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ABSTRACT: Quinohemoprotein amine dehydrogenase (QH-AmDH) fromParacoccus denitrificanshas a
novel cofactor cysteine tryptophylquinone (CTQ) in the smallestγ subunit and two hemesc in the largest
R subunit [Datta, S., Mori, Y., Takagi, K., Kawaguchi, K., Chen, Z., Okajima, T., Kuroda, S., Ikeda, T.,
Kano, K., Tanizawa, K., and Mathews, F. S. (2001)Proc. Natl. Acad. Sci. U.S.A. 98, 14268-14273].
The spectral change of QH-AmDH was assigned to the redox reaction of the hemesc alone. The redox
potentials of the two hemesc with His and Met as the second axial ligands, respectively, were determined
to be 0.149 and 0.235 V versus SHE at pH 7.0 by a mediator-assisted continuous-flow column electrolytic
spectroelectrochemistry (MCES). The monomericγ subunit of QH-AmDH was isolated from urea-treated
QH-AmDH. The fully oxidized and reduced forms of theγ subunit exhibited a unique absorption band
centered at 380 nm and a shoulder band around 315 nm, respectively, at neutral pH. The two-electron
redox potential of CTQ in the isolatedγ subunit was evaluated to be 65 mV at pH 7.0 by MCES. The
redox reaction was linked to the two-proton transfer at pH<8.6 and to a single-proton transfer at pH
>8.6. The pKa value (Ka being the acid dissociation constant) of 8.6 was assigned to one of the phenolic
OH groups of the quinol form. Upon deprotonation, the red shift of the shoulder band was observed. The
γ subunit adsorbed on a glassy carbon electrode, and gave a direct but quasi-reversible electrochemical
signal. Intra- and interprotein electron transfers of QH-AmDH are discussed from thermodynamic and
structural points of view.

Quinoprotein amine dehydrogenases are induced when
several methylotrophic bacteria are grown on media that
include biological amines as the sole source of carbon,
nitrogen, and energy (1). Paracoccus denitrificansIFO 12442
expresses two types of amine dehydrogenases, methylamine
dehydrogenase (MADH)1 (2) and quinohemoprotein amine
dehydrogenase (QH-AmDH) (3), when grown on methyl-
amine and longer chain amines such asn-butylamine,
respectively. Both enzymes catalyze the oxidation of the
primary amines to yield the corresponding aldehyde and
ammonia. Aromatic amine dehydrogenase (4, 5) and quino-
hemoprotein amine dehydrogenase (6, 7), which are structur-
ally very close to MADH and QH-AmDH fromP. denitri-
ficans, respectively, are expressed inAlcaligenes faecalisand
Pseudomonas putida, respectively.

MADH has anR2â2 quaternary structure, and contains a
covalently bound posttranslationally generated quinone co-
factor, tryptophan tryptophylquinone (TTQ), on each of the
smallerâ subunits as the catalytic center, while the largerR
subunit does not possess any prosthetic group (8). The

physiological electron acceptor of MADH is amicyanin, a
typical type I copper protein (9). Amicyanin is induced
together with MADH because the genes encoding these
proteins are built in one operon, themaugene cluster (10).
The kinetics of electron transfer from the MADH to
amicyanin have been documented (11). The redox potential,
E°′, has been reported to be 0.100 (12) or 0.130 V (13) for
MADH from P. denitrificans, and 0.093 V for MADH from
bacterium W3A1 (14). The crystallographic structure of the
MADH-amicyanin complex has been determined and shows
that hydrophobic residues play an important role in the
interaction (15). Kinetic and thermodynamic studies coupled
with site-directed mutagenesis have revealed the importance
of ionic interactions as well as hydrophobic interactions (16-
18).

On the other hand, the crystallographic structure of QH-
AmDH from P. denitrificansandPs. putidahas recently been
revealed by two groups (19, 20). QH-AmDH is an Râγ
heterotrimeric protein (Figure 1). The smallestγ subunit has
a novel quinone cofactor, cysteine tryptophylquinone (CTQ)
(Figure 2), which is formed by posttranslational modification
of residues Cys37γ and Trp43γ. The largestR subunit has
two hemec groups. One of the hemesc [called hemec(a)]
is solvent accessible and has His and Met as the first and
second axial ligands, respectively, as in the case of the usual
cytochromec (21). The other one [called hemec(b)] is buried
almost fully and located between CTQ and hemec(a). Heme
c(b) has bisaxial His ligands, as in the case of cytochrome
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c3 (22). In this respect, the diheme-containing domain in the
R subunit is similar to diheme cytochromec peroxidase (23).
Another novel feature of QH-AmDH is that all cysteine
residues in theγ subunit are in thioether linkages with Asp
or Gln (19, 20). The electron acceptor of QH-AmDH has
been found to be cytochromec550 in P. denitrificans(24)
but azurin inPs. putida(7).

