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ABSTRACT: Pseudomonas aeruginosacytochromec551 and a series of its mutants exhibiting various
thermostabilities have been studied by paramagnetic1H NMR and cyclic voltammetry in an effort to
elucidate the molecular mechanisms responsible for control of the redox potentials (E°′) of the proteins.
The study revealed that theE°′ value of the protein is regulated by two molecular mechanisms operating
independently of each other. One is based on the Fe-Met coordination bond strength in the protein,
which is determined by the amino acid side chain packing in the protein, and the other on the pKa of the
heme 17-propionic acid side chain, which is affected by the electrostatic environment. The former
mechanism alters the magnitude of theE°′ value throughout the entire pH range, and the latter regulates
the pK values reflected by the pH profile of theE°′ value. These findings provide novel insights into
functional regulation of the protein, which could be utilized for tuning theE°′ value of the protein by
means of protein engineering.

Understanding the molecular mechanisms responsible for
control of the redox potentials (E°′)1 of proteins is funda-
mentally and practically important. Such understanding
should lead to a quantitative description of the way proteins
control the specificity and efficiency of key biological
processes. The proper way of accomplishing this important
task has remained an open question even after the thorough
elucidation of the X-ray structures of redox active proteins
(1-5). Monoheme class I cytochromesc (cytsc), in which
the heme Fe is coordinated to the His Nδ2 and Met Sδ atoms
as axial ligands at the redox center, are some of the best
characterized redox active proteins (6, 7). Homologous
Pseudomonas aeruginosacytochromec551 (PA) (8) and
Hydrogenobacter thermophiluscytochromec552 (HT) (9)
exhibit 56% sequence homology with each other and hence
exhibit almost identical protein folding (10, 11). Despite their
structural similarity, there is remarkable disparity in their
thermostability and redox properties; the denaturation tem-

perature (Tm) of PA is considerably lower than that of HT,
and theE°′ value of PA at pH 5.0 and 25°C is higher by
∼80 mV than that of HT (Table 1) (12-15). To understand
the differences between these homologous proteins, site-
directed mutants of PA, for which amino acid substitutions
were selected with reference to the corresponding residues
in HT, have been prepared and subjected to a detailed study
on their structure-function relationship (11-16). The study
demonstrated that the overall protein stabilities and redox
functions of the cytsc are interrelated with each other through
the stability of the Fe-S bond (15, 16).

In general, the Gibbs energy change for the reduction of
the oxidized form of a redox active protein (∆Gredox) is
described as four major terms (17, 18)

where ∆GRC is the Gibbs energy difference between the
oxidized and reduced states resulting from bonding interac-
tions at the redox center,∆GEI is the Gibbs energy difference
resulting from electrostatic interactions between the redox
center charge and polar groups within both the protein and
the solvent,∆GCC arises from Gibbs energy changes that
can be attributed to redox-dependent conformation changes
of the protein, and∆GL arises from differential binding of
ligands to the oxidized and reduced forms of the protein.

We have recently demonstrated in the studies on PA and
HT as well as a series of PA mutants that theE°′ value of
the protein is regulated through the Fe-S bond stability in
the oxidized protein (15). ThisE°′ regulation can be simply
interpreted in terms of the∆GRC contribution. The Fe-S
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bond stability of the protein is determined by the amino acid
side chain packing, which is affected by the protein
conformation change induced by the mutations (16). Fur-
thermore, it has been shown that the overall protein stability,
and hence the Fe-S bond stability, of the reduced form is
less affected by mutations than that of the oxidized one (19).
Generally, cationic ferriheme in the oxidized protein is less
favorable in the hydrophobic environment of the heme pocket
compared with neutral ferroheme in the reduced one (20-
25). In a protein with higher stability, the ferriheme is
stabilized through a stronger Fe-S bond, leading to regula-
tion of the redox properties of the proteins. As a result, the
E°′ value of a mutant with a higher stability exhibits a more
negative shift relative to that of wild-type PA in an enthalpic
manner (15). On the other hand,∆GEI is due to the point
charges of acidic and basic residues, the partial charges of
all protein atoms, and solvation effects, and has been shown
to play a significant role in determining∆Gredox(17, 18, 26).
In the case of cytsc, the influence of the ionization state of
the heme propionic acid side chain on theE°′ value has
attracted considerable attention (27-33). In particular, the
pKa values reflected by the pH profiles of the midpoint
oxidation-reduction potentials of various cytsc have been
attributed predominantly to ionization of the heme 17-
propionic acid side chain (28). Furthermore, the redox-
dependent structure change in horse cytc has been analyzed
in detail to identify the structure factors responsible for the
∆GCC contribution (34-37). The magnitude of the∆GCC

contribution and its structural origin remain to be explored.
Finally, the∆GL contribution can be neglected upon analysis
of the E°′ value of cytc.

