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Structural Characterization of an Equilibrium Unfolding
Intermediate in Cytochrome c
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Although the denaturant-induced unfolding transition of cytochrome
c was initially thought to be a cooperative process, recent spectroscopic
studies have shown deviations from two-state behavior consistent with
accumulation of an equilibrium intermediate. However, little is known
about the structural and thermodynamic properties of this state, and
whether it is stabilized by the presence of non-native heme ligands. We
monitored the reversible denaturant-induced unfolding equilibrium of
oxidized horse cytochrome c using various spectroscopic probes, including
fluorescence, near and far-UV CD, heme absorbance bands in the Soret,
visible and near-IR regions of the spectrum, as well as 2D NMR. Global
fitting techniques were used for a quantitative interpretation of the results
in terms of a three-state model, which enabled us to determine the intrinsic
spectroscopic properties of the intermediate. A well-populated intermedi-
ate was observed in equilibrium experiments at pH 5 using either
guanidine–HCl or urea as a denaturant, both for wild-type cytochrome c
as well as an H33N mutant chosen to prevent formation of non-native His-
heme ligation. For a more detailed structural characterization of the
intermediate, we used 2D 1H–15N correlation spectroscopy to follow
the changes in peak intensity for individual backbone amide groups. The
equilibrium state observed in our optical and NMR studies contains many
native-like structural features, including a well-structured a-helical sub-
domain, a short Trp59–heme distance and solvent-shielded heme
environment, but lacks the native Met80 sulfur–iron linkage and shows
major perturbations in side-chain packing and other tertiary interactions.
These structural properties are reminiscent of the A-state of cytochrome c, a
compact denatured form found under acidic high-salt conditions, as well
as a kinetic intermediate populated at a late stage of folding. The
denaturant-induced intermediate also resembles alkaline forms of cyto-
chrome c with altered heme ligation, suggesting that disruption of the
native methionine ligand favors accumulation of structurally analogous
states both in the presence and absence of non-native ligands.
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Introduction

Small globular proteins often exhibit cooperative
unfolding transitions in which only folded (native)
and unfolded (denatured) molecules are populated
at equilibrium.1–3 This two-state behavior is
thought to be a consequence of the fact that the
native structure is stabilized by a large number of
weak interactions, which are cooperative in nature,
so that partially folded states are inherently
unstable. Even when partially structured states
d.
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accumulate as transient intermediates in kinetic
experiments, they are generally not stable enough
to be observable at equilibrium under strongly
denaturing conditions. On the other hand, non-
native states with spectroscopic and hydrodynamic
properties distinct from those of the fully native and
unfolded states (the so-called molten-globule state)
often accumulate under mildly denaturing con-
ditions, such as acidic or basic pH.4–6 In some cases,
deviations from simple two-state behavior can also
be observed in denaturant-induced or thermal
unfolding equilibria.7 Although a stable native
state that is energetically well separated from
denatured states is expected to favor rapid folding
into a unique structure,8,9 there is growing evidence
that kinetic intermediates are very common, even in
small, single-domain proteins.10–14 Thus, confor-
mational states distinct from the fully native and
unfolded populations are readily accessible and
may result in non-cooperative unfolding tran-
sitions.

Cytochrome c (cyt c) has long served as a model
protein for developing new concepts and
approaches in protein folding.15–25 The presence of
a heme group, covalently linked to the polypeptide
chain via thioester linkages to Cys14 and Cys17,
provides a sensitive spectroscopic probe. While one
of the axial heme ligands, His18, is maintained even
under denaturing conditions, the second one,
Met80, is inherently labile and readily displaced
by other side-chains, such as a deprotonated His or
Lys,26 which can become trapped during folding.21

Early solvent and thermal denaturation studies
suggested that cyt c, like most other single-domain
proteins in its size class (104 residues), exhibits two-
state equilibrium behavior.27–29 More recent
spectroscopic and calorimetric studies revealed
deviations from a fully cooperative two-state
transition for horse cyt c at denaturant concen-
trations below those leading to major unfolding,30–32

and a small-angle X-ray scattering study found
evidence for two or more distinct populations of
denatured molecules at higher denaturant concen-
trations.33 Mayne & Englander34 further predicted
that low levels of equilibrium intermediates
accumulate in the unfolding transition region of
horse cyt c on the basis of earlier native-state
hydrogen exchange data.22 Most previous work
was done at or near neutral pH, conditions where
non-native ligand interactions between deproto-
nated histidine or lysine side-chains with the heme
iron can occur.21,35–37 In fact, Russel & Bren30,31

reported complex changes in the 1H NMR spectra of
horse cyt c indicating that lysine residues (possibly
those at positions 72, 73 or 79) can displace the
native Met80 ligand below the main guanidine–HCl
(GuHCl) or urea-induced unfolding transition
while His33 is the predominant ligand at higher
denaturant concentrations.38

Although evidence for accumulation of equili-
brium intermediates in cyt c is compelling, little is
known about the structural and thermodynamic
properties of these states. Moreover, it is unclear
whether accumulation of equilibrium intermediates
is linked with the formation of non-native heme
ligands, or whether they are inherent structural
intermediates. To gain further insight into the
structure and stability of non-native equilibrium
states, we monitored the reversible denaturant-
induced unfolding transition of oxidized horse cyt c
using a variety of spectroscopic probes, including
fluorescence, near and far-UV CD, heme absor-
bance bands in the Soret, visible and near-IR regions
of the spectrum, as well as 2D NMR. We have made
extensive use of global fitting techniques for a
quantitative interpretation of the results in terms of
a three-state equilibrium model, which has made it
possible to extract the heme absorbance spectrum of
the intermediate. To determine whether heme
misligation plays a role in stabilizing intermediates,
we prepared a recombinant horse cyt c variant in
which the predominant non-native ligand, His33, is
replaced by Asn,38,39 and compared the equilibrium
unfolding behavior of this H33N variant with those
of the wild-type protein at mildly acidic conditions
(pH 5). NMR studies as a function of urea
concentration, using 2D 1H–15N heteronuclear
single-quantum correlation (HSQC) spectroscopy
to follow the changes in peak intensity for
individual backbone amide groups lead to a
detailed structural description of the pre-transition
intermediate in the H33N variant.
Results

The absorbance spectrum of cyt c is highly
sensitive to the heme environment. The heme
gives rise to bands in the Soret (350–450 nm), visible
(500–600 nm) and near-IR (600–750 nm) regions that
vary substantially with the oxidation and ligation
state of the iron, as well as the hydration and
polarity of the heme environment within the
protein.40,41 Heme absorbance is, thus, a particu-
larly sensitive probe for detecting conformational
changes associated with folding intermediates. We
followed the unfolding equilibrium of WT and
H33N cyt c by recording absorbance spectra over a
wide spectral range (typically 250 nm to 800 nm) as
a function of denaturant concentration (GuHCl
and/or urea; see Materials and Methods). Figure 1
shows the effect of GuHCl concentration on the
spectra for H33N cyt c in the Soret (a) and near-IR
(b) regions. As in the case of WT cyt c, native H33N
cyt c shows a prominent Soret band with absor-
bance maximum at 409 nm (3Z106 mMK1 cmK1),
which moves to 399 nm and increases in intensity (3Z
143 mMK1 cmK1) upon unfolding. The lack of a clear
isosbestic point as a function of GuHCl concentration
indicates that unfolding is not a simple two-state
process. However, the Soret band of the fully
unfolded state continues to move to higher wave-
length with increasing GuHCl concentration (O4 M),
which makes it difficult to extract the spectral
contributions of any intermediates populated near
the unfolding transition region. The spectral changes



