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ABSTRACT: The thermodynamic properties of the redox potentials (E,,) of Pseudomonas aeruginosa cytochrome
¢ss1 (PA) and its mutants possessing a variety of pK, values for the heme 17-propionic acid side chain, which
ranged from ~5 to ~8, have been investigated to elucidate the role of ionization of the heme side chain in the
E,, control. Since the pK, values of the heme 17-propionic acid side chains of the oxidized and reduced forms of
PA are 5.9 £ 0.2 and 7.0 £ 0.2, respectively [Takayama, S. J., Mikami, S., Terui, N., Mita, H., Hasegawa, J.,
Sambongi, Y., and Yamamoto, Y. (2005) Biochemistry 44, 5488—5494], the ionization state of the heme
17-propionic acid side chain at physiological pH depends on the oxidation state of the protein. This redox-
dependent ionization state of the heme 17-propionic acid side chain was found to have a large effect on the
entropic contribution (AS) to the E,, value. The magnitude of the E,;, control through the AS value due to the
redox-dependent ionization state of the heme 17-propionic acid side chain was shown to be about 170 mV and
hence is considerably larger than that through the enthalpic contribution (AH) to the E,,, value due to stabilization
of the cationic ferriheme in the oxidized protein through partial neutralization of its positive charge by the heme
17-propionate side chain, i.e., about 60 mV [Takayama, S. J., Mikami, S., Terui, N., Mita, H., Hasegawa, J.,
Sambongi, Y., and Yamamoto, Y. (2005) Biochemistry 44, 5488—5494]. The present study revealed that the heme

17-propionic acid side chain of the protein plays a pivotal role in the £, control of the protein.

Understanding the relationship between the functions and
structures of redox active proteins is fundamental and important
for extending our knowledge on biological systems. To accom-
plish this, various studies have been carried out on mono heme
class I cytochrome ¢ (cyt ¢),' because cyt ¢ is one of the ideal
proteins for elucidating the relationship between the functions
and structures of biomolecules (/—9). Cyts ¢ exist in most living
organisms, participating in important reactions such as ATP
synthesis (10), nitrogen fixing (/1), and apoptosis (12, 13). The
redox function of cyts ¢ is generally evaluated on the basis of the
redox potential (E,), which can be readily and accurately
measured through electrochemical techniques (/4—18). In addi-
tion, for structural studies on the proteins, taking advantage of
the physicochemical properties characteristic of heme, detailed
characterization of their structures in solution has been carried
out by means of a variety of spectroscopic techniques (7, 2).

Pseudomonas aeruginosa cytochrome ¢ss; (PA) (19) and Hy-
drogenobacter thermophilus cytochrome c¢ss, (HT) (20) are homo-
logous cyts ¢ that exhibit 56% homology in primary structure,
and their protein folding is almost identical (19, 27). While their
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structures are highly alike, there is a difference of 60 mV in the
E,, value between them, i.e., the E,, values of PA and HT at
pH = 6.0 are 303 and 243 mV, respectively (22). Thermodynamic
studies on their E,, values revealed that the E,, difference arises
from both enthalpic (AH) and entropic (AS) contributions (22).
Hence, elucidation of the structural factors responsible for the
differences in the AH and AS values between the two proteins is
expected to contribute to understanding of the relationship
between the functions and structures of cyts ¢. Through studies
on PA, HT, and their various mutants, we have revealed that
the stabilities of both heme axial coordinations and the hydro-
phobic core around the heme (22—24), ionization of the heme
17-propionic acid side chain (23), and orientation of polar groups
in close proximity to the heme (25) control the AH value. These
findings have been successfully utilized to tune the E, values of
these proteins by means of protein engineering (23—25). Com-
pared with the knowledge on control of the AH value, the
molecular mechanism responsible for control of the AS value
largely remains to be explored, although the protein dynamics
and the reorganization effect of water molecules have been
proposed to contribute to control of the AS value (26—29).

