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ABSTRACT: In Hydrogenobacter thermophilus cytochrome c552, an electrostatic interaction between Lys8 and
Glu68 in the N- and C-terminal helices, respectively, stabilizes its protein structure [Travaglini-Allocatelli,
C., Gianni, S., Dubey, V. K., Borgia, A., Di Matteo, A., Bonivento, D., Cutruzzola, F., Bren, K. L., and
Brunori, M. (2005) J. Biol. Chem. 280, 25729-25734], this electrostatic interaction being a highly conserved
structural feature of the cytochrome c family. In the present study, the functional consequences of removal of
the interaction through replacement of Lys8 by Ala have been investigated in order to elucidate the molecular
mechanisms responsible for functional control of the protein. The mutation resulted in a decrease in protein
stability, as reflected in lowering of the denaturation temperature by∼2-9 �C, and a negative shift by∼8 mV
of the redox potential (Em) of the protein. The decrease in the protein stability was attributed to the enthalpic
loss due to the removal of the intramolecular interaction. The negative shift of the Em value was shown to be
due to the effect of the mutation on the entropic contribution to the Em value. The small, but subtle, effects of
removal of the conserved electrostatic interaction, occurring at ∼1.4 nm away from heme iron, on the
thermodynamic properties of the protein demonstrated not only that the interaction is important for
maintaining the functional properties of the protein but also that amino acid residues relatively remote from
the heme active site play sizable roles in functional control of the protein.

The protein matrix significantly modifies the electrochemistry
of the heme in cytochromes. Within the framework of the
monoheme class I cytochrome c (cyt c)1 structure, the redox
potential (Em) varies by more than 800 mV (1). Understanding
how a protein modifies the Em value of the heme should lead to a
general description of the relationship between the structures and
functions of biopolymers (1-8). We have been investigating the
molecularmechanisms responsible for control of theEm values of
cyts c through a comparative study on homologous Hydrogeno-
bacter thermophilus cytochrome c552 (HT) (9) and Pseudomonas
aeruginosa cytochrome c551 (PA) (10). HT and PA exhibit
56% sequence homology with each other and hence almost
identical protein folding. Despite their structural similarity,
there is a remarkable difference not only in the Em value but
also in the denaturation temperature (Tm) between the two
proteins (11-17). We have revealed that the Em value of a
protein is controlled primarily through the thermodynamic
stability of the oxidized form of the protein, which has been
shown to depend upon structural properties of the protein
interior such as the Fe-Met coordination bond strength and
the ionization state of the buried heme 17-propionic acid side

chain (15-18). These findings have been successfully utilized
for tuning of the Em value of a protein over the range up to
300 mV (15, 17, 19).

In general, packing of the hydrophobic core, disulfide and salt
bridges, hydrogen bonding, and intrinsic secondary structure
propensities have been shown to stabilize the protein struc-
ture (20). In the case of cyts c, it has been shown that, upon
reinforcement of the hydrophobic protein interior through
reduction of the void space bymeans of amino acid replacements,
an oxidized protein is more significantly stabilized than its
reduced form, leading to a decrease in difference in the thermo-
dynamic stability between the two redox forms of the protein,
which in turn results in a negative shift of the Em value relative to
that of the wild-type protein (15, 17, 21). For example, removal of
a single hydroxyl group from the hydrophobic core of HT,
through replacement of a Tyr by a Phe (Y25Fmutation), resulted
in elevation of the Tm value of the oxidized form by ∼6 �C, the
Tmvalueof the reduced formremaining essentiallyunaltered (21).
As a result, the Em value of Y25F showing higher stability in the
oxidized form exhibited a negative shift of ∼20 mV relative
to that of the wild-type HT in an enthalpic manner (21). Thus,
there is a close relationship between the stability and redox
function of cyts c.