Figure 1. Absorbance changes of the H33N variant of cyt c (0.1 M sodium acetate buffer (pH 5.0) at 15 8C) associated
with the GuHCl-induced unfolding transition. (a) Absorbance spectra in the Soret region recorded at a protein
concentration of 5 mM using a 1 cm path length cuvette. (b) Absorbance spectra in the near-IR region, including a band at
625 nm characteristic of high-spin (penta-coordinated) heme and a weak band at 695 nm associated with the Met/His-
ligated native state, measured on a 80 mM protein solution in a 1 cm cuvette.
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within the unfolded baseline region, together with
the fact that there is no simple theoretical model for
describing electronic spectra, also impede the use of
singular value decomposition (SVD) methods.

In contrast, it is relatively straightforward to
model the denaturant dependence of unfolding
equilibria, even if intermediates are populated, and
we were able to overcome these problems simply by
replotting the data in Figure 1, choosing denaturant
concentration as an independent variable rather
than wavelength. Figure 2(a) shows a series of
unfolding transition curves for H33N cyt c obtained
by plotting the extinction coefficient at selected
wavelengths spanning the Soret region as a function
of GuHCl concentration. The transition curves at
individual wavelengths can be approximated
reasonably well by a two-state model (not shown).
However, the midpoint concentrations, Cm, and
slopes (m-values) vary significantly with the wave-
length, which is a clear indication that a two-state
model is inadequate to describe the data. In
addition, closer inspection of the transition curves
in the 405 nm region (Figure 2(b)) reveals significant
deviations from the symmetric sigmoidal behavior
expected for a two-state transition. On the other
hand, a three-state model (Scheme 1)

N

Cm1 Cm2

5I 5U

m1 m2

(Scheme 1)

consisting of coupled equilibria between native
(N), intermediate (I) and unfolded (U) species,
respectively, can fully account for these complex-
ities. Each of the two coupled transitions are
described in terms of a midpoint concentration,
Cmi, and slope, mi, assuming that the free energy
for each transition, DGi, varies linearly with
denaturant concentration, c:

DGiðcÞZDGið0ÞKmic (1)

Since DGi(Cmi)Z0, equation (1) is equivalent to:

DGiðcÞZmiðCmiKcÞ (2)

The fractional populations of the three states in
Scheme 1, fN, fI and fU, can be expressed as:

fN Z 1=ð1CKNI CKNIKIUÞ (3)

fI ZKNIfN

fU ZKIUfI

where KNI and KIU are the equilibrium constants
for the two transitions given by
KiZexpðKDGi=RTÞ. Thus, the changes in extinc-
tion coefficient associated with denaturant-
induced unfolding transition, 3(c), are given by:

3ðcÞZ 3NfN C3IfI C3UfU (4)

where 3N, 3I and 3U are the extinction coefficients
of the N, I and U-state, respectively, which reflect
the intrinsic absorbance spectra of the three
states. In general, the absorbance properties of
each state may vary with denaturant concen-
tration, especially if the chromophore is exposed
to the solvent. However, we found that excellent
fits of the cyt c unfolding transitions monitored
by heme absorbance could be obtained with the
following simplifying assumptions: (a) 3N and 3I

are independent of denaturant concentrations
(consistent with the solvent-shielded environment
of the heme group in compact forms of cyt c); (b)
3U varies linearly with denaturant concentration,
i.e. 3UðcÞZ30

UCsUc, where sU is the slope of the
unfolded baseline versus denaturant concen-
tration.

The continuous lines in Figure 2 were obtained by
simultaneously fitting a three-state equilibrium to
the combined data set consisting of 61 transition
curves (3 versus [GuHCl]) at 1 nm increments over



Figure 2. Absorbance-detected unfolding transition of
H33N cyt c at selected wavelengths versus GuHCl
concentration. The lines represent the best global fit of a
three-state equilibrium model (Scheme 1) to the combined
absorbance data. (a) Molar extinction at selected wave-
lengths in the Soret region (from Figure 1(a)). (b)
Expanded plots of the transition curves monitored
between 402 nm and 408 nm showing wavelength-
dependent changes inconsistent with a two-state beha-
vior.

Table 1. Thermodynamic parameters by global fitting of a thr
transitions of cyt c monitored by heme absorbance, near and

Protein/
denaturant Cm1 (M)

m1 (kcal
molK1 MK1)

DG1 (kcal
molK1) Cm2 (M

H33N/GuHCl 2.07G0.06 1.7G0.08 3.5G0.2 2.34G0
H33N/urea 4.0G0.2 0.59G0.06 2.4G0.3 4.81G0
WT/GuHCl 1.50G0.05 1.34G0.11 2.0G0.2 2.55G0

Measured at 15 8C in 0.1 M sodium acetate buffer (pH 5.0).

1012 Structure of an Equilibrium Folding Intermediate
the range from 370 nm to 440 nm). The four
equilibrium parameters, Cm1, m1, Cm2 and m2,
were used as global fitting parameters. In addition,
the four spectral parameters (3N, 3I, 3

0
U and sU) were

used as local parameters to describe the transition
curves at each wavelength. Note that the absor-
bance changes at low GuHCl concentrations are
fully accounted for by the accumulation of an
intermediate in the pre-transition region, and there
is no need to introduce additional parameters for
any denaturant-dependence of 3N and 3I. The
optimized fitting parameters obtained by using
the global fitting routine of the IGOR Pro software
package (WaveMetrics, Inc., Lake Oswego, OR
97035) are listed in Table 1.

Figure 3(a) shows a plot of the optimized local
parameters, 3N, 3I and 30

U, as a function of
wavelength, l. As expected, 3N(l) is an exact
representation of the Soret spectrum of native cyt
c (cf Figure 1). 30

U is the intercept of a linear fit to the
unfolded baseline, and its dependence on wave-
length, 3U(l), is similar in shape and position to the
spectrum of the unfolded protein at high GuHCl
concentrations (Figure 1). However, the absorbance
maximum occurs at a slightly lower wavelenth
(398 nm, compared to 399 nm in 4.2 M GuHCl),
since it represents the spectrum of the unfolded
state in the absence of denaturant. The spectrum of
the I-state, 3I(l), is similar in magnitude and shape
to that of the native state, but its absorbance
maximum lies at 405 nm, corresponding to a 4 nm
blue shift relative to the N-state. These differences
are far outside errors as indicated by the error bars
in Figure 3, which are based on the covariance of the
individual local fitting parameters. Thus, our global
fitting procedure is a robust and straightforward
approach for extracting the spectral contributions of
intermediate states in multi-state folding equilibria.
At the same time, the four global fitting parameters
provide an accurate measure of the denaturant-
dependence of the individual equilibrium transi-
tions, and thus define the populations of the three
states as a function of denaturant concentration
(Figure 3(b)). The I-state reaches a maximum
population of 45% near 2 M GuHCl.