For further understanding of the intramolecular electron
transfer of QH-AmDH, it is very important to determineE°′
values of all three redox centers in the enzyme (25). In a
previous paper, our group tried to evaluate theE°′ values of
the heme and quinone groups of QH-AmDH fromP.
denitrificans (3) by using a mediator-assisted continuous-
flow column electrolytic spectroelectrochemistry (MCES),
which has been developed by our groups for proteinE°′
measurements (13, 26). The spectroelectrochemical titration
curve showed only one step in the redox reaction of the heme
group(s) with isosbestic points, which gave a value forE°′
of the heme group(s). TheE°′ value of the quinone moiety
was indirectly evaluated from the substrate titration curve
of the heme group(s). At that time, however, the number of
hemec groups was believed to be unity on the basis of the
chemical analysis. Therefore, re-evaluation ofE°′ is needed.

To date, there are a limited number of reports ofE°′ values
of quinohemoproteins, namely, ethanol dehydrogenase from
Comamonas testosteronicontaining one PQQ and one heme
c in the molecule (27) and membrane-bound alcohol dehy-
drogenase fromAcetobacter methanolicuscontaining one
PQQ and four hemec groups in the molecule (28). The
evaluations ofE°′ values were based on a conventional redox
titration, but were limited to the heme groups. This may be
due to the small absorption coefficients of the quinone groups
compared with those of the heme groups and to the
spectroscopic overlapping of the quinone and the heme
groups. Our group also applied a column electrolytic
spectroelectrochemical method for theE°′ determination of
PQQ- and four heme-containing alcohol dehydrogenase (29).
However, the evaluated data did not lead to a general
consensus, since the resultingE°′ values of the heme groups
were not in accord with those evaluated by a conventional
titration method (28). Furthermore, theE°′ value of PQQ
was evaluated from a small absorption change around the
Soret band. Direct electrochemistry of quinohemoproteins
(as well as flavohemoproteins) is also very useful from a
bioelectrochemical point of view (30-32). However, the
direct electrochemical signal was ascribed to only heme
groups if any, and direct electrochemical information con-
cerning organic cofactors has not been obtained.

In this paper, we attempted to re-evaluate theE°′ values
of the two hemesc of QH-AmDH by using MCES through
a thermodynamic and kinetic analysis. Since native QH-
AmDH gives no direct electrochemical signal, theγ subunit
was isolated and theE°′ value of CTQ and its pH dependence
were determined. These data are used to discuss the intra-
and intermolecular electron transfer of QH-AmDH.

EXPERIMENTAL PROCEDURES

Purification and Preparation of QH-AmDH.QH-AmDH
from P. denitrificanswas isolated and purified as described
in the literature (3, 24), and the concentration of the reduced
protein was determined from the absorbance at 552 nm (ε552

) 37.2 mM-1 cm-1). The fully oxidized and reduced forms
of QH-AmDH were prepared by adding K3Fe(CN)6 and
n-butylamine or Na2S2O4, respectively.

Purification and Preparation of theγ Subunit of QH-
AmDH.Theγ subunit of QH-AmDH was isolated as follows.
A portion of the fully oxidized QH-AmDH was treated with
8 M urea in 100 mM Tris buffer (pH 8.5). The sample was
separated by high-performance gel filtration chromatography
with a Superdex 200 HR 26/60 column and urea-free 50 mM
phosphate buffer containing 150 mM NaCl (pH 7.5). The
protein concentration was determined by a weighing method,

FIGURE 1: Schematic picture of the subunit structure of QH-AmDH.

FIGURE 2: Structure of CTQ and schematic features of the axial
ligands of the two hemesc in QH-AmDH.
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in which the sample was desalted by dialysis against pure
water (five times) and lyophilized, or a Bradford method
(33).