In this study, we investigated the role of a highly conserved
electrostatic interaction on the surface of cyts c in the control of
protein stability and redox function. According to the X-ray
structure of HT, the side chain of Lys8 located in the last turn of
the N-terminal helix interacts electrostatically with that of Glu68
located in the first turn of the C-terminal helix and also possibly
forms a hydrogen bond with the main chain carbonyl oxygen of
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Asn63 located in the loop region bearing axial Met59 coordi-
nated to heme iron (9) (Figure 1). This electrostatic interaction
between residues in the two helices at opposite ends of the
polypeptide chain is a highly conserved structural feature of
the cyt c family and has been shown to contribute to stabilization
of the pairing of the two helices (2, 22). Such a bihelical
association has been shown to be critical for initiation of the
protein folding and hence plays a crucial role in determining the
pathway and kinetics of the folding/unfolding of the protein (22).
In order to determine the roles of the electrostatic interaction
between Lys8 and Glu68 (Lys8/Glu68 interaction) in the control
of the stability and redox function of the protein, we have
abolished both the Lys8/Glu68 interaction and the hydrogen
bond between Lys8 andAsn63 by replacement of Lys8 by anAla
(K8Amutation). The K8Amutation should lead to a decrease in
the stability of the bihelical association, which is expected to
result in a decrease in the stability of the overall protein structure.
The K8A mutant has been subjected to a detailed study on the
structure-function relationship involving paramagnetic NMR
and circular dichroism (CD) measurements in the temperature
range of 30-155 �C (16) and cyclic voltammetry (CV) in order to
determine the effect of removal of the Lys8/Glu68 interaction on
the functional properties of the protein. In addition, double
mutant K8A/Y25F has been similarly characterized to elucidate
the relationship between the effects of the K8A and Y25F
mutations on the stability and redox function of the protein.
The study demonstrated that the stabilities of the oxidized and
reduced proteins are decreased by the K8Amutation, confirming
that the Lys8/Glu68 interaction contributes to the overall protein
stabilities of both the oxidized and reduced forms of the protein.
The Em value of the K8A mutant at pH 6.0 and 25 �C was
236.9 mV, this being lower by∼8 mV relative to that of the wild-
typeHT.Determination of theEm values of theK8Amutant and
wild-type HT revealed that both the enthalpic (ΔH ) and entropic
(ΔS) contributions to the Em value were appreciably affected by
the K8A mutation, despite the fact that the electrostatic interac-
tion occurs at∼1.4 nm away from the heme iron. This result was
a sharp contrast to the case of theY25Fmutation, where only the
ΔH value was affected by the mutation (21). In addition, studies
on the K8A/Y25F mutant demonstrated that the effects of the

K8A and Y25F mutations on the protein stability and redox
function are almost independent of each other. These findings
provide novel insights as to tuning of the stability and redox
function of cyts c through protein engineering.

MATERIALS AND METHODS

Protein Samples. The wild-type HT and its mutants were
produced using Escherichia coli and purified as reported pre-
viously (11, 12). The oxidized forms of the proteins were prepared
by the addition of a 10-fold molar excess of potassium ferricya-
nide. ForNMRsamples, the proteins were concentrated to about
1 mM in an ultrafiltration cell (YM-5; Amicon), and then 10%
2H2O was added to the protein solutions. The pH of each sample
was adjusted using 0.2 M KOH or 0.2 M HCl, and the pH was
monitored with a Horiba F-22 pH meter with a Horiba type
6069-10C electrode.

1H NMR. NMR spectra were recorded on a Bruker Avance
600 FT NMR spectrometer operating at the 1H frequency of
600MHz. Samples forNMRmeasurements comprised∼1.0mM
protein in nominal 1H2O (∼90% 1H2O/∼10% 2H2O), together
with 20 mM potassium phosphate buffer, pH 7.0. Typical
spectra of reduced cyts c required a 15 kHz spectral width,
32K data points, an ∼10 μs 90� pulse, an ∼1.5 s recycle time,
and ∼1K scans, and the water signal was eliminated using
water suppression by means of gradient-tailored excitation
(WATERGATE) (23). On the other hand, typical spectra of
oxidized cyts c required a 100 kHz spectral width, 32K data
points, an ∼10 μs 90� pulse, an ∼1 s recycle time, and 2K scans,
and the water signal was suppressed with a 100 ms presaturation
pulse. Chemical shifts are given in parts per million downfield
from sodium 2,2-dimethyl-2-silapentane-5-sulfonate withH2O as
an internal reference.
CD Spectroscopy. CD spectra were recorded on a JASCO

