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• Thermal denaturation of cyt c at pH N 5
has a non-two-state nature.

• Thermal transition of cyt c at pH N 5
proceeds through non-native low-spin
states.

• Local conformational transition re-
sembles alkaline-like transition.

• Final state of global conformational
transition resembles bis-histidinyl state.

• Thermal transition of cyt c at pH b 5 is a
one step process from low to high-spin
states.
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Thermal denaturation of ferricytochrome c (cyt c) has been methodically studied by absorbance, fluorescence,
circular dichroism spectroscopy, viscosimetry and differential scanning calorimetry in pH range from pH 3.5 to
7.5. Thermal transitions have been monitored by intrinsic local probes of heme region such as absorbance at
Soret, 620 nm and 695 nm bands and circular dichroism signals at 417 nm. Global conformational changes
were analyzed by circular dichroism signal at 222 nm, fluorescence of the single tryptophan, reduced viscosity
and differential scanning calorimetry. We show that cyt c thermal denaturation above pH ~5 can be described
by an apparent two-step transition in which the heme iron stays in a low-spin state. The thermal denaturations
of cyt c below pH ~5 proceed in one step to an unfolded highly compact formwith a high-spin state of the heme
iron. Cyt c conformational plasticity is discussed in regard to its physiological functions.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Cytochrome c is a small globular protein consisting of a single poly-
peptide chain and a heme group covalently attached to it. In the native
form, its heme iron is hexacoordinated, the fifth and sixth axial ligands
being provided by the side chains of His18 and Met80, respectively [1].
In this configuration, the protein is in the low-spin state.
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The pioneeringwork of Theorell andÅkesson [2] revealedfive equilib-
riumconformers of ferricytochrome c (cyt c) over a conventional pH scale
(0–14). Their findings pointed out that cyt c, besides its native functional
form, can exist in at least one alternative conformation with low-spin
state of heme iron at alkaline pH at room temperature — in the so-
called alkaline state. The fact that modified properties (e.g. redox poten-
tial of the heme iron) of cyt c in the alkaline state might affect its physio-
logical role in mitochondria has attracted a lot of interest in studying its
properties. Intensive studies led to a finding that Met80 is in the alkaline
state replaced by one of the lysine side chains (Lys72, Lys73 and Lys79)
[3–7]. Interestingly, the critical roles of these lysines have been very re-
cently implied also in cyt c–cardiolipin recognition and thus as well in
peroxidase activity of cyt c in early steps of apoptosis [8,9].

Myer et al. [10] showed that chemical denaturation of cyt c is a com-
plex process consistent with themechanism: N⇆ nX⇆D, where the de-
natured state (D) is attained from native protein through unknown
intermediate states (X). In fact, an in-depth analysis of isothermal dena-
turation of cyt c by NMR spectroscopy [5,6] unambiguously identified
an existence of well-defined non-native ligation geometry with His–Lys
heme ligation, reminiscent of the alkaline state, at moderate concentra-
tions of denaturants and His–His ligation of heme iron at high concentra-
tions of denaturants in neutral pH.

The presence of stable intermediate state(s) of cyt c due to a perturba-
tion of its native state (by pH and denaturants) is consistent with the so-
called “foldon theory” introducedby Englander's group [11,12]. According
to this theory, cyt c consists of five foldons (structurally independent re-
gions) which unfold in interdependent, sequential way that constructs
unfolding pathway of the protein [12]. Interestingly, in this model one
of the least stable regions (foldons) is 70–85 omega loop encompassing
the native ligand of heme iron, Met80, as well as the non-native ligands
Lys72, Lys73 and Lys79.

In analogy with the isothermal denaturation, it is reasonable to as-
sume a similar behavior of cyt c in the process of thermal denaturation.
However, one of the basic works in the field of thermal stability of pro-
teins [13] clearly showed that thermal denaturation of cyt c was all-or-
none transition at pH ≤ 4.6, implying that cyt c thermal denaturation pro-
ceeds without a presence of stable intermediates. However, several more
recent studies pointed out an existence of conformational transition in
mitochondrial cyt cwhich occurs well before a main transition that is ac-
companied with a loss of its secondary structure [14–20]. Some of these
works indicated that the thermal transition preceding the major transi-
tion is similar to the alkaline isomerization of cyt c [14,17,18,20]. Howev-
er, the findings regarding an existence of the stable alkaline-like
intermediate state in the thermal denaturation of cyt c and a nature of
its final thermally-denatured state at neutral pH have not been further
elaborated.