In this study, we have investigated the effects of ionization of
the heme propionic acid side chains of the proteins on the AS
value. Heme in cyt ¢ possesses two propionic acid side chains at
positions 13 and 17 (Figure 1). It has been shown that the E,
value of the protein is significantly affected by the ionization
states of the heme side chains (30—32). According to the X-ray
structure of PA (19) (Figure 1A), 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 (Figure 1B),
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FIGURE 1: (A) Schematic representation of the structure of P. aeru-
ginosa cytochrome c¢ss; (PA) (19) and the locations of heme and
amino acid residues R47 and W56. The polypeptide chain is illu-
strated as a ribbon model, and the heme is drawn as a stick model.
The two residues are shown as a ball and stick model, and hydro-
gen bonds between the side chains of the residues and the heme
17-propionic acid side chain are illustrated by a broken line.
(B) Schematic drawing of the hydrogen bond network among the
heme 17-propionate, R47, and W56 side chains. The hydrogen bonds
are represented by bold broken lines.

while the heme 13-propionic acid side chain is largely exposed to
the solvent, exhibiting a pK, value of about 3.5 (30). In general, a
charged group in a hydrophobic environment inside a protein is
unstable and is stabilized through neutralization on electrostatic
interaction with nearby polar group(s). It has been proposed that
the heme propionate side chain buried in the protein matrix of
cyts cis hydrogen-bonded to the positively charged side chain of a
Lys or Arg residue to lower its pK, value in order to maintain a
constant E,, value throughout the physiological pH range,
because the E,, value is affected by ~60 mV upon the ionization
of a heme propionic acid side chain (23, 30—32). However, the
pK, values for the heme 17-propionic acid side chains of the
oxidized and reduced forms of PA, i.e., 5.9 £ 0.2 and 7.0 £ 0.2,
respectively, indicated that the electrostatic interaction between
the heme 17-propionate and R47 side chains is rather weak, if
any (23). Considering the pK, values of the heme 17-propionic
acid side chains of the oxidized and reduced PA, it is expected
that ionization/deionization of the heme 17-propionic acid/
propionate side chain of the proteins is coupled with a change
in their oxidation state. This redox-dependent ionization of
the heme 17-propionic acid side chain influences the heme
environment and hence is expected to contribute to control of
the AS value.

In order to clarify the effect of the redox-dependent ioniza-
tion of the heme 17-propionic acid side chain on AS control of
the protein, we have prepared mutants possessing a variety of pK,
values for this heme side chain. We have previously shown that
the F34Y and E43Y mutants of PA, for which amino acid
substitutions were selected with reference to the corresponding
residues in HT, exhibit pK, values of <4.5 and 5.0 + 0.2,
respectively, for the oxidized proteins and <5.5 and 6.0 + 0.2,
respectively, for the reduced ones (23). Thus the F34Y and E43Y
mutations of PA resulted in remarkable lowering of the pK, value
of the heme 17-propionic acid side chain. In this study, we have
carried out R47L and W56F mutations of PA in order to obtain
mutants with pK, values largely different from that of the wild-
type protein. As described above, the heme 17-propionic acid side
chain of PA was proposed to be hydrogen-bonded to the side
chains of both R47 and W56, and hence the removal of these
hydrogen bond donors by the mutations is expected to lead to a
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large change in alteration of the electrostatic environment around
the heme 17-propionic acid side chain in the protein, which in
turn changes the pK, value.

In the present study, we have examined, based on character-
ization of the pH- and temperature-dependent profiles of the
E,, values of PA and its F34Y, E43Y, R47L, and W56F mutants,
the relationship between the pK, values of the heme 17-pripionic
acid side chains of the proteins and the AS values in order to
elucidate the effects of the redox-dependent ionization state of the
heme 17-propionic acid side chain on the AS control. Since the
oxidized R47L and W56F exhibited pK, values of 6.7 £+ 0.2 and
7.9 £ 0.2, respectively, the removal of the hydrogen bond
between the heme 17-propionic acid and R47 (or W56) side
chains (heme—R47 (or W56) H-bond) was found to increase the
pK, value of the heme 17-propionic acid side chain. Comparative
study of the AS values of the proteins of which the heme
17-propionic acid side chains exhibit pK, values ranging from
~5 to ~8 revealed a clear relationship between the AS and pK,
values of the proteins in such a manner that a protein with a pK,
value closer to the pH condition used for the AS measurement
exhibits a larger AS value. This finding not only unequivocally
demonstrated that the redox-dependent ionization state of the
heme 17-propionic acid side chain contributes to the AS control
but also provided novel insights for tuning of the E,, value of the
protein through the relationship between the AS and pK, values
by protein engineering.