In our study, we have extended our paramagnetic1H NMR
and electrochemical studies on a series of PA mutants, i.e.,
the F34Y single, E43Y single, F34Y/E43Y double, F7A/
V13M/V78I triple, and F7A/V13M/F34Y/E43Y/V78I quin-
tuple (qm) mutants (Figure 1), to determine the molecular
mechanism responsible for theE°′ regulation of the proteins.
A study on these proteins provides a unique opportunity for

detailed characterization of the effects of the Fe-S bond
stability as well as the ionization of the heme 17-propionic
acid side chain on theE°′ value. As summarized in Table 1,
they exhibit various thermostabilities in the protein structure
as well as the Fe-S bond between those of PA and HT, and
the effects of the individual mutations on the protein structure
have been fully characterized (11-13). Furthermore, since
both F34 and E43 in PA are adjacent to the heme 17-
propionic acid side chain (8), the ionization of the heme 17-
propionic acid side chain in the protein is expected to be
affected by mutations of these residues. The1H NMR spectra
andE°′ values of the proteins over a wide pH range have
been characterized to determine the molecular mechanisms
responsible for control of theE°′ value. TheE°′ values of
cyts c were found to be regulated through the Fe-S bond
stability and the ionization state of the heme 17-propionic
acid side chain.

MATERIALS AND METHODS

Protein Samples. Wild-type PA and the mutants were
produced usingEscherichia coliand purified as reported
previously (11, 12). The oxidized forms of the proteins were
prepared by the addition of a 10-fold molar excess of
potassium ferricyanide. For NMR samples, the proteins were
concentrated to∼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.

Cyclic Voltammetry. The procedures used for obtaining
cyclic voltammograms of the proteins were essentially the
same as those described previously (15, 38-40). Cyclic
voltammetry (CV) experiments were performed with a
PGSTAT12 potentiostat-galvanostat (Autolab). A gold elec-
trode treated with 4,4′-dipyridyl disulfide just before use was
employed as the working electrode. An Ag|AgCl electrode
in a saturated NaCl solution and a Pt wire were employed
as the reference and counter electrodes, respectively. The
potential sweep range was from+350 to-150 mV versus
the Ag|AgCl electrode in a saturated NaCl solution with a
scan rate of 20 mV s-1. All potentials are referenced to the
standard hydrogen electrode. The protein concentration was
∼0.5 mM in 20 mM phosphate buffer (pH 4.0-9.0) and 0.1
M NaClO4. All experiments were performed at 25°C under
a nitrogen atmosphere. The anodic to cathodic peak current
ratios obtained at various potential scan rates (1-100 mV

Table 1: pKa Values,E°′ Values, and Denaturation Temperatures of
PA, PA Mutants, and HT

NMR CV

pKa
a pKox

b pKred
b

E°′ c

(mV)
Tm

d

(°C)
TFe-S

e

(°C)

PA 6.1 5.9 7.0 321 50.4 78
E43Y 5.0 5.0 6.0 309 55.5 82
F34Y <4.5 <4.5 <5.5 274 66.4 89
F7A/V13M/V78I 6.2 6.0 7.0 248 68.4 90
F34Y/E43Y <4 <4 <5 277 70.7 90
F7A/V13M/F34Y/

E43Y/V78I (qm)
<4 <4 <5 214 83.9 >100

HT <4 <4 <5 245 91.8 >100
a The value was obtained from the pH-dependent shifts of the heme

methyl proton signals of the oxidized form of the protein. The
experimental error was(0.2. b pKox and pKred represent the pKa values
of the oxidized and reduced forms of the protein, respectively,
determined on fitting of the pH profile of theE°′ value to the Nernst
equation (see the Supporting Information). The experimental error was
(0.2. c Determined at pH 5.0 and 25°C. The experimental error
determined from the deviation of two or more experiments was(5
mV. d The denaturation temperature of the oxidized protein at pH 5.0
and in the presence of 1.5 M guanidine hydrochloride (11, 12). e The
dissociation of the Fe-S coordination bond of the oxidized protein at
pH 7.0, determined from the temperature dependence of the 695 nm
absorption band characteristic of the bond (see the Supporting
Information).