Numerous results obtained in our laboratory pointing out to a non-
two-state thermal denaturation of cyt c at neutral and slightly acidic pH,
as well as intriguing possibility of a physiological role of the alkaline-like
state of cyt c, motivated us to perform a systematic analysis of the thermal
denaturation of cyt c at these conditions. We have used a number of
methods to investigate thermally-induced unfolding of cyt c over the
pH range 3.5–7.5. The local stability was probed by electronic absorption
and circular dichroism (CD) in the Soret region, whereas the global struc-
tural changeswere studied by CD at 222 nm, intrinsic tryptophan fluores-
cence emission and viscosimetry. In addition, we employed differential
scanning calorimetry (DSC) that has a potential to probe both local and
global structural perturbations in cyt c. This work presents an attempt
to fill up a gap in our understanding of such basic property as is the ther-
mal stability of cyt c at neutral and slightly acidic pH, i.e. at its physiolog-
ical pH in the intermembrane space in mitochondria.

2. Materials and methods

Horse heart cyt c was obtained from Sigma-Aldrich (St. Louis, MO,
USA). All other chemicals were purchased from Fluka and Sigma-
Aldrich. The protein was fully oxidized prior to the measurements by
the addition of 1 μl of 11 mM potassium ferricyanide to 1 ml of sample.
The pH of the samples was determined using a HI 9017 pH meter
coupled to a HI 1330 pH electrode (Hanna Instruments Srl, Padova,
Italy). All measurements were performed in 10 mM and 50 mM buffers
(glycine in the pH range of 2.8–3.7, sodium acetate in the pH range of
3.6–5.5, sodium cacodylate in the pH range of 5.0–7.0, sodium phos-
phate in the pH range of 6.0–7.5, MOPS in the pH range of 6.5–7.5,
HEPES in the pH range of 7.0–8.0, Tris–HCl in the pH range of 7.0–8.5).

2.1. Absorption measurements

Optical absorption datawere collected in a Specord S 300UVVIS and
Specord S 600 diode array spectrophotometer (Analytik Jena AG, Jena,
Germany) equipped with a Peltier-thermostated cell holder with a
PTC 100 control unit. The temperature was changed from 25 to 95 °C
with a heating rate of 1 °C/min. The protein concentration was 8 μM
for measurements in the Soret region; 100 μM in the region at
500–720 nm.

2.2. Circular dichroism measurements

A Jasco J-810 spectropolarimeter (Tokyo, Japan) equipped with a
Peltier type thermostatted single cell holder (PTC-423S) was used for
circular dichroism measurements. Ellipticities were measured at
222 nm and 417 nm in 1 mm and 1 cm pathlength quartz cuvettes, re-
spectively. The temperature was changed from 25 to 95 °C with a
heating rate of 1 °C/min. Cyt c concentrations were 50 μM and 10 μM
in the far-UV and the Soret regions, respectively.

2.3. Fluorescence measurements

Fluorescence measurements were performed with a Varian Cary
Eclipse fluorescence spectrophotometer (Varian Australia Pty Ltd)
equipped with a Peltier multicell holder. The temperature was changed
from 25 to 95 °C with a heating rate of 1 °C/min. The excitation wave-
length was 290 nm and emission at 350 nmwas collected. The protein
concentration was 8 μM.

2.4. Viscosity measurements

All viscosimetric measurements were performed on a rotational
contactless viscometer VISCODENS [21]. It is a Couette-type non-
contact viscometer that allows the measurement of the true bulk vis-
cosity at a constant shear rate eliminating errors caused by the surface
shear viscosity. The precision of viscosity measurements is approxi-
mately 0.1%. The volume of the sample was 1.6 ml, shear rate γ was
60/s. The solution of cyt c was freshly prepared before each measure-
ment and the concentration of cyt c was about 242 μM (3 mg/ml). The
baseline was measured for each measurement with a corresponding
buffer in the absence of the protein. VISCODENS allowed the measure-
ment of the temperature dependence in the scanning mode with the
precision of ±0.02 °C. The thermal denaturation of cyt c at different
pH values was followed with a constant scan rate of 20 °C/h. Higher
scan rates were not possible due to the limitations of the viscosimeter.
Reduced viscosity was calculated using an equation:

ηred ¼ 1
c
η−η0
η0

ð1Þ

where ηred is the reduced viscosity of a protein, η is the viscosity of a
solution, η0 is the viscosity of a solvent and c is a protein concentration
in g/ml.
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2.5. Differential scanning calorimetry measurements

DSC experiments were performed on a VP-DSC differential scan-
ning microcalorimeter (Microcal, Northampton, MA) at a scan rate
of 1 °C/min. Cyt c concentration was 82 μM. Measurements were
carried out under a constant overpressure of 1.5 atm. A background
scan, collected with a buffer in both cells, was subtracted from each
sample scan. The reversibility of the transitions was assessed by
the reproducibility of the calorimetric trace in a second heating
cycle performed immediately after cooling from the first scan. Excess
heat capacity curves were plotted using Origin software supplied by
Microcal.