MATERIALS AND METHODS

Protein Samples. The wild-type PA and mutants were
produced using Escherichia coli and purified as reported pre-
viously (33, 34). The oxidized forms of the proteins were prepared
by the addition of a 10-fold molar excess of potassium ferricya-
nide. For NMR samples, the proteins were concentrated to about
1 mM in an ultrafiltration cell (YM-5, Amicon), and then 10%
’H,0 was added to the protein solutions. The pH of each sample
was adjusted using 0.2 M KOH or 0.2 M HCI, and the pH was
monitored with a Horiba F-22 pH meter with a Horiba type
6069-10C electrode.

'H NMR. NMR spectra were recorded on a Bruker Avance
600 FT NMR spectrometer operating at the 'H frequency of
600 MHz. Samples for NMR measurements comprised ~1.0 mM
protein in nominal "H,0 (~90% '"H,0/~10% “H,0), together
with 20 mM potassium phosphate buffer, pH 7.0. Typical spectra
of the oxidized proteins required a 100 kHz spectral width, 32K
data points, a 9 us 90° pulse, a | 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 with H,O as
an internal reference.

The pH dependence of the chemical shifts of the heme methyl
proton signals of the oxidized proteins was analyzed using the
following equation in order to estimate the pK, value of the heme
17-propionic acid side chain:

Oobs = {0coon +0coo- [lo(pK" _pH)]}/U + 100K _pH)] (1)

where 0, 18 the chemical shift of heme methyl proton signal at
certain pHs and dcoon and dcoo- are those where the heme 17-
propionic acid side chain is fully protonated and ionized,
respectively.

Cyclic Voltammetry. The procedures used for the measure-
ment of cyclic voltammograms of the proteins were essentially the
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same as those described previously (22, 35—37). Cyclic voltam-
metry (CV) experiments were performed with a potentiostat—
galvanostat PGSTATI2 (Autolab, The Netherlands). A gold
electrode 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 vs the Ag/AgCl
electrode in a saturated NaCl solution with the scan rate of
20mVs~". All potentials are referenced to the standard hydrogen
electrode. The protein concentration was about 0.5 mM in
20 mM phosphate buffer, pH 4.0—9.0, and 0.1 M NaClO,. All
experiments were performed at 25 °C under a nitrogen atmo-
sphere. The anodic to cathodic peak current ratios obtained at
various potential scan rates (1—100mV s~ ") 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 .
The anodic and cathodic peak separations of the scan rate in the
range up to 100 mV s~ ' were approximately 100 mV. Thus, PA
and its mutants exhibit quasi-reversible redox processes.

The pH profiles of the E,, values were analyzed using the
following equation in order to estimate the pK, values of the
heme 17-propionic acid side chains in the reduced and oxidized
proteins, Kiq and K., respectively (38):

En = Engty + (RT/nF) log{ (Kres + [H*])/ (Kox + [H])} (2)

where Ep g represents the Ey, value of protein with the fully
protonated heme 17-propionic acid side chain, R is gas constant,
T'is absolute temperature, 7 is the number of electrons transferred
by the redox couple, and F'is the Faraday constant. The equation
was used to generate the theoretical curve by optimizing pKieq
and pK,, to give the best fit to the experimental data.

Thermodynamic parameters, i.e., AH and AS, were calcula-
ted from the E,, values measured over the temperature range
of ~10 to ~60 °C. The AH value was obtained from the slope of
the plots of E,,,/ T against 1/T, according to the Gibbs—Helmholtz
equation, i.e., AG = AH— TAS = —nFE,,. The AS value was
obtained from the slope of the plots of E,, against 7. The
experimental errors for the AH and AS values of the proteins
except the R47L mutant were +2 kJ mol " and £3 J K™ mol ™",
respectively. Due to the poor electrochemical response, the
E,, value of R47L was only obtained in the temperature
range of 25—45 °C, and hence the experimental errors for the
AH and AS values of the R47L mutant were +7 kJ mol ™’
and £10 J K~" mol ™", respectively.