Spectroscopy.UV-visible absorption spectroscopy was
carried out with a Shimadzu UV-2500(PC)S or Shimadzu
UV-1500PC photodiode array spectrophotometer with quartz
cells with a light path length of 1 cm at room temperature.

Mediator-Assisted Continuous-Flow Column Electrolytic
Spectroelectrochemistry (MCES).This technique is based on
the spectroscopic detection of the redox states of proteins
equilibrated in a continuous-flow redox buffer regulated by
column electrolysis (26). Potassium ferricyanide, 2,6-di-
methylbenzoquinone,N-methylphenazinium methosulfate
(PMS), phenazine ethosulfate (PES), 1,4-naphthoquinone,
vitamin K3, and 2-hydroxy-1,4-naphthoquinone [theE°′
values of these compounds at pH 7.0 being 0.443, 0.169,
0.08, 0.055, 0.036, 0.009, and-0.139 V vs SHE, respectively
(34)] were used as mediators. In this study, a portion of a
protein sample (usually 10µL and on the order of 50µM)
was injected on a mobile phase buffer and mixed with a
mixed mediator solution in a two-channel flow injection
system. Mobile phase buffers that were used were 0.1 M
succinate (pH 6.0), potassium phosphate (pH 7.5), Tris (pH
8.0),D-R-alanine (pH 9.0), or carbonate (pH 10.0) at an ionic
strength of 0.3 M with KCl. The mixed mediator solution
and the mobile phase buffer were thoroughly degassed with
argon and flowed at a rate in the range of 0.35-2.0 mL/
min. Other details of the principle, instruments, and methods
are described in the literature (13, 26). All potentials in this
paper are referred to the standard hydrogen electrode (SHE),
unless stated otherwise.

Electrochemistry.Cyclic voltammetry was performed on
an HZ-3000 instrument (Hokuto Denko Co.) using an Ag/
AgCl/KCl (saturated) reference electrode and a Pt-disk
counter electrode. A bare grassy carbon electrode (inside
diameter of 3.0 mm, Bioanalytical Systems) as a working
electrode was polished with alumina powder (particle size
of 0.05 µm) and sonicated in distilled water for∼15 min.
The cell was deaerated by passing argon gas through the
electrochemical cell for more than 15 min before the
experiments were carried out.

RESULTS

Redox Potentials of Two Hemes c in QH-AmDH.QH-
AmDH exhibited reproducible spectral changes depending
on the electrode potential (E) in MCES at a flow rate of
0.35 mL/min at pH 7.0 (0.1 M potassium phosphate, ionic
strength 0.3 M with KCl) in the presence of mixed mediators
(Figure 3). The spectral change is characteristic of the redox
reaction of hemec groups. The absorption spectra obtained
at 0.4 and-0.1 V were almost identical with those of the
fully oxidized form [prepared by the oxidation with K3Fe-
(CN)6] and the fully reduced one (prepared by the reduction
with n-butylamine or Na2S2O4), respectively. During the
spectral change, isosbestic points appeared at 342, 411, 440,
510, 538, and 561 nm. Any direct information concerning
the redox reaction of CTQ was not obtained spectroscopi-
cally. The spectra remained practically unchanged in the
potential regions of-0.4 to -0.1 V and of 0.4-0.6 V.

The E dependence of the absorbance at 418 nm (A418)
depicted in Figure 4 shows only a one-step change. The

titration curve was practically independent of the direction
and width of the potential step and the flow rate at least up
to 0.5 mL/min. The results strongly support the idea that
the redox reaction between QH-AmDH and the mediators
reached equilibrium states under these conditions. All these
results are practically identical with those reported in a
previous paper (3).

Since QH-AmDH has two hemesc in the molecule, we
hypothesize that the spectral change is assigned to the redox
reaction of two hemesc alone. Combination of the hypothesis
and the one-step sigmoidal characteristics of the titration
curve leads to the conclusion that theE°′ value of hemec(b)
with His as the second axial ligand is close to that of heme
c(a) with Met as the second axial ligand. However, this
conclusion appears to contradict the reported characteristics
of hemesc with bis-His axial ligands, which have fairly
negativeE°′ values compared with usual hemesc with Met
as the second axial ligand (35). In addition, combination of
the hypothesis and the appearance of the isosbestic points

FIGURE 3: Background-corrected absorption spectra of QH-AmDH
at 0.397 (fully oxidized), 0.297, 0.222, 0.147, 0.047, and-0.103
V (fully reduced) and pH 7.0. An aliquot of a fully oxidized QH-
AmDH sample (50µM × 10 µL) was injected at each electrode
potential into an MCES system with a flow rate of 0.35 mL/min.
The following mediators were used: 50µM potassium ferricyanide,
125µM 2,6-dimethylbenzoquinone, 20µM N-methylphenazinium
methosulfate (PMS), 10µM phenazine ethosulfate (PES), 10µM
vitamin K3, and 75µM 2-hydroxy-1,4-naphthoquinone. The arrows
indicate the direction of the spectral changes upon reduction of
QH-AmDH.

