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ABSTRACT:. ThermophileHydrogenobacter thermophilusytochromecss, (HT) is a stable protein with
denaturation temperature$,f) of 109.8 and 129.7C for the oxidized and reduced forms, respectively
[Uchiyama, S., Ohshima, A., Nakamura, S., Hasegawa, J., Terui, N., Takayama, S. J., Yamamoto, Y.,
Sambongi, Y., and Kobayashi, Y. (20031)Am. Chem. Soc. 1264684-14685]. The removal of a single
hydroxyl group from the hydrophobic core of HT, through the replacement of a Tyr by Phe, resulted in
further elevation of th@, value of the oxidized form by-6 °C, theT,, value of the reduced one remaining
essentially unaltered. As a result, the redox potential of the mutant with higher stability in the oxidized
form exhibited a negative shift o$20 mV relative to that of wild-type HT in an enthalpic manner. These
findings indicated that the redox function of a protein can be enthalpically regulated through the stability
of the oxidized form by altering the contextual stereochemical packing of hydrophobic residues in the
protein interior using protein engineering.

There is enormous interest in delineating the structural disparity in their thermostability and redox properties; the
determinants underlying the thermostability of proteins. Apart denaturation temperature$,{ of PA in both the reduced
from allowing a deeper understanding of protein architecture and oxidized forms are considerably lower than those of HT
and evolution, this knowledge holds great promise for in the corresponding forms, and the redox potentt)) (of
designing proteins for industrial use. Proteins isolated from PA at pH 6.0 and 23C is higher by~60 mV relative to
thermophilic organisms have been extensively investigatedthat of HT (5, 6, 8) (Table 1). A detailed comparison of the
from both experimental and theoretical points of view in protein interior between HT and PA revealed sizable differ-
order to gain such knowledgé)( In particular, comparative  ences in the packing of amino acid side chains, and site-
studies of the structures of homologous proteins of thermo- directed mutants of PA, for which amino acid substitutions
philes and mesophiles have contributed significantly to the were selected with reference to the corresponding residues
understanding of the relationship between protein structurein HT, exhibited thermostabilities between those of the two

and thermos_tability](—lZ). _ proteins 8—5). These studies unequivocally demonstrated
ThermophileHydrogenobacter thermophilugtochrome  that the contextual stereochemical packing of hydrophobic
Css2 (HT)' and mesophilePseudomonas aeruginosgyto- residues is crucial for increased hydrophobic interaction

chromecss; (PA) are small monoheme-containing electron conferring overall thermostability to proteins.
transfer proteins composed of 80 and 82 amino acid residues,
respectively. The two proteins exhibit high sequence identity
(56%) (13), and their main-chain folding is almost identical
(2). Despite their structural similarity, there is remarkable

In the case of cyt, in which the redox-dependent structure
change is almost negligibld4, 15), the protein stability has

a paramount effect on its redox activity. The Gibbs energy
change for the reduction of the oxidized proteNGeqox IS
expressed by the equatioh§ 17):
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Pseudomonas aeruginosaytochrome css;; HT, Hydrogenobacter ferriheme in the oxidized form and ferroheme in the reduced
thermophiluscytochromecssz Tm, denaturation temperature of protein;  one. The enhancement of protein stability through reinforce-
Tm(ee-wen, dissociation temperature of Félet bond; T, transition — mant of the hydrophobic core by mutations is expected to
temperature; CV, cyclic voltammetrg,,—pH plots, plots of redox . .
potentials of proteins against pB;—T plots, plots of redox potentials ~ alter the AGge value, because the stability of an oxidized

of proteins against temperature. protein has been shown to be more greatly affected by
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Table 1: Thermodynamic Parameters of the Redox Reaction for Wild-Type HT and PA and Their Y27F Mutants