Circular Dichroism Spectroscopy. Circular dichroism
(CD) spectra were recorded on a JASCO J-820 spectrometer
over the spectral range of 200—300 nm and in the temperature
range of 30—130 °C, using an airtight pressure-proof cell
compartment with quartz windows, as described previously (39).

RESULTS

'H NMR Spectra of PA and Its Mutants and Their pH
Profiles. We first analyzed the effects of the amino acid
substitutions on the heme active site structure of the proteins
by paramagnetic "H NMR. The 600 MHz 'H NMR spectra of
the oxidized forms of PA and the mutants at pH 6.0 and 25 °C are
compared with each other in Figure 2. The spectra of oxidized
PA, F34Y, and E43Y have been reported previously (23). The
heme active site structures of the proteins have been shown to
be sensitively manifested in paramagnetic shifts of the heme
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FIGURE 2: 600 MHz "H NMR spectra of the oxidized forms of PA,
R47L, W56F, F34Y, and E43Y in 90% H,0/10% *H,0, pH 6.0, at
25 °C. The heme methyl and axial Met side-chain proton signals are
indicated with the spectra, and the corresponding resonances are
connected by broken lines. The spectra for PA, F34Y, and E43Y were
reported previously (23).

peripheral and Fe-bound Met side chain proton signals of the
oxidized proteins (40—42). 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) intro-
duced into the mutants. Spectra of the proteins at various pH
values were recorded (see the Supporting Information), and the
pH profiles of the observed shifts of the heme methyl proton
signals (0—pH plots) for the R47L and W56F mutants are
compared with those of the oxidized PA, F34Y, and E43Y
previously reported (23) in Figure 3. The 0—pH plots of the
proteins have been shown to reflect the pK, value of the heme
17-propionic acid side chain (23, 30, 32). The pK, values of
6.7 £0.2and 7.9 + 0.2 were determined from the —pH plots for
the oxidized R47L and W56F mutants, respectively. Since the
oxidized PA, F34Y, and E43Y (23) exhibit values of 6.1 + 0.2,
5.0 £0.2, and <4.5, respectively (23), the pK, value of the heme
17-propionic acid side chain was found to increase with removal
of the heme—R47 and heme—W56 H-bonds.

pH Profiles of the E,, Values of the R47L and W56F
Mutants. We next measured the E,, values of the R47L and
WS56F mutants at various pHs, the pH profiles of the obtained
values (E,—pH plots) for the proteins, together with those for
PA, F34Y, and E43Y for comparison, being shown in Figure 4A.
The E,, values of R47L and W56F at pH 6.0 were 265 and
280 mV, respectively (Table 1), and exhibited a negative shift of
about 40 mV with increasing pH to 9. The fitting of the £,,—pH
plots to the Nernst equation (43) yielded pK values of 6.9 +
0.2 and 7.5 £ 0.2 for the oxidized and reduced forms (pKox and
PKieq) of the R47L mutant, respectively, and pK,y and pKieq
values of 7.9 £+ 0.2 and 8.4 £ 0.2 for the W56F mutant,
respectively (see the Supporting Information). The similarity
between the pK, value of the heme 17-propionic acid side chain,
estimated from the 0—pH plots, and the pK,, value, determined
from the E,—pH plots, for the oxidized R47L and WS56F
mutants confirmed that the £, values of the proteins are affected
by ionization of the heme 17-propionic acid side chain. In order
to highlight the differences in the pK value, reflected in the
E,,—pH plots, among the proteins, the data were plotted in such a
way that the E;, values of R47L and W56F at pH 4.5 and those of
F34Y and E43Y at pH 9.0 were normalized to the corresponding
values for PA in Figure 4B.
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FIGURE 3: pHde ;:)endence of the chemical shifts of the heme methyl proton signals of the oxidized forms of PA, R47L, W56F, F34Y, and E43Y in
90% "H,0/10% “H,0 at 25 °C. The pH region in which the heme methyl proton signals exhibited large pH-dependent shifts is indicated in gray.
The plots for PA, F34Y, and E43Y were reported previously (23).
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FIGURE 4: (A) Plots of the redox potentials (E,,) against pH for PA (O) and the R47L (@), W56F (M), F34Y (A), and E43Y (¥) at 25 °C. The plots
for PA, F34Y, and E43Y were reported previously (23). (B) Fitting of the plots in (A) to the Nernst equation was performed in such a way that the
E., values of PA, F34Y, and E43Y at pH 9.0 were normalized to the corresponding values for PA, in order to compare the pK, values reflected in
the pH profiles of the E,, values.