FIGURE 4: Spectroelectrochemical titration curve of QH-AmDH
taken by the MCES method under equilibrated conditions, the
details of which are given in the legend of Figure 3: (b)
experimental data and (-) nonlinear regression curve calculated
on the basis of eq 3.
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in the spectral change leads to another conclusion that heme
c(b) is very similar to hemec(a) in the spectral property
despite the difference in the second axial ligand. Therefore,
it is very important and indispensable to confirm the
hypothetical assignment of the spectral change in the one-
step sigmoidal titration curve.

Kinetic Distinction between Heme c(a) and Heme c(b).
For the above purpose, we attempted to distinguish heme
c(b) from hemec(a) by a kinetic analysis. The MCES method
is useful for obtaining kinetic information about the electron
transfer between proteins and mediators, where the reaction
time is controlled by the flow rate (13). At increased flow
rates, the spectrum of QH-AmDH electrolyzed on the MCES
system depended on the flow rate. This means that QH-
AmDH was eluted before it reached equilibrium with the
mediators. Under such kinetically controlled conditions, the
A418 versusE curve clearly showed two-step characteristics,
as shown in Figure 5, where the flow rate was 2.0 mL/min,
and PMS and PES were removed from the mixed mediator
solution to reduce the rate of electron exchange between QH-
AmDH and the mediators. The appearance of the two-step
wave reflects the difference in the reduction kinetics of the
two hemesc (note that the oxidized form of QH-AmDH was
injected for each data point in this case). The absorbance of
QH-AmDH in Figure 5 was larger than that in Figure 4
despite the same amount of protein being injected, which is
true because dilution and diffusion of the protein sample in
the column are relatively suppressed at increased flow rates,
leading to sharp elution peaks. Other spectral properties were
almost identical with those obtained under equilibrium
conditions, although the titration curve showed a peak shape
in the first step of reduction. The observation of the two-
step redox curves strongly supports the hypothetical assign-
ment that the one-step characteristics of the titration curve
under equilibrated conditions reflect the sequential redox
reaction of the two hemec groups.

EValuation of Eo′ Values of Two Heme c Groups.The
Nernst equations of the heme groups (HL and HH, L and H
denoting the hemes with lower and higherE°′ values,
respectively) are given by

where subscripts ox and red denote the oxidized and reduced
forms of the heme, respectively. The brackets indicate the
concentration of the corresponding species, andF, R, andT
have the usual meaning. Here, we assume that two hemec
groups undergo the redox reaction independently. Since the
CTQ-related absorption coefficient would be negligibly small
compared with that of two hemesc, the relationship between
the absorbance (A) andE can be expressed by

with

whereεL,ox, εL,red, εH,ox, and εH,red are the absorption coef-
ficients of the corresponding species, [P] ()[HL,ox] + [HL,red]
) [HH,ox] + [HH,red]) denotes the total concentration of QH-
AmDH, and l is the length of the light path ([P]l being
constant under the experimental conditions). TheA value
reduces toA1 whenE . EH°′ > EL°′ (ηH > ηL . 1) or to
A3 whenE , EL°′ < EH°′ (ηL < ηH , 1), and thenA1 and
A3 can be evaluated experimentally from the plateaus of the
titration curve in Figure 4. When the close similarity of the
spectroscopic property of the two hemes is considered, it
can be reasonably assumed thatεL,ox ≈ εH,ox andεL,red ≈ εH,red;
that is,A2 ≈ (A1 + A3)/2. Therefore, eq 3 can be fitted to
the titration curve usingEH°′ andEL°′ (or ηH andηL) as the
adjustable parameters by nonlinear regression analysis. The
Nernstian analysis yielded values of 0.235( 0.006 and 0.149
( 0.003 V forEH°′ andEL°′, respectively (the deviation being
given as the goodness of the fitting). The regression curve
can reproduce well the experimental data, as shown by the
solid line in Figure 4.