FIGURE 1: Schematic representation (side and top views) of the
structure ofP. aeruginosacytochromec551 (PA), and the locations
of amino acid residues substituted in the F7A/V13M/F34Y/E43Y/
V78I quintuple mutant (qm). The polypeptide chain is illustrated
as a ribbon model, and the heme is drawn as a stick model. The
five substituted residues are shown as a ball-and-stick model. The
molecular structure and numbering system for the heme are given
at the right.
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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. The anodic and cathodic
peak separations of the scan rate in the range up to 100 mV
s-1 were approximately 100 mV. Thus, PA and its mutants
exhibit quasi-reversible redox processes.

1H NMR. NMR spectra were recorded on a Bruker Avance
600 FT NMR spectrometer operating at a1H frequency of
600 MHz. Chemical shifts are given in parts per million
downfield from sodium 2,2-dimethyl-2-silapentane-5-sul-
fonate with H2O as an internal reference.

Absorption Spectroscopy.Absorption spectra at 695 nm
were recorded with a Beckman DU 640 spectrophotometer
using a microTm analysis system and a microTm cell. The
protein concentration was∼0.2 mM in 20 mM phosphate
buffer (pH 7.0) in the presence of 10 mM potassium
ferricyanide.

RESULTS

1H NMR Spectra of PA and Its Mutants, and Their pH
Profiles. We first analyzed the effects of amino acid
substitutions on the heme electronic structure of the protein

by paramagnetic1H NMR measurement. The 600 MHz1H
NMR spectra of the oxidized forms of PA and the mutants
are compared with each other in Figure 2. The heme
electronic structures in the proteins have been shown to be
sensitively manifested in paramagnetic shifts of the heme
peripheral side chain proton signals of the oxidized proteins
(41-43). The spectral patterns observed for all the proteins
were essentially similar to each other, indicating that the
structural properties of the heme active site were not
significantly affected by the amino acid substitution(s)
introduced into the mutants.

Spectra of the proteins at various pHs were recorded (see
the Supporting Information), and the observed shifts of the
heme methyl proton signals of the proteins, PA, and the
F34Y single, E43Y single, F34Y/E43Y double, F7A/V13M/
V78I triple, and F7A/V13M/F34Y/E43Y/V78I quintuple
(qm) mutants, are plotted against pH (δ-pH plots) in Figure
3. Theδ-pH plots of PA were essentially identical to those
reported previously and reflected the pKa value of 6.1( 0.2,
which can be attributed to ionization of the heme 17-
propionic acid side chain (28, 32). A similar pKa value was
also determined from theδ-pH plots for the F7A/V13M/
V78I triple mutant. Furthermore, the pKa value of 5.0( 0.2
was determined from theδ-pH plots for the E43Y single
mutant. pKa values at least 2 pH units lower than that of PA
were determined for the F34Y single mutant, the F34Y/E43Y
double mutant, and qm. These results demonstrated that the
pKa value of the heme 17-propionic acid side chain in PA is
affected by the F34Y and E43Y mutations.

pH Profile of the E°′ Value of PA. We next measuredE°′
values of PA at various pHs, and the obtained values are
plotted against pH (E°′-pH plots) in Figure 4A. As shown
in the E°′-pH plots, theE°′ value of PA was∼260 mV at
pH 8.0 and exhibited a positive shift of∼60 mV with a
decrease in pH to 4.5. The fitting of the plots to the Nernst
equation (44) yielded pK values of 5.9( 0.2 and 7.0( 0.2
for the oxidized and reduced forms (pKox and pKred),
respectively (see the Supporting Information). The value
obtained for the oxidized form was essentially equal to the
pKa value, 6.1( 0.2, of the heme 17-propionic acid side
chain determined from theδ-pH plots in Figure 3 (28, 32).
This confirmed that theE°′ value of the protein is affected
by ionization of the heme 17-propionic acid side chain.