J-820 spectrometer over the spectral range of 200-250 nm and in
the temperature range of 30-155 �C, using an air-tight pressure-
proof cell compartment with quartz windows, which was
described previously (16).
CV. Cyclic voltammograms of the proteins were obtained

under a nitrogen atmosphere as described previously (24, 25). A
glassy carbon electrode (GCE) was polished with a 0.05 μm
alumina slurry and then sonicated in deionized water for 1 min.
Two microliters of a 1 mM protein solution was spread evenly
with a microsyringe onto the surface of the GCE. Then the GCE
surface was covered with a semipermeable membrane. All redox
potentials (Em) were referenced to a standard hydrogen electrode
(SHE). The experimental error for Em was (2 mV. The variable
temperature experiments were performed using a home-built
nonisothermal electrochemical cell configuration (26, 27), in
which the temperature of the reference electrode was kept
constant. The anodic to cathodic peak current ratios obtained
at various potential scan rates (1-100 mV s-1) were all∼1. Both
the anodic and cathodic peak currents increased linearly as a
function of the square root of the scan rate in the range up to
100 mV s-1. Thus, HT and its mutants exhibit quasi-reversible
redox processes.

Thermodynamic parameters, i.e.,ΔH andΔS, were calculated
from the Em values attained in the temperature range of ∼10 to
∼60 �C.TheΔH valueswere obtained from the slopes of the plots
of Em/T against 1/T, according to the Gibbs-Helmholtz equa-
tion, i.e., ΔG = ΔH - TΔS = -nFEm. The ΔS values were
obtained from the slopes of the plots of Em against T. The plots

FIGURE 1: (A) Schematic representation of the structure of H.
thermophilus cytochrome c552 (HT) (9) and locations of amino acid
residues Lys8, Asn63, andGlu68. The polypeptide chain is illustrated
as a ribbonmodel and the heme, together with Fe-coordinatedHis14
and Met59, is drawn as a stick model. Lys8, Asn63, and Glu68 are
shown as a ball and stick model, and the interactions among the
residues are illustrated by a gray broken line. (B) Schematic drawing
of the electrostatic interaction between the side chains of Lys8 and
Glu68 and the hydrogen bond between the side chain of Lys8 and the
main chain of Asn63. The interactions are represented by bold
broken lines.
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for all the proteins could be fitted by two straight lines with a
transition temperature (Tc) of ∼35 �C (25), and hence two sets
of values, ΔHlow and ΔSlow and ΔHhigh and ΔShigh, in the tem-
perature ranges of <Tc and >Tc, respectively, were determined
for these proteins. The experimental errors for the ΔH and ΔS
values of the proteins were (2 kJ mol-1 and (3 J K-1 mol-1,
respectively.

RESULTS
1H NMR Spectra of the K8A and K8A/Y25F Mutants.

We first analyzed the effects of the K8A mutation on the heme
active site structures of the wild-type HT andY25Fmutant using
paramagnetic 1H NMR (Figure 2A). In the 1H NMR spectra of
oxidized cyts c, paramagnetically shifted heme peripheral side
chain methyl and axial Met59 side chain proton signals are
resolved in high-frequency- and low-frequency-shifted regions,
respectively. These signals have been shown to sensitively reflect
structural properties of the heme active site (28-30). Spectral
comparison between the K8A mutant and wild-type HT and the
K8A/Y25F and Y25F mutants revealed slight differences in the
shifts of the hememethyl andMet59 side chain proton signals. In
addition, the shifts of the Met59 side chain proton signals of the
reduced forms of the wild-type HT and Y25F mutant were
affected very little by the K8A mutation (Figure 2B), indicating
that the Met59 side chain conformation is not significantly
affected by the mutation. Therefore, the effect of the K8A
mutation on the heme methyl proton signals of the oxidized
proteins is attributed to alteration of the chemical environment of
the heme active site due to the mutation. Since the heme is
relatively remote from the K8A mutation site, the alteration of
the heme chemical environment caused by the mutation is likely
to be a consequence of transmission of the structural perturba-
tion due to the mutation, i.e., the replacement of the Lys side
chain by an Ala one and the concomitant loss of the Lys8/Glu68
interaction, to the heme active site through conformational
changes of the short loop region containing the so-called heme
binding motif, i.e., the amino acid sequence of CxzCH, where
amino acid residues are presented as single-letter notations, and
x and z represent arbitrary residues, and the long loop bearing the
axial Met59 (Figure 1A).

