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ABSTRACT. We characterized electron transfer (ET) from putidaredoxin (Pdx) to the mutants of cytochrome
P45Qam (P45Qan), in which one of the residues located on the putative binding site to Pdx, GIn360, was
replaced with Glu, Lys, and Leu. The kinetic analysis of the ET reactions from reduced Pdx to ferric
P45Qam (the first ET) and to ferrous oxygenated P4&{dthe second ET) showed the dissociation constants
(Km) that were moderately perturbed for the Lys and Leu mutants and the distinctly increased for the Glu
mutant. Although the alterations K, indicate that GIn360 is located at the Pdx binding site, the effects

of the GIn360 mutations (0.6620-fold of that of wild type) are smaller than those of the Arg112 mutants
(25—2500-fold of that of wild type) [Unno, M., et al. (1998) Biol. Chem. 27,117869-17874], allowing

us to conclude that GIn360 much less contributes to the complexation with Pdx than Arg112. The first
ET rate (35 s? for wild-type P45Q.) was substantially reduced in the Glu mutant (5.4 ,swhile less
perturbation was observed for the Lys (53)sand Leu (23 s') mutants. In the second ET reaction, the
retarded ET rate was detected only in the Glu mutant but not in the Lys and Leu mutants. These results
showed the smaller mutational effects of GIn360 on the ET reactions than those of the Arg112 mutants.
In contrast to the moderate perturbations in the kinetic parameters, the mutations at GIn360 significantly
affected both the standard enthalpy and entropy of the redox reaction af,R4@8ich cause the negative

shift of the redox potentials for the FéFe*™ couple by 26-70 mV. Since the amide group of GIn360 is
located near the carbonyl oxygen of the amide group of the axial cysteine, it is plausible that the mutation
at GIn360 perturbs the electronic interaction of the axial ligand with heme iron, resulting in the reduction
of the redox potentials. We, therefore, conclude that GIn360 primarily regulates the ET reaction @,P450
by modulating the redox potential of the heme iron and not by the specific interaction with Pdx or the
formation of the ET pathway that are proposed as the regulation mechanism of Arg112.

Cytochrome P450 (P450) is a family of heme-containing for the catalytic cycle of P450. Accordingly, a number of
monooxygenases that metabolize a wide variety of natural studies have been conducted to elucidate the molecular
and unnatural substances such as steroids, fatty acidsmechanism of the ET reactions for more than 30 years.
hydrocarbons, and xenobiotic§)( The reaction cycle of The most interesting aspect of the ET reactions between
monooxygenation catalyzed by P450 is depicted in Figure p450 and the redox partner is the selectivity for the specific
1, showing the requirement of two distinct Efrocesses in  redox partner. Several studies on the cross-reactivities of
the single turnover. In the first ET process, the resting state p450s with various redox partners revealed that the non-
of P450, of which heme iron is in the ferric state, accepts physiological partners are less efficient than the physiological
one electron from the redox partner to produce the ferrous partner in the ET reactions and in the enzymatic activities
form of P450. After the binding of a molecular oxygen to (2—4). For example, Lehnerer et al. reported that adreno-
the ferrous heme iron to form oxygenated P450, the seconddoxin, the redox partner for the mitochondrial P450s, can
electron is transferred to activate the-O bond and to  donate electrons to the microsomal P450 2B4 with 73% of
initiate the oxygen transfer to the substrate. The ET reactionsthe uncoupling reaction (#®, production/NADPH oxida-
between P450 and the redox partner, therefore, are essentiajon), which is much higher than that of the physiological
P450 reductase system (25% of the uncoupling reactg)n) (
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on the P45Qsurface near the axial ligand, Arg72, Arg112,
Lys344, and Arg364 9), are involved in the interface
between P45Q.and cytochromés. The same residues are
suggested to be similarly important for the interaction with
Pdx. Actually the mutation of Argll2 evoked a drastic
decrease in the catalytic activity of P45Qin the presence

of Pdx (L0) and demonstrated that Arg112 is located at the
Pdx binding site. On the basis of these mutational studies,
Pochapsky et al. proposed the model structure of the
P45Q.n—Pdx complex, which assumes a salt bridge between
Arg112 and Asp38 in Pdxi@). The theoretical analysis of
the ET pathway in the proposed P450-Pdx complex
indicates that Argll2 is also involved in the coupling
between the 2Fe-2S cluster in Pdx and the heme iron of
P45Qam (17), which is consistent with the mutational study
at Arg112. These modeling and mutational studies support

e L the crucial roles of Arg112 in the specific binding to Pdx
(16, 17).
Although it is clear that Arg112 is vital to the specific
O/O Aﬂ interaction in the ET reaction of the P45@-Pdx system,
R-H | o some other interactions are suggested in the structural
e F €2 s 2 modeling of the P45Q,—Pdx complex 16). We noticed that
g there is an interprotein hydrogen bond between GIn360 of
P45Q.m and Cys39 of Pdx in the model complex structure
FiGure 1: Proposed reaction cycle of cytochrome P450. S is the and hypothesized that GIn360 is also crucial for the ET
axial thiolate ligand, and the thick line is the porphyrin ring of the reaction on the basis of the following observation. GIn360
heme. The compounds depicted in brackets are proposed structuregs |ocated at the interface of the putative Pdx binding site in
of putative reaction intermediates. P45Q., and also hydrogen bonded to the axial ligand of
Despite the accumulation of an impressive body of P45Q.m as illustrated in Figure 2. We recently suggested
knowledge on the ET reactions, the structural factors that the hydrogen bond between GIn360 and the axial Cys
regulating the ET reaction, namely, the specific recognition (Cys357) controls the redox potential of P450(18).
between P450 and the redox partner, have poorly beenFurthermore, there is a possibility that the hydrogen bond
understood. The situation is primarily caused by the absencebetween GIn360 and Cys39 might be the ET pathway,
of the three-dimensional structures for the ET complex because the hydrogen bond is located almost along the vector
between P450 and the redox partner. In fact, a bacterialconnecting the axial Cys of P4&Q and the iror-sulfur
cytochrome P450 fromPseudomonas putidéCYP101), cluster of Pdx. It is thus likely that GIn360 possesses
P45Q.m and an iror-sulfur [2Fe-2S] protein, putidaredoxin  significant roles in the ET reaction between P4&@nd Pdx
(Pdx), are the unique redox pair, with each three-dimensionalsuch as the specific recognition of Pdx, the regulation of
structure now available at the atomic levél 6). Many the redox potential, and the formation of the effective ET
researchers, therefore, have investigated the ET mechanisnpathway.
between P45Q,, and Pdx to understand the structdre In this paper, to examine the functional roles of GIn360
function relationship of P450 and its redox partner in detail. in the ET reactions between Pdx and P4R0Owe prepared
P45Q.m catalyzes the conversion dfcamphor to Sexo three GIn360 mutants to perturb the hydrogen bonds with
hydroxycamphor by utilizing two reducing equivalents and Pdx and the axial ligand of P4&@, One of the mutations is
a molecular oxygen7j. Two electrons from NADH are  GIn— Glu (Q360E), in which the amide group is replaced
transferred via NADH-putidaredoxin reductase (PdR), a by the carboxyl group and the hydrogen bond to Cys39 in
flavoprotein, to Pdx and finally to the heme iron of P4&0 Pdx would be disrupted. The mutation to Leu (Q360L) would
The selectivity in the ET reactions is also observed in the also disrupt the hydrogen bond, and the high hydrophobicity
P45Q..—Pdx pair. For example, adrenodoxin is highly of the side chain might induce repulsive interactions with
homologous to Pdx and has lower redox potential than Pdx the carbonyl group of Cys39. Another mutant, the Q360K
but can donate only the first electron to P4&p not the mutant, has a positively charged Lys residue at position 360,
second electror8j. The preferential ET from Pdx to P4&Q whose hydrogen bond to Cys39 in Pdx might be maintained
is supposed to be derived from the specific interactions of due to the positive charge of the amino group. The ET
Pdx with P45@,,, and the identification of the amino acid properties of these mutants were characterized by measuring
residues responsible for the specific binding of Pdx with the ET rates for the first and second ET processes and the
P45Qanm is, therefore, a keystone for the understanding of redox potentials to clarify the functional significance of
the ET process from Pdx to P45Q GIn360 for the ET reactions.
To investigate the specific interactions between Pdx and MATERIALS AND METHODS