FIGURE 2: 1H NMR spectra (600 MHz) of the oxidized forms of
PA and the F34Y single, E43Y single, F34Y/E43Y double, F7A/
V13M/V78I triple, and F7A/V13M/F34Y/E43Y/V78I quintuple
(qm) mutants in a 90% H2O/10%2H2O mixture at pH 7.0 and 25
°C. The heme methyl and axial Met side chain proton resonances
are given with the spectra, and the corresponding resonances are
connected by dotted lines.

FIGURE 3: pH dependence of the chemical shifts of the heme methyl proton signals of the oxidized forms of PA and the F34Y single, E43Y
single, F34Y/E43Y double, F7A/V13M/V78I triple, and F7A/V13M/F34Y/E43Y/V78I quintuple (qm) mutants in a 90% H2O/10%2H2O
mixture at 25°C. The pH region in which the heme methyl proton signals exhibited large pH-dependent shifts is shaded gray.
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According to the X-ray structure of PA (8), the heme 17-
propionic acid side chain is buried in the protein matrix, and
is proposed to be hydrogen-bonded to the side chains of R47
and W56, while the heme 13-propionic acid side chain is
largely exposed to the solvent, exhibiting a pKa value of∼3.5
(27). In theE°′-pH plots, theE°′ value exhibited a positive
shift with a further decrease in pH to<4.5, which could be
attributed to protonation of the heme 13-propionate side
chain. Theδ-pH plots of PA in Figure 3 also revealed a
pH-dependent change below pH 4.0.

pH Profiles of the E°′ Values of the F34Y Single, E43Y
Single, and F34Y/E43Y Double Mutants. TheE°′-pH plots
for the F34Y single, E43Y single, and F34Y/E43Y double
mutants were similarly characterized and are compared with
those for PA in Figure 4A. Fitting of the plots to the Nernst
equation yielded values of 5.0( 0.2 and 6.0( 0.2 for pKox

and pKred of the E43Y single mutant, respectively (see the
Supporting Information). The values of the F34Y single
mutant were too low to be determined quantitatively from
the fitting,<4.5 and<5.5 being estimated for pKox and pKred,
respectively. Furthermore, the pKox and pKred values of the
F34Y/E43Y double mutant were lower by at least 2 pH units
relative to those of PA. The similar pKox values of the
proteins were also manifested in theδ-pH plots of the
corresponding proteins illustrated in Figure 3. To highlight
the differences in the pK value, manifested in theE°′-pH
plots, among the proteins, the data were plotted in such a
way that theE°′ values of all the proteins at pH 9.0 equaled
a constant value (Figure 4B).

On the basis of theE°′-pH plots, the proteins could be
ranked in order of increasing pK value: F34Y/E43Y< F34Y
< E43Y < PA. Comparison of the pKa values of the heme
17-propionic acid side chain among the F34Y single, E43Y
single, and F34Y/E43Y double mutants showed that the
effect of the F34Y mutation on the pKa value is larger than
that of the E43Y mutation, and that the F34Y and E43Y
mutations alter the pKa value in an almost additive manner
(Figure 4B).

pH Profile of the E°′ Value of the F7A/V13M/V78I Triple
Mutant. The effect of F7A, V13M, and V78I amino acid
substitutions in the triple mutant on theE°′ value was
examined (Figure 5). Comparison of theE°′-pH andδ-pH
plots between PA and the F7A/V13M/V78I triple mutant
showed that theirE°′-pH plots were quite similar in pattern
to each other, the exception being the difference of∼70 mV
in magnitude throughout the pH range that was examined.
The fitting of theE°′-pH plots to the Nernst equation yielded
pKox and pKred values of 6.0( 0.2 and 7.0( 0.2 for the
F7A/V13M/V78I triple mutant, respectively (see the Sup-
porting Information), and the pKa value of the heme
17-propionic acid side chain was determined to be 6.2(
0.2 from itsδ-pH plots in Figure 3. The similarity in the
pKa values between PA and the F7A/V13M/V78I triple
mutant demonstrated that the ionization of the heme 17-
propionic acid side chain was not affected by the F7A,
V13M, and V78I mutations.