Wenext investigated the effect of theK8Amutation on protein
folding by means of 1H-15N heteronuclear single-quantum

correlation spectroscopy (HSQC) (31). HSQC cross-peaks have
been shown to be highly sensitive to protein folding. Although
the cross-peak of the mutated amino acid residue exhibited a
change of ∼-0.1 ppm only along the 1H axis, those of the other
residues of the wild-type HT were essentially unaffected by the
mutation (see Supporting Information), indicating that the
protein folding is not largely affected by the mutation. The small
effect of the K8A mutation on the overall protein folding is
consistent with the conclusion, drawn on analysis of the heme
andMet59 proton NMR signals of the oxidized protein, that the
heme active site structure is essentially unaffected by the K8A
mutation.

We have previously shown that neither the heme active site
structure nor the protein folding is affected by theY25Fmutation
and that the small differences in the shifts between the corre-
sponding proton signals of the oxidized wild-type HT and Y25F
mutant are due to alteration of the chemical environment of the
heme active site due to removal of the polar OH group of the
Tyr25 side chain by the mutation (21). Therefore, the differences
in the shifts between the corresponding signals of the K8A and
K8A/Y25F mutants could also be similarly attributed to the
effect of the Y25F mutation on the chemical environment of the
heme active site.
Thermostabilities of the K8A and K8A/Y25F Mutants.

We next analyzed the thermostabilities of the oxidized and
reduced forms of the K8A and K8A/Y25F mutants through
measurement of CD spectra (200-250 nm) in the temperature
range of 30-155 �C at pH 7.0 (see Supporting Information) (16).
The fractions of the unfolded proteins calculated from the CD
ellipticity at 222 nm were plotted against temperature, thermal
unfolding profiles for the two mutants in both redox states being
obtained (Figure 3). Similar plots for the wild-typeHT andY25F
mutant are also presented, for comparison, in Figure 3. The Tm

values of the oxidized and reducedK8Amutant were determined
to be 101.1 and 124.1 �C, respectively, and those of the oxidized
and reduced K8A/Y25F mutant to be 110.3 and 127.6 �C,
respectively (Table 1). The Tm values of these mutants were
compared with the values of 109.8 and 129.7 �C for the oxidized
and reduced wild-type HT, respectively, and those of 116.1 and
129.7 �C for the oxidized and reduced Y25F mutant, respec-
tively (21). The comparison revealed that the K8A mutation
significantly decreased the thermostabilities of both the oxidized

FIGURE 2: 600MHz 1HNMRspectra of the oxidized (A) and reduced (B) forms of thewild-typeHTandK8A,Y25F, andK8A/Y25Fmutants in
90% H2O/10% 2H2O, pH 7.0, at 23 �C. Assignments of some signals are indicated with the spectra, and the corresponding resonances are
connected by broken lines. The spectra for the wild-type HT and Y25F mutant were reported previously (21).
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and reduced proteins, indicating that the Lys8/Glu68 interaction
contributed to stabilization of the overall protein structure.
Furthermore, as in the cases of the HT mutants previously
studied (17, 21), for a given protein, the Tm value of the oxidized
protein is more significantly decreased by the mutation than that
of the reduced one. In addition, since the Tm values of the
oxidized forms of all the proteins under consideration are well
over 100 �C, the paramagnetically shifted heme methyl and
Met59 proton signals could be clearly observed up to 96 �C
(see the Supporting Information), reflecting the high thermo-
stabilities of their heme active sites.
Em Values of the K8A and K8A/Y25F Mutants. We next

measured the Em values of the K8A and K8A/Y25F mutants at
25 �C, the obtained values being comparedwith those of the wild-
type HT andY25Fmutant in Table 1. TheEm values of the K8A
and K8A/Y25F mutants were lowered by ∼7 to ∼8 mV relative

to those of the wild-type HT and Y25F mutant, respectively, not
only at pH6.0, but also over the pH range of 5-8 (see Supporting
Information). On the other hand, under the experimental condi-
tions used in this study, the Em value of the Y25F mutant was
lower by ∼18 mV relative to that of the wild-type HT, and
interestingly, the value of the K8A/Y25F mutant exhibited a
similar negative shift, i.e., ∼-17 mV, relative to that of the K8A
one. Thus, an additive effect was observed as to the effects of the
K8A and Y25F mutations on the Em values of the proteins.