Table 1: E,, AS, AH, T,,, and pK, Values for PA and Its Mutants

protein E, (mV)? AS (J K "mol ™" AH (k] mol™")® T (°C)° pKox (NMR)? PKox (CV)° PKrea(CV)°
PA 303 —64.5 (—52) —47 (—48)° 82.1 6.1" 5.9" 7.0"
R47L 265 —45 -39 75 6.7 6.9 75
W56F 280 -36 -38 73 7.9 79 8.4
F34Y 254 —42' (—45)° —38 (—41)° 91 <4.5" <4.5" <5.5"
E43Y 285 -92 -55 87 5.0" 5.0" 6.0"

“Redox potential determined at pH 6.0 and 25 °C. The experimental error was £5mV. ° The entropic and enthalpic contributions to the E,, value at pH 6.0.
The experimental errors for AS and AH of the proteins except the R47L mutant were +3 J K~ mol™" and £2 kJ mol ™', respectively, and those of the R47L
mutant were 10 J K" mol " and + 7kJ mol ™, respectively. ¢ The denaturation temperature of the oxidized protein at pH 7.0 determined through analysis of
the temperature dependence of the CD ellipticity at 222 nm. ¢ The pK, value obtained from the pH-dependent shifts of heme methyl proton signals of the
oxidized form of the protein. The experimental error was £0.2. ¢ The pK, values of the oxidized and reduced forms of the protein, pK, and pK,.4, respectively,
determined from the fitting of the pH profile of the £, value to the Nernst equation (see the Supporting Informatlon) The experimental error was +0.2. /Taken
from ref 24. ¢ The numbers in parentheses indicate the values determined at pH 5.0. The experimental error was £0.2. " Taken from ref 23. ‘ The value was slightly
different from that previously reported (30) possibly due to the effect of ionic strength on the AS value (47).

listed in Table 1, the AS value is more largely affected by the

Temperature Dependence of the E,, Values of the R47L
amino acid substitutions introduced into the mutants than the

and W56F Mutants. We also measured the E,,, values of R47L

and W56F at pH 6.0 and various temperatures, and the obtained
values, together with those of PA, F34Y, and E43Y for compar-
ison, are plotted against temperature (E,,—7 plots) in Figure 5.
Similarly to the cases of PA, F34Y and E43Y, the E,— T plots for
R47L and W56F each exhibited a straight line (Figure 5). From
the E,,—T plots, we estimated the AH and AS values (Table 1). As