Purification and Spectral Properties of theγ Subunit.The
gel chromatographic separation of urea-treated QH-AmDH
yielded three major peaks. The molecular mass of the third
peak was assessed to be ca. 9 kDa, which is close to the
calculated mass of theγ subunit (8.5 kDa) (19). Then, it
can be concluded that the third peak corresponds to theγ
subunit of QH-AmDH. When theγ subunit fraction was
reassayed by gel chromatography, the retention time was
almost identical with that of the first one. Therefore, it can
be concluded that the isolatedγ subunit is monomeric even
in the absence of urea. Theγ subunit oxidized with K3Fe-
(CN)6 gave a characteristic broad absorption band centered
at 380 nm. This absorption band overlaps with the Soret band

FIGURE 5: Absorbance at 418 nm (A418) of QH-AmDH as a function
of the electrode potential (E) taken by the MCES method under
nonequilibrium high-flow rate conditions at pH 7.0. The fully
oxidized species (10µL, 50 µM) was injected at eachE. The flow
rate of MCES was 2 mL/min, and the following mediators were
used: 50µM potassium ferricyanide, 125µM 2,6-dimethylbenzo-
quinone, 10µM vitamin K3, and 75µM 2-hydroxy-1,4-naphtho-
quinone.

[HL,ox]
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) exp[ F

RT
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) exp[ F

RT
(E - EH°′)] ≡ ηH (2)

A ) (εL,ox[HL,ox] + εL,red[HL,red] + εH,ox[HH,ox] +
εH,red[HH,red])l

)
ηHA1

ηH + 1
+

(ηL - ηH)A2

(ηH + 1)(ηL + 1)
+

A3

ηL + 1
(3)

A1 ) (εH,ox + εL,ox)[P]l (4)

A2 ) (εH,red + εL,ox)[P]l (5)

A3 ) (εH,red + εL,red)[P]l (6)

Redox Potentials of QH-AmDH Biochemistry, Vol. 41, No. 46, 200213739



of QH-AmDH. The absorption coefficient was determined
to be 7 mM-1 cm-1 at 380 nm when the peptide contents
were evaluated by the weighing method, while a value of
14 mM-1 cm-1 was obtained from the peptide content data
by the Bradford method. The value(s) is significantly smaller
than that of the Soret band of QH-AmDH [227 mM-1 cm-1

at 408 nm for the fully oxidized species (3)]. Addition of
substoichiometric amounts of Na2S2O4 to the γ subunit
caused a decrease in the magnitude of the broad band around
380 nm. However, it was difficult to obtain the absorption
spectrum of the fully reduced form due to the spectral overlap
with Na2S2O4. Theγ subunit retained dehydrogenase activity
for n-butylamine with K3Fe(CN)6 as an electron acceptor,
but the activity is very low (104 times lower than that of
native QH-AmDH). Theγ subunit was slightly unstable at
room temperature, the lifetime being∼5 h, as judged from
the spectral change.

Electrochemistry of theγ Subunit. Using the MCES
method, we have the capacity to obtain background-corrected
absorption spectra of proteins in the presence of mediators
(13, 26). To determine the absorption spectrum of the fully
reduced form, the isolatedγ subunit was analyzed by the
MCES method at a flow rate of 0.35 mL/min at pH 7.0 in
the presence of mixed mediators. The column electrode
reduction of theγ subunit caused a decrease in the magnitude
of the broad band around 380 nm and an increase in the
magnitude of a new shoulder band around 315 nm, giving
an isosbestic point at 326 nm, as shown in Figure 6. The
spectroelectrochemical titration curve showed a Nernstian
response (Figure 6, inset) and was well reproduced on the
basis of a one-step two-electron transfer model (13, 36, 37).
The nonlinear regression analysis of the titration curve
yielded anE°′ of 0.065( 0.002 V at pH 7.0.

The isolatedγ subunit gave a pair of cathodic and anodic
waves on a cyclic voltammogram at a bare glassy carbon
electrode (Figure 7). This redox wave is reasonably assigned
to CTQ. The peak separation was ca. 50 mV at a scan rate

(V) of 5 mV/s. However, the peak currents were proportional
to V, and almost independent of the concentration (at least
at g2 µM), indicating quasi-reversible characteristics due
to the adsorbed species of theγ subunit. The midpoint
potential was determined to be 0.042 V at pH 7.0.