2.6. Analysis of the data

The individual experimental data sets (absorbance, CD or Trp fluo-
rescence emission values) were analyzed as a single-step process
(state 1 ⇄ state 2) by applying a non-linear least-squares fit based on
the following equation:

Sobs ¼
S1 þm1T þ S2 þm2Tð Þ exp ΔHvH

R
1
Ttrs

−
1
T

� �� �

1þ exp
ΔHvH

R
1
Ttrs

−
1
T

� �� � ð2Þ

where S1 and S2 represent intercepts of the pre-transition and post-
transition baselines with y-axis, respectively, m1 and m2 are the slopes
of the pre-transition and post-transition baselines, respectively, ΔHvH

is the enthalpy change at the transition temperature Ttrs, R is the gas
constant and T is the temperature.

Analysis of thermal denaturation of cyt c measured by DSC at
pH N 5.5 indicates that the process of its thermal denaturation has a
non-two-state character and can be described by the following (mini-
malist) scheme:

N↔K1 I↔K2 D ð3Þ

where N is native cyt c, I is an intermediate form of cyt c and D is a
thermally denatured form of the protein.

Assuming that both of the steps are reversible, the equilibrium
constants are calculated by the following equations:

K1 ¼ exp
ΔHvH1

R
1

Ttrs1
−

1
T

� �� �
ð4Þ

K2 ¼ exp
ΔHvH2

R
1

Ttrs2
−

1
T

� �� �
ð5Þ

where ΔHvH1 is the van't Hoff enthalpy change at the transition temper-
ature Ttrs1 and ΔHvH2 is the van't Hoff enthalpy change at the transition
temperature Ttrs2.

Providing that K1 ¼ f I
f N
, K2 ¼ f D

f I
and fN + fI + fD = 1, the individual

fractions were calculated as follows:

f N ¼ 1
1þ K1 þ K1K2

ð6Þ

f I ¼
K1

1þ K1 þ K1K2
ð7Þ

f D ¼ K1K2

1þ K1 þ K1K2
: ð8Þ

The fractions, fN and fD, dependences on temperaturewere used for a
comparison of thermal transitionsmonitored by DSCwith thermal tran-
sitions measured by other methods as shown in Fig. 4.
3. Results

3.1. Intrinsic probes of local conformational changes in cyt c

Absorption spectrumof cyt c in visible region is particularly sensitive
to conformational changes in heme region (Fig. S1). The Soret band (in
spectral region at 350–450 nm) sensitively reflects changes in close
heme environment [22,23] and band at 695 nm is a sensitive probe of
Met80-heme iron bond [24]. Moreover, band at 620 nm (absent in
low-spin state of native from of cyt c) is an indicator of a high-spin
state of heme iron in the protein, i.e. replacement of strong ligand at
the 6th axial position of heme iron with a weak ligand such as water
molecule [25]. Another sensitive probe of heme region is characteristic
doublet in the Soret region of CD spectrum of cyt c (Fig. S2). The inten-
sity of the negative band at 417 nm depends on heme–protein interac-
tions [26] and reflects the direct interaction of π → π⁎ transition of the
aromatic ring of Phe82 with π → π⁎ transition of the heme group [27].
A decrease in the intensity of the negative lobe in the Soret region sen-
sitively reflects changes in the distance and/or orientation of the phe-
nylalanine residue regarding the heme in cyt c [28]. Disappearance of
417 nmnegative cotton effect, change inmaximum position and ampli-
tude of Soret bandanddisappearance of 695 nm in absorption spectra of
cyt c were observed as a result of pH change, replacement of Met80–
heme iron bond by extrinsic ligands (such as imidazole, cyanide,
azide) [22,29], or chemical modification [15], perturbations induced
by denaturants (such as urea, guanidine HCl, alcohols), by elevated
temperature [22,30,31] and by complexation with model membrane
surface and hydrophobic polyanions [32–34]. To monitor local confor-
mational changes in close proximity of heme region of cyt c, we utilized
all the discussed spectral intrinsic probes, i.e. absorbance bands in Soret
region, at 620 nm and 695 nm as well as CD signal at 417 nm.

The CD spectrumof cyt c in the near-UV region provides information
regarding environment around aromatic aminoacid residues (Fig. S2).
The spectrum is characterized by: (i) two sharp minima at 282 nm
and 288 nm assigned to the Trp59 side chain [22,35], and (ii) two over-
lapping bands centered around 251 nm and 262 nm attributed to tyro-
sine side chains and porphyrin transitions, respectively [22,36].
However, these bands are relatively insensitive to local heme perturba-
tions induced by extrinsic ligands or pH variations [22].
3.2. Monitoring of global conformational changes

To monitor global thermally-induced changes in cyt c we used:
(i) the band 222 nm in the far-UV CD spectrum, (ii) fluorescence of
Trp59, (iii) viscosimetry, and (iv) method of differential scanning calo-
rimetry (DSC).