AH value is. The proteins could be ranked as W56F < R47L ~
F34Y < PA < E43Y, in order of increasing absolute AS value
(IAS|) determined at pH 6.0. Comparison of the AS and pK,
values for the heme 17-propionic acid side chain of the protein
suggested that a protein with a pK, value closer to pH 6.0 exhibits
a larger |AS| value. In fact, the AS value of =524+ 3J K™ 'mol™
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determined for PA at pH 5.0 was considerably smaller in
magnitude than the value at pH 6.0, ie., —64.5 £ 3 J K!
mol ! (Table 1). On the other hand, the value of =45 + 3 J K™
mol " determined for the F34Y mutant at pH 5.0 was essentially
equal to the value at pH 6.0, i.e., =42 + 3 J K" mol ' (Table 1).
These results clearly confirmed the relationship between the AS
and pK, values of the proteins in such a manner that a protein
with a pK, value closer to the pH condition used for the AS
measurements exhibits a larger AS value, demonstrating that the
redox-dependent ionization of the heme 17-propionic acid side
chain significantly contributes to control of the AS value.
Thermostability of the Mutants. We finally analyzed the
thermostability of the oxidized R47L and WS56F mutants
through measurement of CD spectra (200—300 nm) in the
temperature range of 30—130 °C at pH 7.0. 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 being obtained (Figure 6). Similar plots for the
oxidized form of PA are also illustrated, for comparison, in
Figure 6. The denaturation temperatures (7;,) of R47L and
WS6F were determined to be 75 and 73 °C, respectively, which
were lower than that of PA, i.e., 82 °C (Table 1). The lowering
of the T, value caused by the R47L and W56F mutations can
be attributed to removal of the heme—R47 and heme—W56
H-bonds, respectively. These results indicated not only that both
the heme—R47 and heme—WS56 H-bonds contribute to the
stability of the oxidized protein but also that the contribution
of the latter H-bond to the protein stability is greater than that of
the former one. According to the X-ray crystal structure of
PA (19), the donor—acceptor distances for the heme—R47 and
heme—W56 H-bonds are 0.184 and 0.174 nm, respectively.

Mikami et al.

Therefore, the greater contribution of the heme—W56 H-bond
to the protein stability than that of the heme—R47 one is consis-
tent with the higher stability of the latter than that of the former, as
expected from their hydrogen bond distances. On the other hand,
the Ty, values of the F34Y and E43Y mutants, i.e., 91 and 87 °C,
respectively, are higher than that of PA, indicating the possible
formation of a hydrogen bond between the introduced Tyr residue
and the heme 17-propionic acid side chain in the protein.

DISCUSSION

Effect of the Mutations on the Protein Structure.
Although the amino acid replacements introduced into the
mutants did not significantly change the heme active site struc-
ture of PA, as reflected in the similarity of the paramagnetic shift
pattern of the heme peripheral and Fe-bound Met side chain
proton NMR signals among the oxidized proteins, but induced
sizable changes in both the chemical environment around the
buried heme 17-propionic acid side chain and thermostability of
the protein, as manifested in the pK, and T}, values, respectively.
The pK, of a titrating group in a protein is sensitively affected by
not only its electrostatic environment but also nonelectrostatic
interactions such as the amount of water nearby, the extent of
burial, and the flexibility of polar side chains around a titrating
group, in addition to van der Waals and hydrophobic interac-
tions (44). In the case of PA, the pK, value for the heme 13-
propionic acid side chain was reported to be about 3.5 (30), the
values for the heme 17-propionic side chains in the oxidized and
reduced forms being 5.9 £+ 0.2 and 7.0 £ 0.2, respectively (23).
The X-ray crystal structure of PA indicated that the heme 13-
propionic acid side chain is largely exposed to the solvent, while
the heme 17-propionic acid side chain is buried inside the
hydrophobic core of the protein, with the formation of heme—
R47 and heme—W356 H-bonds (19). The hydrophobic environ-
ment around the heme 17-propionic acid side chain and the
formation of the hydrogen bond network significantly contribute
to the control of its pK, value, as manifested in the difference in
the pK, value between the heme 13- and 17-propionic acid side
chains of PA, as well as the effect of the R47L and W56F
mutations on the pK, value. Consequently, the increase in the
pK, value caused by the R47L and W56F mutations could be
attributed primarily to removal of the heme—R47 and heme—
W56 H-bonds, respectively, in addition to alteration of the
hydrophobic environment around the heme 17-propionic acid
side chain exerted by the mutations. The loss of the heme—R47
and heme—W56 H-bonds caused by the R47L and WS56F
mutations, respectively, is clearly manifested in the lower T;,
values for the mutants. Since PA exhibits pK,y and pK,.q values
of 59 £ 0.2 and 7.0 £ 0.2, respectively, the electrostatic
interaction between the heme 17-propionate and R47 side chains
can be considered to be weak, as described previously (23). Weak
electrostatic interaction between the heme 17-propionate and
R47 side chains may appear to be in conflict with rather strong
heme—R47 H-bond as manifested in its sizable contribution to
the stability of the overall protein structure. Since guanidyl group
of the R47 side chain is fully exposed to the solvent (19), its
positive charge would be stabilized through interaction with
solvent molecules, and hence the ionization of heme 17-propionic
acid side chain is not largely affected by the positive charge of the
R47 side chain even in the presence of the heme—R47 H-bond.