P45Qa.m several lines of mutagenetic and theoretical studies
Sample PreparatiorSite-directed mutagenesis was carried

on the ET reaction between Pdx and P4athave been
carried out 9—15). The computer modeling of P4§@ and out by the method of Kunkell@) using an M13mp19 phage

cytochromebs suggests that four basic amino acid residues vector containing the P450, gene as a templat@). To
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Ficure 2: Putative structure of the P45@—Pdx complex proposed by Pochapsky et &6)( Panel A shows the whole structure of the
P45Q.+—Pdx complex. The regions colored by gray and light blue correspond to.R4&fd Pdx, respectively. Panel B represents the
interface between P45%, and Pdx. The dotted lines indicate the presumed hydrogen bonds.

Pdx

construct the expression vectors of the GIn360 mutants, thetemperature using a quartz spinning cell. The frequencies
M13mpl9 phage vector was digested by the restriction of Raman lines were calibrated with indene and ferrocyanide
enzymedHindlll and EcaRV, and the fragments were ligated as standards. The sample concentration wagd\B€or P450s
into T7 expression vector2Q, 21). DNA sequencing was  in the KR buffer containing 1 mM camphor. The F&
performed by the dye deoxy terminator method using an ABI stretching mode of ferric P450s was detected by 351 nm
373A DNA sequencer (Applied Biosystems). Wild-type excitation from a Krion laser (Spectra Physics, Model 2016).
P45Qamand its mutants were expresseddscherichia coli The ferrous samples were generated by addition off bf
strain BL21 as the apoenzymes in the inclusion ba} (  ca. 100 mM dithionite solution to 5L of the ferric samples
21). The heme reconstitution and the purification of the in the anaerobic condition. The ferrot€0O adducts were
proteins were performed by the methods described previouslyprepared by flushing CO gas to the ferrous samples. We used
(20, 21). The fractions with théAseret t0 Aggp ratio greater the 441.6 nm excitation from a HeCd laser (Kinmon
than 1.5 were used for further experiments. We used anElectronics, CCDR80SG) to observe the-f&0 and FeC-O
extinction coefficient of 102 mMlcm™ at 391 nm to stretching modes. The F&€O stretching modes of the
estimate the concentration of the ferric camphor-bound P450s were also measured in the presence agh@educed
P45Qam (22). Pdx and PdR were expressedBEn coli and Pdx.
were purified by the method of Gunsalus and Wag2e) ( Redox Potential Measurement§leasurements of the
with some minor modifications2@). The purified Pdx and  oxidation—reduction potential for P45@, and its mutants
PdR employed in this study had ratiosAsAzso and Ayss/ were performed by use of the platinum electrode calibrated
Asgogreater than 0.62 and 0.12, respectively. Concentrationswith phenosafraniney = —252 mV) 25). About 3 mL of
of Pdx and PdR were calculated using extinction coefficients the KR buffer containing 100 mM KCI, 1 mM camphor,
of 10.4 mMicm™ at 455 nm and 10 mMcm™! at 454 and 50 mM EDTA was injected into the special cell and
nm, respectively Z2). allowed to sit under argon atmosphere at room temperature
Spectroscopic MeasurementsV/vis absorption spectra  for about 20 min. Phenosafranine, safranine T, benzyl
of the proteins were recorded with a Perkin-Elmer UV/vis viologen, andx-hydroxyphenazine were added as mediators.
spectrometer (Lambda 18). The measurements of EPRAN oxygen-scavenging system composed of 60 mM glucose,
spectra were performed by the method of Shimada e24l. ( 0.1 mg/mL glucose oxidase, and 3000 units/mL catalase was
The EPR spectra were measured on a Varian E-12 spec-added to the solution to ensure the anaerobid®is 7).
trometer equipped with an Oxford EPR-900 liquid helium P45Q.m was subsequently injected into the solution to the
cryostat. The microwave frequency was X-band (9.22 GHz), final concentration of ca. 1M (Asoer = 1.0). The
and the microwave power was 5 mW. We prepared solutions preparations of the above solutions were conducted in the
of 200 uM Pdx in the absence and presence of 200 dark to avoid photoreduction of P4&Q Ferric P45@m
P45Q.m in 50 mM potassium phosphate at pH 7.4 (KP was partially reduced by illuminating the sample with a
buffer) containing 50 mM KCI and 1 mM camphor. The white tungsten lump (150 W) at 28C. After the irradia-
solutions (10Q«L) were transferred into a screw-topped EPR tion, the absorbance at 391 nm and the electrode potential
tube, and the samples were degassed by evacuation ansvere recorded. This process was repeated until the protein
subsequent flushing with oxygen-free nitrogen gas. A small samples could not be reduced by the irradiation; that is, the
amount of sodium dithionite was added into the sample tube absorbance at 391 nm was not further chandg®s). (The
containing Pdx and P450,to reduce the proteins, and then midpoint potential o) was obtained by using the Nernst
CO gas was introduced. The EPR measurements of theequation 8):
complex between the ferrou€O form of P45Q,, and o
reduced Pdx were carried out at 35 K. Eops= Eo t+ (RTNF) In([oxidized P450Q,.)/
Resonance Raman spectra were obtained using a spec- [reduced P45Q,]) (1)
trometer (Ritsu, DG-1000) equipped with a liquid nitrogen
cooled CCD detector (Astromed CCD3200) and a holo- wheren andF denote the number of electrons involved in
graphic notch filter. All spectra were taken at the ambient the redox reaction and the Faraday constant, respectively.
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The temperature dependence of the reduction potentials was The reduction of the ferric P450 sample by reduced Pdx
examined by measuring the potentials at 10, 25, antil35  can be represented by a two-step model as shown in Scheme
All potentials were corrected by the temperature dependence2 (26). In the present experiment, A and B correspond to
of the Ag/AgCI reference electrod@9) and were recalcu-  the ferric P450 sample and reduced Pdx, respectively, and
lated with reference to NHE. C is the complex of the ferric enzyme with reduced Pdx. D