To obtain further structural insight, we followed
the GuHCl-induced unfolding transition of H33N
cyt c using several other spectroscopic parameters,
including tryptophan fluorescence, near and far-
UV CD, aromatic absorbance and heme absorbance
bands at 625 and 695 nm. Figure 4 compares the
changes in ellipticity at 225 nm, which reflects
a-helix content, with the changes in the near-UV
ee-state model to the GuHCl and urea-induced unfolding
far-UV CD and fluorescence

)
m2 (kcal

molK1MK1)
DG2 (kcal

molK1)
DGtot (kcal

molK1)
mtot (kcal

molK1MK1)

.01 3.08G0.06 7.3G0.15 10.8G0.35 4.8G0.14

.03 1.84G0.02 8.9G0.1 10.5G0.4 2.43G0.08

.01 3.05G0.03 7.8G0.1 9.8G0.3 4.39G0.14



Figure 3. Intrinsic heme absorbance spectra (a) and
populations (b) of the three predominant states populated
in the GuHCl-induced unfolding equilibrium of H33N
cyt c. The symbols in (a) represent the extinction
coefficients in the absence of denaturant obtained by
global fitting of the data shown in Figures 1 and 2. Error
bars indicate the co-variance of (local) fitting parameters.
The populations in (b) were calculated using the global
fitting parameters (Cm1, m1, Cm2, m2) listed in Table 1.

Figure 4. GuHCl-induced unfolding equilibrium of
H33N cyt c at pH 5.0, 15 8C monitored via the changes in
the far-UV CD signal at 225 nm (right scale, 2 mm path
length, 13 mM protein) and the near-UV CD band at
294 nm (left scale, 1 cm path length, 40 mM protein). The
lines represent a three-state unfolding transition using the
global fit parameters listed in Table 1. The intrinsic CD
signal of the N and I-states was assumed to be
independent of GuHCl concentration.

Figure 5. Normalized transition curves for GuHCl-
induced unfolding of H33N cyt c monitored by
absorbance (3), CD (q) and tryptophan fluorescence
(Em). The normalized signal n(c) versus denaturant
concentration c at a given wavelength was calculated
from the raw signal s(c) using the relation
nðcÞZ ½sðcÞKsN�=½sUðcÞKsN�, where sN is the fitted signal
for the N-state (generally assumed to be independent of c)
and sU(c) represents the GuHCl-dependent signal of the
unfolded state defined by the fitted intercept and slope of
the unfolded baseline.
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region due to aromatic side-chains. Under native
conditions, this region of the CD spectrum features
two sharp negative bands at 287 nm and 294 nm
attributed to Trp59,42 which begin to decrease in
intensity already between 1 and 2 M GuHCl. On
the other hand, the far-UV signal shows major
changes indicative of helix loss only during the
second transition above 2 M GuHCl. In fact, the
signal at 225 nm becomes slightly more negative
from 0 to 2 M GuHCl, suggesting a small increase
in helix content prior to main unfolding transition.
In order to detect changes in heme coordination
associated with unfolding, we monitored the
GuHCl-induced changes in the absorbance band
centered at 625 nm, which is indicative of a non-
native high-spin state (i.e. the sixth heme coordi-
nation site is unoccupied or contains a weak
ligand, such as a hydroxide ion), and the weak
charge-transfer band at 695 nm, which correlates with
the presence of a native Met80 sulfur-iron bond.41,43

Finally, we measured the GuHCl-induced changes in
tryptophan fluorescence, which are dominated by
resonant energy transfer to the heme (a highly
efficient fluorescence quencher), and thus provide



Table 2. Spectroscopic properties of the equilibrium intermediate in wild-type and H33N cyt c

Protein/denaturant lmax (nm)
3(lmax)

(mMK1 cmK1) f(q225) f(qarom) f(Em350) f(A625) aIZm1/mtot

H33N/GuHCl 405 104 K0.15 0.31 0.06 0.40 0.35
H33N/urea 408 110 0.04 0.28 – – 0.24
WT/GuHCl 407 107 K0.12 0.42 0.04 – 0.31

Figure 6. Urea-induced unfolding of H33N cyt c (pH 5.0
at 15 8C) as monitored by heme absorbance. (a) Unfolding
curves at selected wavelengths in the Soret region
(symbols), along with global three-state fits (lines). (b)
Intrinsic Soret absorbance spectra for the native (red),
intermediate (blue) and unfolded (black) states obtained
by global analysis of the combined absorbance data versus
urea concentration. Fitting errors are indicated by the
height of the symbols.
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a measure of the average distance between Trp59
and the heme.44 Figure 5 compares the unfolding
transitions for the various spectroscopic parameters
obtained by normalization (see Materials and
Methods). To avoid any bias due to the choice of
baseline values, we used the offsets and slopes of
the native and unfolded baselines obtained in a
global three-state fit of the raw data (see Figures 2
and 4) to normalize the measured transition curves.

The fact that the transition curves for different
spectroscopic probes diverge between 1 M and
2.5 M GuHCl confirms our conclusion that an
intermediate is populated at intermediate dena-
turant concentrations. The different signals show
two types of behavior: (1) the Trp59 fluorescence,
far-UV CD and Soret absorbance at 407 nm remain
essentially at their native levels up to 2 M GuHCl
followed by steep transitions centered at 2.34 M
GuHCl; (2) the remaining probes, including the
near-UV CD changes at 294 nm and the
normalized absorbance changes at 289 nm,
404 nm and 625 nm begin to increase above 1 M
GuHCl, reaching relative values of about 0.3 at
2 M GuHCl before joining the other probes (the
695 nm absorbance band shows similar behavior
to that at 625 nm, but is less reliable due to its
small extinction coefficient and large underlying
baseline changes). The continuous curves in
Figure 5 represent a global fit of a three-state
unfolding equilibrium to the combined data, using
the equilibrium parameters obtained in the
analysis of the Soret data (Table 1). Table 2
summarizes the spectroscopic properties of the
intermediate state in terms of the wavelength and
extinction coefficient of the Soret band and the
relative contributions of the other parameters.

To rule out the possibility that specific binding of
a guanidinium ion to the native protein is respon-
sible for accumulation of the equilibrium inter-
mediate, we carried out a parallel series of
unfolding experiments using urea as a denaturant.
As in the case of GuHCl, a detailed analysis of heme
absorbance in the Soret region as a function of urea
provides clear evidence for accumulation of an
intermediate in the unfolding equilibrium of H33N
cyt c. The wavelength-dependent variations in the
shape of the unfolding transitions, which are
particularly pronounced in the wavelength range
between 404 nm and 408 nm (Figure 6(a)), are
inconsistent with a two-state transition. The spec-
trum of the I-state obtained by global analysis of the
Soret data (Figure 6(b)) shows again a blue shift
relative to the N-state (Table 2). These spectral
differences are well beyond errors and fully account
for the complex shape of the individual unfolding
curves. For example, between 405 nm and 409 nm,
the extinction coefficient of the I-state is higher than
both N and U-states, giving rise to a local maximum
in the unfolding curves near 4 M urea (Figure 6(a)).