By the way, although both the pK, and pK,q values of
the wild-type protein were increased by the R47L and WS56F
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FIGURE 7: Schematic representation of the pH-dependent ionization
profiles of the heme 17-propionic acid side chains of E43Y, with pK«
and pKieq values of 5.0 £ 0.2 and 6.0 & 0.2, respectively (left), and
WS56F, with values of 7.9 + 0.2 and 8.4 4 0.2, respectively (right). The
profiles of the oxidized and reduced proteins are indicated by broken
and solid lines, respectively. The pH value used for the AS measure-
ments, i.e., pH 6.0, is indicated by a dotted line. At pH 6.0, the heme
17-propionic acid side chain of the oxidized E43Y is mostly ionized,
whereas that of the reduced one is ionized about halfway. Therefore,
the ionization state of the heme 17-propionic acid side chain of E43Y
is affected by the redox state of the protein. On the other hand, since
the heme 17-propionic acid side chains of the oxidized and reduced
WS56F are mostly protonated, the ionization state of the heme
17-propionic acid side chain of W56F is almost completely indepen-
dent of the oxidation state of the protein. The redox-dependent
ionization state of the heme 17-propionic acid side chain significantly
contributes to control of the AS value. The study demonstrated thata
protein of which the pK, value is closer to the pH value used for the
AS measurements exhibits a larger absolute AS value.

mutations, the magnitude of the increase for the former value,
with a given mutation, was larger than that for the latter, and
hence, as a result, the difference between the two values of the
mutants became smaller compared with that of the wild-type
protein. Thus the effect of the mutation on the pK, value of the
heme 17-propionic acid side chain depends on the oxidation state
of the protein, indicating a close mutual interaction between the
ionization state of the heme 17-propionic acid side chain and
heme iron.

Correlation between the AS and pK, Values for the
Heme 17-Propionic Acid Side Chain. As shown in Table 1,
the AS value determined at pH 6.0 is related to the pK, value of
the heme 17-propionic acid side chain of the protein in such a
manner that a protein of which the pK, value is close to the pH
value used for the AS measurements exhibits a larger |AS)| value.
For example, the E43Y mutant with pK,, and pK.q values of
5.0 £ 0.2 and 6.0 £ 0.2, respectively (23), exhibited a relatively
large |AS| value, whereas the F34Y mutant with values of <4.5
and <35.5, respectively (23), and the W56F mutant with ones of
7.9 + 0.2 and 8.4 £ 0.2, respectively, exhibited relatively small
|AS| values. According to their pK,y and pK;.q values, under the
pH condition used for the AS measurements, i.e., pH 6.0, the
heme 17-propionic acid side chain of the oxidized E43Y mutant is
mostly ionized, whereas that of the reduced one is ionized roughly
halfway (Figure 7). Thus, the ionization state of the heme
17-propionic acid side chain of the E43Y mutant at pH 6.0 is
affected by the redox state of the protein. On the other hand, at
pH 6.0, the heme 17-propionic acid side chains of both the
oxidized and reduced forms of the F34Y mutant are mostly
ionized, and on the contrary, those of the W56F mutant are
mostly protonated. Hence the magnitude of the redox-dependent
deprotonation/protonation of the heme 17-propionic acid/pro-
pionate side chains in these mutants at this pH value is con-
siderably smaller than that in the E43Y mutant.