Camphor Hydroxylation Actity MeasurementCatalytic represents the ferrous enzymexidized Pdx complex. The
activities of camphor hydroxylation for wild-type P45Q ferrous enzyme is immediately trapped as its CO adduct in
and the GIn360 mutants were evaluated by the NADH this experimental conditior2g). Since the conversion from
consumption rates3(Q). The assay mixture (2 mL) contained D to C is completely inhibited due to the strong affinity of
0.5 uM P45Q;m 5 uM Pdx, 0.5uM PdR, and 200uM CO to the ferrous form, we can assukig = 0 for Scheme
NADH in the KR buffer containing 100 mM KCland 1 mM 2. In this case, the ET reaction follows the Michaelis
camphor 14, 20). The reaction was initiated by the addition Menten-type mechanism, and the dissociation constant can
of the P450 samples, and the NADH consumption rate wasbe estimated by eq 2 ark} can be calculated from the
determined by monitoring the decrease in the absorbance at

340 nm at 25C. The camphor-dependent NADH consump- Kn = (ko + K)/k, 2)
tion was linear against time, and the rate was calculated with )
an extinction coefficient of 6.22 mM cm for NADH. dependence of the formation rate of the CO adduct on the

After no further change in the absorbance at 340 nm was concentration of Pdx.
confirmed, the hydroxylation product was quantitated by a ~Measurements of the Second Electron Transfer Rdte.
gas chromatograph equipped with a flame ionization detectorSecond ET rates, the reduction rates of the oxy adducts by
(Shimadzu, GC-18A) and a DB-1701 column (J & W reduced Pdx, were assessed by the previously reported
Scientific). procedure 27, 34). Two milliliters of 10 uM ferric enzyme

The yield of the hydrogen peroxide production was Was allowed to sit under an argon atmosphere for abogt. 20
determined by the method based on the Fenton reacipn ( Min. The ferrous enzyme was prepared by careful addition
32) as shown in Scheme 1. In this method, 1 mL of 3% of a minimal volume of ca. 20 mM sodium dlthlqnlte
trichloroacetic acid was added to the reaction mixture. After Solution. Formation of the ferrous enzyme was confirmed
15 min, the solution was centrifuged, and then %@0of by a UV/vis spectrometer. The oxy adduct was prepared by
10 M ferrous ammonium sulfate and 100 of 0.5 M KSCN manually mixing the ferrous solution with an equal amount
were added to 50@L of the supernatant. After 2 min, the ©f air-saturated buffer at £4C and was immediately
absorbance at 480 nm was measured with a spectrometeriransferred to the reservoir of the stopped-flow apparatus.
and the formation of hydrogen peroxide was calculated by The reduced Pdx was prepared as described above. The
using a standard curve based on the stock solutions offeduction of the oxy adduct by reduced Pdx was started by

hydrogen peroxide (16200 uM). mixing the two solutions at 4C and followed by measuring
the formation of the ferric enzyme at 391 nm. The rapid-
Scheme 1 scan spectra were measured by the same apparatus used for
H,0, + FEt —FEe™ + HO + - OH the first ET measurements.

In the second ET reaction, A and B in Scheme 2 represent

Measurements of the First Electron Transfer Ratae ~ the oxy adduct and reduced Pdx, respectively. Since the
first ET rates, the reduction rates of the ferric P450 samples hydroxylation reaction immediately proceeds after the ET
by reduced Pdx, were measured according to the reportedfom reduced Pdx, we can also assume that component D,
method 26, 33). The standard buffer (3 mL) containing 2 the reduced oxy-P43Q;—oxidized Pdx complex, does not
uM ferric P450 samples and-30 uM oxidized Pdx was ~ convert to component C, the oxy-P4a@-reduced Pdx
allowed to sit under CO atmosphere for about 20 min. An complex (3). Therefore, the second ET reaction can also
oxygen scavenging system composed of glucose, glucose’® analyzed by the Michaetisienten-type mechanism.
oxidase, and catalas2q, 27) was added to the solutions to RESULTS
ensure anaerobiosis. NADH (3@®1) and a catalytic amount
of PdR (about 0.1M) were added to the solution of oxidized Mutational Effects on the Structures of P450s. assess
Pdx under CO atmosphere to obtain the reduced form of the structural perturbation on the heme environment by the
Pdx. The reduction of oxidized Pdx was monitored by the mutations, we utilized UV/vis and resonance Raman spec-
absorbance changes at 455 and 540 nm with a UV/vis troscopies. The UV/visible absorption spectra of the mutants
spectrometer. The P450 solution was transferred to one ofin the ferric, ferrous, and CO-bound states were almost
the reservoirs of the stopped-flow apparatus (UNISOKU) indistinguishable from those of wild type (data not shown).
with an OLIS data acquisition system (OLIS RMS 1000, Resonance Raman lines of the heme skeletal modes of the
OLIS Inc.), and the reduced Pdx solution was transferred mutants were also the same as those of the wild-type enzyme
into the other reservoir. The reaction was started by mixing (data not shown). However, the +8, Fe-CO, and Fe€GO
the two solutions and followed by measuring the formation stretching frequencies were shifted by the mutations (Table
of the ferrous-CO form of the P450 sample at 446 nm. All  1). The Fe-S stretching frequency was upshifted byl
measurements were carried out at°Zh cm 1, while the 3 and 2-5 cm ! downshifts were found

for the Fe-CO and FeC-O stretching frequencies, respec-
tively. The low-frequency shifts in both the F€O and
ko FeC-0O stretching modes indicate the increased-GO®
ka ke back-donation by the enhanced electron donation of theSFe

