands (Trp59).
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c favors the native secondary structure fold and, thus, the
protein undergoes secondary structure folding from the MG-
like conformation. Figure 4B shows the difference kinetic
trace obtained from the multichannel difference TRORD data
(not shown) measured at 2, 3, 7, 11, 50, 100, and 500 µs, 5,
10, 50, and 100 ms. The ORD signal shows no significant

change from 2 µs until after about 1 ms, where it begins to
grow until it reaches completion. These data are best fit to
a single exponential decay with a time constant of ∼50 (
16 ms. The increase in the magnitude of the ORD signal is
correlated with the changes in secondary structure as the
immediate, partly unfolded redcyt c photoproduct folds to
its native secondary structure configuration.

DISCUSSION

The interaction of oxcyt c with SDS monomers has
previously demonstrated a small loss of secondary structure
and a significant loss of tertiary contacts (52, 55–59).
According to Oellerich et al. (57) and Das et al. (52), the
far-UV CD spectra of oxcyt c as a function of SDS
concentration show a decrease in intensity (by ∼25%) that
reaches a plateau by about 0.9 mM. The results of near-UV
CD and Trp59 fluorescence studies indicate that the tertiary
contacts found in the native oxcyt c protein are disrupted by
0.8 to 0.9 mM SDS. Such spectral descriptions are hallmarks
of a MG, and thus, with SDS monomers it is possible to
trap oxcyt c in such an intermediate state. The first goal of
this study was to investigate the secondary structure unfold-
ing stabilities of the reduced state of cyt c toward SDS, which
was not previously examined, and to compare the SDS
titration curve with that for oxcyt c. If the two proteins

FIGURE 3: Equilibrium MCD spectra of 20 µM oxcyt c in 0.65 mM
SDS, in 50 mM NaP and in 5.5 M GuHCl. (A) When the visible
MCD spectrum of oxcyt c in 0.65 mM SDS, pH 7, (thin line, open
circles) is overlaid with the spectrum for native oxcyt c in NaP at
pH 7 (solid black line), it is clear that the heme coordination for
the former is not the native His18-Fe-Met80 ligation. (B) This panel
shows that the MCD spectrum for oxcyt c in 0.65 mM SDS (thin
line, open circles) more closely resembles that for oxcyt c in 5.5
M GuHCl, pH 7 (solid black line). The MCD spectrum for oxcyt
c in SDS (thin line, open circles) overlays well with the spectrum
obtained from a linear combination of the oxcyt c MCD spectra
measured in NaP (15%) and in 5.5 M GuHCl (85%) (solid black
line) (C). (D) In this panel, the MCD spectrum for redcyt c in 0.65
mM SDS (thin line, open circles) is overlaid with that for redcyt c
in NaP (solid black line).

FIGURE 4: TRORD results for redcyt c folding in 0.65 mM SDS.
(A) The ORD signals indicate that 20 µM oxcyt c in 0.65 mM
SDS (gray line, open circles) is partly unfolded by about 30%
relative to redcyt c in 0.65 mM SDS (solid black line), which is
fully folded. (B) In this panel, the difference far-UV TRORD data
(black circles), measured upon photoreduction of oxcyt c, show
no changes in the ORD signal between 2 and approximately 500
µs, after which the signal increases with a time constant of about
50 ( 16 ms. The fit of the data (dashed line) is shown along with
the TRORD data. In the TRORD data, the increase in ORD signal
magnitude is ∼30% upon formation of redcyt c from oxcyt c.
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exhibited different unfolding stabilities, the second goal was
to study the secondary structure kinetics of redcyt c folding,
triggered by rapid electron transfer, from the MG state using
far-UV TRORD detection. The initial (oxcyt c) and final
(redcyt c) samples were characterized using near-UV CD
and visible MCD spectroscopy: the third goal. And finally,
the results of these kinetics studies are compared to previ-
ously reported (by this group) far-UV TRORD experiments
of redcyt c folding to determine whether the slow phase of
those studies can be attributed to folding of a MG intermediate.

