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ABSTRACT: A new quinohemoprotein amine dehydrogenase fromParacoccus denitrificansIFO 12442
was isolated and characterized in views of biochemistry and electrochemistry. This enzyme exists in
periplasm and catalyzes the oxidative deamination of primary aliphatic and aromatic amines.n-Butylamine
or benzylamine as a carbon and energy source strongly induces the expression of the enzyme. Carbonyl
reagents inhibit the enzyme activity irreversibly. This enzyme is a heterodimer constituted ofR and â
subunits with the molecular mass of 59.5 and 36.5 kDa, respectively. UV-vis and EPR spectroscopy,
and the quinone-dependent redox cycling and heme-dependent peroxidative stains of SDS-PAGE bands
revealed that theR subunit contains one quinonoid cofactor and one hemec per molecule, while theâ
subunit has no prosthetic group. The redox potential of the hemec moiety was determined to be 0.192 V
vs NHE at pH 7.0 by a mediator-assisted continuous-flow column electrolytic spectroelectrochemical
technique. The analysis of the substrate titration curve allowed the evaluation of the redox potential of
the quinone/semiquinone and semiquinone/quinol redox couples as 0.19 and 0.11 V, respectively.

Since the first report on bacterial amine oxidation by Eady
and Large (1), several types of amine dehydrogenases have
been purified and characterized. Methylamine dehydrogenase
(MADH)1 (1-6) and aromatic amine dehydrogenase (AADH)
(7, 8) have been most extensively studied among them. The
two enzymes haveR2â2 structures and contain a covalently
bound organic cofactor in each of theâ subunits, while the
largerR subunit does not possess any prosthetic group. There
is no redox-active metal ion in the enzymes. The enzymes
have a unique organic cofactor:tryptophan tryptophylquinone
(TTQ) (9). After the discovery of TTQ, a model compound
of TTQ was synthesized and the chemistry of the model
compound was examined in view of model reactions of
amine dehydrogenases (10-14).

On the other hand, quinohemoprotein amine dehydroge-
nase (AMDH) has been isolated fromPseudomonas putida
(15-18). AMDH was at first reported as an enzyme

composed of two subunits with 60 and 40 kDa in the
molecular mass (15, 17). The 60 kDa subunit contains two
hemec moieties (16) and a quinonoid cofactor (17). Recent
report, however, revealed the presence of an additional 20
kDa subunit, in which the quinonoid cofactor is localized
(18). Detailed thermodynamic and kinetic properties of this
enzyme remain to be elucidated.

Here we describe the purification and characterization of
a new quinohemoprotein amine dehydrogenase (QH-AmDH)
from Paracoccus denitrificansIFO 12442, grown with
methylamine,n-butylamine, or benzylamine as a major
source of carbon and energy. The subunit structure and
spectroscopic properties were characterized by conventional
methods and the redox potential of the heme moiety was
determined by a mediator-assisted continuous-flow column
electrolytic spectroelectrochemical technique developed in
our laboratory (19). The substrate titration curve was also
analyzed to assess the redox potential of the quinonoid
cofactor. On the basis of the above results, the electron-
transfer reaction catalyzed by this enzyme is discussed from
the physiological points of view.

EXPERIMENTAL PROCEDURES

Bacterial Growth. P. denitrificansIFO 12442 was pur-
chased from the Institute for Fermentation in Osaka (Japan)
and was grown aerobically at 30°C in the medium containing
1% K2HPO4, 0.5% KH2PO4, 0.05% MgSO4‚7H2O, 0.05%
yeast extract, and 0.5% amine hydrochloride (methylamine,
n-butylamine, or benzylamine) as a carbon source. The pH
of the medium was adjusted to 7.0. For the purification of
amine dehydrogenases, the cells were grown with methyl-
amine in a 50 L fermenter for 24 h and harvested by
centrifugation.
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Purification of Amine Dehydrogenases.All purification
procedures were performed at 4°C. About 100 g of freshly
harvested cells was suspended in 500 mL of 10 mM
potassium phosphate, pH 7.5 (buffer A), and then disrupted
by ultrasonic disintegration. The resulting lysate was cen-
trifuged at 40000g for 60 min, and the supernatant solution
was dialyzed overnight against 5 L× 2 of buffer A. The
dialyzed solution was applied to a DEAE-cellulose column
(200 mL) equilibrated with buffer A. The column was eluted
with a linear gradient of 0-0.5 M NaCl in the same buffer
(2 L). Two kinds of spectrophotometric assay of amine
dehydrogenase activity were separately performed for each
fraction using methylamine (0.1 mM) as a substrate; one is
the reduction of Fe(CN)6