Tn? (°C) AH? (kJ mol?) AS' (J K-tmol™?)
oxidized reduced Tm(re-men® (°C) AER® (MV) low high low high
HT 109.8 129.7 >100 243 -32.2 -37.5 —28.4 —45.7
HT(Y27F) 116 130 >100 224 -31.2 —36.5 —28.5 —44.7
PA 82.F 109.¢ 79 303 —47.0 —64.5
PA(Y27F) 91 109 90 264 —44.1 —63.2

@ The unfolding temperature3{) of the proteins were determined through analysis of the temperature dependence of the CD ellipticity at 222
nm. The experimental errors for the oxidized and reduced proteinstaiefeandd=2.0 °C, respectively® The dissociation of the FeMet 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. The
experimental errors wer&0.5 °C. ¢ The redox potential is given in mV, with reference to a standard hydrogen electrode’@t pbl 6.0. The
experimental errors were5 mV. ¢ The experimental errors for enthalpHl) and entropy AS) were+3 kJ mott and+10 J K'* mol~2, respectively.
4 Obtained from re®.

to a detailed study on the structurfinction relationship
using paramagnetic NMR, circular dichroism (CD) measure-
ments in the temperature range of-365 °C, absorption
spectroscopy, and cyclic voltammetry (CV). The study
demonstrated that the stability of the oxidized proteins was
SN greatly increased by mutations, whereas that of the reduced
XN ones was essentially unaltered. The different effects of the
mutations on the stability of the two different redox forms

Ficure 1: Schematic representation of Tyrl7, together with heme,
His16, and Met61, irHydrogenobacter thermophilus/tochrome
Css2 (HT) (A) and the conformation of the Tyr27 side chain in the
oxidized HT (PDB code 1YNR)1@®) (B). The F, — F. map around
the Tyr27 residue in HT is contoured at the 0.8 level. The electron
density map was calculated with program PREMAGB)( These

of the protein resulted in a negative shift in tBg value
through theAGgc contribution. The study demonstrated that
the structural properties of the hydrophobic core in the
protein interior are crucial for control of the redox function
of the proteins.

representations were drawn with PyMORY.
MATERIALS AND METHODS

Protein SamplesThe wild-type HT and PA and their
mutants were produced usiigscherichia coliand purified
as reported previously3( 4). 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 about 1 mM in an ultrafiltration
cell (YM-5, Amicon), and then 10%H,O was added to the

mutations than that of the reduced o As a result, the

En value of a mutant with higher stability is expected to
exhibit a negative shift relative to that of the wild-type protein
(8, 10). Furthermore, we have also demonstrated in studies
on PA and HT as well as a series of PA mutants that the
overall protein stability correlates with the +&let bond
stability. Consequently, thE,, value of a protein is related