In the pre-transition region (1.5 M–4.5 M urea),
we also found major deviations between the
unfolding curves for different regions of the CD
spectrum (cf Figure 4). In particular, intermediate
urea concentrations result in substantial changes in
the aromatic region of the CD spectrum



Figure 7. Multi-parameter analysis of the three-state
unfolding equilibrium of H33N cyt c versus urea
concentration. (a) Raw unfolding transitions monitored
in the near-UV (left scale) and far-UV (right scale) regions
of the CD spectrum. (b) Urea dependence of the fractional
changes in absorbance and CD at the wavelengths
indicated. (c) Urea dependence of the populations for
the N-state (red), I-state (blue) and U-state (black)
calculated from the thermodynamic parameters listed in
Table 1.

Figure 8. Normalized unfolding curves for selected
optical probes (a) and populations (b) obtained by global
fitting of the GuHCl-unfolding equilibrium of WT cyt c.
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(Figure 7(a)), whereas the far-UV CD region shows
only a small decrease below 4 M urea consistent
with a slight increase in helix content prior to the
main unfolding transition. Figure 7(b) compares
the normalized transition curves (fractional
signal change) for several different spectroscopic
parameters, including the 294 nm band in the near-
UV region of the CD spectrum attributed to Trp59,
the CD signal at 225 nm, and selected wavelengths
in the Soret region. The curves in Figure 7(b) were
obtained by constrained fitting of a three-state
model, using the set of equilibrium parameters
derived from the global fit of the heme absorbance
data (Figure 6; Table 1). The fractional population of
the I-state calculated for these global equilibrium
parameters reaches a peak value of 50% at 4 M urea
(Figure 7(c)).

To determine whether the H33N mutation has
any effect on the equilibrium properties of cyt c, we
used the same combination of optical methods to
follow the GuHCl-induced unfolding transition of
wild-type horse cyt c (obtained from Sigma Co., St
Louis, MO) under identical conditions (in 0.1 M
acetate buffer (pH 5.0), 15 8C). The results of our
global three-state analysis are summarized in
Figure 8, and the set of equilibrium parameters
consistent with the combined data is included in
Table 1. As in the case of the H33N mutant (Figures
3 and 6), the intrinsic spectrum for the intermedi-
ate obtained by global fitting of absorbance data in
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the Soret region shows a small, but significant
blue-shift relative to that of the native state
(Table 2). The normalized unfolding curves
(Figure 8(a)) again show major variations among
the different spectroscopic parameters in the pre-
transition region (0.5 M to 2.5 M GuHCl). At 2 M
GuHCl, the equilibrium intermediate reaches a
maximum population of about 70% (Figure 8(b)).

Our observation that a stable intermediate
accumulates in the denaturant-induced unfolding
equilibrium of cyt c, accounting for over 50% of all
molecules under certain conditions (denaturant
concentrations just below the main unfolding
transition), suggests the possibility of using 2D
NMR methods for obtaining more detailed struc-
tural insight into this partially unfolded state.
Because high concentrations of GuHCl result in
severe NMR signal loss due to its ionic character, we
chose urea as a denaturant for NMR equilibrium
unfolding experiments. Working with a uniformly
15N-labeled sample of H33N cyt c, we recorded a
series of 11 1H–15N HSQC spectra over a wide range
of urea concentrations (0 to 5.81 M). As indicated by
the examples in Figure 9, the spectrum in the
absence of urea (upper left) shows a subset of the
well dispersed backbone 1H–15N cross-peaks in the
native state, which were assigned to individual
residues using standard 15N-based 2D and 3D
NMR techniques (see Materials and Methods).
Figure 9. HSQC spectra (expanded region) of H33N cyt c (in
in the absence of denaturant (top left) and in the presence of in
are shown for resolved 1H–15N cross-peaks of the native stat
The spectrum at 5.81 M urea (lower right) contains
a new set of peaks with narrower line widths and
limited chemical shift dispersion within the region
expected for a random coil (a total of 81 peaks can
be resolved). Although residue-specific assign-
ments for the U-state are not available at this time,
these properties are characteristic of a disordered,
largely unfolded conformation. In the spectrum
recorded at 2.84 M urea (upper right panel), we still
observe the majority of native peaks, although
many of them with diminished intensity. One
notable example among several residues with
strongly reduced peak intensity is Met80, which
serves as the sixth iron ligand in the native
structure. The spectrum at 4.30 M urea (lower left
panel), where the population of the I-state is at a
maximum (based on the optical results in Figure 7),
is dominated by peaks assigned to the fully
unfolded state, although a subset of the native
peaks is still visible.

Figure 10(a) shows a plot of the normalized
peak intensity for a representative set of resolved
N-state peaks as a function of urea concentration.
Also shown are a few resolved peaks attributed to
the unfolded state (labeled u1–u5). If unfolding of
cyt c was governed by a two-state mechanism, all
peaks assigned to the native state would exhibit
the same dependence on denaturant concen-
tration. In contrast, the urea-induced changes in
0.1 M sodium acetate, 5% 2H2O (pH 5.0)) recorded at 15 8C
creasing concentrations of urea, as indicated. Assignments
e.



Figure 10. Urea dependence of the peak intensity
(volume) of resolved cross-peaks in the HSQC spectra of
H33N cyt c. (a) Representative residues in group 1 (blue
symbols) following the urea dependence of the N-state
predicted by a three-state model (blue line), residues in
group 2 (red symbols) approaching the predicted for the
sum of N and I-state populations, and normalized peak
intensity for selected U-state peaks (green). The yellow
broken line indicates the range of behaviors included in
group 2. (b) Normalized peak intensity for four residues
illustrating the range of unfolding transitions observed.
Continuous lines were calculated with equation (5) for fint

values of 0 (T19, blue), 0.39 (K25, purple), 0.76 (K13,
yellow) and 1.0 (K88, red).
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N-state peak intensity shown in Figure 10 segre-
gate into two distinct groups: residues in group 1
(blue) show continuously decreasing intensity
between 0 and 5 M urea while residues in group
2 (red) exhibit nearly urea-independent peak
intensity up to 3 M followed by a sharp decrease,
mirroring the urea dependence of peaks assigned
to the unfolded state (green). The lines in Figure 10
indicate the populations predicted for a three-state
model, using equilibrium parameters (Cm1Z2.9 M,
m1Z0.6 kcal molK1 MK1, Cm2Z4.8 M, m2Z1.4
kcal molK1 MK1) similar to those obtained by
global analysis of the optical data (Figure 7;
Table 1). Group 1 peaks follow the urea-dependence
of the native population, which begins to decline
already at low urea concentrations. On the other
hand, group 2 peaks approach the urea-dependence
predicted for the sum of the populations of the N
and I-states, indicating that these residues maintain
a native-like structural environment in the inter-
mediate state. The same three-state equilibrium
parameters also describe the steep increase in
U-state peaks above 4 M urea. Thus, the NMR
data directly confirm accumulation of a partially
unfolded intermediate state and are fully consistent
with our optical evidence presented above. If the
structural environment in the I-state around a given
residue were either native-like or completely
unfolded, all residues should follow either the
N-state population (group 1) or the sum of N and
I-state populations (group 2). While most residues
segregate into these two categories, others fall
between (Figure 10(b)), suggesting that partial
unfolding or increased mobility within I-state mol-
ecules can contribute to the N-state resonance
intensity (a more detailed analysis of the NMR data
will be presented elsewhere).