3- (1 mM) (methylamine-dependent
Fe(CN)63- -reducing activity) and the other is the reduction
of 2,6-dichloroindophenol (DCIP) (50µM) in the presence
of 3 mM phenazine ethosulfate (PES) as an electron-transfer
mediator (methylamine/PES-dependent DCIP-reducing activ-
ity). In the following, the MADH and QH-AmDH fractions
were separately treated with identical procedures. Solid
(NH4)2SO4 was added to the enzyme fractions as 1.5 M and
the enzyme solution was applied to a Butyl-Toyopearl
column (100 mL) equilibrated with 1.5 M (NH4)2SO4 in 0.1
M potassium phosphate, pH 7.5 (buffer B). After being
washed with the (NH4)2SO4-containing buffer B, the column
was eluted with a linear gradient (500 mL) of 1.5 to 0 M
(NH4)2SO4 in buffer B. Finally, the enzyme was purified by
a Q-Sepharose column (50 mL), eluted with a linear gradient
(500 mL) of 0.2-0.4 M NaCl in buffer A. The enzyme thus
purified to homogeneity was concentrated, dialyzed against
buffer A, and stored frozen for future use.

Preparation of Periplasmic Fraction.The method is based
on that first reported by Alefounder and Ferguson (20) and
practically identical with that used in the first step of the
purification of MADH from P. denitrificansATCC 13543
(6, 21). Cells were suspended in 20 mL/g wet weight of cells
of 20 mM potassium phosphate (pH 7.5) containing 0.5 M
sucrose and 0.5 mM EDTA. Lysozyme (5 mg/g wet weight
of cells), dissolved in water to 10 mg/mL, was added to the
cell suspension and followed by equal volume of water. After
incubation at 30°C for 20 min under gentle swirling, the
suspension was centrifuged at 20000g for 20 min to remove
spheroplasts and unbroken cells (if any) from the periplasmic
fraction.

Electrophoresis and Gel Chromatography.Polyacrylamide
gel electrophoresis in the absence [native-PAGE (22)] and
presence of sodium dodecyl sulfate [SDS-PAGE under
reducing conditions (23)] were performed according to the
literature. The gels were stained with CBB R-250 to detect
protein fractions. The SDS-PAGE gels were also subjected
separately to the quinone-dependent redox-cycling stain (24)
and the heme-dependent peroxidative stain (25) for the
detection of quinonoid cofactor and heme, respectively. High-
performance gel filtration chromatography was carried out
with a Superdex 200 HR 10/30 column.

Analysis of Heme c Content.The total number of heme
units was evaluated from difference spectra between S2O4

2- -
reduced and Fe(CN)6

3- -oxidized forms of pyridine hemo-
chrome, which was prepared by mixing the sample with a
final concentration of 20% (v/v) pyridine and 50 mM NaOH.
The heme content was calculated using the absorbance
coefficient of 30.3 mM-1 cm-1 at 550 nm (26). Protein

concentrations were determined by a modified Lowry method
(27) with bovine serum albumin as a standard or by weighing
deionized and lyophilized samples. Deoinization was per-
formed by dialysis against water (five times).

Spectroscopy.UV-vis absorption spectra were recorded
with Shimadzu UV-2500(PC)S or Shimadzu UV-260 spec-
trophotometers. Before spectroscopic measurements of QH-
AmDH, the enzyme was completely oxidized with K3Fe-
(CN)6 and then removed it by dialysis. EPR spectra were
recorded on a Nikkiso ES-10 spectrometer with a glass
capillary cell with an inner diameter of 0.7 mm. The
magnitude of the modulation (100 kHz) was chosen to be
as low as possible to optimize the resolution and signal-to-
noise ratio of observed spectra. The microwave power was
set to 1-2 mW. All EPR spectral measurements were
performed at room temperature.

Titrations. Anaerobic reductive titration of QH-AmDH
were performed withn-butylamine or sodium dithionite as
reductant at room temperature in 0.1 M potassium phosphate
buffer (pH 7.5) in a nitrogen gas-purged drybox. Moistured
argon gas was passed through the enzyme and reagent
solutions to remove dissolved dioxygen. Aerobic titration
of QH-AmDH with p-nitrophenylhydrazine hydrochloride or
phenylhydrazine hydrochloride was also carried out at room
temperature in the same buffer (pH 7.5).