The 222 nm band in the CD spectrum is a well-known sensitive
probe forα-helical secondary structure of proteins. In fact, the structur-
al unit (or foldon) formed by amino- and carboxyl-terminal helices is
themost stable structure in cyt c, unfolding ofwhich indicates global de-
stabilization of the protein [11,12].

Cyt c contains suitably located internal fluorescence probe — single
tryptophan, Trp59, which is in a native state quenched by close heme
due to resonance energy transfer [37–39] (Fig. 1). The sharp distance
dependence of the fluorescence quenching and fluorescence zero base-
line amplitude make it exceedingly sensitive to structural changes oc-
curring around the heme [37,38,40–42]. Structural perturbation of
deeply buried Trp59 accompanied by appearance of its fluorescence is
another indication of global destabilization of cyt c.

Viscosimetry represents a suitable method for the study of spatial
protein distribution. Based on the experimental results using
viscosimetry either on its own or in combination with other methods
mentioned above that allow themonitoring of the global conformation-
al changes we can deeply describe the conformational changes of the
protein at the level of tertiary structure.
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DSC is an experimental method that enables us to monitor
thermally-induced conformational changes of proteins by measuring
amounts of absorbed (or released) heat which accompanies such
changes [43,44].

3.3. Thermally-induced transitions of cyt c in neutral and acidic pH values

Fig. 2A shows transition temperatures of thermally-induced transi-
tions in dependence on pH obtained from measurements monitored
by absorbance and CD spectroscopy intrinsic probes, tryptophan fluo-
rescence, viscosimetry, and DSC. This dependence may be formally di-
vided into two parts: (i) pH ≤ 5.0 and (ii) pH ≥ 5.0. The breaking point,
at pH ~5.0, corresponds to an appearance of high-spin state of heme
iron in a thermally-denatured state (95 °C) as indicated by sigmoidal
dependence of the band at 620 nm with pKa = 4.9 ± 0.2 at given con-
ditions (Fig. 2A). In the pH range below pH 5.0 transition temperatures
obtained by all utilizedmethods, i.e. methodsmonitoring both local and
global conformational changes, are overlapping. At pH ~5.0, however,
the dependence splits into two branches in the pH range of 5.0–7.5
(Fig. 2). The “upper” branch represents transition temperatures that
slightly increase with pH while in the “lower” branch the transition
temperatures decrease markedly with pH. Noteworthily, the upper
branch of the dependence consists of transition temperatures
obtained by the probes/methods detecting global structural changes in
cyt c such as CD at 222 nm, tryptophan fluorescence and DSC (major
transition observed at higher temperatures, see below). On the other
hand, the lower branch consists of transition temperatures obtained
by monitoring local conformational changes such as absorbance and
CD of Soret band, and absorption band at 695 nm and CD signal at
417 m. The transition temperature of the first (of two) thermal event
monitored by DSC falls into the lower branch dependence of the transi-
tion temperatures.

Analogous dependence is evident froma plot of van't Hoff enthalpies
of the thermal transitions vs the pH value of solvent (Fig. 2B). The
shown dependences indicate the local thermally-induced conforma-
tional changes, which occur at lower transition temperatures, and are
accompanied with lower van't Hoff enthalpies than the global
thermally-induced conformational changes.