to the Fe-Met bond stability 7, 8, 10). protein solutions. The pH of each sample was adjusted using
According to the X-ray structure of HTL®), the side chain 0.2 M KOH or 0.2 M HCI, and the pH was monitored with
of Tyr27 (the numbering system for amino acids of HT a Horiba F-22 pH meter with a Horiba type 6069-10C
corresponds to that for PA) is buried in the hydrophobic glectrode.
protein interior near the heme, its OH group being hydrogen-  Cyclic VoltammetryThe procedures used for obtaining
bonded to the sulfur atom of Metl3. The Tyr2Vlet13 cyclic voltammograms for the proteins were essentially the
hydrogen bonding is not sufficiently stable to force a single same as those described previougly20—22). CV experi-
orientation of the Tyr27 side chain (Figure 1) and possibly ments were performed with a potentiostat-galvanostat PG-
makes an unfavorable contribution to the stability of the STAT12 (Autolab). A gold electrode treated with 4,4
protein interior. Tyr27 is conserved in PA, but its side chain dipyridyl disulfide just before use was employed as the
does not participate in a hydrogen bond because Val occupiesyorking electrode. An ABAgCI electrode in a saturated NaCl
position 13 (9). Hence, the OH group of the Tyr27 side so|ution and a Pt wire were employed as the reference and
chain in PA is also unfavorable for the stability of the counter electrodes, respectively. The potential sweep range
hydrophobic core of the protein. Consequently, the replace-as +350 to —150 mV vs the A¢gAgCI electrode in a
ment of Tyr27 by Phe in HT as well as PA is expected to saturated NaCl solution with a scan rate of 20 V. gl
reinforce the hydrophobic core of the protein, leading to potentials are referenced to the standard hydrogen elec-
enhancement of the protein stability. trode. The protein concentration was about 0.5 mM in
In the present study, we extended our efforts to further 20 mM phosphate buffer, pH 4:®.0, and 0.1 M NaCI@
stabilize the hydrophobic core of HT and PA through the All experiments were performed at 2& under a nitro-
removal of a hydroxyl group, i.e., replacement of Tyr27 by gen atmosphere. The anodic to cathodic peak current ratios
Phe, from the hydrophobic core in order to create proteins obtained at various potential scan rates-{D0 mV s?)
even more thermostable than the wild-type proteins and towere all ~1. Both the anodic and cathodic peak currents
gain a deeper understanding of the role of the hydrophobicincreased linearly as a function of the square root of the
core in theE, regulation of the protein. In order to achieve scan rate in the range up to 100 msThe anodic and
these goals, single mutants, Y27F, of HT and PA (HT(Y27F) cathodic peak separations of the scan rate in the range up
and PA(Y27F), respectively) were prepared and subjectedto 100 mV s were approximately 100 mV. Thus, HT and
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Ficure 3: Unfolding profiles of HT in the oxidized (open circles)
and reduced (open triangles) forms and HT(Y27F) in the oxidized

' (filled circles) and reduced (filled triangles) forms at pH 7.0.
PA(Y27F)
I I‘_A‘_J/LI ‘ e PR S S S of heme to the protein moiety, with the coordination of the
40 ZOChem.calsm(m;i‘l’) -40 gmiw]-sim( -4) His imidazole to heme iron, through the heme attachment
ppmy . . . .
motif Cys-x-z-Cys-His (x and z represent arbitrary amino
A B acid residues) and the hydrogen bonding of the Hisl N
FIGURE 2: The downfield- and upfield-shifted portions of the 600 Proton with surrounding residuesl§ 19). In fact, the
MHz *H NMR spectra of the oxidized forms of HT, HT(Y27F), orientation of the axial His16 imidazole, with respect to
PA, and PA(Y27F) in 90% bD/10% D,O, pH 7.20, at 25C (A) heme, has been shown to be highly conserved in HT and
ang the d“pﬁ‘?'dfhiflted portiond§ of the épe%r]a of the reo'“‘é‘?d pLOtei”S PA (18, 19). Hence, the large difference in the paramagnetic
e o e () i oresponing Neme st pattern of the heme methyl proton signals between the
connected by a broken line, with the signal assignments. The OXidized forms of HT and PA has been interpreted solely in
spectral patterns of the mutants are almost identical to those of theterms of the axial Met61 coordination structugsy
corresponding wild-type proteins, suggesting that the protein  Comparison of the heme methyl proton shifts between the
structures were essentially unaffected by the mutations. wild-type and mutant proteins for HT and PA showed that
the shift patterns of the mutants were almost identical to those
of the corresponding wild-type proteins, suggesting that the
heme active site structures in the proteins are essentially
unaltered by the mutations. Since the shifts of the axial Met61
proton signals resolved in the upfield-shifted region of the
spectra of the reduced proteins were almost identical between
. the mutant and wild-type counterparts (Figure 2B) and, in
an internal reference. addition, the differences in the shifts between the corre-
Circular Dichroism SpectroscopyCD spectra were re-  gnqnding proton signals of the reduced HT(Y27F) and HT
corded on a JASCO J-8_20 spectrometer over the spectralqre mostly<0.1 ppm (Supporting Information), small shift
range of 26-300 nm and in the temperature range 0f30  jifferences between the mutant and wild-type counterparts
165 °C, using an airtight pressure-proof cell compartment 1,5y he attributed to the alteration of the chemical environ-
with quartz windows, which was described previously. ( ment in the heme active site, due to the removal of the polar