Enzyme Assay.Steady-state kinetic assays for QH-AmDH
activity were performed spectrophotometrically by measuring
the amine-dependent reduction rate of Fe(CN)6

3- at 417 nm
and at 25°C. The reaction mixture contained appropriate
amounts of K3Fe(CN)6 and substrate amine in 0.1 M
potassium phosphate (pH 7.5). The reactions were initiated
by addition of an aliquot of enzyme solutions. In measure-
ments of the electron acceptor specificity, K3Fe(CN)6 was
replaced by DCIP or PES coupled with DCIP. To determine
steady-state kinetic parameters, initial rates were measured
at several concentrations of substrates or electron acceptors.

Mediator-Assisted Continuous-Flow Column Electrolytic
Spectroelectrochemistry.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 (19). In the present study, a portion of a
protein sample (10µL × ca. 57 µM) was injected on a
mobile phase buffer (pH 7.0) and mixed with a mediator
solution on a two-channel flow injection system. 2,6-
Dimethyl-1,4-benzoquinone (DMBQ;E°′ ) 0.175 V at pH
7.0) was used as a mediator at a final concentration of 1.0
mM. The mediator solution and a mobile phase buffer were
thoroughly deaerated with nitrogen gas and flowed at 0.5
mL min-1, unless otherwise stated. Other details of the
principle, instruments, and methods are described in the
literature (19). All the potentials in this paper are referred
to the normal hydrogen electrode (NHE).

RESULTS

Purification of QH-AmDH. The cell-free extract ofP.
denitrificansIFO 12442 grown with methylamine as a carbon
source afforded one peak with the methylamine/PES-
dependent DCIP-reducing activity at ca. 0.2 M NaCl region
in the DEAE-cellulose column NaCl-gradient chromato-
graphic separation (Figure 1, curve C). The succeeding
chromatographic purification from the fraction revealed that
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the predominant enzyme is identical with TTQ-containing
MADH produced byP. denitrificansATCC 13543 (6, 28).
The chromatographic separation gave three peaks of hemo-
proteins (Figure 1, curve B). While amine dehydrogenase
activity was not detectable in the fractions of the first and
second peaks, the third peak overlapping with the MADH
peak containedc-type cytochrome exhibiting the strong
methylamine-dependent Fe(CN)6

3- -reducing activity (Figure
1, curve D). The succeeding chromatographic purification
of the hemec containing amine dehydrogenase resulted in a
single band on native-PAGE and a single symmetrical peak
on high-performance gel chromatography. The yield of heme
c containing amine dehydrogenase was 12 mg from 100 g
of freshly harvested cells by the procedure described above.

The molecular mass of the hemec-containing amine
dehydrogenase was assessed to be ca. 100 kDa by high-
performance gel chromatography. The enzyme gave two
distinct bands in SDS-PAGE, which corresponded to 59.5
kDa (R subunit) and 36.5 kDa (â subunit) in the molecular
mass (Figure 2). TheR subunit band was positive in both of
the quinone-dependent redox-cycling stain and the heme-
dependent peroxidative stain, while theâ subunit band was
negative. These data indicate that this enzyme is anRâ
heterodimer quinohemoprotein amine dehydrogenase (QH-
AmDH) with a molecular mass of 96 kDa and that theR
subunit contains quinonoid cofactor and hemec moiety.

Steady-State Kinetics and Inhibition of QH-AmDH. Steady-
state reaction velocity (V) of QH-AmDH followed the
Michaelis-Menten equation for both methylamine and
Fe(CN)63-. Double reciprocal plots ofV vs the methylamine
concentration at several concentrations of K3Fe(CN)6 yielded
a set of parallel lines. This supports a ping-pong mechanism
for the enzymatic reaction. The catalytic constant (kcat) and
the Michaelis constant for substrate [Km(S)] were determined

for several aliphatic and aromatic amines using Fe(CN)6
3-

as an electron acceptor. The results are summarized in Table
1. QH-AmDH exhibited relatively broad substrate specificity
for primary aliphatic and aromatic amines, while it did not
work on secondary and tertiary amines. QH-AmDH seems
to prefer longer chain primary aliphatic amines to shorter
chain amines. The Michaelis constants for some artificial
electron acceptors [Km(A)] as well askcat were also evaluated
using methylamine as a substrate. The result is listed in Table
1. Fe(CN)63- works as an electron acceptor for QH-AmDH,
though PES is a better one. This is in marked contrast with
TTQ-containing MADH, of whichKm(A) for Fe(CN)63- was
4.5 mM with methylamine as a substrate.