Scheme 2
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Table 1: Fe-S, Fe-CO, and Fe€ O Stretching Frequencies : g=2.02
(cm™) of P450s J
protein VFe-S VFe-CO VEeC-0 (@)
wild type 351 484 1940
Q360E 352 481 1935
Q360K 351 483 1938 +wild-type
Q360L 352 483198 1936 (18) (b)
VFe-CO V7
@ [ N 676 Q360K
a) — g +
@)-(a) pn (d)

Q360E, 4g4
y L/
o e N m—

(0)
)-(b) [~

(©) ‘

|

@  |Pac\dee &7 .94/
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(Q360L A 483 o7 ! ! ! !
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| r : | , Ficure 4: EPR spectra of reduced Pdx in the absence of R450
450 500 550 600 650 700 750 (a) and in the presence of the ferretSO forms of wild-type
Raman shitt (cm™) P45Qam (b), Q360E (c), Q360K (d), and Q360L (e) at 35 K. The
samples were dissolved in 50 mM potassium phosphate buffer at
pH 7.4 containing 50 mM KCI and 1 mM camphor.

(d)
@)-(@d) f————

1}

FiGure 3: Resonance Raman spectra of the fer+r6D® forms of
P45Qamin the absence and presence of reduced Pdx by 441.6 nm
excitation at room temperature. Traces a, b, ¢, and d represent - -
resonance Raman spectra of wild-type P450Q360E, Q360K, Table 2: NADH Consumption Rates and Product Formations of
and Q360L, respectively, in the absence of reduced Pdx. TracesP450s

&, b, ¢, and d show resonance Raman spectra of the respective NADH consumption _ProductNADH consumed (%)
enzymes in the presence of reduced Pdx. Tracesa b — b, ¢

— ¢, and d — d show the difference spectra of the respective protein rate {M/min) ROH H20,
enzymes. The samples were dissolved in 50 mM potassium wild type 319 100 18
phosphate buffer at pH 7.4 containing 1 mM camphor. Q360E 39 82 5.7
Q360K 379 93 2.4
Q360L 244 94 3.7

bond @5). However, the alterations of these stretching modes :
are slight and demonstrate the small structural perturbations__* ROH represents a hydroxylation substratex®camphor.
in the heme coordination and environmental structures of

the mutants. be modulated by the addition of ferrou€0 P45Q,m (Figure
Mutational Effects on the Structures of the P456-Pdx 4b) (24). The GIn360 mutants (Figure 4&) also showed
ComplexUpon the complex formation of P45@Q with Pdx, similar spectral changes in the gegion. In sharp contrast

some structural rearrangements in both of the proteins haveto the GIn360 mutants, the EPR spectral changes for the
been reported2d, 36—42), which have been thought to  Arg112 mutants, of which the mutation site is located at the
reflect the formation of the specific complex between R450  putative Pdx binding site, were quite different from those
and Pdx. The structural changes on the R458ide by the for the wild-type enzyme24, 44), and the conformational
binding of Pdx are evident in the F€O stretching and the  changes by the Pdx binding in the Arg112 mutants are highly
porphyrin in-plane’; modes of the resonance Raman spectra perturbed. We conclude that the mutational effects of GIn360
(37, 42). The Fe-CO stretching andv; modes in the  on the structure of the specific complex between the ferrous
ferrous-CO form of P45@,nare upshifted by 2 and 1 crh CO adducts of P45Q, and reduced Pdx are rather small
respectively, upon the binding of reduced P8x,(42). As compared with those of the Arg112 mutants.
clearly shown in Figure 3, the difference between the spectra Camphor Hydroxylation Actity. To examine the muta-
taken in the presence and absence of Pdx demonstratedional effects on the activity of P45%, the consumption
upshifts in both the FeCO stretching anat; modes for all  rates of NADH were measured in the reconstituted system
three mutants upon the Pdx binding. The spectral changescontaining P45, Pdx, and PdR30). The NADH con-
for the GIn360 mutants by binding Pdx were similar to those sumption rates for the wild-type and mutant enzymes are
of wild-type P45Q.m which indicate that the mutations at  summarized in Table 2. As listed in Table 2, the drastic
GIn360 do not inhibit the conformational changes of R480  reduction in the rate was only found for the Q360E mutant.
by the complexation with Pdx. The moderate decrease in the consumption rate was observed
The effects of the GIn360 mutations on the structural in the Leu mutant, while the Lys mutant exhibited a slightly
rearrangements of Pdx upon the binding of R450ere enhanced rate. The drastic decrease in the rate for the Q360E
also examined by EPR spectra. The EPR spectrum of reducednutant is rather surprising, because both the EPR and
Pdx (Figure 4a) exhibitg, andgg signals at 2.02 and 1.94, resonance Raman spectroscopies indicated that the structure
respectively 43) (Figure 4a). The region was reported to  of the mutant-Pdx complex was similar to that of the wild-
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type enzyme-Pdx complex. Since the rate-limiting process
for the NADH consumption is the first ET reaction, the ET
process from reduced Pdx to the ferric state of R45€hese
results indicate that GIn360 plays functional roles in the first
ET reaction.

To confirm that the effect of the mutations at GIn360 on
the NADH consumption is due to the perturbations in the
first ET process, we measured the yields of the hydroxylation
product ofd-camphor, Sexahydroxycamphor, and hydrogen
peroxide. These yields sensitively reflect the efficiency of
the substrate hydroxylation step. For example, the product
analysis for the hydroxylation reaction of the Thr252 mutants,
which have mutations near the dioxygen binding site, has
revealed the increased formation of hydrogen peroxide to Time (sec)
45—88% of NADH consumed4®). The mutations at Thr252 (B)
perturb the distribution of water molecules in the heme
pocket of P45Q, resulting in the slow oxygen transfer rates
to the substrate and the enhanced release of hydrogen
peroxide §5—47). We listed the yields of hydroxycamphor
and hydrogen peroxide relative to the consumed amount of
NADH of the GIn360 mutants in Table 2. The yields of
hydrogen peroxide for the mutant enzymes were less than
6%. Furthermore, ®xchydroxycamphor was detected as
the unique hydroxylated product af-camphor in the
reconstituted systems of the mutants. These results indicate
that the mutations of GIn360 did not seriously affect the
hydroxylation of the substrate. Thus, the modulations in the 0 , ; : : | ,
first ET rate are responsible for the effect of the NADH 0 2 4 6 8 10 12
consumption rate by the mutations at GIn360.