pH Profiles of the E°′ Value of qm. TheE°′-pH plots for
qm were characterized, and are compared with those of PA,
the F34Y/E43Y double mutant, and the F7A/V13M/V78I
triple mutant in Figure 5. Similar to the relationship between
the E°′-pH plots for PA and the F7A/V13M/V78I triple
mutant, those for the F34Y/E43Y double mutant and qm
were similar in pattern to each other with a difference of
∼70 mV in magnitude throughout the pH range that was
examined. In theE°′-pH plots for the F34Y/E43Y double
mutant and qm, a pH-dependent change in theE°′ value was
observed below pH 5, indicating that the pKox and pKred

values of the F34Y/E43Y double mutant and qm were lower
by at least 2 pH units than those of PA and the F7A/V13M/
V78I triple mutant. The considerable decreases in the pKox

and pKred values of the F34Y/E43Y double mutant and qm
essentially paralleled the dramatic decrease in the pKa value
of the heme 17-propionic acid side chain, as shown in their
δ-pH plots in Figure 3. Comparison of the pKa values
among the F34Y/E43Y double mutant, the F7A/V13M/V78I
triple mutant, and qm strongly suggested that the F34 and
E43 residues are crucial in determining the pKa value of the

FIGURE 4: (A) Plots of the redox potentials (E°′) against pH for
PA and the F34Y single, E43Y single, and F34Y/E43Y double
mutants at 25°C. The solid curves for PA and the E43Y single
mutant are theoretical curves drawn using the pH-dependent form
of the Nernst equation,E°′ ) E°′H - 0.06 log[(Kox + [H+])/(Kred +
[H+])], where E°′H is theE°′ of the fully protonated form andKox
and Kred are the equilibrium constants for the ionization in the
oxidized and reduced proteins, respectively (44). The dashed lines
for the F34Y single and F34Y/E43Y double mutants do not
represent theoretical curves but schematic representations of the
patterns of theirE°′-pH plots. (B) Fitting of the plots for PA and
the E43Y single mutant in panel A to the Nernst equation, the
patterns of the plots for the F34Y single and F34Y/E43Y double
mutants being replotted in such a way that theE°′ values of all the
proteins at pH 9.0 equaled a constant value, i.e.,∆E°′ ()E°′i - E°′9.0,
where E°′i and E°′9.0 represent theE°′ values at pHi and 9.0,
respectively), to compare the pKa values determined from the pH
profiles of theE°′ values.

FIGURE 5: Plots of the redox potentials (E°′) against pH for PA
and the F34Y/E43Y double, F7A/V13M/V78I triple, and F7A/
V13M/F34Y/E43Y/V78I quintuple (qm) mutants. TheE°′-pH plots
for PA are essentially parallel to those for the F7A/V13M/V78I
triple mutant, with a difference in magnitude of theE°′ value of
∼70 mV. Fitting of the plots to the Nernst equation yielded pKa
values of 5.9( 0.2 and 7.0( 0.2 for the oxidized and reduced
forms of PA, respectively, and values of 6.0( 0.2 and 7.0( 0.2
for the oxidized and reduced forms of the F7A/V13M/V78I triple
mutant, respectively (see the Supporting Information). The patterns
of the E°′-pH plots for the F34Y/E43Y double mutant and qm
are similar to each other, with a difference in magnitude in theE°′
value of ∼70 mV. The pKa values for the F34Y/E43Y double
mutant and qm were too low to be determined from the fitting.
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heme 17-propionic acid side chain, and hence in regulation
of the pK value of the pH profile of theE°′ value for the
protein through the∆GEI contribution.

DISCUSSION

Heme ActiVe Site Structures in the Proteins. As shown in
the NMR spectra in Figure 2, most signals for the mutants
were observed in the shift range between the corresponding
signals for the wild-type PA and qm. The NMR solution
structure of qm has been shown to be highly similar to the
X-ray crystal structure of PA (12). Additionally, the similarity
in the heme coordination structure between the oxidized
forms of PA and qm was also confirmed in the paramagnetic
NMR study, which demonstrated that their paramagnetic
susceptibility tensors determined upon analysis of the redox-
dependent1H NMR shifts were essentially identical (45).
Therefore, considering the structural similarity between the
wild-type PA and qm, the heme active site structures in the
other mutants were expected to be similar to each other. This
conclusion was supported by other spectroscopic data (13,
14).