Carbonyl reagents (hydrazine, hydroxylamine, phenylhy-
drazine, and semicarbazide) showed remarkable and irrevers-
ible inhibitory effects against the QH-AmDH activity. The

FIGURE 1: Elution profile of amine dehydrogenases in DEAE-cellulose column chromatography. Each fraction was collected with a volume
of 11.5 mL. Absorption measurements at 280 (A) and 410 nm (B) reflect the elution of protein and hemec proteins, respectively. Methylamine/
PES-dependent DCIP-reducing activity (C) and methylamine-dependent Fe(CN)6

3- -reducing activity (D) were measured as described in
the text.

FIGURE 2: SDS-PAGE of QH-AmDH (center lane) and MADH
(right lane) fromP. denitrificansIFO 12442. The left lane contains
molecular mass markers: phosphorylaseb (97.4 kDa), bovine serum
albumin (66.3 kDa), aldolase (42.4 kDa), carbonic anhydrase (30.0
kDa), soybean trypsin inhibitor (20.1 kDa), lysozyme (14.4 kDa).
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inhibition is reasonably explained in terms of the Schiff base
complex formation of the quinonoid cofactor in QH-AmDH
with the carbonyl reagents. EDTA showed no detectable
effects on the enzyme activity.

Expression and Location of Amine Dehydrogenases.Under
the conditions of [n-butylamine]) 0.1 mM and [Fe(CN)63-]
) 0.1 mM, the apparent catalytic constants (kcat,app) were 13
s-1 for QH-AmDH and 0.13 s-1 for MADH. Therefore, the
n-butylamine-dependent Fe(CN)6

3- -reducing activity can be
considered to represent the QH-AmDH activity. On the other
hand,kcat,appunder the conditions of [methylamine]) 0.1
mM, [PES] ) 3 mM, and [DCIP]) 50 µM were 0.52 s-1

for QH-AmDH and 25 s-1 for MADH. Thus, the methyl-
amine/PES-dependent DCIP-reducing activity can reflect the
MADH activity. Table 2 shows then-butylamine-dependent
Fe(CN)63- -reducing activity (QH-AmDH activity) and meth-
ylamine/PES-dependent DCIP-reducing activity (MADH
activity) in the periplasmic fraction and the total cell-free
extract of P. denitrificans grown with methylamine,n-
butylamine, or benzylamine as a source of carbon. The
expression of the QH-AmDH activity is strongly induced
by n-butylamine or benzylamine. The increased expression
of QH-AmDH is reasonably understood in terms of the
steady-state kinetic parameters given in Table 1.n-Butyl-
amine and benzylamine are better substrates of QH-AmDH
than methylamine. On the other hand, the MADH activity
was not detectable inP. denitrificans grown with n-
butylamine or benzylamine, indicating that methylamine is
essential to express MADH. This also seems to be reason-

able, because MADH shows relatively strong substrate
specificity toward methylamine [Km(S) ) 20 µM andkcat )
32 s-1 with PES/DCIP as electron acceptor (29)] and hardly
works on benzylamine (6). n-Butylamine also is not a good
substrate for MADH at least decreased concentrations [Km-
(S) ) 4.5 mM with PES/DCIP as electron acceptor (29)].

The QH-AmDH activity and MADH activity in the
periplasmic fraction ofP. denitrificansgrown with methyl-
amine were 60 and 57% of the total activity of the cell
extract, respectively, under our experimental conditions
(Table 2). The relative activity of QH-AmDH in the
periplasmic fraction was also evaluated as 67 and 61% for
P. denitrificansgrown withn-butylamine and benzylamine,
respectively. Considering that MADH is a periplasmic
enzyme (30), it can be safely concluded that QH-AmDH
locates in the periplasm.

Spectral Properties.UV-vis spectra of QH-AmDH have
revealed the presence of a typicalc-type cytochrome (Figure
3). The fully oxidized form with K3Fe(CN)6 gave a Soret
peak at 408 nm with an absorption coefficient (ε) of 227
mM-1 cm-1. Addition of substoichiometric amounts of
n-butylamine to QH-AmDH caused a decrease in the
absorbance at 408 nm (A408) and an increase inA416, A522,
andA552. Isosbestic points were observed at 341, 412, 439,
508, 537, and 560 nm. The fully reduced form gave three
peaks at 416 (ε ) 270 mM-1 cm-1), 522 (ε ) 27.8 mM-1

cm-1), and 552 nm (ε ) 37.2 mM-1 cm-1) and was slowly
reoxidized under aerobic conditions with a half-life time of
ca. 23 min. The identical spectrum of the reduced QH-
AmDH was obtained by the reduction with sodium dithionite.
During the anaerobic reductive titration with substrate amine
or dithionite, no clear spectral change due to the redox of
the quinonoid cofactor was recognized. This would be
ascribed to small absorption coefficient of the quinonoid
cofactor compared with hemec.