The First Electron TransfefTo quantitatively investigate

the mutational effects on the ET reaction. we measured the IGURE 5: (A) Time course for the first electron transfer reaction
. in Q360E. The measurement was carried out at 446 nm by mixing

first ET rate in the single turnover reaction. The first ET ¢ ic P45Qan (2 M) and reduced Pdx (1@M) at 25 °C in 50
rate can be monitored as the formation rate of the ferrous mm potassium phosphate buffer at pH 7.4 containing 100 mM KClI
CO derivative of P45Qy, after the rapid mixing of ferric ~ and 1 mM camphor. The circles and curve represent the experi-
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I I [ I [ | !
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P45Q.m and reduced Pdx in the presence of (28, (33). mental data points and the single exponential fitting, respectively.
Figure 5A shows the typical time course of the reaction The residuals of the fitting are shown in the top of the time course.

. B for the first ET reaction of wild-type P4 @), Q360E
observed at the Soret maximum of the fgrreﬁ‘zO form g.g’kg’g%OK @), and Q360L #) as afuncilirc)m of téhgénf:oznc(gntration
(446 nm) for the Q360E mutant. The circles and curve of Pdx. The solid curves represent the least-squares fits by eq 3.
represent experimental data points and their single exponen-
tial fitting, respectively. The residuals from the single Table 3: Kinetic and Equilibrium Parameters of the First and
exponential fitting shown above were random, implying that Second Electron Transfer Reactions

the reaction followed first-order kinetics. The kinetic traces redox
for the other mutants also showed first-order kinetics (data _ Km1 ket1 Kz ke  potential
not shown). protein (M) s (M) (s  (mvy

The apparent rate constanksyfy) at the various concen-  wildtype  2.6£0.28 3515 4.4+1.2 139+11 -134

i ; b Q360E  52+18.1 54437 14465 42+8.1 —203
trations of Pdx were estimated from the fitting curves and 3360K 0L 061 554 3.3 92428 130+ 16 —151

plotted as a function of the Pdx concentration (Figure 5B). qzgo 58+20 23+49 29+30 83+13 —18C
The Q360E exhibited small&spsi values than those of other  wild type?  0.1% 42 —b - —138
mutants and wild-type P45, The kqs1 values for the R112K! 4.4 18 - - —162
Q360L mutant were also smaller than those of the wild-type Eﬁg% j?g ‘1‘-2 N - :%gg
enzyme but much larger than those of the Q360E mutant. A g1i5v 113 0.16 _ _ —195

tSAIghté)éJé;lgﬂlIlCiﬂ%%ﬂhar(ljcemfetril:@tsbsml/as observed f(()jr aDissociation constankq = k_1/k; («M). ® A dash indicates that
eQ mutant. The or er(_) sivalues _Cor_respon S kinetic parameters of the second ET reaction were not measured for
to that of the NADH consumption rates, anflrmlng thatthe the Arg112 mutants The redox potentials vs NHE for the EéFe?*
observed turnover rates correlate to the first ET rates. couple.d From ref13. e From ref18.

The values of the Michaelis constar€(;) and the ET . ) .
rate kery) for the first ET process were estimated by fitting &€ summarized in Table &, for the wild-type enzyme

the kobs1 values using eq 32). The estimated parameters WaS.Z.GILtM, which is virtually the same as that reported
previously @3). All of the mutants had largeiKn,; values

ker,[PdX] than the wild-type enzyme, showing that the mutations at
b1 = EAIE et (3) position 360 decrease the affinity to Pdx. As expected, the
[PdX] + Ky most prominent increase ikm1 was found for the Q360E
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(A The kops2 Values were also fitted by eq 3 to estimate the

“ 10 kinetic parameters, Michaelis constaKt.), and intracom-
x 0 plex ET rate ket2) for the second ET reactioT, 45). Table
-10 3 listsKmz andker for the mutants and the wild-type enzyme.

The kinetic parameters for the wild-type enzyme were similar
to those obtained previouslyt g, 34). Although the Q360E
mutant gave the smalleder, among the mutants, the
deviation fromker, of the wild-type enzyme (3.2-fold) was
much smaller than the deviations observelldn (6.5-fold).
The Q360L mutant, whose affinity to Pdx in the first ET
process was decreased, showed slightly increased affinity
to Pdx in the second ET process. The reduced mutational
, , | , effects on the second ET process were also evidelf,mn
0.25 0.30 0.35 0.40 0.45 We conclude that the mutation of Glu360 perturbs the second
Time (sec) ET reaction from reduced Pdx to oxygenated R4p(but

(B) the mutational effects were smaller than those on the first
ET process.

Redox Potential of the GIn360 Mutanss shown in the
previous section, the mutations of GIn360 affected both the
first and second ET reactions. To gain further insight into
the mutational effects on the ET processes, the redox
potentials of the heme iron, one of the factors that regulate
the ET reactions, were measured for the mutant enzymes.
The monitored electrode potentials against the percentage
of reduced P450s were fitted by the Nernst equation, and
the redox potentials of the FéFe** couple were estimated
(25). The redox potential of wild-type P45@ at 25 °C
(—134 mV) was in good agreement with the value reported
by Unno et al. {3). The redox potentials of the mutant

c 2 4 6 8 10 12 enzymes were-203, —151, and—180 mV for Q360E,
Concentration of reduced Pdx (uM) Q360K, and Q360L X8), respectively, at 25C (Table 3).
Ficure 6: (A) Time course observed for the second electron In C_ontrast to the Small structural perturba_ltion_ in the heme
transfer reaction in Q360K. The measurement was carried out atenvironments, the shifts of the redox potentials in the mutants
392 nm by mixing oxy-P45Qm (2.5uM) and reduced Pdx (BM) were distinct. The redox potential for the Q360E mutant
at 4°C in 50 mM potassium phosphate buffer at pH 7.4 containing (—203 mV) was very low and close to the midpoint potential
100 mM KCl and 1 mM camphor. The circles and curve represent ¢ by (215 mV) @5). On the other hand, the mutation of

the experimental data points and the single exponential fitting, - . .
respectively. The residuals of the fitting are shown in the top of GIN360 to Leuor Lys resulted in less negatively shifted redox

the time course. (Blopsz for the second ET reaction of wild-type ~ potentials. The introduction of the negative charge into
P45Q.m (@), Q360E M), Q360K (a), and Q360L #) as a function position 360 drastically shifted the redox potential to the

of the concentration of Pdx. The solid curves represent the least-negative side, which would be the major factor for the