We also measured the Em values of the K8A and K8A/Y25F
mutants at various temperatures, and the obtained values,
together with those of the wild-type HT and Y25F mutant for
comparison, are plotted against temperature (Em-T plots) in
Figure 4. From the Em-T plots, we estimated the ΔH and ΔS
contributions to the Em value (Table 1). The plots for all of the
proteins could be fitted by two straight lines with a transition
temperature (Tc) of ∼35 �C (25) (Figure 4). Hence, two sets of
values, ΔHlow and ΔSlow and ΔHhigh and ΔShigh, in the tempera-
ture ranges of <Tc and >Tc, respectively, were determined for
these proteins (Table 1). The appearance of two different protein
structures exhibiting distinctly different thermodynamic para-
meters has been attributed to a temperature-dependent confor-
mation transition of the heme active site, which is reflected in
anomalous line broadening of the paramagnetically shifted heme
methyl and Met59 side chain proton signals of the oxidized
proteins at lower temperatures (see Supporting Information)
(25, 32). Similarly, the heme methyl and Met59 proton signals
of the oxidized forms of the K8A and Y25F/K8A mutants at
low temperatures also exhibited anomalous line broadening
(see Supporting Information).

Comparison of the thermodynamic parameters among the
proteins showed that the absolute ΔHlow, ΔHhigh, ΔSlow, and
ΔShigh values (|ΔHlow|, |ΔHhigh|, |ΔSlow|, and |ΔShigh|, respec-
tively) of the wild-type HT and Y25F mutant were increased by
the K8A mutation. We have previously shown that the Y25F
mutation of the protein resulted in slight decreases in the |ΔHlow|
and |ΔHhigh| values, whereas the |ΔSlow| and |ΔShigh| were
essentially unaltered (Table 1). Thus, the effects of the K8A
and Y25F mutations on the thermodynamic parameters are
distinctly different from each other.

FIGURE 3: Thermal unfolding profiles of the oxidized (top) and
reduced (bottom) forms of the wild-type HT (b) and K8A (O),
Y25F (2), and K8A/Y25F (4) mutants at pH 7.0.

Table 1: Denaturation Temperatures and Thermodynamic Parameters of

the Redox Reaction for the Wild-Type HT and K8A, Y25F, and K8A/

Y25F Mutants

Tm (�C)a
ΔH

(kJ mol-1)c
ΔS

(J K-1 mol-1)c

oxidized reduced

Em

(mV)b low high low high

HT 109.8d 129.7d 245.0 -32.2e -37.5e -28.4e -45.7e

K8A 101.1 124.1 236.9 -34.4 -38.2 -38.8 -51.4

Y25F 116.1e 129.7e 226.7 -31.2e -36.5e -28.5e -44.7e

K8A/Y25F 110.3 127.6 219.5 -35.3 -38.5 -47.7 -58.2

aDenaturation temperature determined through analysis of the tem-
perature dependence of the CD ellipticity at 222 nm and pH 7.0. The
experimental error was (0.2 �C. bRedox potential determined at pH 6.0
and 25 �C. The experimental error was (2 mV. cEntropic and enthalpic
contributions to the Em value at pH 6.0. The experimental errors for ΔH
andΔS of the proteins were(2 kJmol-1 and(3 JK-1mol-1, respectively.
dCited from ref 16. eCited from ref 21. The values had been obtained using
the technique described in the present report.