The number of the heme group was evaluated to be 1.07/
molecule based on the pyridine hemochrome method and
the modified Lowry method. The protein concentration was
also evaluated by a dry weight determination after the
thorough removal of salts by dialysis and lyophilization. The
dry weight method gave a value only 7% larger than that
determined by the Lowry method. Then it can be concluded
that QH-AmDH has 1 mol ofc-type cytochrome/enzyme in
the R subunit. This is supported by the occurrence of the

Table 1: Steady-State Kinetic Parameters of QH-AmDH

substrates kcat (s-1) Km(S) (µM)a kcat/Km(S) (M-1 s-1)

methylamine 14 1.3× 103 1.1× 104

ethylamine 13 1.0× 102 1.3× 105

propylamine 27 <1.0 >2.7× 107

butylamine 22 <1.0 >2.2× 107

benzylamine 22 <1.0 >2.2× 107

phenethylamine 26 <1.0 >2.6× 107

electron acceptors kcat (s-1) Km(A) (µM)b kcat/Km(A) (M -1 s-1)

K3Fe(CN)6 15 7.8× 102 1.9× 104

PES (+DCIP)c 7.1 1.4× 10 5.1× 105

DCIP 1.5 1.2× 102 1.3× 104

a K3Fe(CN)6 (1.0 mM) was used as an electron acceptor.b Methyl-
amine (10 mM) was used as a substrate.c The DCIP concentration was
fixed at 50µM.

Table 2: Amine Dehydrogenase Activities in the Periplasmic
Fraction ofP. denitrificansGrown with Several Amines as Carbon
Source

carbon source
in growth

QH-AmDH activity
(units/g wet cell)a

MADH activity
(units/g wet cell)b

methylamine 0.12 3.10
(0.20)c (5.41)c

butylamine 1.04 ∼0
(1.55)c (∼0)c

benzylamine 0.45 ∼0
(0.77)c (∼0)c

a n-Butylamine-dependent Fe(CN)6
3- -reducing activity. 1 unit) 2

µmol of Fe(CN)63- reduction/min. The reaction mixture contained 1
mM K3Fe(CN)6 and 0.1 mM n-butylamine in 0.1 M potassium
phosphate (pH 7.5).b Methylamine/PES-dependent DCIP-reducing
activity. 1 unit) 1 µmol of DCIP reduction/min. The reaction mixture
contained 50µM DCIP, 3 mM PES, and 0.1 mM methylamine in 0.1
M potassium phosphate (pH 7.5).c Total activity of cell extract.

FIGURE 3: UV-vis absorption spectra of purified QH-AmDH. QH-
AmDH (1.23 nmol in 3.0 mL) in 0.1 M potassium phosphate (pH
7.5) was titrated withn-butylamine. The spectra were recorded ca.
20 min after addition of 0, 0.4, 0.8, 1.2, and 2.0 nmol of
n-butylamine under anaerobic conditions. The arrows indicate the
direction of the spectral changes on the addition ofn-butylamine.
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well-recognized isosbestic points during the substrate titra-
tion.

QH-AmDH gave a strong EPR spectrum on partial
reduction with sodium dithionite at pH 7.0, as shown in
Figure 4. The total line width of the EPR spectrum was ca.
4.5 mT, which is close to that observed for TTQ-containing
MADH (3.8 mT). This is a clear evidence of the presence
of the quinonoid cofactor. Similar EPR spectrum was also
observed by partial reduction withn-butylamine. However,
these radical signals disappeared when QH-AmDH was
reduced with excess amounts of substrate amine or dithionite.

QH-AmDH exhibited a broad peak centered at 665 nm
on the addition ofp-nitrophenylhydrazine, as shown in Figure
5A. During the spectral change, the hemec-related bands
remained practically unchanged. This new peak is reasonably
ascribed to the formation ofp-nitrophenylhydrazone adducts
of the quinonoid cofactor in QH-AmDH. Figure 5B shows
the spectral titration at 665 nm withp-nitrophenylhydrazine.
The reaction was completed within a few minutes after each
addition ofp-nitrophenylhydrazine. A break point appeared
at a 0.91 mol equiv ofp-nitrophenylhydrazine versus QH-
AmDH. The absorption coefficient of the adduct was
evaluated as 16.2 mM-1 cm-1 at 665 nm from the difference
spectra. Similar result was obtained using phenylhydrazine
in place ofp-nitrophenylhydrazine, while the shoulder was
centered at 615 nm. Then it can be concluded that QH-
AmDH has 1 mol of quinonoid cofactor per enzyme in the
R subunit.