The HSQC spectra at each urea concentration are
dominated by peaks assigned to either the native
state or the fully unfolded ensemble. In addition, a
number of small cross-peaks appear at intermediate
urea concentrations (3.4 M–5.3 M). They are well
dispersed in both frequency dimensions and are
somewhat broader than the peaks assigned to the
native and unfolded populations. The intensity of
these minor peaks goes through a maximum
between 4.3 M and 4.7 M urea, but reaches no
more than about 15% of the full intensity of resolved
native or unfolded peaks. In several cases, the
minor peaks appear in close proximity to resolved
N-state peaks, indicating a population of molecules
in slow exchange with the native state. However,
the maximum intensity of these peaks is too low to
account for the population of the I-state detected by
optical methods (Figure 7(c)). In a recent NMR
study of another cyt c variant (H.C., L. Wang & H.R.,
unpublished observations), we found that minor
peaks appear only after prolonged incubation in the
presence of urea, indicating that they are the result
of a slow and irreversible chemical modification or
aggregation process.

The fact that the HSQC spectra show two
predominant sets of peaks with denaturant-
dependent intensities, but only small urea-induced
chemical shift changes, indicates that there are two
ensembles of molecules in slow exchange (relative
to the frequency difference between N and
U-states). Therefore, the I-state population must
be in rapid exchange with N or U (in most cases



Figure 11. Plot of fint versus
residue number representing the
relative contribution of the I-state
(fint) to the population of resolved
(N-state) peaks in the HSQC spec-
tra of H33N cyt c. fint was obtained
by fitting equation (5) to the
measured urea dependence of
peak volumes (cf Figure 10).
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the N-state, based on the urea-dependence of native
peaks). Empirically we can describe the relative
intensity of the N-state peak for a given residue
versus denaturant concentration, c, as:

IrelðcÞZPNðcÞC fint!PIðcÞ (5)

where PN(c) and PI(c) represent the normalized
urea-dependent populations of the native and
intermediate states, respectively, and fint describes
the fractional contribution of the I-state to the
N-state NMR peak intensity. Figure 10 shows that
this simple relationship is sufficient to describe the
urea-dependent intensity changes for the majority
of peaks, including those belonging to group 1
(fintZ0), group 2 (fintZ1), and those falling between
these extremes. In Figure 11, the fint values obtained
by using equation (5) to fit the urea-dependent
intensities for all resolved N-state peaks, are plotted
versus residue number.
Discussion

A number of previous studies questioned whether
the denaturant-induced unfolding equilibrium of cyt
c can be described adequately by a two-state model.
For example, Myer45 concluded that urea denatura-
tion of horse heart cyt c is characterized by several
optically monitored transitions implicating partially
unfolded states. Especially clear evidence that an
equilibrium intermediate accumulates prior to glo-
bal unfolding of cyt c was presented by Ferri et al.,46

who found that protein species distinct from the
native and the unfolded states, in terms of their
redox properties, accumulate above 1 M GuHCl,
within the region previously considered as the native
baseline region.44,47 Heme CD and absorbance
measurements at 695 nm further confirmed the
complex mechanism of cyt c equilibrium denatura-
tion.46 Conventional and magnetic CD measure-
ments in the Soret region were subsequently used to
characterize reduced and oxidized forms of cyt c and
provided additional support for the existence of the
partially unfolded state below global unfolding
region.48 Another recent study made use of CD
and heme absorbance to show non-coincidence of
denaturation curves monitored at different wave-
lengths.32 Although these studies clearly document
the non-cooperative nature of the cyt c unfolding
equilibrium, they provide only limited structural
insight. Moreover, all these experiments have been
performed at neutral pH using GuHCl as the only
denaturant. Here, we studied both urea and GuHCl-
induced unfolding of WT (Sigma) and recombinant
cyt c, H33N, at pH 5, which effectively suppresses
non-native heme ligation.

Most prior reports of equilibrium intermediates
in protein unfolding have been based on the non-
coincidence of denaturation curves obtained by
monitoring various spectroscopic probes.1,49,50 One
limitation of this approach is that small populations
of intermediate states are not expected to result in
significant differences in the apparent Cm and
m-values, and intermediates can be detected only
if their spectroscopic properties show measurable
differences from both the native and unfolded
states. Moreover, comparison of different probes
requires normalization of the raw data, which can
be model-dependent. In the simplest case the pre
and post-transition baselines are linear and shallow,
and a two-state model with linear baselines (six-
parameter fit) is adequate to describe the data.51

However, non-linear and/or highly sloped base-
lines are not unusual, and additional information is
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required for a meaningful analysis of the data. We
have been able to overcome these problems by
using a systematic global analysis approach to fit a
multi-state equilibrium model with a common set
of thermodynamic parameters to a family of
unfolding curves recorded as a function of wave-
length using different spectroscopic methods. Glo-
bal fitting methods have been used extensively to
analyze time-resolved fluorescence and other spec-
troscopic data, including denaturant and pH-
induced two-state unfolding transitions.48,52,53

However, there have been few systematic appli-
cations of global least-squares fitting methods to
study the spectral properties of intermediates in
three-state folding equilibria.54 In the present study,
this strategy has provided clear evidence for
accumulation of a partially unfolded equilibrium
state in two forms of cyt c (WT and H33N variant) at
low to intermediate denaturant (GuHCl and/or
urea) concentrations. The observed discrepancies
between the transition curves as monitored by
different spectroscopic observables, including heme
absorbance and CD changes at multiple wave-
lengths, tryptophan fluorescence quenching by the
heme (Figures 5, 7 and 8), as well as NMR peak
intensity (Figure 10) are clearly inconsistent with a
two-state unfolding transition. Moreover, indivi-
dual unfolding curves for many of the probes used
(e.g. near-UV CD and heme absorbance at certain
wavelengths) exhibit a complex shape that cannot
be fitted by a simple two-state model. In contrast, a
three-state model can fully account for all of these
observations, including the dispersion among the
transition curves for different probes and the
biphasic denaturant dependence of individual
probes. Although small amounts of additional
states cannot be ruled out, the quality of the fits
obtained in our global fitting procedure indicates
that a three-state equilibrium mechanism (Scheme 1)
is sufficient to account for all of the available optical
data as a function of both urea and GuHCl.