Spectral Characterization of Oxcyt c and Redcyt c. The
spectral properties of redcyt c in the presence of SDS were
determined using CD and MCD methods in order to
understand the final protein conformation expected in the
kinetics experiment. Although previous studies have char-
acterized the changes in oxcyt c induced by low concentra-
tions of SDS, oxcyt c was examined again to compare the
starting material here to those described in earlier reports.
The tertiary contact between the protein and the heme group
was also examined from the point of view of the heme axial
coordination. The results of near-UV CD measurements
confirm that for oxcyt c native tertiary contacts have been
compromised by the presence of SDS (0.65 mM). A com-
parison of MCD spectra indicates that, in 0.65 mM SDS,
oxcyt c has largely His18-Fe-His heme ligation, with a small
percentage of His18-Fe-Met heme coordination (15%).
Previous absorption and resonance Raman studies indicate
that by 2 mM SDS, the heme coordination in oxcyt c is 100%
His18-Fe-His (52, 57), but at 0.7 mM SDS (50 mM NaP,
pH 7) there is about 65:35 contribution of the respective
His18-Fe-His and His18-Fe-Met axial ligations to a 15 µM
oxcyt c solution (57). The discrepancy in the percentage of
His18-Fe-His heme coordination may be due to differences
in the experimental conditions and does not detract from the
main point that the interaction of oxcyt c with SDS perturbs
the native heme ligation.

The far-UV CD SDS titration of redcyt c demonstrates
that redcyt c has greater stability toward the denaturant than
oxcyt c. The near-UV CD data for redcyt c indicate that the
Trp59 interaction with the heme group is not disrupted by
0.65 mM SDS. Although the slight decrease in intensity
around the 260 nm heme near-UV CD band is not considered
to be significant, there is a decrease in intensity detected in
the MCD spectra. These results suggest that whereas redcyt
c in the presence of SDS maintains its native tertiary
interactions, such interactions might be more relaxed than
those in the native conformation.

Thermodynamic Parameters of Oxcyt c and c Redcyt
Folding. Assuming a two-state transition and using the native
and MG states as the end points to calculate the fraction of
protein that is unfolded as a function of SDS, the free
energies of folding between N and MG were calculated using
the equation ∆Gf ) -RT ln Kf. A linear plot of ∆Gf versus
[SDS] allowed extrapolation of the free energy of folding
in the absence of SDS (∆Gf°). The m value, which is
proportional to the exposure of the protein surface to solvent
during formation of the unfolded (or transition) state, was
calculated from the equation ∆Gf ) ∆Gf° + m[SDS] (76–79).
The ∆Gf°(MGfN) and m values obtained from the two-state
fit of the far-UV CD data (Figure 1) are respectively -10
kJ/mol and 28,500 kJ mol-1 M-1 for oxcyt c and -17 kJ/
mol and 16,700 kJ mol-1 M-1 for redcyt c (summarized in

Table 1). The m values reflect the strength of the denaturant:
the Cm values for oxcyt c and redcyt c in SDS are
respectively about 0.4 and 1 mM, which is considerably less
than the Cm values measured in GuHCl (2.8 and ∼5
M) (40, 73). Thus, the much smaller m values of 14.3 kJ/
mol (oxidized) and 13.8 kJ/mol (reduced) for folding from
U to N in GuHCl are not unusual. Between oxcyt c and
redcyt c in SDS, the m values describe differences in protein
unfolding that may arise from the anionic nature of SDS
and its interaction with the differently charged cyt c proteins.