FIGURE 4: Plots of the redox potentials (Em) against temperature for
the wild-type HT (b) and K8A (O), Y25F (2), and K8A/Y25F (4)
mutants at pH 6.0. The plots for the proteins could be fitted by two
straight lines with a transition temperature of∼35 �C, and hence two
sets of thermodynamic parameters for the Em value could be
obtained, as shown in Table 1.
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DISCUSSION

Effects of the K8A Mutation on Protein Structure and
Stability. The NMR studies indicated that the chemical envir-
onment of the heme active site was slightly affected by the K8A
mutation, whereas the heme active site structure was essentially
unaltered. The alteration of the heme chemical environment by
the mutation is likely to be due to conformational changes of the
loop regions in close proximity to the heme induced by the
mutation. This finding indicated that the conserved Lys8/Glu68
interaction contributes to control of the environment of the heme
active site in the protein. In addition, analysis of the thermal
unfolding profiles of the proteins indicated that the Tm values of
both the oxidized and reduced forms of the K8A (or K8A/Y25F)
mutant are decreased by∼2 to∼9 �C relative to the correspond-
ing values of the wild-type HT (or Y25F mutant), respectively,
confirming that the Lys8/Glu68 interaction contributes to the
overall protein stability.

In the case of the wild-type HT, there is a difference in the Tm

value of∼20 �C between the two redox forms; i.e., the Tm values
of the oxidized and reduced forms are 109.8 and 129.7 �C,
respectively (21) (Table 1). In the absence of a large difference in
the structure between the oxidized and reduced proteins, the large
difference in the stability between them should be due to the
redox-dependent chemical nature of the heme active site. Gen-
erally, cationic ferriheme in an oxidized protein is less favorable
in the hydrophobic environment of the heme pocket compared
with neutral ferroheme in the reduced one (33-37). In addition,
we also found a close relationship between the stabilities of the
protein structure and the Fe-Met coordination bond (14, 17).
Therefore, the greater stability of the reduced protein than that of
the oxidized one could also be due to the much greater Fe-Met
bond stability in the former than the latter (14, 17). The great
stability of the Fe-Met bond in a reduced protein has been
interpreted in terms of the conventional hard and soft acid and
base principle, which dictates that relatively soft Fe2þ forms a
more stable bondwith the soft thioether sulfur atomof aMet side
chain than hard Fe3þ does (38). Consequently, the stability of the
Fe-Met bond in the oxidized protein is more greatly susceptible
to alteration of the chemical environment due to mutations than
that in the reduced one, because the former bond is weaker than
the latter. As a result, the Tm value of the oxidized protein is
usuallymore greatly affected by a givenmutation than that of the
reduced one. Upon removal of the Lys8/Glu68 interaction by the
K8A mutation, the Tm values of the oxidized and reduced forms
of the wild-type HT (Y25F mutant) were decreased by ∼9 (∼6)
and ∼6 (∼2) degrees, respectively. Thus, as in the cases of the
amino acid replacements in the hydrophobic protein interior such
as the Y25F mutation, for a given protein, the Tm value of the
oxidized form is more largely affected by the K8Amutation than
that of the reduced one.

Furthermore, the removal of the Lys8/Glu68 interaction by
the mutation is likely to lead to an enthalpically unfavorable
contribution as well as an entropically favorable one to the
protein stability. The enthalpic loss of the overall protein stability
is simply due to removal of the intramolecular ionic pairing by the
mutation. On the other hand, the entropic gain of the overall
protein stability is expected to arise from an increase in the
conformational freedom, together with a possible increase in the
internal mobility, as a consequence of the removal of the
interaction between the N- and C-terminal helices of the protein.
The decreases in the thermostabilities of the proteins caused by

the K8A mutation, as reflected in the Tm values (Table 1),
indicated that the enthalpic loss prevails over the entropic gain.
Effects of the K8A Mutation on the Em, ΔH, and ΔS

Values.Wenext analyzed the effects of theK8Amutation on the
Em, ΔH, and ΔS values of the protein. We previously demon-
strated through studies on HT and PA, and their mutant
proteins, in which a series of amino acid residues in the protein
interior were replaced, that the Em value of a mutant protein
showing higher stability in the oxidized form exhibits a negative
shift relative to that of the wild-type protein in an enthalpic
manner (15, 17, 21). Since the stability of the oxidized protein is
more greatly affected by amino acid replacements in the hydro-
phobic protein interior than that of the reduced one, theEm value
is altered by the mutations through their effect on the difference
in the thermodynamic stability between the oxidized and reduced
forms.Hence, the redox function of a protein can be enthalpically
controlled through the stability of the oxidized form by altering
the contextual stereochemical packing of hydrophobic residues in
the protein interior (15, 17, 21).