Despite the structural similarity among the proteins, the
pKa value of the heme 17-propionic acid side chain of PA
was influenced by the F34Y and E43Y mutations. The X-ray
structure of PA indicated that F34 and E43 are located in
the proximity of the heme 17-propionic acid side chain,
which forms an ion pair with the guanidyl group of the R47
side chain and a hydrogen bond with the W56 side chain
NεH proton (8). The side chains of Tyr residues introduced
by the F34Y and E43Y mutations into wild-type PA are
likely to interact with the heme 17-propionic acid side chain
in either a direct manner or an indirect one through the R47
or W56 side chain. Such an interaction could influence the
electronic environment around the heme 17-propionic acid
side chain and result in enhancement of the overall protein
stability of PA (Table 1) (11, 13). The two introduced Tyr
aromatic side chains in qm have been suggested to interact
with each other through a hydrophobic interaction (11).
However, the additive effects of the F34Y and E43Y
mutations on the pKa value of the heme 17-propionic acid
side chain, as demonstrated in Figure 4, strongly suggested
the absence of a concerted action of these Tyr side chains
upon the interaction with the heme 17-propionic acid side
chain. The pKa of a titrating group in proteins is sensitively
affected by not only its electrostatic environment but also
nonelectrostatic interactions. For example, the amount of
water nearby, the extent of burial, and the flexibility of polar
side chains around a titrating group all depend on a balance
of interactions, including van der Waals and hydrophobic
interactions (46). According to the X-ray structure of PA
(8), the nearest water molecule is at least 0.47 nm from the
carboxylic group of the buried heme 17-propionic acid side
chain, whereas a single water molecule is hydrogen bonded
to the exposed heme 13-propionic acid side chain. Hence,
the effect of the water molecule on the pKa value of the heme
17-propionic acid side chain would be only subtle. The
molecular mechanism responsible for the decrease in the pKa

value of the buried heme 17-propionic acid side chain in
the F34Y single, E43Y single, and F34Y/E43Y double
mutants remains to be characterized.

pH Profile of the E°′ Value. TheE°′ values of the proteins
exhibited positive shifts with a decrease in pH, as shown in

Figures 4 and 5. Since theE°′ value of a protein is related
to the difference in thermodynamic stability between the two
redox forms, the negative shift of theE°′ value with an
increase in pH could be interpreted simply in terms of the
stabilization of cationic ferriheme in the oxidized protein,
relative to neutral ferroheme in the reduced one, in the
hydrophobic environment of the heme active site through
partial neutralization of its positive charge by the heme 17-
propionate side chain (28, 32). Thus, the differences in the
pK value, manifested in theE°′-pH plots, among the proteins
can be attributed solely to the effects of the amino acid
substitution(s) on the physicochemical environment around
the buried heme 17-propionic acid side chain. In general, a
charged group in a hydrophobic environment inside a protein
is unstable and is stabilized through neutralization upon
electrostatic interaction with nearby polar group(s). It has
been proposed that the heme propionate side chain buried
in the protein matrix of cytc is hydrogen-bonded to the
positively charged amino acid side chain of a Lys or Arg
residue to lower its pKa value to maintain a constantE°′ value
throughout the physiological pH range (27). As described
above, the X-ray structure of PA demonstrated that the heme
17-propionate side chain forms an ion pair with the R47 side
chain (8). However, the pKa values of PA, i.e., 5.9( 0.2
and 7.0 ( 0.2, for the oxidized and reduced forms,
respectively, obtained from theE°′-pH plots indicated that
the electrostatic interaction between the heme 17-propionate
and R47 side chains is rather weak, if it exists. Therefore,
the ranking of the proteins as qm (F7A/V13M/F34Y/E43Y/
V78I) ≈ F34Y/E43Y< F34Y < E43Y < F7A/V13M/V78I
≈ PA, in order of increasing pKa value, is likely to reflect
the degree of stabilization of the deprotonated state of the
heme 17-propionic acid side chain in the protein interior.