In general, an apparent enthalpy value is significantly affected by the
presence of intermediate(s) and/or irreversible step(s) in denaturation
process. In the former case, the presence of intermediate(s) causes a
decrease in an apparent value of derived van't Hoff enthalpy. In the
Fig. 1. Structure of native horse heart cyt c (1HRC.pdb [39]). Potential non-native
axial ligands (His26, His33, Lys72, Lys73, and Lys79) as well as Trp59 are depicted
by their side chains.
Visualized by WebLab ViewerLite version 4.0 software (Accelrys, San Diego, California).
latter one, an irreversible step in protein denaturation leads to sharper
and asymmetrical transition which results in an increase of an apparent
value of van't Hoff enthalpy. The presence of intermediate(s) affects an
apparent enthalpy of denaturation only when the intermediate(s) are
hidden, i.e. two or more transitions are not properly distinguished
from each other. In the present work, this is the case of thermal transi-
tions of cyt c in the pH region close to the branching point at pH ~5. In
fact, values of the apparent van't Hoff enthalpies of cyt c transitions
are the most spread in the pH range of 5.0–5.5 (Fig. 2B). Thermal tran-
sitions at pH b 5 have a two-state character, while on the other hand,
at pH N 5.5 the thermal transitions are relatively well separated. Revers-
ibility of thermal transition of cyt c decreases with increasing value of
pH from more than 90% at pH ~5 to 60–70% at pH ~7.5. Moreover, re-
versibility of thermal transitions steeply decreaseswith protein concen-
tration. Although thermal transition of cyt c corresponding to global
unfolding is quite symmetrical (measured by DSC as well as optical
methods) (Fig. 3) an irreversible step apparently affects van't Hoff en-
thalpy of the transition. In fact, the dependence of irreversible step on
protein concentration suggests an explanation why the van't Hoff en-
thalpies derived from DSC experiments (at cyt c concentration 80 μM)
are significantly higher than the ones derived from experiments per-
formed at nearly 10-fold lower concentration by optical methods at
neutral pH. Therefore, obtained van't Hoff enthalpies do not allow us
to unambiguously interpret their values in regard to cooperativity of
thermal transitions of cyt c in the pH range of 5.0–7.5. However, on
the other hand, different values of van't Hoff enthalpies obtained by di-
verse experimental techniques at pH b 5.0, i.e. when thermal transitions
of cyt c have a two-state character, suggesting that cooperativity of cyt c
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thermal transition is different in different parts of cyt c in consistency
with the foldon theory [11,12].

Data shown in Fig. 2 are obtained from sigmoidal dependencies of
signals monitored by UV–VIS and CD spectroscopies, tryptophan fluo-
rescence and DSC such as shown in Fig. 3. The normalized dependencies
of thermal transitions at pH 4, 5, 6, and 7 (Fig. 3) show that a difference
between transition temperatures of local changes in the heme region
and the global changes diminishes with decreasing pH.
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DSC is a sensitive technique able to sense both thermally-induced
conformation transitions in cyt c that are detected separately either by
the local or by global intrinsic spectral probes (insets in Fig. 3).

3.4. Thermally-induced transitions of cyt c in neutral and acidic pH values
measured by DSC

DSC measurements of cyt c show an intricate dependence on pH
(insets in Figs. 3, S3) in analogy with transition temperature depen-
dence on pH shown in Fig. 2. Below pH ~5 thermal transitions of cyt c
are of all-or-none nature as follows from the fact that the ratio of van't
Hoff and calorimetric enthalpies (obtained from the same DSC experi-
ment) is close to value one (Table S4), i.e. thermal transitions of cyt c
at pH ≤5 comply with the necessary condition for all-or-none thermal
transition [13]. The transitions are highly reversible (N95%) what was
assessed from re-scanning of re-cooled thermally-denatured protein.
At pH ≥5, the thermal transitions of cyt c aremore complex as indicated
by the presence of two apparent transitions in DSC profile (insets in
Figs. 3, S3). Although reversibility of the transitions decreases with in-
creasing pH, it is still reasonably high (~60–70%) at the neutral pH. It
needs to be stressed that both DSC profile of cyt c and the reversibility
of its thermal transitions are fairly independent on the used buffer
(MOPS, HEPES, phosphate buffer, sodium cacodylate) as well as on the
buffer concentration within studied concentration range (10–50 mM)
at the neutral pH. The exception is the buffer Tris–HCl (Fig. S4) due to
its strong pH dependence on temperature, dpH/dT ~−0.028 pH units/
deg [45]. In fact, a pH value of Tris–HCl solution with pH 7.4 prepared
at 20 °C decreases to pH ~6.0 at 70 °C. This is well indicated by a shift
of the lower branch of cyt c transition temperatures measured in
50 mM Tris–HCl buffer by more than ~1 pH unit to higher pH values
(Fig. S5) as well as from the observation that DSC profile of cyt c
measured in Tris–HCl at pH 8.0 is comparable to DSC profile of cyt c
measured in other buffers (of which pH is temperature independent)
at pH ~7.0 (Fig. S4).

3.5. Non-two-state thermal denaturation of cyt c

Based on the above results, thermal transition of cyt c consists of two
apparent steps and can be described by the minimalist scheme (3):
N↔Tlocal I↔Tglobal D , where N, I and D are native, intermediate and
thermally-denatured (final) states of cyt c, respectively. Calculation of
temperature dependence of fractional populations of individual states
of cyt c at different pH values according to Eqs. (6)–(8) based on param-
eters obtained from the thermal transitions of cyt c presented in Fig. 3 is
summarized in Fig. 4. Obtained fractional populations of native, inter-
mediate, and final thermally-denatured states of cyt c show their
dependence on pH. The population of the intermediate state(s) is max-
imal at pH 7.0when it reaches the fractional population 85–90% at ~70–
75 °C (Fig. 4, upper part). The population of the intermediate
state(s) significantly decreases with decreasing pH and becomes negli-
gible at pH ≤5.0 (Fig. 4, middle and lower parts).