Absorption Spectroscoppbsorption spectra at 695 NM o group of the Tyr27 side chain, locateca2.65 nm from
were recorded with a Beckman DU 640 spectrophotometer name iron by the mutations (see below).

using a microTr, analysis system and a micii, cell. The Thermostability of the Mutant3Ve next analyzed the
protein concentration was about 0.2 mM in 20 mM phosp_hate thermostability of the oxidized and reduced forms of the
buffer, pH 7.0, in the presence of 10 mM potassium ntants through measurement of CD spectra (28D nm)
ferricyanide. in the temperature range of 3065 °C at pH 7.0 9). The
RESULTS fractions of the unfolded proteins calculated from the CD
ellipticity at 222 nm were plotted against temperature,
'H NMR Spectra of the Mutant®Ve first analyzed the  thermal unfolding profiles for the two mutants in both redox
effects of the mutations on the heme active site of the proteinsstates being obtained (Figure 3). Similar plots for the wild-
by means of paramagnefiel NMR (Figure 2A). Paramag-  type proteins are also illustrated, for comparison, in Figure
netically shifted signals arising from heme peripheral methyl 3. The T,, values of the oxidized and reduced HT(Y27F)
and Fe-coordinated Met61 protons were resolved in down- were determined to be 116 and 130, respectively, and
field- and upfield-shifted regions of the spectra, respectively. those of the oxidized and reduced PA(Y27F) to be 91 and
These signals have been shown to be extremely sensitive tdl09 °C, respectively (Table 1). Comparison of the value
the heme environmen28—25). In particular, the coordina-  between the mutant and wild-type counterparts showed that
tion structures of both axial His16 and Met61 contribute the Y27F mutation significantly increases the thermostability
significantly to the paramagnetic shifts of the individual heme of the oxidized proteins, as reflected in the elevation of the
methyl proton signals of the oxidized proteins. In the present T, value by~6 and~9 deg for HT and PA, respectively.
proteins, the conformation freedom of the axial His16 side On the other hand, th&, values of both the reduced HT
chain is considerably restricted due to the covalent attachmentand PA were essentially unaltered by the mutations.

PA and their mutants exhibit quasi-reversible redox pro-
cesses.

'H NMR.NMR spectra were recorded on a Bruker Avance
600 FT NMR spectrometer operating at firefrequency of
600 MHz. Chemical shifts are given in ppm downfield from
sodium 2,2-dimethyl-2-silapentane-5-sulfonate witd®Hhs
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Ficure 4: Plots of the normalized 695 nm absorption of the HT (open circles), HY(Y27F) (filled circles), PA (open triangles),
oxidized forms of HT (open circles), HT(Y27F) (filled circles), PA  and PA(Y27F) (filled triangles) at 28C. The E,—pH plots for
(open triangles), and PA(Y27F) (filled triangles) at pH 7.00 against the mutant and wild-type proteins were quite similar in pattern to
temperature (top). The absorption was normalized in such a way each other, the exception being the negative shifts2 and~40
that the values at 8C equal 1.0. The dissociation temperatures mV for HT(Y27F) and PA(Y27F) relative to those of the wild-
(Tm(re-men) Of Fe—Met bonds in the oxidized PA and PA(Y27F) type counterparts, respectively, throughout the pH range.

were taken as the midpoints in the plots.