Electrochemistry and Redox Potential of the Heme c
Moiety in QH-AmDH.Direct electrode reaction of QH-
AmDH was undetectable at bare glassy carbon or thiol-
modified gold electrodes. We further attempted to use the
continuous-flow column electrolytic method coupled with
photodiode array, since the method provides increased
efficiency of electrolysis and improved electrode process
(31-33). Although QH-AmDH was reduced at sufficiently
negative potentials (ca.-1.0 V) at a carbon fiber-packed
column electrode, the absorption-potential relationship showed
irreversible electrochemical process. This might suggest that

the prosthetic groups are buried in the inside of the enzyme.
Therefore, we applied the mediator-assisted continuous-flow
column electrolytic spectroelectrochemical technique (19) to
determine the redox potential of the enzyme.

QH-AmDH exhibited reproducible spectral changes de-
pending on the electrode potential (E) in the electrochemi-
cally regulated redox buffer containing 1 mM DMBQ at pH
7.0 (0.1 M potassium phosphate, ionic strength 0.3 M with
KCl). The spectral changes observed during the potential
change were almost identical with those in Figure 3. Any
direct information concerning the redox reaction of the
quinonoid cofactor was not obtained.

Figure 6 shows theE dependence ofA418 of the background-
corrected spectra of QH-AmDH. The electrochemical titra-
tion curve was independent of the direction and the width
of the potential step, and the flow rate at least up to 1.0 mL

FIGURE 4: EPR spectra of the radical intermediate of (a) QH-AmDH
and (b) MADH fromP. denitrificans, generated by partial reduction
with Na2S2O4 in pH 7.0 phosphate buffer at room temperature.

FIGURE 5: (A) Difference absorption spectra of QH-AmDH (2.51
nmol in 3.0 mL) on the addition ofp-nitrophenylhydrazine at pH
7.0 under aerobic conditions. The amounts ofp-nitrophenylhydra-
zine added were (a) 0.10, (b) 0.45, (c) 0.95, (d) 1.45, (e) 2.45, and
(f) 3.45 nmol. (B) Spectral titration curve withp-nitrophenylhy-
drazine at 665 nm.

FIGURE 6: Electrochemical titration curve of QH-AmDH taken by
a DMBQ (1 mM)-assisted continuous-flow column electrolytic
spectroelectrochemical technique at pH 7.0. (b) Experimental data;
(s) the fitting curve based on eq 2.
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min-1. These results strongly support that the redox reaction
between QH-AmDH and DMBQ reaches equilibrium states
under the present conditions. The Nernst equation of the
hemec redox is given by

where [Hox] and [Hred] are the concentrations of the hemec
oxidized and reduced forms of QH-AmDH, respectively;E°H′
is the redox potential of the hemec moiety of QH-AmDH;
and F, R, andT have the usual meaning. The relationship
between the absorbance (A) andE can be expressed by

where εox and εred are the absorption coefficients of the
oxidized and reduced forms in the hemec moiety, respec-
tively, [P] ()[Hox] + [Hred]) denotes the total concentration
of QH-AmDH, and l is the light path length. Considering
that the plateaus of the electrochemical titration curve in
Figure 6 represent the parametersεox[P]l andεred[P]l, eq 2
was fitted to the electrochemical titration data withE°H′ as a
adjustable parameter. The Nernstian analysis yielded a well-
reproducible curve, as shown by the solid line in Figure 6.
E°H′ was evaluated to be 0.192 V ((0.002 V as the goodness
of the fitting).

Electrochemical Analysis of Substrate Titration CurVe.
Figure 7 represents the normalized substrate titration curve,
constructed from the spectral data given in Figure 3.
Although the titration data showed curved characteristics,
ca. 2 mol equiv of electrons were required for almost
complete reduction of the hemec moiety in QH-AmDH (note
here that n-butylamine is a 2-electron donor). Similar
characteristic curves were obtained by the ditionite titration.
These results seem to support that the substrate titration
allows QH-AmDH to reach the redox equilibrium during the
titration. The characteristic substrate titration curve was
theoretically analyzed in view of spectroelectrochemistry.
The ditionite titration curves were not reproducible most
probably due to the oxidation of dithionite with trace amounts
of dissolved dioxygen.