3.6. Properties of the intermediate and the final thermally-denatured states
of cyt c monitored by local and global conformational probes

The methods sensitive to local conformational changes, such as ab-
sorbance and CD differential spectra in the Soret region, enabled us to
closely analyze: (i) the intermediate state of cyt c at pH 7.0 and (ii) pH
dependence of the final thermally-denatured states of cyt c. The differ-
ential spectra of the intermediate and the final thermally-denatured
states were obtained by subtracting of cyt c spectrum at 25 °C from
the spectrum obtained at 75 °C and 95 °C, respectively (Fig. 5). For com-
parison purposes, the differential spectra obtained by subtracting native
spectrum (obtained at pH 7.0) from alkaline (obtained at pH 11.0) at
25 °C are also presented for absorbance (inset Fig. 5A) and CD (Fig. 5B).
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The absorbance differential spectrum of intermediate state of cyt c at
pH 7.0 indicates a resemblance of the thermally-denatured state with
the alkaline state of cyt c. This follows from the fact that the maxima
and minima of both differential spectra are at the same wavelengths,
~402 nmand ~416 nm, respectively, and amplitudes of both differential
spectra are similar (inset Fig. 5A). The absorbance differential spectrum
of the final thermally-denatured state at pH 7.0 is also similar to the al-
kaline state of cyt c, butwith decreasing pH its maximum shifts towards
~394 nm pointing out to a formation of different conformational
state(s).

Analogously, the differential CD spectrum of the intermediate state
of cyt c, obtained by subtracting the spectrum recorded at 25 °C from
the one recorded at 75 °C at pH 7.0, is similar in shape and amplitude
with the differential spectrumof cyt c in the alkaline state, i.e.maximum
positioned at ~417 nm and a shoulder at ~404 nm. The differential CD
spectrum of the final thermally-denatured and the alkaline states of
cyt c are comparable in the shape but the amplitude of the thermally-
denatured state is higher. Decreasing pH does not affect the position
and the amplitude of the thermally-denatured state of cyt c but leads
to an appearance of anothermaximumat ~400 nm indicating formation
of another conformational state(s).

The methods monitoring global conformational changes in cyt c
such as intrinsic tryptophan fluorescence and reduced viscosity are in-
sensitive towards conformational changes of cyt c in the intermediate
and alkaline states. This conclusion follows from the absence of changes
in tryptophanfluorescence and reduced viscosity of cyt c both at 75 °C in
pH 7.0 and at the alkaline state of cyt c (Figs. 6, 7) [46,47]. On the other
hand, the appearance of tryptophan fluorescence in the final thermally-
denatured cyt c at pH 7.0 points out a global conformational change of
the protein. Although reduced viscosity of cyt c was not possible to de-
termine for temperatures over 80 °C, obtained data indicate a slight in-
crease in the reduced viscosity at ≥75 °C supporting thus a global
conformational change observed by the fluorescence. Decreasing pH
leads to significant destabilization of cyt c following from a decreasing
transition temperature observed by Trp59 fluorescence (Fig. 6). Unfor-
tunately, strong quenching of tryptophan fluorescence with increasing
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temperatures hampered a comparison of the thermally-denatured
states of cyt c at different pH values. On the other hand, reduced viscos-
ity value of the thermally-denatured cyt c at pH ~4.0 strongly indicates
that cyt c is in a highly compact state even at such destabilizing condi-
tions. In fact, even at pH 3.5 when cyt c is strongly destabilized as indi-
cated by the low transition temperature obtained from tryptophan
fluorescence measurements (Fig. 6), its reduced viscosity is still by
~40–50% lower the value of cyt c in fully extended denatured state
(~22 ml/g) [40].

4. Discussion

The results of the present study: (i) show, for the first time, non-
two-state nature of thermal denaturation of cyt c at neutral and slightly
acidic pH, (ii) in accordance with previous findings, indicate a similarity
of the intermediate state in thermal denaturation with the alkaline-like
state of cyt c, and (iii) for the first time suggest, in analogy with isother-
mal denaturation studies, bis-histidinyl ligation of the heme iron in the
final thermally-denatured state of cyt c in the pH range of ~5.0–7.5.

4.1. Non-two-state thermal denaturation of cyt c at neutral pH

Although the authors of several previous studies noticed sequential
events in the thermal denaturation of cyt c in neutral pH [14,16–20,
49], the novelty of our work is that we show that the intermediate
state is present not only at neutral pH but also at acidic pH, i.e. in the
pH range from ~5 to pH 7.5. The population of the intermediate state
significantly decreases with decreasing pH and at pH ~5 is negligible.