In addition, the stability of the FeMet coordination bond 3°°L A 300 B
in the oxidized forms of the mutants has been analyzed I I
through the temperature dependence of the 695 nm absorp-
tion characteristic of the bond) (Figure 4). The breaking ar ar
of the Fe-Met bond on thermal denaturation of the protein L HT 21
was clearly manifested in the decrease in absorbance with >F >
increasing temperature. In the case of PA(Y27F), the 55 és PA(Y27F)
dissociation temperatur@e-men) of 89 °C (12) was taken e w
as the midpoint in the plots of the normalized absorbance \r’%\‘
against temperature and is higher L1 deg relative to - HT(Y27F)
that of PA (Table 1). Thus, the FeVlet bond stability in ZOOT 200"
the oxidized PA(Y27F) was significantly enhanced by the e e e 0 20 a0 6o
mutation. On the other hand, tAgee-mer values of>100 Temperature (°C) Temperature (‘C)

°C for the oxidized forms of both HT and HT(Y27F), as Ficure 6: Plots of the redox potential&g) against temperature
manifested in the only~20% decrease in the absorbance at for HT and HT(Y27F) (A) and PA and PA(Y27F) (B) at pH 6.0.
95 °C in their plots, hampered quantitative comparison of The plots for the HT proteins could be fitted by two straight lines
their Fe-Met bond stability. with a transition temperature o35 °C, whereas those for the PA
. . . proteins exhibited a straight line.

The thermostability of the heme active site structure of
the oxidized protein can also be analyzed through measure-shown to be due to ionization of the heme 17-propionic acid
ment of*H NMR spectra at various temperatures (Supporting side chain buried in the protein matrixi@, 30—33).
Information). Although the heme methyl and axial Met61 Consequently, the similarity in the pattern betweenEqe
proton signals of the oxidized PA disappeared completely pH plots of the mutant and wild-type proteins indicated that
below 86°C (7), the signals of the oxidized PA(Y27F) could the environment around the heme 17-propionic acid side
be observed up to 88C (Supporting Information), demon-  chain is not affected by the mutation. This result is consistent
strating the elevated thermostability of the heme active site with the conclusion made on the NMR spectral comparison;
caused by the mutation. The features of the temperaturei.e., the heme environment is not greatly affected by the
dependence of the spectra of the oxidized HT(Y27F) were mutation. TheE,, values of both HT and HT(Y27F) were
similar to those of the oxidized form of the wild-type almost constant throughout the pH range &4 reflecting
counterpart (Supporting Information). The heme methyl and that the protonation of the heme 17-propionate side chain
axial Met61 proton signals of the oxidized HT(Y27F) were does not occur in the physiological pH range due to the
observed up to 86C, reflecting its thermostability, and  formation of a hydrogen bond network (see below). Fur-
exhibited anomalous line broadening at low temperatures, thermore, the negative shifts of tkg values of the mutants
due to a dynamic process in the heme active die-@9). relative to those of the corresponding wild-type proteins are

pH Profiles of the E Values of the MutantsWe next consistent with our previous finding that a protein with higher
measured th&,, values of the mutants at various pHs, and stability in its oxidized form exhibits a loweE, value g,
the obtained values, together with those of the wild-type 10, 12).
proteins for comparison, are plotted against fE,(pH Temperature Dependence of thg\#alues of the Mutants.
plots) in Figure 5. Comparison of th&,—pH plots between  We also measured tHg, values of the mutants at various
the mutant and wild-type proteins showed that they were temperatures, and the obtained values, together with those
quite similar in pattern to each other, the exception being of the wild-type proteins for comparison, are plotted against
the negative shifts 020 and~40 mV for HT(Y27F) and temperatureE,—T plots) in Figure 6. From thE,—T plots,
PA(Y27F) relative to those of the wild-type counterparts, we estimated the enthalpid) and entropic AS) contribu-
respectively, throughout the pH range examined (Figure 5). tions to theE,, value (Table 1). The plots for the HT proteins
The pH dependence of tli&, values of the proteins has been could be fitted by two straight lines with a transition
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temperatureT.) of ~35°C (12) (Figure 6). Hence, two sets
of values,AH!" and AS"™") and AH®M3M and AS"9"), in
the temperature ranges ofT; and > T, respectively, were
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but also that the increased overall protein stability of the
oxidized forms of the mutants is due largely to enhancement
of the Fe-Met bond stability through reinforcement of the

determined for these proteins (Table 1). The paramagneticallyhydrophobic core of the protein interior by the mutations

shifted heme methyl proton signals of the oxidized forms of

(7, 10). On the other hand, the thermostability of the reduced

the proteins at lower temperatures exhibited anomalous lineproteins remained essentially unaffected by the mutations.