A breakdown of the ∆Gf° values is shown with the
thermodynamic cycle in Figure 5. The difference between
the free energies of oxcyt c folding from U to N (∆Gf°(UfN),ox

∼ -31 kJ/mol) (73, 80) and from MG to N (∆Gf°(MGfN),ox

∼ -10 kJ/mol) shows that the driving force for formation
of MG from U (∆Gf°(UfMG),ox ∼ -21 kJ/mol) is greater than
that for folding of MG to N. The same is true for redcyt c.
That is, the driving force for the U f MG process
(∆Gf°(UfMG),red ∼ -48 kJ/mol) is greater than that for the
MG f N step (∆Gf°(MGfN),red ∼ -17 kJ/mol), where
∆Gf°(UfN),red ∼ -65 kJ/mol (73). These values are not
surprising given the nature of the MG state: the formation
of the MG involves polypeptide collapse, whereas the final
state is achieved after search of the MG for native contacts.

Table 1: Thermodynamic and Kinetic Parameters for the Slow Phase of
Cytochrome c Folding

reaction denaturant
∆Gf°

(kJ mol-1)
m

(kJ mol-1 M-1)
mq

(kJ mol-1 M-1) mq/m

oxidized
U f N (a) GuHCl -40 ( 1 14.3 ( 4
U f N (b) GuHCl -31 ( 0.3 13 ( 1.3
MG f N SDS -10 ( 1 28,500 ( 5000

reduced
U f N (a) GuHCl -74 ( 3 13.8 ( 4 5.6 ( 0.5 0.4
U f N (b) GuHCl -65 ( 7 11 ( 1 3 ( 1 0.3
MG f N SDS -17 ( 1 16,700 ( 1000 8300 ( 4000 0.5
a Thermodynamic parameters (22 °C) from Mines et al. (40). The mq

value represents the slow phase of folding from the initially unfolded
state. The mq/m value is similar to that reported by Pascher (43). b These
thermodynamic parameters are based on polarization methods (20 °C),
and kinetic parameters are from TRORD spectroscopy (25 °C) (45, 73).
The mq values were calculated from the kinetic parameters for the slow
phase of folding from the initially unfolded state.

FIGURE 5: Thermodynamic cycle for oxcyt c, redcyt c and MG cyt
c folding. The free energy values for the reduction of native (-26
kJ/mol) and unfolded (16 kJ/mol) oxcyt c were calculated from
the reduction potentials reported previously by Bixler et al. (Eu )
–167 mV vs NHE and Ef ) 286 mV vs NHE) (82). From the
unfolding curves shown in Figure 1 ∆Gf°(MGfN) was calculated to
be -10 kJ/mol for oxcyt c and -17 kJ/mol for redcyt c. Using the
∆Gf°(UfN) values for oxcyt c (-31 kJ/mol) and redcyt c (-65 kJ/
mol) (73), ∆Gf°(UfMG) values were calculated to be -21 and -48
kJ/mol, respectively. The estimated free energy (-15 kJ/mol) and
reduction potential (155 mV) values for the MG state refer to the
full cell reaction with NHE.
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Compared to previously reported data for oxcyt c, the
calculated value for ∆Gf°(UfMG),ox of -21 kJ/mol is consistent
with that measured for the acid-induced MG state (-17.3
kJ/mol (81)). The -10 kJ/mol (∆Gf°(MGfN),ox) measured in
these experiments is similar to the value of -15 to -19.3
kJ/mol measured for oxcyt c (MG to N) in the presence of
SDS (52). The greater stability for the reduced form versus
the oxidized form of MG is consistent with the greater
stability of the overall U to N redcyt c folding. That is, redcyt
c is about twice as stable as oxcyt c in both U f MG and
MGf N. Although the reduction potentials for the unfolded
and folded (-100 to -200 mV vs NHE and ∼270 mV vs
NHE, respectively) states of the oxcyt c have been reported
by several studies (39, 40, 82–85), the values used in the
thermodynamic cycle are those reported by Bixler et al. (Eu

) -167 mV and Ef ) 286 mV vs NHE) (82). The
corresponding calculated free energies of 16 and -26 kJ/
mol, respectively, refer to the full cell reactions with the NHE
and are used to obtain an estimated reduction potential for
the MG state of ∼155 mV (-15 kJ/mol) vs NHE. This MG
reduction potential, like the reduction potential for the native
state, is more favorable than that for the unfolded protein.