The quinonoid cofactor will undergo a two-step, 1-electron
transfer via the semiquinone state. The reversible redox
reaction of the quinonoid cofactor can be expressed as
follows:

where [Qox], [Qsem], and [Qred] are the concentrations of the
oxidized, semiquinone, and reduced forms in the quinonoid
moiety of QH-AmDH, respectively, and [Qox] + [Qsem] +
[Qred] ) [P]; E°Q1′ and E°Q2′ are the redox potentials of the
quinone/semiquinone and semiquinone/quinol redox couples
of QH-AmDH, respectively. Since the spectral change during
the substrate titration is ascribed to the redox reaction of the
hemec moiety alone, the relative spectral change (∆A/∆Amax)
depicted in Figure 7 can be expressed by

On the other hand, the bimolecular rate constant between
QH-AmDH andn-butylamine [kcat/Km(S)] is sufficiently large
(Table 1) and each of the spectra was recorded sufficiently
after the addition ofn-butylamine to reach time-independent
state. This means thatn-butylamine is almost completely
oxidized up to the stoichiometric amount and that the enzyme
is in redox equilibrium. Therefore, the relative amount of
the substrate against the total enzyme (2[amine]/[P]) is
equivalent to the reduced equivalent of QH-AmDH and is
expressed by

Equation 6 indicates that the equilibrated redox potential of
the enzyme solutionE is determined by 2[amine]/[P] for
given values ofE°Q1′, E°Q2′, andE°H′. The∆A/∆Amax value is
in turn calculated fromE and E°H′ according to eq 5. This
means that∆A/∆Amax and 2[amine]/[P] values are related to
each other usingE as a medium variable. Thus, the nonlinear
least-squares analysis of∆A/∆Amax vs 2[amine]/[P] curve
allows evaluation of two parameters amongE°Q1′, E°Q2′, and
E°H′ (or evaluation of the difference of the redox potentials
such asE°Q1′ - E°H′ andE°Q2′ - E°H′).

The titration curve in Figure 7 was successfully reproduced
on the basis of eqs 5 and 6 usingE°Q1′ andE°Q2′ as adjustable
parameters, theE°H′ value evaluated in the above section being
used as a fixed parameter. The values ofE°Q1′ andE°Q2′ for
the best fit were 0.19 and 0.11 V, respectively, with a
standard deviation of 0.003 and 0.01 V, respectively, as the
goodness of the fitting. The situation thatE°H′ ≈ E°Q1′ > E°Q2′
means that the reduction of the hemec undergoes almost
simultaneously with the reduction of the quinonoid cofactor
to the semiquinone state, resulting in the almost 2 mol equiv
characteristics (Figure 7). The semiquinone is then fully

FIGURE 7: Normalized substrate titration curve observed at 418
nm. ∆A and∆Amax are the absorbance change at a given amount
and excess amount ofn-butylamine, respectively; [amine] and [P]
are the concentrations ofn-butylamine (as a 2-electron donor) and
QH-AmDH, respectively. The original data were taken from Figure
4. (b) Experimental data; (s) the fitting curve based on eqs 5 and
6.
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reduced to the quinol form, probably by the intermolecular
electron transfer between the partially reduced QH-AmDH.

DISCUSSION

This study revealed the expression of at least two amine
dehydrogenases, QH-AmDH and MADH, inP. denitrificans
grown with methylamine as a sole source of carbon and
energy. The use ofn-butylamine or benzylamine in place of
methylamine enhances the expression of QH-AmDH and
suppresses the MADH expression almost completely. QH-
AmDH has a largeKm(S) for methylamine (Table 1)
compared with MADH [Km(S) ) 20 µM (29)] and has
relatively broad substrate specificity for primary amines.
Therefore, it would be expected that QH-AmDH plays a
significant role at increased concentrations of methylamine
or for various kinds of primary amines other than methyl-
amine. Furthermore, QH-AmDH seems to be essential for
P. denitrificans in efficient utilization and/or detoxification
of amines.

QH-AmDH isolated fromP. denitrificansIFO 12442 is
the second example as a quinohemoprotein amine dehydro-
genase; the first one is AMDH fromP. putida. Although
some properties of QH-AmDH are similar to those of AMDH
from P. putida, the enzyme structure is significantly different
from each other. QH-AmDH fromP. denitrificanshas an
Râ subunit structure and theR subunit contains one quinon-
oid cofactor and one hemec. In contrast, AMDH fromP.
putida has a heterotrimer structure and the largest and
smallest subunits contain two hemec moieties and (one)
quinonoid cofactor, respectively (18). The substrate specific-
ity of QH-AmDH is also different from that of AMDH.
Methylamine can serve as a suitable substrate of QH-AmDH
at least at relatively high concentrations [due to largeKm-
(S), see Table 1], while AMDH can hardly work on
methylamine (15, 17).