broadening (Supporting Information), which has been pro-
posed to arise from an internal motion of the axial Met61
side chain 27—29). Hence, the dynamic nature of the Met

These results are consistent with our previous study showing
that the stability of an oxidized protein is more greatly
affected by a mutation than that of the reduced d@)e (

coordination structure may be responsible for the appearance Generally, the FeMet bond stability in a reduced protein

of the two different protein structures possessing distinctly

is much greater than that in an oxidized one. The great

different thermodynamic parameters. In contrast to the casesstability of the Fe-Met bond in a reduced protein has been

of the HT proteins, theE,—T plots for the PA proteins
exhibited a straight line (Figure 6). For both the HT and PA
proteins, the obtained\S values of the mutants were
essentially identical to those of the corresponding wild-type
proteins. This finding explicitly indicated that the difference
in the Ey, value between the mutant and wild-type counterpart
is solely enthalpic in origin.

DISCUSSION

Effect of the Mutations on the Heme d#ionment. The
paramagnetically shifted heme methyl and axial Met61
proton signals of the wild-type proteins were slightly affected
by the mutations, reflecting a small effect of the mutations

interpreted in terms of the conventional hard and soft acids
and bases principle, which dictates that relatively soft"Fe
forms a more stable bond with the soft thioether sulfur atom
of the Met side chain than hard ¥edoes, and the
stabilization of the bond due to back-donation of a sulfur
atom in the reduced protei3%). Hence, owing to the great
stability of the Fe-Met bond in the reduced protein, the bond
stability in the reduced protein is expected to be considerably
less affected by structural properties of the protein interior
than that of the oxidized one.

pH Profile of the E, values of the MutantsThe E,, values
of both PA and PA(Y27F) exhibited negative shifts with
increasing pH, as shown in Figure 5. The negative shift of

on the heme environment. In general, these signals aretheE, value with increasing pH could be interpreted in terms
extremely sensitive to the coordination structures of the axial of the stabilization of cationic ferriheme in the oxidized

ligands. But, considering limited freedom for the axial His
side chain conformation in cyt as well as the conserved
His16 coordination structure in HT and PA§ 19), it is
unlikely that the axial His16 coordination structure is affected
by the mutations, although Tyr27 is located near the axial
His16 (Figure 1A). Furthermore, since Tyr27 is on the
opposite side of axial Met61 relative to the heme plane, with
a distance 0f~0.94 nm between the Tyr27 OH group and
the Met61 sulfur atom (Figure 1AN8), it is also unlikely
that the Met61 coordination structure is affected by the
mutations. The similarity in the axial Met61 coordination

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 chain3(Q, 32). The similarity in the Ka
value between PA and PA(Y27F) indicated that the environ-
ment of the heme 17-propionate side chain is not affected
by the mutation.

The En, values of both HT and HT(Y27F) were almost
constant throughout the physiological pH range, reflecting
that the protonation of the heme 17-propionate side chain in
the proteins does not occur under these conditions. It has

structure between a mutant and the wild-type counterpartbeen proposed that the heme propionate side chain buried

was strongly supported by the almost identiéidl NMR
shifts for the reduced proteins (Figure 2B, Supporting
Information). The paramagnetic shifts of heme methyl proton