Figure 8 shows the pH dependence ofE°′ of the CTQ
cofactor in the isolatedγ subunit,E°′ being evaluated by
the MCES method. Changes of-60 and-30 mV/pH unit
were observed with an inflection at pH 8.6. The results
indicate that the two-electron transfer of CTQ is linked to
the transfer of two protons at pH<8.6, and of a single proton
at pH >8.6. The pH value of the inflection point (8.6)
corresponds to a pKa value of the quinol form of CTQ (38),
Ka being the acid dissociation constant. A red shift of the
shoulder band (longestπ-π* band) of the quinol form was
observed upon deprotonation of the quinol form, as shown
in the inset of Figure 8, while the absorption spectrum of
the oxidized CTQ remained unchanged in the pH region that
was examined (pH 6-10) (data not shown).

FIGURE 6: Background-corrected absorption spectra of theγ subunit
of QH-AmDH at 0.193 (fully oxidized), 0.078, 0.068, 0.058, 0.043,
and-0.057 V (fully reduced) at pH 7.0. An aliquot of theγ subunit
(50 µM, 10 µL) was injected into an MCES system with a flow
rate of 0.35 mL/min at each electrode potential. The following
mediators were used: 30µM N-methylphenazinium methosulfate
(PMS) and 20µM phenazine ethosulfate (PES). The arrows indicate
the direction of the spectral changes on the reduction of theγ
subunit. The inset shows the spectroelectrochemical titration curve
of the γ subunit obtained by the MCES method at 380 nm: (b)
experimental data and (-) nonlinear regression curve determined
on the basis of a one-step two-electron transfer model.

FIGURE 7: Cyclic voltammograms of theγ subunit of QH-AmDH.
Solid and broken lines are cyclic voltammograms in the presence
and absence of 5.2µM γ subunit, respectively, at a glassy carbon
electrode at a scan rate of 5 mV/s in 0.05 M potassium phosphate
(pH 7.0).

FIGURE 8: E°′ values of CTQ in the isolatedγ subunit as a function
of pH. The slopes of the two straight lines are-60 and-30 mV/
pH unit. Mediators identical to those given in the legend of Figure
6 were used, except at pH 10.0 where 15µM PMS and 150µM
1,4-naphthoquinone were used. The inset shows the absorption
spectra of the fully reduced form of the isolatedγ subunit (3.3
µM) at pH 6.0 (A) and 10.0 (B). The spectra were obtained by the
MCES method.
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DISCUSSION

This study has, for the first time, revealed the absorption
spectra of the fully oxidized and reduced CTQ bound to the
γ subunit of QH-AmDH. The fully oxidized form gave a
characteristic broad absorption band around 380 nm with
an absorption coefficient of 7 mM-1 cm-1 by the weighing
method as a peptide content assay (or 14 mM-1 cm-1 by
the Bradford method). The wavelength and the absorption
coefficient of the longestπ-π* band of CTQ are shorter
and smaller, respectively, than those of TTQ enzymes [∼450
nm and∼20-25 mM-1 cm-1, respectively (5, 12)]. The
small increase in the magnitude of the shoulder band of the
fully reduced CTQ around 315 nm is also compared with a
large increase seen with TTQ enzymes upon reduction (5,
12). These differences in the spectroscopic properties of CTQ
from TTQ seem to be due to a decreased level ofπ-stabiliza-
tion of tryptophylquinone and its quinol by cross-linking to
Cys instead of aromatic Trp, although theπ-conjugation in
a free state of a TTQ model compound is not so strong (38).

The absorption coefficient of CTQ and its change with
the redox reaction are very small compared with those of
the Soret band of the heme groups. In addition, the absorption
band of CTQ partially overlaps with the Soret band. These
are the reasons why it was very difficult to extract the
information about the redox reaction of CTQ from the
spectral change of QH-AmDH. This consideration also
indicates that the spectral change of QH-AmDH reflects the
redox reaction of the hemec groups alone.