0.24
0.22

Absorbance

0204
0.18- A

0.16 —f;z;i A

K pso (s€CT)

squares fits by eq 3. reduced ET rate in the Q360E mutant.
mutant, and thé&,; values for other two mutants were not To analyze the mutational effects on the redox potential,
so drastically increased. The intracomplex ET rates) we estimated the standard entropy and enthalpy for the redox

were also perturbed by the mutations. Kag value for the reaction of P45Qwith Pdx. Figure 7 shows the temperature
Q360E mutant was highly retarded; however, khg value dependence of the redox potentials of wild-type and mutant
for the Q360K mutant was accelerated as found for the P45Qass. It should be noted that the plots of the redox
NADH consumption rate. The significant alterations in the potential versus temperature are linear for all samples in the
kinetic parameters by the mutations of GIn360 indicate that range between 10 and 3%. The slope of the reduction
GIn360 modulates the first ET process in the catalytic cycle potential versus temperature is related to the standard entropy

of P45Qam (13). (AS”) as shown in eq 48). The free energy changAG*')
The Second Electron TransfeWe also examined the
mutational effects on the second ET reaction, the reduction AS”" = nF(0Ey/0T)p (@]

rate of oxy-P45Qm by reduced Pdx. The second ET rate

was assessed .bly monitoring the formation of the ferric and the standard enthalpii°’) can be determined by eqgs
enzyme after mixing oxy-P4%0,and reduced Pdx.@, 27). 5 and 6, wheré,s is the redox potential vs NHE at 2&.
Figure 6A shows the absorbance change at 391 nm, the Soret

peak of the ferric form of Q360K, after mixing. The circles AG® = —nFEy (5)

and curve represent the experimental data points and their

single exponential fitting, respectively. All mutant enzymes AH® = AG®” + TAS” (6)
followed first-order kinetics as observed for the first ET

reaction. The apparent rate constakis§ are plotted against The thermodynamic parameters obtained for the wild-type

the concentrations of Pdx in Figure 6B. and mutant enzymes are compiled in Table 4. A8 value
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cant. Particularly, the mutational effects of GIn360 on the
redox potential of the heme iron in P45Qwere comparable

to those of the Argl12 mutants. For example, the GIn360
— Glu mutation lowered its redox potential by 70 mV, which
is larger than the largest changes of the redox potential
observed for the Arg112 mutants 2 mV for Argl12—
Met). In the following sections, we will discuss the muta-
tional effects on (i) the formation of the ET complex and
the intracomplex ET rate and (ii) the redox potential. Finally,
we will propose the functional roles of GIn360 in the ET
reactions between P4&@ and Pdx.

Mutational Effects on the ET Complex and the Intracom-
plex Electron Transfer Ratesgfi. According to the model
structure for the complex between P45Mand Pdx hypoth-
esized by Pochapsky et al., the side chain of GIn360 is

| | | | | : : hydrogen bonded to Cys39 of Pdk6], and the disruption
280 285 290 295 300 305 310 of the hydrogen bond by the mutations of GIn360 should
result in a decrease of the affinity to Pdx. However, the
T(K) mutational effects on the affinity to Pdx-{/,o of wild type),
FIGURE 7: Temperature dependence of the reduction potentials of the K, value, were not so drastic. In contrast, the mutations
wild-type P45Qam (@), Q360E M), Q360K @), and Q360L #). of Arg112 inhibit the formation of the specific complex and

The values were obtained in 50 mM potassium phosphate buffer : - - 1
at pH 7.4 containing 100 mM KCI, 1 mM camphor, and 50 mM drastically decrease the affinity with Pdx*gsos—"/25 of that

EDTA. Error bars were calculated from the standard deviations. Of Wild-type P45Qan(13). Thus, GIn360 is one of the amino
The lines represent the least-squares linear fits of the experimentalacid residues in the Pdx binding site to form interactions

data. with Pdx, but its contribution to the specific recognition and
formation of the P45Q,—Pdx complex is not as essential
Table 4: Thermodynamic Parameters of the Redox Reaction for as that of Argl12. We, therefore, suggest that the putative
Wild-Type P45Q.n and P45 Mutants at 25°C hydrogen bond between GIn360 and Cys39 of Pdx is weak

-0.10 H

-0.12

-0.14 A

-0.16

-0.18

/7

Redox potential (V vs. NHE)

-0.20

_ AS‘I" L, TAS” . AH . AG” . and the disruption of the hydrogen bond might be compen-
protein  (Imor*K™) (kImol’) (kImol’) (kjmolT) sated by the other interactions, or GIn360 interacts with Pdx
wildtype —168+14 -50.1+4.2 -37.3+4.6 12.8+04 not by the formation of the hydrogen bond with Cys39.
Q360E —91+11 —27.1+33 -81+34 19.0+0.1 . .
Q360K  —245+15 —73.0+45 —58.4+4.7 14.6+0.2 The mutational effects on the affinity to Pdx are reasonable
Q360L —147+11 —43.8+3.3 —26.4+3.6 17.4+0.3 in comparison with the mutational studies about other
protein—protein complexes. Mei et al. performed the disrup-
for the wild-type enzyme was negative168+ 14 J mot™ tion of the hydrogen bonds in the cytochromperoxidase

K1, which reflects unfavorable changes upon reduction. In (CcP)—cytochromec complex by single mutations ofd®
contrast toAS”, the AH value for the wild-type enzyme and investigated the mutational effects on the dissociation