TheR subunit in QH-AmDH exhibits the positive response
in the quinone-dependent redox-cycling stain even after
denaturation in SDS-PAGE. Therefore, the quinonoid
cofactor can be considered to form a covalent bond with the
peptide chain of theR subunit, and then pyrroloquinoline
quinone (PQQ) may be ruled out as the quinonoid cofactor
of QH-AmDH. This consideration is also supported by the
EDTA-insensitive property of the QH-AmDH activity, since
PQQ enzymes frequently require some alkali earth metal ion
removable with EDTA.

Practically all of the absorption spectral change during the
redox reaction of QH-AmDH is assigned to the hemec alone.
This suggests that the absorption coefficient of the quinonoid
cofactor is much smaller than that of hemec, probablyε <
10 mM-1 cm-1 around 400 nm andε < 1 mM-1 cm-1 around
500 nm. The oxidized and reduced forms of the TTQ-
containing MADH have absorption coefficients asε ) 26.2/2
mM-1 cm-1 (per monomer) at 440 nm andε ) 56.4/2 mM-1

cm-1 at 330 nm, respectively (34). A TTQ model compound
have also similar absorption coefficients [ε ) 9.2 mM cm-1

at 434 nm for the oxidized form andε ) 12.3 mM cm-1 at
306 nm for the reduced form (11)]. Therefore, TTQ might
be ruled out as the quinonoid cofactor of QH-AmDH; if TTQ
were the cofactor of QH-AmDH, any spectral change due
to the redox of the quinonoid cofactor could be observed.
Such characteristics of QH-AmDH as small absorption

coefficients of the quinonoid cofactor might resemble to-
paquinone-containing amine oxidase [ε ) 2.0-5.7 mM-1

cm-1 at 460-500 nm for the oxidized form (35)], but there
is no report on topaquinone-containing amine “dehydroge-
nase”.

The spectral properties of thep-nitrophenylhydrazone and/
or phenylhydrazone adducts of QH-AmDH are quite different
from those derived from the other known quinonoid cofac-
tors. Thep-nitrophenylhydrazone of PQQ, topaquinone, and
TTQ have absorbance maximum around 450 nm at neutral
pH (36-38). The longer wavelength of the absorption
maximum of the hydrazone adducts of QH-AmDH (665 and
615 nm forp-nitrophenylhydrazone and phenylhydrazone
adducts, respectively) might suggest a higher resonance
structure of the hydrazone adduct of the quinonoid cofactor
in QH-AmDH. However, the relatively small absorption
coefficient of the adduct as well as the native quinonoid
cofactor seems to suggest some steric hindrance. Anyway,
these spectral characteristics might suggest a new quinonoid
cofactor.

In this work, the spectroelectrochemical analysis of the
electrochemical and substrate titration curves allowed the
evaluation of the redox potentials of the hemec and the
quinonoid cofactor (E°H′ ) 0.192 V,E°Q1′ ) 0.19 V, andE°Q2′
) 0.11 V). The overall two-electron redox potential of the
quinonoid cofactor [)(E°Q1′ + E°Q2′)/2 ) 0.15 V] is close to
the redox potential of TTQ in MADH (0.10 V) (34, 39).
The semiquinone formation constant (Ksem) defined by eq 7
is calculated to be 23.

Such stabilization of the semiquinone is in accord with the
strong intensity of the EPR spectrum and might suggest that
the quinonoid cofactor exists in hydrophobic circumstances
of QH-AmDH.

Judging from the redox potentials evaluated here, it can
be concluded that an intramolecular electron transfer occurs
from the quinonoid cofactor to the hemec moiety in QH-
AmDH, where the quinonoid cofactor works as a 2-electron
acceptor for the substrate and as a 1-electron donor for the
hemec moiety. The physiological electron acceptors for
quinoprotein amine dehydrogenases have been proposed to
be type I blue copper proteins: amicyanin for MADH (40)
and azurin for AADH (41). As studied extensively by
Davidson’s group, the electron passed to amicyanin from
MADH is transferred to the terminal oxidase via cytochrome
c551i (40, 42, 43). BecauseE°H′ of the hemec in QH-AmDH
is very close to the reported value for cytochromec551i (0.19
V) (44), it might be expected that the hemec in the QH-
AmDH is linked to the terminal oxidase. Further kinetic and
thermodynamic study of QH-AmDH and the identification
of the quinonoid cofactor are in progress.
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