4.2. Resemblance of the intermediate state of cyt c thermal denaturation at
neutral and slightly acidic pH values with its alkaline state

The intermediate state of cyt c formed in thermal denaturation is
characterized by native-like global conformationwith a local conforma-
tional change in its heme region. The native-like, i.e. highly compact,
global conformation can be deduced from (i) the absence of changes
in the protein secondary structure monitored by ellipticity in the far-
UV CD, (ii) the intact tertiary structure as indicated by an absence of
Trp59 fluorescence and identical reduced viscosity as the native state,
(iii) the maintenance of the low-spin state of heme iron as indicated
by an absence of the 620 nm band in absorbance spectroscopy, and
(iv) an observation that a formation of the intermediate state is accom-
panied by only small calorimetric enthalpy. However, the intermediate
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state differs from the native state of cyt c by local conformational change
in the heme region reflected by: (i) disappearance of the band 695 nm,
(ii) decrease in amplitude of negative cotton effect at 417 nm and
(iii) change in the Soret absorption band. Interestingly, native-like na-
ture of cyt c as well as observed spectral properties of the intermediate
state in thermal denaturation of cyt c at neutral and slightly acidic pH
values are similar to properties of its alkaline state formed in alkaline
pHwith pKa ~ 9.0–9.3 at low ionic strength [50]. In fact, the same conclu-
sion regarding a resemblance of thermally-denatured state of cyt cwith
its alkaline state has been reached by authors of several previous studies
[14,17,18,20]. Interestingly, this is in accordance with conclusions
drawn from isothermal denaturation studies of cyt c by denaturants
such as GdnHCl and urea at neutral pH pointing out on an existence of
alkaline-like intermediate state in the unfolding process [5,6]. This
leads to an intriguing conclusion that cyt c unfolding proceeds through
common intermediate states independent on a triggering factor (chem-
ical denaturant or temperature) of the unfolding process. Although ly-
sine is quite an unexpected ligand for heme iron at neutral pH (due to
a high value of pKa ~ 11 of amine group in a lysine side chain), high ef-
fective concentration of lysine residues (Lys72, Lys73 and Lys79)
around the 6th ligand position of the heme iron and strong Lys–heme
iron bond causes the formation of the alkaline-like state at neutral pH
after Met80–heme iron bond perturbation. In fact, destabilization of
heme pocket, more specifically the 70–85 omega loop foldon by:
(i) mutation, e.g. Phe82 [51], (ii) Hofmeister anions [52], (iii) modifica-
tion of dielectric constant of solvent, e.g. in the presence 30% acetonitrile
in water [53], (iv) chemical denaturant [5,6], or (v) increased tempera-
ture [14,17,18,20, the present work] may drive displacement of Met by
Lys even near neutral pH.

Noteworthy, the present work also shows that the transition
N↔Tlocal I can be detected by DSC. The presence of two distinct steps in
the thermal denaturation of cyt c monitored by DSC was noticed in
two previous studies [15,32] where the low-temperature event was
interpreted as loosening of protein structure in the vicinity of heme
crevice.We show that the low-temperature event is highly reproducible
but strongly pH-dependent as it is demonstrated bymeasurements per-
formed in Tris–HCl buffer (Fig. S5). The transition temperature of this
step obtained from DSC is in excellent consent with those obtained
from local (spectral) probes strongly indicating that this transition rep-
resents a conformational change in the heme region of cyt c due to re-
placement of Met80 for another strong-field ligand(s), lysine(s).
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4.3. The final thermally-denatured states differ in pH ≤5 and in the pH
range from ~5 to 7.5

The high-temperature event, I↔Tglobal D , i.e. formation of the final
thermally-denatured state, accompanied with global structural changes
such as significant decrease in secondary structure indicated by a
decrease in amplitude of CD signal at 222 nm and perturbation of the hy-
drophobic core of cyt c demonstrated by an appearance of Trp59 fluores-
cence and an increase in reduced viscosity is even less understood than
the formation of the intermediate state. The final thermally-denatured
state cannot be considered as unstructured statewith expanded structure
as the heme iron is in the low-spin state indicating the presence of a
strong-field ligand at the 6th ligand position. The existence of the low-
spin heme iron along with a significant structural perturbation of cyt c
in the final thermally-denatured state strongly indicates that cyt c forms
where the strong-field ligand in intermediate state (Lys72/Lys73/Lys79)
is replaced by another strong-field ligand, very likely one of histidines
26/33. This conclusion follows from: (i) assumption of analogous confor-
mational states in isothermal and thermal denaturation of cyt c [6,54], and
(ii) similarity of His pKa value with the pH value of ~5.0 at which two
branches of transition temperatures merge (Fig. 2), and (iii) the observa-
tion that the nature of the finally-denatured state changes from low
(pH N 5) to high spin (pH ≤ 5) state of heme iron. If histidine occupies
the 6th position of the heme iron in the final thermally-denatured state
at pH ≤ 5, its side chain becomes protonated and unable to serve as the li-
gand for heme iron and leaves the 6th ligand position available for a
weak-field ligand most likely a water molecule. In fact, the existence of
pH-induced conformational transition of denatured form of cyt c (from
a compact form at neutral pH to an extended form at acidic pH) with
pKa ~5.0–5.1 strongly indicates an analogywith our results [31,37,40]. In-
volvement of His26 but preferably His33 as the 6th ligand of heme iron
during chemically-induced unfolding or refolding from chemically-
denatured state is well documented [49,54–57]. Interpretation of the re-
sults presented in this work in accordance with previous analysis is sum-
marized in Fig. 8.
4.4. Effect of pH on thermal denaturation of cyt c at different pH values and
possible physiological implications

