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Understanding the molecular mechanisms responsible for regula-
tion of the redox potentials (E°′) of proteins is a problem of
immense fundamental and practical importance. Monoheme Class
I cytochromesc (cyts c), in which heme Fe is coordinated to His
N and Met S atoms as axial ligands at the redox center, are some
of the best characterized redox active proteins.1 Homologous Class
I cyts c, thermophilicHydrogenobacter thermophiluscytochrome
c552

2 (HT) and mesophilicPseudomonas aeruginosacytochrome
c551

3 (PA), exhibit a unique thermodynamic property, i.e. despite
their structural similarity together with their 56% sequence identity,
the oxidized form of HT is significantly more stable than that of
PA, as reflected by the large difference in denaturation temperature
(Tm) (Table 1).4a,b Site-directed mutants of PA, for which amino
acid substitutions were selected with reference to the corresponding
residues in HT, exhibited thermostabilities between those of PA
and HT4b-e (Table 1). Among the cytsc examined, overall protein
stability correlated well with structural features of hydrophobic
protein interior.

NMR and optical characterization of the heme active sites in
the oxidized (paramagnetic) forms of PA, its mutants, and HT have
revealed that the overall protein stability correlates well with the
stability of the Fe-S coordination bond.4f Here, we illustrate a series
of studies involving temperature-dependent cyclic voltammetry
(CV) and1H NMR spectra of the cytsc. On the basis of a scrutiny
of relationships among the overall protein stability, Fe-S bond
stability, and redox properties, we propose a molecular mechanism
underlying redox regulation in the cytsc.

To determine the relationship between the redox properties and
overall protein stability,5 we first carried out electrochemical
measurements at 25°C using CV.6 The resultingE°′ values were
in the range of+0.2 - +0.3 V, i.e. similar to those reported for
other Class I cytsc7a-c (Table 1). TheE°′ values for the PA mutants,
F34Y single (sm) and F7A/V13M/F34Y /E43Y/V78I quintuple
(qm), were lower than that of the wild-type, corresponding to an
increase in overall protein stability. These results indicate that, upon
mutation, the oxidized forms are stabilized more than the reduced.
Thus, theE°′ values of cytsc are determined by the overall stability
of the oxidized forms, which are significantly affected by the
mutation(s), as manifested in theirTm values (Table 1).

On electrochemical measurement at 5-85 °C, we observed CV
curves below 70 and 80°C for PA and sm, respectively. In contrast,
those for qm and HT were detected up to 85°C. Plots ofE°′ against
temperature (E°′-T plots)for PA proteins (wild-type and the two

mutants) gave straight lines at lower temperatures and exhibited
downward curvature with increasing temperature, while those for
HT exhibited a straight line over the temperature range examined
(Figure 1). The temperature at which the plots started to show
curvature correlated with the overall protein stability, as measured
the denaturation temperature (Table 1). The curvature observed for
the PA proteins indicates that the oxidized form becomes thermo-
dynamically more stable than the reduced as the thermal denatur-
ation proceeds. This is because the oxidized heme becomes more
stable with removal of the hydrophobic heme environment on
denaturation, as demonstrated by model studies.7c,8

From theE°′-T plots, we estimated the enthalpic (∆H°′) and
entropic (∆S°′) contributions to theE°′ value (Table 1).7a-c For
the PA proteins, the∆H°′ values increased consistently with
increasing stability of the protein, whereas the∆S°′ values remained
essentially unchanged. These results suggest that the effect of the
mutations in the PA protein on theE°′ value is mainly an enthalpic
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Table 1. Denaturation Temperatures and Thermodynamic
Parameters of the Redox Reaction for the Cyts c Examined

cyt c
Tm

a

(°C)
Tm(Fe-S)

b

(°C)
E°′c

(V vs SHE)
∆H°′ c

(kJ mol-1)
∆S°′ c

(J K-1 mol-1)

PA 50.4 78d 0.291e -42 -47
sm 66.4 89 0.254 -38 -48
qm 83.9 >100d 0.205 -34 -48
HT 91.8 >100d 0.215e -31 -35

a The denaturation temperature of the oxidized protein in the presence
of 1.5 M guanidine hydrochloride.4b-e b The dissociation temperature of
the Fe-S coordination bond.4f c The experimental errors for the redox
potential (E°′), reduction enthalpy (∆H°′), and reduction entropy (∆S°′)
were(0.005 V,(3 kJ mol-1, and(5 JK-1mol-1, respectively. The values
were obtained from the plots presented in Figure 1.d Obtained from ref 4f.
e The values were slightly different from those reported11a,bdue to possible
differences in experimental conditions.