There are examples in the literature where an
apparent equilibrium intermediate has been attrib-
uted to specific binding of a denaturant molecule to
a folded state with native-like structure.55,56 In the
case of cyt c, Thomas et al.48 proposed that a
guanidinium ion may displace the side-chain of
Arg38 in cyt c, which forms a functionally
important salt bridge involving the buried heme
propionate side-chain.57 To address this possibility,
we carried out a detailed comparison of the GuHCl
and urea-induced unfolding transitions for H33N
cyt c. In the absence of specific binding effects, we
expect that the free energy of unfolding extra-
polated to cZ0 is independent of the denaturant
used. Indeed, Table 1 shows very similar values for
the total unfolding energy, DGtot, for the GuHCl and
urea-induced unfolding transitions of H33N cyt c.
However, the free energy changes for the individual
transitions, DG1 (N5I) and DG2 (I5U)
show significant denaturant-dependent differences
(Table 1). This behavior may be due to the fact that
GuHCl is an ionic denaturant, which apparently
raises the free energy of the intermediate relative to
the native state (by 1.1 kcal molK1; Table 1) without
significant effect on the total free energy of
unfolding (0.3 kcal molK1). Despite these differ-
ences, comparison of Figures 3(b) and 7(c) indicates
that in both denaturants the intermediate reaches a
peak population of about 50% below the midpoint
of the major unfolding transition. Moreover, there
are striking similarities between the GuHCl and
urea-induced intermediates in terms of their
spectroscopic properties (Table 2), including a
blue-shifted Soret band (cf Figures 3(a) and 6(b)),
a native-like far-UV CD signal and diminished
intensity in the near-UV CD region (cf Figures 4
and 7(a)).

It is well known that folding of cyt c is intimately
linked with the presence of the heme and its
ligands.21,58 Studies of oxidized cyt c from several
species have shown that the native methionine
sulfur-iron ligand is replaced by a His, Lys or
N-terminal NH2 (if unprotected) under denaturing
conditions near neutral pH or above.30,35,38 The
presence of a non-native heme ligand can result in
the trapping of transient folding intermediates if
folding experiments are conducted near neutral
pH.20,21,59 Misligation of the heme has also been
linked with the accumulation of equilibrium
unfolding intermediates.30,31,36,60 This study was
designed to minimize such complications by work-
ing at mildly acidic pH where His and Lys side-
chains are protonated and no longer available as
potential non-native heme ligands. As an additional
control, we compared the equilibrium unfolding
behavior of WT cyt c in GuHCl with that of the
H33N variant, which lacks the primary non-native
His ligand.38 While the H33N variant is slightly
more stable than the WT in terms of DGtot (Table 1),
both proteins unfold via highly populated equili-
brium states (cf Figures 3(b) and 8(b)) with very
similar spectroscopic properties (Table 2). Thus, we
can clearly rule out the possibility that coordination
of His33 to the heme iron is responsible for
accumulation of an equilibrium intermediate.
Since the pKa values of other potential heme
ligands, including lysine residues and the
N-terminal amino group (which is not acetylated
in the case of the recombinant H33N variant), are
higher than His, they are even less likely to be
deprotonated and bound to the heme iron in the
I-state at pH 5. However, the fact that a prominent
absorbance band at 625 nm appears at GuHCl
concentrations well below 2 M (Figure 1) where
the changes in the far-UV CD and fluorescence
signals are minimal (Figure 5) is a strong indication
that the native ligand interaction between the Met80
sulfur and the heme iron has been severed in the
intermediate. Together with the comparison of urea
and GuHCl discussed above, these observations
indicate that the I-state represents a genuine
conformational intermediate that accumulates
under moderately denaturing conditions irrespec-
tive of the denaturant used or the presence of any
non-native heme ligands.
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Despite differences in solution conditions, the
thermodynamic parameters for the major (second)
unfolding transition of WT cyt c observed here
(Table 1) show reasonable agreement with values
reported in the literature.28,47,61 However, the total
free energy (DGtotZ9.8(G0.3) kcal molK1) and
m-value (mtotZ4.39(G0.14) kcal molK1 MK1)
obtained in our global three-state fit are substan-
tially higher than published values, since they
include contributions from the pre-transition that
has historically been dismissed as a baseline effect.
Thus, the use of a two-state model to fit a multi-state
equilibrium with overlapping transitions can
seriously underestimate the overall thermodynamic
stability of a protein. To illustrate this point, we
used the standard two-state model with six free
parameters (Cm and m, intercepts and slopes for the
pre and post-transition baselines) to fit individual
unfolding curves for H33N cyt c in GuHCl,
including those monitored by CD (Figure 4),
fluorescence and heme absorbance at selected
wavelengths (cf Figure 2). The apparent Cm values
are close to the global value for the second
transition (2.34(G0.1) M). However, the two-state
m-values range from 2.8–3.4 kcal molK1 MK1 result-
ing in apparent free energies (6.6–8.2 kcal molK1)
well below the total free energy obtained in the
global three-state fit (10.8 kcal molK1). Moreover,
for some of the data (e.g. the near-UV CD curve in
Figure 4) a two-state fit results in a steep slope for
the pre-transition baseline implying that the native-
state signal varies strongly with denaturant con-
centration. By contrast, global fitting of a three-state
equilibrium model (Scheme 1) yields a single, self-
consistent, set of thermodynamic parameters
(Table 1) and accounts for all of the data without
invoking highly sloping native baselines.

In addition to accurately defining the thermo-
dynamic parameters for each unfolding transition
(Table 1), our systematic global analysis of the
unfolding transitions as monitored by a variety of
spectroscopic parameters also provides insight into
the structural properties of the equilibrium inter-
mediate (Table 2). The fractional change in the far-
UV CD signal, f(q225), associated with the N5I
transition is close to zero (H33N cyt c in urea) or
slightly negative (WT and H33N in GuHCl),
indicating that the helix content of the I-state is
similar to that of the N-state, or even somewhat
enhanced. The low values for f(Em350) in both the N
and I-states are consistent with a compact ensemble
of states with an average Trp59–heme distance
significantly smaller than 35 Å (the Förster distance
for Trp–heme energy transfer). On the other hand,
the N5I transition is accompanied by significant
changes in the aromatic region of the CD spectrum,
including a nearly complete loss of the sharp
features near 290 nm assigned to Trp59, indicating
that some of the specific side-chain packing
interactions are disrupted in the I-state. The
observed shift in Soret absorption band to lower
wavelengths (Table 2) is also consistent with a
loosening of the protein structure and a concomitant
increase in solvent exposure of the heme. At the
same time, the presence of a prominent absorption
band at 625 nm in the I-state correlates with the loss
of the Met80 ligand, which results in a high-spin
heme state;62 the sixth coordination site may remain
vacant or occupied by a weak ligand, such as
water.63,64 This conclusion is further supported by
the observed loss in NH cross-peak intensity at low
urea concentrations for Met80 and adjacent residues
(Figures 9–11). It is also consistent with previous
reports of changes in the magnetic CD48 and
paramagnetic NMR spectra30,31 preceding the
main unfolding transition of oxidized cyt c.