Cyt c has been shown to performmany physiological functions in the
mammalian cell [58]. Besides its well-known function as a shuttle of elec-
trons between cyt bc1 and cyt c oxidase, it has both antioxidant and
peroxidase-like activities and after release from mitochondria it partici-
pates at initiation stages of apoptosis [9,59–62]. All of these functions de-
pend on a particular conformation state, stability ofwhich depends on pH
and properties of its close environment. Thus two populations of cyt c lo-
cated in intermembrane mitochondrial space, i.e. membrane-bound and
free fractions, might face to different regulation by the surrounding pH
value. While the relative size of membrane-bound fraction of cyt c can
be modulated by ATP/ADP ratio and/or protein phosphorylation [58],
pH value of intermembrane space can be effective modulator both the
fraction of protein bound to membrane as well as conformational state
of cyt c with functional consequences. Decreased pH in intermembrane
space in mitochondria, as well as local decrease of dielectric constant
near themembrane surface,might significantly affect stability both native
(free) and alternative states of cyt c in membrane-bound form [63,64]. In
fact, experiments mimicking such environment indicate formation of
alkaline-like conformation of cyt c [53,65]. However, cyt c in alkaline
state loses its ability to shuttle electrons between complexes in the respi-
ratory chain aswell as its peroxidase activity [66]. Reversible formation of
alkaline-like (His18/LysX) intermediatemight thus serve for cyt c as an ef-
ficient defensive mechanism against reactive oxygen species. On the
other hand, an increase of transition temperature with decreasing pH
(in the pH range of 5–7.5) works in opposite direction as it increases sta-
bility of functional (His18/Met80) form of cyt c over its alkaline-like state.
Acidification of intermembrane space due to electron-transfer accompa-
nied proton-pumping activity of complexes in the inner mitochondrial
membrane might thus be important to secure sufficient fraction of func-
tional cyt c. Further decrease in pH, below pH ~5, leads to an increase of
net positive charge of cyt c with increased affinity towards negatively
chargedmembrane surface. In an extreme situation, in onset of apoptosis,
the interaction cyt c-membrane surface strengthened by enrichment of
negatively charged phospholipid cardiolipin outer leaflet of inner mem-
brane significantly decreases redox potential of heme iron and turns cyt
c into a peroxidase [67–69]. In such case, cyt c should be in an extended,
bis-histidinyl or high-spin state conformation. Indeed, very recently it
has been found that cyt c in complex with cardiolipin is in His18/HisX
conformation [70]. Noteworthily, thepresence of lysines in corresponding
positions of Lys72, Lys73 and Lys79 in horse heart cyt c in all (113 species
[71]) mitochondrial cyt c, as well as in corresponding positions of poten-
tial non-native histidine ligands in all but one [6], indirectly indicates an
important role of these residues for proper conformation and/or function
of cyt c in their physiological environment.

5. Conclusion

Thermally-induced denaturation of cyt c proceeds in two different
ways in dependence on pH of solution. In neutral and slightly acidic
pH, the protein unfolds in two distinct steps. In the first step, the native
sixth axial ligand, Met80, is replaced with a non-native lysine
residue(s) from the omega loop that is subsequently, at increased tem-
perature, replaced by a non-native histidine residue. On the other hand,
in pH close to 5.0 and below prevails a simple model of the two-state
unfolding from low-spin native state to high-spin state when native
axial ligand is replaced by weak-field ligand, e.g. water molecule. DSC
is the only technique able to monitor both consecutive steps that pro-
ceed in the pH range of 5.0–7.5 in a single experiment. Such multiple,
pH-sensitive reversible conformational switches (Met80 ↔ Lys,
Lys ↔ His, His ↔ H2O) might be of physiological importance for cyt c
function in the mitochondrial intermembrane space.
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