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 I§, value in order to maintain a constant

signals have been shown to be affected by the chemicalE., value throughout the physiological pH rand@l); The

environment around heme4). Since the removal of the
polar OH group of the Tyr27 side chain by the mutations

heme 17-propionate side chain buried in the protein interior
of HT is not hydrogen-bonded to Lys or Arg but to the side

leads to reinforcement of the hydrophobic core near the hemechains of Tyr34, Tyr43, and Trp5@.8), and hence its kg,
in the protein, the small shift changes in the heme methyl value appears to be lowered by this unique hydrogen bond

and axial Met61 proton signals of the oxidized proteins,
induced by the mutations, could arise from a difference in

network (Supporting Information).
Relationship between Redox Function and Protein Stabil-

the heme chemical environment between a mutant and theity. There are two independent mechanisms for the control
wild-type counterpart. Thus, the heme active site structuresof the E, values of hemoproteins. One is a mechanism that
in the proteins are not greatly affected by the mutations, asregulates the pattern of the pH profile of g value through

has been reported for various other mutants.

Effects of the Mutations on Protein Stabilifyespite the
structural similarity between the mutant and wild-type
proteins, the FeMet bond stability in the oxidized PA-
(Y27F) was remarkably greater than that in the oxidized PA
(Figure 4), and the oxidized forms of the mutants exhibited
remarkably increased thermostability relative to that of the
corresponding wild-type counterparts (Figure 3). These
results confirmed not only that the F&let bond stability
is affected by structural properties of the protein interifr (

alteration of the [, value of the buried heme 17-propionic
acid side chain, as described above, and the other one alters
the magnitude of th&, value throughout a wide pH range.
The latter has been shown to occur essentially through the
protein’s stability ¢, 8, 10).

As reflected in the elevation by6 and~9 deg of theT,
values of the oxidized forms of HT (Y27F) and PA(Y27F)
relative to those of the wild-type proteins, respectively (Table
1), the oxidized proteins were greatly stabilized by the
mutations. In contrast to the cases of the oxidized proteins,
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the stability of the reduced proteins was essentially unaffectedthe heme 17-propionate side chain in the oxidized HT, the
by the mutations. Consequently, as expected from the 695 nm absorption of the oxidized PA and PA(Y27F) at pH
increased stability, HT(Y27F) and PA(Y27F) exhibited 7.0 and various temperatures, and cyclic voltamograms of

negative shifts of~20 and~40 mV relative to those of the

HT, HT(Y27F), PA, and PA(Y27F) at pH 7.0 and 25.

wild-type counterparts, respectively, this being consistent This material is available free of charge via the Internet at
with our previous finding that a protein with higher stability http://pubs.acs.org.

exhibits a lowerE,, value. Consequently, considering a

compensatory relationship between high protein stability and REFERENCES

a high E,, value @, 10), the conservation of Tyr27 in the
proteins may be responsible for the maintenance of a high

Em value. Or, apart from the control of th&, value, the

presence of Tyr27 in the protein may stem from its ability
to form a tyrosyl radical relevant to various biological

processes3g, 37).
The thermodynamic analysis of thg, value demonstrated

that the difference in th&,, value between a mutant and
the wild-type counterpart is solely enthalpic in origin. Since
the stabilities of the mutant and the wild-type counterpart in
their reduced forms are almost identical, as reflected in their

similar T, values, the difference in th&H value between

them is attributed primarily to the difference in the thermo-
dynamic stability of the oxidized protein. Generally, ferri-
heme in the oxidized protein is less favorable in the
hydrophobic protein interior compared with ferroheme in the
reduced one. In the mutants, the ferriheme is stabilized to

some extent through the stronger-Rdet bond, leading to

regulation of the redox property of the proteins. Thus, the

present study provides a typical example of Hygregulation

through the stability of the oxidized protein. Interestingly,
the AS value was not affected by the mutations (Table 1).

This finding indicated not only that theAH and AS

regulations of theE, value of the protein are independent

of each other but also that theS value is not affected by

the structural properties of the hydrophobic core in the
protein interior. Thus, the present study has successfully
provided a molecular basis for quantitative evaluation of the

redox function of cytsc in terms of their thermodynamic

properties. This finding provides novel insights into func-
tional regulation of a protein, which could be utilized for
tuning of the E, value of the protein through protein

engineering.
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