Figure 1. Temperature dependence of the redox potentials (E°′) of PA
(9), sm (b), qm (2), and HT (]). E°′ values decrease with increasing
temperature. The plots ofE°′ vs T are satisfactorily represented as straight
lines, although those for the PA proteins at higher temperatures exhibit a
downward curvature.
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contribution. In addition, the least negative∆H°′ value observed
for HT was consistent with its highest stability among the oxidized
forms of the proteins (Table 1). Furthermore, the least negative
∆S°′ value of HT (Table 1) indicates that enthalpy-entropy
compensation occurs in the redox thermodynamics as found in the
other electron-transfer proteins such as cupredoxins9 and rubre-
doxins.10

Next, we directly compared the stability of the heme active site
where the electron-transfer reaction occurs in cytsc. On 1H NMR
spectroscopy, signals due to Fe-coordinated Met side-chain protons
are often resolved in the spectra of both the oxidized and reduced
forms of cytsc. The temperature-dependent appearance of these
signals facilitates direct comparison of the stability of the heme
active site. Such Met signals were observed up to 95°C in the
spectra of the reduced forms of all the cytsc examined (Figure 2),
indicating their high structural stability around the heme active site
under the conditions used for the electrochemical analysis.

In contrast to the reduced form, Met signals were barely observed
in the NMR spectrum of the oxidized form of PA at 80°C (Figure
2), suggesting that its heme active-site structure was no longer
retained above this temperature. Met signals could be observed up
to 91 °C for sm (Figure 2), demonstrating that the denaturation
temperature for the heme active site in sm increased by>10 °C
due to the mutation, F34 to Y. The stability of the heme active site
in the oxidized form of PA was further enhanced by quintuple
mutations, Met signals being exhibited up to 95°C (Figure 2),
although the signals were not as sharp as observed for the reduced
form at the same temperature. These NMR results led to two
conclusions: (1) In individual proteins, the heme active site of the
reduced form is more stable than that of the oxidized one. (2) The
mutations that stabilize the overall protein structure of the PA
protein are also responsible for the stability of the heme active site
in the oxidized form. Furthermore, as previously demonstrated,4f

the stability of the heme active site in the oxidized forms of the
proteins, as determined by NMR, positively correlates with the

stability of the Fe-S bond, which was inferred from the dissociation
temperature (Tm(Fe-S)) obtained through variable temperature mea-
surement of the 695-nm absorption band (Table 1).

These findings, together with those described in our previous
study,4f demonstrate that the overall protein stability, Fe-S bond
stability, and redox property of cytc are mutually related to each
other. The protein conformational change induced by the mutations,
which increases the overall stability of the oxidized form, happens
to determine the Fe-S bond stability.4f Since the overall protein
stability of the reduced form is less affected by the mutations than
that of the oxidized one, theE°′ values of the mutants decrease
with respect to that of the wild-type PA in an enthalpic manner.
Generally, oxidized heme is less favorable in the hydrophobic
environment of the heme protein pocket compared with reduced
heme. In the mutants, the oxidized heme is stabilized to some extent
through the stronger Fe-S bond, leading to the regulation of the
redox properties in the proteins. This is how the protein structure
influences functionality of the cytsc.
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Figure 2. 1H NMR signals of the resolved Fe-bound Met side-chain protons
of PA, sm, qm, and HT at pH 6.00 and the indicated temperatures. The
signals of the reduced and oxidized forms are shown at the bottom and
top, respectively. The corresponding Fe-bound Met CεH3 proton signals12

are connected by dotted lines.
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