In contrast to the cases of the mutants previously studied
(17, 21), the Em values of the K8A and K8A/Y25F mutants were
decreased by∼8 and∼7mV relative to those of the wild-typeHT
and Y25F mutant, respectively, although the stabilities of the
oxidized proteins were decreased by the K8Amutation (Table 1).
As can be seen in Table 1, the observed small, but subtle, decrease
in theEm value of the protein due to theK8Amutationwas found
to arise as a result of a competitive balance between the effects of
the mutation on the ΔH and ΔS values.

Furthermore, comparison of the thermodynamic parameters
among the proteins revealed that the |ΔHlow| and |ΔHhigh| values
of the K8A and K8A/Y25F mutants are larger than those of the
corresponding counterpart proteins, i.e., the wild-type HT and
Y25F mutant. This finding indicated that the enthalpic loss due
to the removal of the intramolecular interaction by the K8A
mutation is larger in the oxidized protein than the reduced one. In
addition, the proteins rank wild-type HT (≈Y25F) < K8A <
K8A/Y25F, in order of increasing |ΔSlow| and |ΔShigh| values
(Table 1). The ΔSlow values of the wild-type HT (Y25F mutant)
and the K8A and K8A/Y25F mutants are equivalent to -8.5 (
0.6, -11.6 ( 0.6, and -14.2 ( 0.6 kJ mol-1, respectively, at
25 �C. Hence the K8A mutation was found to decrease the ΔS
values of the wild-type HT and Y25F mutant by 3.1 ( 0.6 and
5.7 ( 0.6 kJ mol-1, respectively, at 25 �C. Thus, the effect of the
K8A mutation on the entropy of the protein depends upon both
the redox state and structure of the protein. Consequently, the
K8Amutation is different from those in the hydrophobic protein
interior such as the Y25F one in terms of the effect on the ΔS
value, because the ΔS value was shown to be essentially
independent of mutations in the protein interior (15, 17, 21).
The K8A mutation-induced conformational change of the loop
region bearing axial Met59, as suggested by the NMR structural
comparison among the proteins, is possibly a structural
factor responsible for the effect of the mutation on the ΔS value.
It has been proposed that a redox-dependent solvent reorganiza-
tion effect plays a significant role in the ΔS control of
proteins (39-41). With the enhanced conformational freedom
and internal mobility of the protein, as a result of the removal of
the interaction contributing to stabilization of the association of
two helices at opposite ends of the polypeptide chain, the solvent
accessibility of the protein, and hence the redox-dependent
solvent reorganization effect, is likely to be enhanced in the
K8Amutants. In addition, since the internalmobility of a protein
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has been shown to play a crucial role in ΔS control (42), the
enhanced internal mobility in the K8A mutants is also expected
to contribute to the effect of the mutation on the ΔS value.

CONCLUDING REMARKS

In order to determine the functional role of the highly
conserved electrostatic interaction between the two helices at
opposite ends of the polypeptide chain of cyts c, the protein
stability and redox function of a mutant of HT, in which the
interaction was abolished by amino acid replacement, have
been characterized and compared with those of the wild-type
HT. The comparison revealed that the thermodynamic proper-
ties of the protein are greatly affected by the amino acid
replacements, demonstrating that the interaction plays a role
in the control of the functional properties of the protein.
Considering that the interaction occurs at 1.4 nm away from
the heme iron and on the protein surface, the present results
emphasize the importance of certain amino acid residues,
relatively remote from the heme active site, in the functional
control of the protein. This finding provides novel insights as
to functional control of a protein, which could be utilized for
tuning of the Em value of the protein by means of protein
engineering.
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SUPPORTING INFORMATION AVAILABLE

Superpositioning of 1H-15N HSQC spectra of the reduced
forms of the 15N uniformly labeled wild-type HT and K8A
mutant in ∼90% 1H2O/∼10% 2H2O, pH 6.00, at 23 �C,
temperature dependence of 600 MHz 1H NMR spectra of
the oxidized forms of the K8A and K8A/Y25F mutants at
pH 7.0, temperature dependence of circular dichroism spectra
of the oxidized and reduced forms of the K8A and K8A/Y25F
mutants at pH 7.0, and pH profiles of the Em values of the
wild-typeHT andK8A,Y25F, andK8A/Y25Fmutants at 25 �C.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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