Kinetics of Molten Globule Redcyt c Folding. The fast
kinetics (that is, kinetics within the burst phase of conven-
tional stopped-flow experiments) of redcyt c folding have
been probed previously from the largely unfolded to the
native (or nearly native) state. In those studies, folding was
triggered using ligand photolysis and rapid electron transfer
initiation methods (38–48). The success of the electron-
transfer trigger method relies on the difference in folding
free energies for oxcyt c and redcyt c in the presence of
GuHCl. For example, in the presence of 3 to 5 M GuHCl
oxcyt c is largely unfolded whereas redcyt c is natively
folded. Consequently, with an electron transfer photoevent,
it is possible to rapidly reduce the initially unfolded oxcyt c
sample and trigger redcyt c to fold. Protein folding can then
be monitored from hundreds of nanoseconds to seconds.

The results of these far-UV TRORD studies show that
secondary structure folding from the redcyt c MG to the
native state proceeds with a time constant of 50 ( 16 ms.
In general it is complicated to make a direct comparison of
equilibrium and kinetic intermediates because they often
cannot be observed under the same experimental conditions.
For example, the acid-induced MG is obtained at pH 2 in
the presence of salt, but folding of that A-state cyt c requires
dilution into buffer near neutral pH. The same is true for
dilution of SDS when using stopped-flow methods to probe
folding of the SDS-induced MG state. Using the electron-
transfer trigger method to initiate folding of the MG state
has the advantage that folding of the observed equilibrium
intermediate occurs under the same experimental conditions.

The kinetics of oxcyt c MG folding (pH 7) in the presence
of SDS monomers have been probed with fluorescence
spectroscopy and initiated by stopped-flow dilution (52, 61).
Although two processes have been observed with time
constants greater than 1 s in these studies, Das et al. (52)
also report a time constant of 8 ms that was assigned to
dissociation of His26 because of its similarity to the results
published by Colon et al. (72). Assuming that the two redox
species of cyt c have similar kinetics of folding from the
MG state, then the combination of the results of oxcyt c and
redcyt c folding suggest that dissociation of the non-native

His18-Fe-His (8 ms) is followed by secondary structure
formation to the native conformation within 50 ms. Tertiary
rearrangements, polypeptide chain reorganization and proline
isomerization (>1 s), that follow would not be observed in
the results of these studies that focus on the dynamics of
the secondary structure.

One of the underlying motivations for studying the folding
of the MG intermediate to the native state was to determine
whether the kinetics of the folding reaction for redcyt c in
the presence of GuHCl (pH 7), triggered by an electron-
transfer event, proceeded through a MG intermediate (i.e.,
U f MG f N) (45). The results of those studies showed
two phases, where the fast phase (<1 ms) was considered
to reflect formation of a MG intermediate and the slow phase
(>1 ms) was correlated to the formation of the native state
from MG. To compare the kinetics of the MG f N redcyt
c processes from the GuHCl and the SDS experiments, it is
necessary to extrapolate the data to zero denaturant. For the
slow phase (MGf N) of the UfMGf N redcyt c folding
reaction in GuHCl such an extrapolation gives a time constant
of 5.5 ( 1.4 ms. Far-UV TRORD experiments measured at
0.5 mM SDS were paired with the data acquired at 0.65 mM
SDS to give a folding time constant of about 1 ( 0.6 ms in
0 mM SDS. Although the data for 0.5 mM SDS are
preliminary (τ ) 21 ( 13 ms), the time constant in zero
denaturant would correspond to about a 20% population of
MG, given the calculated GuHCl-free time constant of 5.5
ms for slow phase folding and the assumption that MG is
an obligatory intermediate for the pathway U T MG f N.
This percentage is consistent with the 20–30% MG that is
suggested to form in the fast phase of redcyt c folding in
GuHCl (U T MG f N) (45), assuming that there is a fast
equilibrium between the U and MG states. These results
suggest that the transient observed in redcyt c folding (in
GuHCl) is indeed a productive MG intermediate. The native
state forms from this obligatory MG intermediate with an
observed rate, kf ) fkMGfN where f is the fractional population
of MG and kMGfN is the microscopic rate for MG f N.