Molecular Mechanisms for Control of the E°′ Value in
PA. TheE°′-pH plots in Figures 4 and 5 clearly demonstrate
that there are two mechanisms for the control of theE°′
values of the proteins. One is a mechanism that alters the
magnitude of theE°′ value throughout the entire pH range,
and the other mechanism regulates the pK value of the pH
profile of theE°′ value through alteration of the pKa value
of the buried heme 17-propionic acid side chain. The former
has been shown to be determined through the Fe-Met bond
stability, as previously demonstrated (16), and the latter is
likely to be executed through alteration of the electrostatic
environment around the heme 17-propionic acid side chain
(28, 32). As shown in Figure 5, the relationship between
the E°′-pH plots of PA and the F7A/V13M/V78I triple
mutant was similar to that between the plots of the F34Y/
E43Y double mutant and qm. This finding demonstrated that
the two mechanisms for the control of theE°′ value in the
protein operate independently.

The difference in theE°′ value between PA and the F7A/
V13M/V78I triple mutant was∼70 mV throughout the pH
range that was examined, and was identical to that between
the F34Y/E43Y double mutant and qm (F7A/V13M/F34Y/
E43Y/V78I). These findings indicated that the effects of the
F7A, V13M, and V78I mutations on theE°′ value of a
protein are independent of the protein which has these amino
acid substitutions. According to the X-ray structure of PA
(8), the mutations examined in our study are located in three
spatially separated regions within the framework of the
protein structure: region I (F7A and V13M), region II (F34Y
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and E43Y), and region III (V78I). Detailed thermodynamic
characterization of the protein stability of PA and its mutants
demonstrated not only that the mutations in the three regions
contribute to the overall protein stability in an additive
manner but also that the mutations in regions I and III
stabilize the protein structure through both enthalpic and
entropic contributions as a result of improved packing of
the amino acid side chains in the protein interior, while those
in region II enhance the protein stability enthalpically through
electrostatic interactions (13). These electrochemical data on
PA and its mutants are essentially consistent with the
conclusions drawn on thermodynamic characterization of the
proteins. Thus, this study has successfully provided a
molecular basis for quantitative evaluation of the redox
function of cytsc in terms of their thermodynamic properties.

The characterization of the pH profiles of theE°′ values
of PA and the mutants allowed detailed evaluation of the
effects of the amino acid substitutions on the∆GRC and∆GEI

contributions. As demonstrated by the difference in theE°′-
pH plots between PA and the F7A/V13M/V78I triple mutant
or between the F34Y/E43Y double mutant and qm (Figure
5), the∆GRC contribution appears to be essentially indepen-
dent of pH, although the stabilities of the oxidized proteins
themselves have been shown to be pH-dependent (13).
Consequently, the pH profile of the stability of a given
protein should be independent of the oxidation state of the
heme iron to render the∆GRC contribution insensitive to pH.
On the other hand, the observed pH-dependentE°′ values
of the proteins have been attributed predominantly to the
∆GEI contribution arising from the ionization of the buried
heme 17-propionic acid side chain in the proteins, as has
been demonstrated for wild-type PA (28, 32). These findings
provide novel insights into the functional regulation of cyts
c, which could be utilized for tuning theE°′ values of the
proteins by means of protein engineering.
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SUPPORTING INFORMATION AVAILABLE

1H NMR spectra (600 MHz) of the oxidized forms of the
proteins [PA and F34Y single, E43Y single, F34Y/E43Y
double, F7A/V13M/V78I triple, and F7A/V13M/F34Y/
E43Y/V78I quintuple (qm) mutants] in a 90% H2O/10%
2H2O mixture at various pHs, cyclic voltamgram of PA at
pH 5.0 and 25°C, pH profiles of theE°′ values of the
proteins, temperature dependence of absorption spectra
(630-800 nm) of the proteins, and the pH dependence of
the dissociation temperature of the Fe-S coordination bond
of the oxidized forms of PA, the F34Y single mutant, and
the F7A/V13M/V78I triple mutant. This material is available
free of charge via the Internet at http://pubs.acs.org.
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