Our NMR analysis of the urea-induced unfolding
transition provides novel insight into the structural
properties of equilibrium intermediates at the level
of individual residues. When we plotted the
intensity of 1H–15N peaks versus urea concentration
(Figure 10), we found a clear segregation of the
residues into two distinct groups. (i) Group 1
residues (blue symbols in Figure 10) exhibit a
gradual loss in peak intensity over the 0–4 M urea
range, tracking the population of the N-state. These
residues are located in regions of the protein where
the native structure has been disrupted in the
I-state, either through local unfolding or increased
mobility, and their relative contribution to the
intensity of N-state peaks, fint, is low (Figure 11).
Residues in this category include the axial heme
ligands, His18 and Met80, and adjacent residues
(14, 19, 78–82), as well as a majority of the residues
in the non-helical regions of cyt c. (ii) Group 2
residues (red symbols in Figure 10) retain full peak
intensity up to about 3 M urea followed by a steep
drop, following the behavior expected for the sum
of N and I-state populations. These residues are
located in regions of the protein where the native
structure is largely preserved in the I-state. Their
NH groups experience minimal chemical shift
perturbations, and the I-state population contri-
butes significantly to the intensity of N-state peaks
(fintO0.5). This category comprises most of the
residues in the N and C-terminal helices, a few
residues in the 60s and 70s helices, as well as two
residues (L35, F36) involved in hydrophobic con-
tacts with the heme (Figure 11). Thus, the two
interacting a-helices near each end of the cyt c
molecule appear to be largely intact in the
intermediate state while other helical regions
appear to be partially disrupted. On the other
hand, with the exception of a cluster of residues
contacting the heme, the non-helical loop regions of
the native cyt c structure appear to be largely
disordered. These structural patterns agree well
with those described by Englander and colleagues,
based on native-state hydrogen exchange
data.22,65,66

In those cases where the relative intensity of a
resolved (conformationally shifted) 1H–15N cross-
peak remains high up to 3 M urea (fintw1), we can
conclude with confidence that the local structural
environment of a given residue remains intact in the
I-state. Likewise, a steady decrease in cross-peak
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intensity with increasing urea concentration indi-
cates a major disruption of the local environment in
the I-state. The fact that we found no resolved
I-state peaks of sufficient size to account for the
intensity loss of N-state peaks implies that the
I-state undergoes fast exchange with either the N or
U-state. A likely scenario is that for group 1
residues, which experience large chemical shift
changes on formation of the I-state, the N5I
exchange rate falls into the intermediate exchange
regime (compared to the frequency difference
between N and I-state resonances), resulting in
severe line broadening and loss in measurable peak
volume. On the other hand, for group 2 residues,
which are characterized by small chemical shift
differences between the N and I-state, the rate of the
N5I transition falls into the fast-exchange regime,
giving rise to a sharp peak at an average chemical
shift (close to that of the N-state) with an intensity
corresponding to the sum of N and I-state
populations. The residues falling in between these
limiting cases (Figure 10(a)) experience partial line
broadening in an intermediate-exchange regime, so
that the I-state makes a fractional contribution to the
intensity of the observed peak.

In conclusion, we have detected and structurally
characterized a non-native state of oxidized horse
cyt c that accumulates at equilibrium in the
presence of moderate concentrations of GuHCl or
urea, accounting for as much as 50% of the
molecules at denaturant concentrations below the
major unfolding transition. The relative sensitivity
to denaturant, aIZm1/mtot (Table 2), indicates that
the N–I transition is accompanied by a w30%
increase in solvent accessible surface area relative to
the total change associated with unfolding. The
I-state appears native-like in terms of its a-helix
content, which is w10% higher than that of the
N-state, low Trp59 fluorescence consistent with a
short Trp59-heme distance, and a Soret band
indicative of a solvent-shielded heme environment.
On the other hand, the I-state shows major
structural differences from the N-state, including
the loss of the native Met80 sulfur–iron linkage
revealed by near-IR absorption and NMR spec-
troscopy and disruption in side-chain packing and
other tertiary interactions resulting in changes in
the near-UV CD spectrum and chemical shift
perturbations for most non-helical amide groups.
These structural properties are reminiscent of the
A-state of cyt c, a compact denatured form found
under acidic high-salt conditions.18,67–70 The
denaturant-induced intermediate also shares some
common features with the alkaline state and other
partially unfolded forms of cyt c stabilized by non-
native heme ligands.63,71 For example, in their
studies on a K73H mutant of yeast iso-1 cyt c,
Bowler and colleagues found that the transition
from the native state to a His73–ligated intermedi-
ate is accompanied by a 30% increase in
solvation,72,73 which agrees well with the aI values
in Table 2. Moreover, recent NMR data on the
alkaline transition of iso-1 cyt c showed that the
a-helical core remains intact and the loop regions
become partially disordered when Lys73 replaces
Met80 at alkaline pH.74 Thus, different means of
destabilization that disrupt the native Met80–iron
bond give rise to structurally analogous intermedi-
ate states.

What is the relationship between this solvent-
induced equilibrium intermediate and the transient
intermediate states detected in kinetic folding
experiments? Although the kinetic intermediates
populated over the 100 ms–1000 ms time range are
compact, based on time-resolved fluorescence and
small-angle X-ray scattering data,25,75–77 continuous-
flow CD measurements indicate that only a fraction
of the native helical secondary structure is formed
at this stage.78 In addition, the shallow denaturant-
dependence of the observed rates on the sub-
millisecond time scale25,79 suggest that a smaller
fraction of residues are shielded from the solvent
during the initial folding phases compared to the
equilibrium intermediate. Thus, the denaturant-
induced equilibrium intermediate appears more
highly structured than the intermediate states
encountered during early stages of folding. On the
other hand, it resembles a late folding (or early
unfolding) intermediate, N*, which we have pre-
viously introduced in order to account for the
kinetics of unfolding of cyt c.21,61 The transition
from N to N* becomes rate-limiting for unfolding at
high denaturant concentrations and gives rise to a
rate profile (chevron plot) with a highly non-linear
unfolding branch61 (similar behavior has also been
reported for two bacterial c-type cytochromes80,81).
The shallow denaturant dependence of the N to N*
transition and effect of imidazole (an extrinsic heme
ligand) on the kinetics of unfolding confirm that N*
is a highly structured state lacking the native
methionine–iron bond.61,80
Materials and Methods

Horse heart cytochrome c (highest grade from Sigma-
Aldrich Corp., St Louis, MO) was used without further
purification. Urea and GuHCl were obtained from ICN
Biomedicals, Inc., Aurora, OH (ultra pure grade). Unless
stated otherwise, the standard solution conditions used
for biophysical measurements were 0.1 M sodium acetate
buffer (NaAc) at pH 5.0 (titrated by adding glacial acetic
acid to 0.1 M solution of sodium acetate salt), 15 8C.