In studies of electron-transfer triggered folding of redcyt
c measured in 2.3 to 4.6 M GuHCl (pH 7, 40 °C) using
absorption spectroscopy, Pascher et al. also interpreted their
results in terms of a U f I f N mechanism (39). But, the
slow phase (I f N) data are difficult to compare because
they were either measured at 40 °C (τ ∼ 500 µs in 0.7 M
GuHCl/τ ∼100 µs in 0 M GuHCl) or extrapolated to 10 °C
in 0.7 M GuHCl (τ ) 2 ms). At 22.5 °C, Mines et al. (40)
focused on that slow phase of folding and reported similar
extrapolated values for folding in zero denaturant to those
by Pascher et al. (39). Generally, the measured time constants
are faster than those reported for the slow phase (MGf N)
of the far-UV TRORD studies. At least two factors may
contribute to these differences in the far-UV TRORD and
the absorption data. First, I and MG may not be the same
states given the use of two different triggers to initiate and
probe folding on different time scales in the absorption data.
Second, in the event that the processes probed are the same,
different kinetic data may still be reported depending on
which part of the protein is being monitored. Such factors
may also explain the much faster reaction kinetics (τ ∼ 12
µs) triggered by a CO-photolysis event that was reported
for their M-CO intermediate (compact, highly structured
with native-like helix and non-native tertiary structure and
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heme coordination) based on heme optical absorption data
by Pabit et al. (46).

The results of the comparison of the SDS and GuHCl far-
UV TRORD data provide some support for the idea that
folding of redcyt c initiated by fast photoreduction proceeds
through a MG intermediate. This redcyt c intermediate is
formed as fast as 400 ns (4 M GuHCl) and corresponds to
formation of 20% secondary structure by the end of the fast
phase (45). In ref 45 it was suggested that only 20% of the
unfolded protein molecules are poised for rapid polypeptide
collapse to the compact MG intermediate. The trend observed
for the time constant of redcyt c folding with increasing
concentrations of GuHCl is that the risetime of the secondary
structure formation slows considerably with less denaturant.
That is, formation of secondary structure in the fast phase
occurs with a time constant of about 12 µs at 2.7 M GuHCl
and within 400 ns at 4 M GuHCl. How would or could a
MG intermediate form on such a fast time scale? The
appearance of MG in this fast folding phase is consistent
with an intermediate species, having near-native secondary
structure and fluctuating tertiary interactions, being populated
with increasing denaturant in the equilibrium unfolding of
redcyt c (73). The results of this study and the ones
mentioned above provide increasing evidence for folding of
redcyt c via an intermediate state. In an additional time-
resolved fluorescence and absorption study of redcyt c
folding triggered by photoreduction, Pascher observed non-
linearity of the rate constant for redcyt c folding from 1 ms
to 10 s (phase 4) as a function of GuHCl (1.63–4.9 M) (43).
It was proposed that the nonlinearity reflected a mechanism
that was more complex than simple two-state folding. When
the data from the region where the nonlinearity appears is
eliminated, the kinetics resembled the data from the earlier
work by Pascher et al. on redcyt c folding (39). However,
when the data by Pascher are compared only in the denaturant
concentration range that was used in the far-UV TRORD
studies (45), the data are more consistent with the TRORD
results, with an extrapolated time constant of folding in zero
GuHCl of 1.2 ms. The different kinetic results suggest the
need for caution when trying to compare data measured in
different denaturant concentration ranges and with different
optical probes.