(37.3+ 4.6 kJ mot) is favorable for the reduction. The —Constant of the €>—cytochromec complex ¢9). Although
reduction reaction of the heme iron in P450is, therefore these mutations also reduce the electrostatic interaction
an enthalpy-driven reaction. AlthoughS” and AH®' for between CP and cytochrome, the disruption of a single
the GIN360 mutants were also negative as observed for thehydrogen bond increases the dissociation constant te 1.5
wild-type enzyme, small but significant deviations from those 22-fold of that of wild-type €P. Hiraga and Yutani reported

of the wild-type enzyme were detectéEhe AS” and AH®" that the disruption of a single hydrogen bond betweernthe
values of the Q360K mutant were shifted to the negative @hd f subunits of tryptophan synthase increases the dis-
side, while the positive shifts oAS” and AH* were sociation constant of their complex to +23-fold of that

observed for the Q360E and Q360L mutants. The positively Of wild-type tryptophan synthase5Q). In contrast, the
shifted AG* for the mutants, corresponding to the lowered Increase pf thg dissociation constants for the first and second
redox potential, is due to large negati%&” for the Q360K ET reactions in the PdxQ360L complex were only 2.2-
mutant and small negativeH®' for the Q360E and Q360L  and 0.66-fold of those of the wild-type enzyme, respectively.
mutants. The mutation at GIn360 affects both of the enthalpic ThiS observation supports the minor contribution of the
and entropic components for the redox reaction betweenhydrogen bond between GIn360 and Cys39 to the complex

P45Q., and Pdx. formation of P45@, with Pdx.
The current experimental results of the ET rates from
DISCUSSION reduced Pdx to ferric P45Q, however, clearly indicate that

GIn360 is contained in the amino acid residues essential for
Our current results show that the effects of the mutations the ET processes. Although the mutational effects on the
at GIn360 on the structures of P45Qand the complex with  structures of P45Q,, and the P45Q,—Pdx complex were
Pdx were relatively small compared with the reported effects small, the most prominent effect of the mutations of GIn360
of the mutations of Arg109 and Arg1124, 44); however, was the negatively shifted redox potentials. To confirm that
the mutational effects at GIn360 on the kinetic parameters the alteration of the ET rate can be explained from the redox
of the ET reactions between P4&Pand Pdx were signifi- potentials, we will quantitatively analyze the ET reactions
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line) as the values of for the simulation. As seen in Figure
8, the calculatedker monotonically decreases as the redox
potential is negatively shifted. The Q360E and Q360L
mutants exhibited smalkr; with the negatively shifted redox
potentials, which are qualitatively consistent with the cal-
culatedker1. The largest deviation was observed for the
Q360K mutant, but the deviation is within the factor of 2.
Although the deviations of the observdg@r; from the
simulated curves imply that the mutations at GIn360 also
affect other parameters except for the redox potential, the
4- alterations ofker; by the mutations of GIn360 can almost
. =R112M be explained from the negative shifts of their redox potentials
24 and suggest that GIn360 is not involved in the major ET
pathway between P45@ and Pdx.
0.01 Contrary to the Q360E and Q360L mutants, accelerated
. ket1 was observed for the Q360K mutant despite the
o .R112Y negatively shifted redox potential, suggesting that the
T T T T T T T T T contributions of the alterations in other factors, except for
0 40 80 120 the redox potentials, tker; are enhanced by the introduction
) of Lys into position 360. For example, a deviation of 0.1
4 Redox potential of P450cam (MV) eV in the reorganization energy, leads to 50% increases
FicURre 8: Correlation between the redox potentials of the GIn360 of ket Assuming that the distance between redox centers,
mutants and the intracomplex ET rates for the first and second ET d, is decreased by 0.5 A(ETl would be accelerated to 1.5-

reactions A redox potential represents the difference in the redox . .
potentials between the mutants and the wild-type enzyme. CIosedfOld of that of the original state. Although these perturbations

circles represent the first ET rates, and open circles represent the®n 4 and/ord would be rather small, it is interesting that the
second ET rates obtained in this study. Closed squares represenperturbations are prominent only in the Lys-substituted

the first ET rates of the Arg112 mutants3j. Curves representthe  mutant. One of the reasons for the perturbations end/or
calculated dependency of the ET rate on the redox potential basedy in the Q360K mutant would be the long and positively
on the Marcus equation by use of 0.4 (solid curve) and 2.5 eV h d side chain of L The side chain of the Ivsi
(dashed curve) as the valuesof charged side chain of Lys. The side chain of the lysine
residue at position 360 is located in the interface between

®
Q360K
o

> ®Q360L
44 IR
i R112K

Q360E "
E

u
R112C

ker(mutant)/ker(wild-type)

using the Marcus equatios). The Marcus equatiorb() P45Q.m and Pdx, whose steric hindrance and/or positive
is given as charge might induce positional rearrangements of the sur-
rounding of the amino acid residues involved in the interac-
4‘7[2HABZ (AG® + 1)2 tions between P45Q, and Pdx.
ke = — F{— —_ 7) In contrast to the rather small deviations of the first ET
h(47ART) 4ART rate for the GIn360 mutants from the theoretical curves, a

) series of the Argl12 mutants (closed square in Figure 8)
whereker is the intracomplex ET raté,is Planck’s constant,  exhibit the large deviations of the first ET rate3{. While
Ris the gas constari,is temperaturej is the reorganization  the redox potential of the R112M mutant200 mV) is
energy AG® is the redox potential difference between donor comparable to that of the Q360E mutants203 mV), the
and acceptor, andag describes the degree of wave function ET rate of the R112M mutant is less than 5% of that of the
overlap between the donor and the acceptor sites. $lage  wild-type enzyme, which is much slower than those expected
is related to the distance between redox centgrier is from the Marcus equation (30%) and observed for the Q360E
also expressed as2) mutant (15%). Such large deviations of the ET rates from

ae +/1)2 the Marcus equation imply that the mutations at Arg112
. ° affect not only the redox potentials but also other factors
ket = ko €xp[=/(d — dy)] exp| — 4RT (8) such ast andd for the ET complex between P45g and
Pdx. The changes dfand/ord by the mutations of Arg112

In eq 8,k is the characteristic frequency of the nuclei and are the likely explanations, since the EPR-detectable con-
is assigned to a value of ¥0s™* (52). 8 is the electronic ~ formational change in the P45@—Pdx complex for the
decay factor and is often approximated as 14 3). To Arg112— Lys mutant was significantly different from that
correlate the changes in the ET rates with those of the redoxobserved in the wild-type enzym@4, 44). We therefore
potentials,ket; was plotted against the redox potential of conclude that the functional significance of GIn360 on the
the mutants and wild-type enzyme, as displayed in Figure first ET process is different from that of Arg112. Arg112 is
8. The experimental data (closed and open circles in Figurecrucial for the formation of the specific ET complex between
8) are compared with the simulation curves calculated from P45Q.» and Pdx. On the other hand, the primary role of
the Marcus equation (eq 8). The simulated curves were GIn360 in the ET reaction with Pdx is not the complex