Protein expression and purification

All of the genetic manipulations were performed
according to conventional molecular biology or manu-
facturers’ protocols.82,83 A previously published pro-
cedure has been used for expression and purification of
unlabeled H33N cyt c.39 Briefly, an expression vector
pBP(H33N)/3 was constructed via introduction of the
horse H33N cyt c gene, prepared using PCR-based
mutagenesis, into a plasmid pBP(XhoI/BamHI)/3. Lig-
ation of the amplified DNA fragment at XhoI and BamHI
sites resulted in the placement of the cyt c gene in tandem
with the gene of yeast cytochrome c heme lyase,
CYC3.84,85 The protein was expressed using the JM109
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Escherichia coli strain in the presence of ampicillin. The
purification protocol used was as described.39

In an effort to increase production of uniformly
15N-labeled H33N cyt c, a new expression vector was
constructed based on the pET-24a plasmid offering
kanamycin resistance. The region of pBP(H33N)/3
containing the H33N and CYC3 genes (w1.3 kb) was
PCR amplified using Platinum Pfx DNA Polymerase
(Invitrogen Corp.) and inserted into pET-24a via newly
introduced NdeI and HindIII sites. RapidTranse TAM1
competent E. coli cells (Vinci-Biochem) were used for
plasmid DNA amplification and BL21(DE3) strain
(Novagen) was used for cyt c expression. In order to
achieve optimal cyt c production a quick semi-quantitative
test procedure was developed. Typically, 1.5 ml of the
culture prior to and after IPTG induction was centrifuged
to pellet the cells. The pellet was resuspended in 600 ml of
50 mM Tris–HCl, 2 mM EDTA (pH 7.5), plus 10 ml of a
50 mg/ml solution of lysozyme. Following 10 min
incubation at 30 8C, 5 ml of 1 M MgCl2 and 10 ml of
20 mg/ml DNAase I were added, and the incubation was
continued for another 5 min at 30 8C. After 2 min
centrifugation the supernatant was transferred into a
new tube, and the absorbance spectrum was taken in the
absence and presence of sodium dithionite. Every few
hours time points were analyzed for the amount of holo-
cyt c produced.

Following transformation of BL21(DE3) a single colony
was inoculated in 50 ml of LB media with 1% (w/v)
glucose and 50 mg/ml of kanamycin and grown overnight
at 37 8C. Then, 1 ml of the starting culture was inoculated
in one liter of a semi-minimal media (11 g/l Na2HPO4,
3 g/l KH2PO4, 0.5 g/l NaCl, 0.5 g/l sodium citrate, 1 g/l
Yeast Nitrogen Base (BD and Co.), 1 g/l 15NH4Cl, 1 mM
CaCl2, 2 mM MgSO4, 1 ml of a vitamin mix (Basal
Medium Eagle Vitamin Solution; Invitrogen/Gibco,
Carlsbad, CA), 50 mM FeSO4, 1% glucose and 50 mg/ml
of kanamycin) and bacteria were grown at 37 8C with
good aeration until A600 w1. At this point IPTG was
added up to 0.8 mM and the growth was continued at
30 8C with good aeration for another 36–40 h. cyt c
purification was performed according to the previously
published protocol.39 At least twice the amount of pure
cyt c has been obtained using the new expression system,
compared to the pBP(XhoI/BamHI)/3-based system,
both in minimal and rich media.

Denaturant-induced unfolding experiments

To ensure constant protein concentration during
denaturant (GuHCl or urea) titration experiments, two
solutions were prepared at carefully matched protein
concentration, one containing the native protein in buffer
(0.1 M NaAc) (pH 5)) and the other containing fully
unfolded protein in the presence of denaturant (6–7 M
GuHCl or 9–10 M urea in 0.1 M NaAc (pH 5)). The
denaturant concentration was increased at constant
volume by replacing an aliquot of the previously
measured sample with the same volume of the unfolded
protein solution. This experimental design helped to
reduce protein consumption. Samples were equilibrated
for 3 to 5 min at 15 8C prior to every measurement.
Denaturant titration experiments on wild-type cyt c
(Sigma) were performed on separately prepared samples
incubated overnight in the presence of various amounts
of denaturant. The denaturant concentration for each
point of the titration was determined by measuring
refractive index (G3!10K4), using a Leica Abbe Mark II
refractometer (Leica Microsystems, Exton, PA).
Optical spectroscopy

Absorbance measurements were performed on a
Lambda 6 Perkin-Elmer (Boston, MA) and a Hitachi
U-3010 UV/VIS (Digilab Hitachi, Randolph, MA) spec-
trophotometers. In order to monitor spectral changes over
wide 250 nm–800 nm range two separate experiments
with different path lengths and protein concentrations
were performed. Spectra in the Soret region (350 nm–
500 nm) were recorded at protein concentrations of 5 mM
or 25 mM using 1 cm or 0.2 cm quartz cuvettes, respect-
ively. For the near-UV (250 nm–350 nm) and visible/near-
IR regions (500 nm–800 nm), 80 mM protein solutions and
a 1 cm path length were standard. Typical scan rate of
1–2 nm/s and a constant 1 nm bandwidth were used in
both cases.

Fluorescence measurements were performed on a PTI
fluorimeter (Photon Technology International, Lawrence-
ville, NJ). Excitation and emission wavelengths were
280 nm and 350 nm, with the excitation and emission
bandwidths set to 4 nm and 8 nm, respectively. Typical
protein concentration was 10 mM. Denaturation curves
were obtained by scanning complete emission spectra or
by 100 s kinetic trace measurements at 350 nm to improve
quality of the data.

CD measurements were performed on a model 62A DS
AVIV circular dichroism spectrometer (Lakewood, NJ)
equipped with a thermoelectric temperature control unit.
Denaturant-induced changes in the far-UV region were
monitored at 225 nm with 0.2 cm path length; changes in
the near-UV (aromatic) region were typically followed at
294 nm corresponding to one of two negative peaks
originating from Trp59,42 using a 1 cm cuvette. The
bandwidth was usually set to 2 nm for both UV regions
and a 120 s kinetic trace was recorded at each denaturant
concentration. Protein concentrations were 13 mM and
40 mM for far and near-UV CD measurements, respec-
tively.
NMR measurements

15N-labeled H33N cyt c was exchanged extensively
with 50 mM sodium bicarbonate (pH 7–8) via ultrafiltra-
tion (Centriplus YM-10, Millipore) and lyophilized. 1 mM
solutions of native and unfolded cyt c were prepared by
dissolving the lyophilized protein in 0.1 M NaAc, 5%
2H2O(pH 5) containing no urea or 9.7 M urea, respect-
ively, and a small amount of DSS. The total of 7 mg of cyt c
were used for the equilibrium unfolding experiment.
1H–15N HSQC spectra were collected initially for the fully
native and unfolded (9.7 M urea) samples, followed by
titration from 0 to 5.8 M urea.

NMR spectra were collected at 15 8C on a Bruker DMX
600 MHz spectrometer equipped with a 5 mm x,y,z-
shielded pulsed-field gradient triple-resonance probe.
To confirm resonance assignments, 15N edited NOE-
HSQC and TOC-HSQC,86 HNHA,87 and HNHB88 spectra
were collected. The previously published 1H assignments
for WT horse cyt c89 were used as a reference for assigning
the 1H–15N cross-peaks. Urea-induced unfolding was
studied by recording 1H–15N HSQC spectra90 for 11
samples at urea concentrations of 0, 0.92 M, 1.90 M,
2.84 M, 3.39 M, 3.88 M, 4.29 M, 4.80 M, 5.28 M, 5.63 M,
and 5.81 M. The samples were prepared by proportional
mixing of the native protein stock (1 mM protein in
100 mM sodium acetate (pH 5)) and the unfolded protein
stock (1 mM protein in 9.7 M urea with 100 mM sodium
acetate (pH 5)). The final urea concentration was
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determined by its refractive index. 1H–15N HSQC
experiments were run with 256 experiments in 15N
dimension (t1) consisting of 40 scans and 4096 data
points in 1H dimension (t2). The spectra processing and
contour peak integration were done by using Felix
(Accelrys, San Diego, CA, USA).
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