The isolatedγ subunit gave a direct electrochemical signal
of CTQ at a bare glassy carbon electrode. This is very
interesting since direct electrochemistry has not yet been
realized for quinone cofactors of quinoproteins. Most prob-
ably, the small size of theγ subunit is responsible for the
successful observation of the direct electron transfer to and/
or from the electrode. However, the response was ascribed
to the adsorbed species so that the midpoint potential (0.042
V) evaluated from the voltammogram includes the difference
in the adsorption energy between the fully oxidized and
reducedγ subunit (39, 40). In contrast, the MCES method
provided information concerning the soluble species under
equilibrated conditions, and the midpoint potential (0.065
V) evaluated by MCES (Figure 6) is more reliable for the
E°′ of the CTQ cofactor, in this case, than that of cyclic
voltammetry. The latter is slightly more negative than the
former, suggesting that the fully reducedγ subunit adsorbs
more strongly on the electrode than the fully oxidized one
(39).

The E°′ value of CTQ evaluated in this work could be
somewhat different from that of the native one, because the
isolatedγ subunit is likely to be less structured than it is in
the complete QH-AmDH. However, theE°′ value is close
to that of TTQ in MADH fromP. denitrificans[0.100 V at
pH 7.5 (12) and 0.130 V at pH 7.5 (13)] and that of a TTQ
model compound [0.107 V at pH 7.0 (38)]. This result seems
to be reasonable since both CTQ and TTQ have the same
tryptophylquinone skeleton. Therefore, theE°′ value of CTQ
evaluated here can be accepted as that of the native one to
a first approximation.

The two- and single-proton transfer linked to the two-
electron transfer of CTQ and the pKa (8.6) of one of the
phenolic OH groups of the quinol form are compared with

those of TTQ. In MADH, the single-proton transfer is linked
to the two-electron transfer in the pH range of 6.2-8.3 (41),
indicating that the pKa value of the TTQ quinol in MADH
is less than 6. In a TTQ model compound, a two-proton
transfer occurs at pH<10 and the pKa of the TTQ quinol is
10.1 (38). The difference may be explained by the difference
in the environments of the quinone cofactors; theγ subunit
could be disordered in part, and CTQ is more solvent
accessible than TTQ in MADH.

There was no evidence for the presence of the semiquinone
form of CTQ in the redox titration or in the spectral change.
This result suggests that the one-electron redox potential of
CTQ and the semiquinone couple is more negative by∼100
mV than that of the semiquinone and the fully reduced CTQ
couple for the isolatedγ subunit (40). In contrast, for QH-
AmDH an ESR signal of the semiquinone has been observed
upon partial reduction (3), indicating thermodynamic stabi-
lization of the CTQ semiquinone in the enzyme. Destabiliza-
tion of the semiquinone in the isolatedγ subunit would be
due to an increased solvent accessibility of CTQ.

The γ subunit exhibited dehydrogenase activity forn-
butylamine with K3Fe(CN)6 as an electron acceptor, although
the activity was very low. Such behavior can be expected,
since all the other quinone cofactors exhibit similar catalytic
activity for oxidative deamination of amines (such as
benzylamine) in the free state (38, 42-45). However, we
did not carry out further kinetic experiments (for example,
on substrate or cosubstrate specificity), since theγ subunit
could be in part denatured.

This study also has clearly revealed that the one-step
profile of the spectroelectrochemical titration curve (Figure
4) can be ascribed to the redox reaction of the two hemesc
in QH-AmDH. The appearance of the isosbestic points in
the titration curve (Figure 3) indicates that the spectral
properties of hemec(a) and hemec(b) are very similar
despite the difference in the second axial ligand. On the basis
of these considerations, the titration curve was successfully
analyzed using a model in which two hemec groups undergo
the redox reaction independently (independent model),
yielding EH°′ and EL°′. An alternative model involving an
interactive two-step one-electron transfer, whereE°′ of one
heme depends on the redox state of the other heme
(interactive model), also was applied to the analysis of the
titration curve. The major difference in the interpretation of
titration curves between the two models appears only in the
case when the twoE°′ values become similar or are reversed
with respect to each other. The cooperative multistep redox
reactions in the interactive model occur in proton transfer-
coupled electron transfers (as in the case of quinones) (13,
37, 40, 46) or conformational change-coupled electron
transfers (47, 48). In our case, the result analyzed by the
interactive model was identical to that obtained with the
independent model (data not shown). Therefore, we cannot
conclude from the thermodynamic analysis whether the two
hemec groups interact with each other. However, since the
distance between two iron atoms of hemesc(a) andc(b) is
∼16 Å (19), the interaction would not be so strong, if it
existed at all.