In general, the AS values of cyts ¢ are negative (5, 26, 28, 45,
46), indicating that, with a given protein, the entropy (S) of the
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reduced form is smaller than that of the oxidized one. The redox-
dependent S value of the protein has been attributed to a
difference in structural dynamics near the heme between the
two redox states (28). The presence of a negative charge resulting
from deprotonation of the heme 17-propionic acid side chain in
the protein is thought to lead to destabilization of the hydro-
phobic core of the protein and hence weakening of the packing
of the heme pocket, which in turn results in an increase in the
S value of the protein. In the case of the W56F mutant, the heme
17-propionic acid side chains of both the redox forms are not
ionized at pH 6.0, and hence, due to the absence of redox-
dependent ionization of the heme 17-propionic acid side chain,
this mutant exhibited a relatively small |AS| value of 36 J mol ™
KA similarly small |AS| value of 42 J mol ' K~ for the F34Y
mutant can also be attributed to the absence of redox-dependent
ionization of the heme 17-propionic acid side chain, because the
heme side chains of both the oxidized and reduced forms of the
protein are mostly ionized at pH 6.0. Furthermore, the similarity
in the |AS] value between the WS6F and F34Y mutants suggested
that the effect of the ionization state of the heme 17-propionic
acid side chain on the S value is almost completely independent
of the oxidation state of the protein. Therefore, a AS value of
~—40 J mol ™' K™ is likely to be the upper limit of the values
attainable within the framework of the present protein struc-
ture and is equivalent to an E, value of ~—110 mV at
room temperature. On the other hand, the large |AS| value of
92 Jmol ™' K™ for the E43Y mutant is attributed to the redox-
dependent ionization state of the heme 17-propionic acid side
chain. Thus, ionization of the heme 17-propionic acid side chain
of the protein plays a significant role in E,, control through its
effect on the AS value. By the way, although the pK..q value
of the F43Y mutant and the pKox value of the wild-type PA
are similar to each other, there is a large difference in the AS
value, ie., ~30 J mol~' K™!, between the two proteins. This
result suggested that the effect of the ionization of the heme
17-propionic acid side chain on the S value of the protein
depends crucially on the local environment around the heme
side chain.

Effect of lonization of the Heme 17-Propionic Acid Side
Chain of the Protein on E,, Control. The E,, value of the
protein has been shown to exhibit a negative shift of ~60 mV
upon ionization of the heme 17-propionic acid side chain (23)
(Figure 4A). This E,,, change has been explained in terms of the
stabilization of the cationic ferriheme in the oxidized protein,
relative to the 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 (23). Thus, the ionization state of the
heme 17-propionic acid side chain of the protein enthalpically
controls the E,, value.

As described above, the redox-dependent ionization state of
the heme 17-propionic acid side chain of the protein contributes
to £, control through its effect on the AS value. The difference in
the |AS| value between W36F and E43Y, ie., 56 J mol ' K™/,
would account for the net effect of the redox-dependent ioniza-
tion of the heme 17-propionic acid side chain of the protein on the
AS value and was larger than the |AS]| value of ~40 J mol ™' K™
due to the differences in intrinsic dynamical properties between
the two different redox forms of the protein. The |AS| value of
56 J mol™' K™ due to the redox-dependent ionization of the
heme 17-propionic acid side chain is equivalent to an £, change
of ~170 mV at room temperature, and hence, depending upon
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the pK, value of the heme 17-propionic acid side chain, the effect
of its ionization on the AS value could be much larger than that
on the AH one.

Characterization of the thermodynamic properties of the
E,, values of PA and its mutants possessing a wide range
of pK, values for the heme 17-propionic acid side chain, i.e.,
pK, = ~5 to ~8, revealed that the redox-dependent ionization
state of the heme 17-propionic acid side chain is a major
determinant of the AS value. The AS value determined by the
redox-dependent ionization state of the heme 17-propionic acid
side chain of the protein was found to be larger than that due to
the differences in intrinsic dynamical properties between the two
different redox states of the protein. Furthermore, the magnitude
of the Ey,, control through the AS value determined by the redox-
dependent ionization state of the heme 17-propionic acid side
chain was found to be considerably larger than that through the
previously reported AH value due to the selective stabilization of
the cationic ferriheme in the oxidized protein through partial
neutralization of its positive charge by the heme 17-propionate
side chain. Thus, the heme 17-propionic acid side chain of the
protein plays a pivotal role in the £, control of the protein. These
findings provide novel insights into the functional control of cyts
¢, which could be utilized for tuning of the E,, values of the
proteins through designing of the chemical environment around
the heme 17-propionic acid side chain by means of protein
engineering.
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