calculated by assuming that all parameters excepifa? formation but the regulation of the redox potentials of the
are not perturbed by the mutations and that the redox heme iron.
potential of Pdx is—215 mV @5). Sincel for most of the The dependence &Er, on the redox potentials is almost

physiological ET reactions falls within the range from 0.4 in line with the theoretical curve calculated for the first ET
to 2.5 eV 64—56), we use 0.4 (solid line) and 2.5 eV (dashed process by the Marcus equation (Figure 8). Although the
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redox potential of oxy-P45@,cannot be determined due to bond between GIn360 and Cys357 might be affected upon
the instability of the oxygen adduct, the systematic studies reduction. TheAH®' values for the other GIn360 mutants,
on the redox potentials of mutant horseradish peroxidasesQ360E and Q360K, are different from that for the Q360L
have revealed the significant correlation among the redox mutant. In the Q360E mutant having a negative charge at
potentials for the Fe/Fet, Fett(compound Il)/Fé', and position 360,AH°" was further shifted to the positive side
Fet(compound 1)/F& (compound 1) couplessy). It is, by 18 kJ mot?, compared with that of the Q360L mutant.
therefore, likely that the redox potentials for the dioxygen In contrast, the introduction of a positive charge in the
adducts of the P45Q, mutants are parallel to those for the Q360K mutant shiftedAH®' to the negative side (21 kJ
ferric state. In the second ET rate, the mutations of GIn360 mol™1). Thus, the alterations of thAH*" values for the
also primarily affect the redox potentials, and other factors, GIn360 mutants can be explained by the combination of the
such asl andd, are less significantly affected. charge at the side chain of position 360 and the hydrogen-
It should be noted here that larger deviationkgffrom bonding interaction between the axial ligand and the side
the simulated curve are observed for the first ET processchain of position 360.
rather than the second ET process. The different redox The mutational effects on the entropic component of the
potential dependence &g, from that ofkers might reflect redox reaction are opposite to those on the enthalpic
the difference in the interactions for the complex formation component. For instance, contrary to the positive contribution
between the first and second ET processes. This suggestiomf AH* (21 kJ mot?) to the change of the redox potential
is also supported by the difference of the mutational effects for the Q360K mutantTAS” was shifted to the negative
on theK, value listed in Table 3. For example, the mutation side (23 kJ mol'). Such phenomenon was known as the
of GIn360 to Glu increased they, value to 20-fold of that enthalpy-entropy compensation and was similarly observed
of wild type in the first ET reaction, although th&, value for the redox reactions of cytochromesf) and blue copper
in the second ET reaction was increased to 3-fold by the proteins 61, 62). These enthalpyentropy compensation
same mutation. As previously reported, the EPR spectrumphenomena are likely the result of the mutational effects on
of reduced Pdx in the P45Q—Pdx complex is modulated the redox-dependent solvation properties of the pro&dh (
by the binding of ligands such as CO, NO, and @4). It should be noted here that the variationsST&S™ by the
Shimada et al. suggested that this spectral change is causethutations of GIn360 are larger than those obtained from the
by the movement of the heme iron in P450from the out mutational studies in other proteins such as plastocy&ijn (
of plane position to the in plane position. The movement of azurin 62), ferredoxin 63), and high-potential iron protein
the heme iron in P45%@Q, could induce the structural (64). In the series of the mutational studies, only one of the
rearrangement in the proximal side of P4a(hrough the mutants of azurin, His35> Leu, exhibited the large variation
axial Cys. Since the axial Cys interacts with GIn360 by the of TAS'(+19 kJ motf?), which is comparable to that of the
hydrogen-bonding network, the movement of the heme iron Q360E mutant £23 kJ mot?). It is known that the
might evoke the positional change of GIn360. We propose substitution of His35 of azurin induces the opening of the
that these structural changes accompanied by the movementavity near the metal site and enhances the accessibility of
of the heme iron would cause the dependence of thethe redox center, copper, to the solves)( We, therefore,
interactions between P45@Q and Pdx on the redox state of suggest that the mutations of GIn360 drastically alter the
P45Qam accessibility around position 360 to the solvent and vary the
Roles of GIn360 in the ET Reactions between R4&hd entropic component. Another possibility for the large varia-
Pdx As discussed in the previous section, the primary effect tions of TAS" might be the mutational effect on the redox-
of the mutations at Glu360 on the ET processes is on thedependent dynamics of GIn360 as observed for cytochrome
redox potential of the heme iron. The temperature depen-bs (66). It is plausible that the mutation at 360 affects the
dence of the redox potential for the GIn360 mutants positions of the charged residues on the protein surface,
delineates the functional role of GIn360. The variations of resulting in the alteration of the accessibility to the solvent
AH®" by the mutations £21.1 to +29.2 kJ mot?') were around the residue at position 360 and the dynamics of the
comparable to those GAS™ (—22.9 t0+23.0 kJ mot?) as residue.
summarized in Table 4 and are derived from the structural In summary, we observed significant effects of the
changes by the mutations. From the crystal structure of ferric mutation at GIn360 on both of the first and second ET
P45Qa.m two hydrogen bonds are suggested to be formed reactions in the catalytic cycle of PA5Q The mutations at
between the axial ligand, Cys357, and GIn36058). One GIn360 did not seriously affect the complex formation for
of the hydrogen bonds is a N5 hydrogen bond between the ET from Pdx, but the alterations of intracomplex ET rates
the main chain amide proton of GIn360 and the sulfhydryl by the mutations at GIn360 were significant, which can be
group of Cys357. The side chain amide proton of GIn360 primarily attributable to the shifts of the redox potentials.
can also interact with the main chain carbonyl group of We can, therefore, conclude that GIn360 regulates the redox
Cys357 (Figure 2). Since we have previously shown that potential of the heme iron, thereby affecting the intracomplex
the mutation of GIn360 to Leu did not seriously affect the ET rate in the P45Q,—Pdx complex.
NH—S bond between GIn360 and Cys338)( the positive
shift of AH®" observed for the Q360L mutant (about 11 kJ ACKNOWLEDGMENT
mol~) would be attributable to the loss of the hydrogen bond  We are indebted to Prof. Teizo Kitagawa (IMS, Okazaki)
between the carbonyl group of cysteine and the amide groupfor kind permission to use the resonance Raman instrument.
of GIn360. The variation iMAH®" for the Q360L mutant  We are also grateful to Prof. Isao Taniguchi (Kumamoto
corresponds to the energy of a single hydrogen bond in University) for helpful advice on the measurement of the
proteins (12 kJ mot) (59), which suggests that the hydrogen redox potential.
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