The other interesting feature is that the two hemesc were
well distinguished from each other with respect to the
reduction kinetics of QH-AmDH with the mediators. The
A418 versusE profile under nonequilibrium conditions (Figure
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5) gave apparent midpoint potentials of the first and second
one-electron reductions of approximately 0.2 and-0.1 V,
respectively. The former is relatively close to theEH°′ value
(0.235 V) evaluated by MCES under equilibrated conditions,
but the latter is more negative thanEL°′ (0.149 V). This
suggests that the reduction of the hemec of EH°′ with
mediators is fast compared with that of the other heme. Most
probably, hemec of EH°′ is more solvent-accessible than
the other. When the crystallographic structure of QH-AmDH
is considered (19), hemec of EH°′ is reasonably assigned to
hemec(a) with Met as the second axial ligand, and the other
is assigned to hemec(b) with His as the second axial ligand.
This assignment is consistent with the nature of the iron
ligation (35).

The following question arises here about theA418 versus
E profile under the kinetic conditions: why does the first
one-electron reduction step exhibit a peak shape (Figure 5)?
The reason is not clear, but the electrode potential where
the peak shape appeared (ca. 0.14 V) is close toE°′ of 2,6-
dimethylbenzoquinone (0.169 V), one of the mediators that
was used. This mediator is susceptible to adsorption on the
carbon fiber electrode surface in the column electrode, and
the adsorption coefficients of the oxidized and reduced forms
must be different. In addition, the rate of electron transfer
from the mediator to QH-AmDH would be affected by the
soluble or adsorbed states of mediators. This might be one
of the causes of the appearance of the peak in the titration
curve. Note that such an adsorption effect (or kinetic effect)
does not disturb the titration curve under equilibrated
conditions.

TheE°′ value of hemec(a) is close to those of horse heart
cytochromec [0.255 V (49)] and cytochromec550 [0.243 V
(24)], both of which have Met as the second axial ligand.
On the other hand, bis-His axial hemesc occur in cytochrome
c3 from DesulfoVibrio Vulgaris (22) and in tetrahemec-type
cytochrome fromParacoccus denitrificans(50). The E°′
values of these hemesc, which are in the range of-0.4 to
0 V, are more negative than those of usual cytochromesc
(34, 35, 50-52). It has also been reported that the second
axial ligand replacement of His with Met in one of the four
hemesc in cytochromec3 causes a large positive shift in
E°′ by at least 0.2 V (53). Further, theE°′ values of two
hemesc in diheme cytochromec peroxidase have been
reported to be 0.320 and-0.330 V, the second axial ligands
of which are Met and His, respectively (23). Hemec(b) of
QH-AmDH is only 0.086 V more negative inE°′ than heme
c(a), and considerably more positive than the bis-His axial
hemesc reported so far. This is a very interesting feature,
and such an unusual thermodynamic property might be due
to the low solvent accessibility of hemec(b) in QH-AmDH.

The crystal structure of QH-AmDH (19) suggests that the
electron transfer pathway from CTQ to hemec(a) occurs
via hemec(b) (Figure 1). The thermodynamic study pre-
sented here supports this prediction. TheE°′ values of these
redox centers are located in this case from the negative to
the positive direction.

Cytochromec550, the physiological electron acceptor of
QH-AmDH in P. denitrificans, has anE°′ of 0.243 V (pH
7.5) (24), which is slightly more positive than that of heme
c(a). Hemec(a) is more solvent accessible and is located in
a more hydrophilic environment than hemec(b) (19). These
properties of hemec(a) seem to make it possible for it to

function as a site donating an electron to the hydrophilic
cytochromec550. However, it is very important to note that
very fast electron transfer (kcat ) 4.7 s-1, KM e 0.1 µM,
kcat/KM g 4.7 × 107 M-1 s-1) occurs from hemec(a) to
cytochromec550 despite the relatively small difference inE°′
(54). This may be due to the short distance in the two redox
centers and low reorganization energy (55). The proposed
interprotein electron transfer in QH-AmDH is compared with
that of MADH/amicyanin, where hydrophobic interactions
play an important role (15) and the difference inE°′ is as
large as 0.1 V, although ionic interactions also function
cooperatively (16-18). For a more detailed understanding
of these intra- and interprotein electron transfer reactions,
structural analysis of the QH-AmDH-cytochrome c550

complex and kinetic and thermodynamic analyses coupled
with site-directed mutagenesis will be required.
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