With that in mind, the values of mq and mq/m (76, 86)
were calculated to compare the position of the intermediate
along the reaction pathway for SDS- and GuHCl-induced
redcyt c folding observed with TRORD methods. The values
for mq were determined with the equation (∆Gf

q ) ∆Gf°q +
mq[SDS]) analogous to that used to calculate ∆Gf° (see
above) and are summarized in Table 1, along with the values
for mq/m. The value of mq/m gauges the average solvent
accessibility (compactness) of the transition state relative to
the U and N states. For the GuHCl and the SDS TRORD
studies, the values of mq/m (0.3 and 0.5) are consistent within
the uncertainties of the measurements, suggesting that
the intermediate structures from the two studies are similar.
The values of mq/m from the TRORD data are also, within
the uncertainties of the measurements, consistent with the
values reported by Mines et al. and Pascher (40, 43). Using
their rates measured only in the same concentration range
and about the same temperature used in the far-UV TRORD
studies (45), an average mq/m value is calculated to be about
0.35. These are rough comparisons, as the mq/m value for

the SDS studies is a more direct measure of the MG to N
process, whereas the GuHCl data follows the entire U f I
(or MG)f N folding process. From the values of mq/m, the
transition state for MG f N appears to be almost halfway
between the MG and N states of the redcyt c protein. At
present, the close values of mq/m measured by the various
studies suggest that the differences in the redcyt c folding
rates are largely due to the differences in the detection
method used to probe the same, or very similar, intermediate
species (MG, I) in the U f MG f N (45) and U f I f
N (39, 40, 43) folding reactions. That apparently comparable
intermediates are detected in these various experiments
suggests that the rate limiting step in redcyt c folding occurs
during the slow phase. The debate of on-pathway versus off-
pathway folding intermediates is ongoing for both redcyt c
and oxcyt c and certainly cannot be resolved with these
studies (87–91). However, together with the mq/m value
comparison, the fact that the fraction of the signal formed
in the fast phase of redcyt c folding (assigned to an MG
transient) is similar to the ratio of the observed slow-phase
folding rate for U f N and the rate for MG f N suggests,
but does not prove, that the MG species is a productive
intermediate.

CONCLUSIONS

According to the thermodynamic parameters calculated
from the unfolding SDS titration curves for oxcyt c and
redcyt c, the driving force for formation (U f MG) of the
MG intermediate is greater than that for formation of
the native protein secondary structure (MGf N). From the
thermodynamic cycle, the reduction potential and corre-
sponding free energy of the MG state are calculated to be
∼155 mV (-15 kJ/mol) vs NHE. Previous studies using far-
UV TRORD methods to probe the redcyt c folding reaction
in GuHCl revealed a fast and a slow phase (45). Focusing
on the slower phase, the kinetic results of this study with
SDS provide support for the suggestion that the mechanism
of redcyt c secondary structure folding involved formation
of the native conformation from an MG intermediate species
(MG f N). Using SDS to poise oxcyt c in the MG state,
redcyt c was triggered to fold to its native secondary structure
upon rapid photoreduction. A calculation of the folding time
constant at zero SDS gives about 1 ( 0.6 ms, which is
roughly consistent with the results of redcyt c folding (τ )
5.5 ( 1.4 ms) in the absence of GuHCl. This result provides
support for MG being a productive intermediate.

The results of this study provide additional information
toward the long-term goal of understanding the fundamental
elements of protein folding in cytochrome c, as well as for
proteins in general. Although there are fundamental differ-
ences between the conditions typical of in Vitro and in ViVo
experiments, with respect to protein concentration/cellular
crowding and the use of denaturant, studies increasingly
suggest that the basic tenets of in Vitro folding hold true for
in ViVo folding (92, 93). Thus, understanding the structure
and dynamics of the unfolded and partly unfolded intermedi-
ates of proteins promises to be important to understanding
both the folding of proteins and the impact of folding
dynamics on cellular processes.
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