
Ž .Journal of Molecular Catalysis B: Enzymatic 8 2000 111–120
www.elsevier.comrlocatermolcatb

A spectroscopic and kinetic study of Escherichia coli amine
oxidase

Simon de Vries a,), Rob J.M. van Spanning b, Vincent Steinebach a

a Department of Biotechnology, Enzymology Section, Delft UniÕersity of Technology, Julianalaan 67, 2628 BC Delft, Netherlands
b Department of Molecular Cell Physiology, Faculty of Biology, BioCentrum Amsterdam, Vrije UniÕersiteit, De Boelelaan 1087,

1081 HV Amsterdam, Netherlands

Abstract

Escherichia coli amine oxidase has been overexpressed and characterized spectroscopically and by means of pre-steady
state kinetics. The X-band EPR spectrum of E. coli amine oxidase prepared with isotopically pure 63Cu and 65Cu shows
superhyperfine contributions of three slightly different nitrogen nuclei. The Q-band spectrum of the enzyme indicates the
presence of two different copper signals in an approximate one to one stoichiometry. Furthermore, a signal ascribed to
enzyme bound Mn2q is observed. Both the X-band and Q-band EPR signal of the topasemiquinone as prepared in the
presence of the substrate 2-phenylethylamine and KCN show multiple hyperfine lines. The Q-band spectrum of the
semiquinone shows that the g-tensor is axial or slightly rhombic. The g-value of g s2.005 is consistent with hydrogenx, y

bonding between the 5-C5N andror 2-C5O atoms of the topasemiquinone with nearby acidrbase groups of the protein.
Equilibrium incubation experiments with substrate at different pH values and pre-steady state kinetic analysis indicate the
presence of a species absorbing at 400 nm preceding the formation of the aminoquinol and the topasemiquinone
intermediate. The amount of topasemiquinone formed in equilibrium is governed by a single acidrbase group with pK 9.0,
the relation between the amount of 400 nm species and pH being more complex. The 400 nm species is proposed to be the
protonated product Schiff-base. The nature of other intermediates of the reductive part of the catalytic cycle is also
discussed. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The first report on a copper-containing amine
oxidase dates back to 1930 and describes a

AbbreÕiations: ECAO: Escherichia coli amine oxidase;
AGAO: Arthrobacter globiformis amine oxidase; BSAO: bovine
serum amine oxidase; PPAO: porcine plasma amine oxidase;
PSAO: pea seedling amine oxidase; ESEEM: Electron spin echo
envelope modulation; CW-ENDOR: Continuous wave-electron
nuclear double resonance
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w xhistaminase from porcine kidney 1 . In the
sixties, when highly purified preparations of
amine oxidases became available important
progress on the structure of these types of en-
zymes was made. It was by then firmly estab-
lished that these enzymes contain two copper

w xatoms per dimer 2,3 but the identity of the
covalently bound organic cofactor had already
been disputed for several decades, riboflavin or
pyridoxal phosphate being mentioned as the

w w xxprime candidates see, e.g., Refs. 4,5 . This
dispute ended in 1990 when the structure of the
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cofactor was elucidated and identified as 2,4,5-
Ž .trihydroxyphenylalanine topa in the reduced

Ženzyme and as topaquinone or TPQ 2,4,5-trihy-
.droxyphenylalaninequinone in the oxidized en-

w xzyme 6 . Thus, the copper-containing amine
Ž .oxidases E.C. 1.4.3.6 can be defined as a class

of enzymes which are homodimers of about
160–190 kDa containing per subunit one Cu-ion
and one tyrosine residue post-translationally

Ž .modified to a topaquinone TPQ . They catalyse
the oxidation — using molecular oxygen as
oxidant — of primary amines to their corre-
sponding aldehydes, in addition yielding hydro-
gen peroxide and ammonia. The copper-contain-
ing amine oxidases are widespread amongst

Ž .prokaryotes eubacteria and lower and higher
eukaryotes including yeast, plants and animals.
The first prokaryotic amine oxidase has been
purified in the group of prof. Duine by Van

w xIersel et al. 7 . So far, amine oxidase activity
has not been reported to be present in the group
of archaebacteria which is not surprising since
there is no apparent sequence homology be-
tween the genomes of archaebacteria for which
the sequence has been determined and the gene
encoding, e.g., the Escherichia coli amine oxi-

Ž .dase ECAO .
There exists a plethora of experimental data

suggesting that the overall reaction catalysed by
the amine oxidases may be dissected into the

Ž w xfollowing three reactions cf. Refs. 8–10 for
.an overview and Fig. 6 :

RCH NH qTPQrCu2q
2 2

™RCHOqTPQH PNH rCu2q 1Ž .2 2

TPQH PNH rCu2q
lTPQH ØPNHrCu1q

2 2

2Ž .

H OqHqqTPQH ØPNHrCu1qqO2 2

™TPQrCu2qqH O qNHq 3Ž .2 2 4

Ž .1 The amine group of the substrate adds to
the C-5 carbonyl group of TPQ, yielding the
aminoquinol intermediate, a sequence of reac-

tions in which water is first released and subse-
Žquently being taken up not shown in the equa-

. Ž .tions ; 2 after release of the aldehyde, rapid
internal electron transfer takes place producing

w xthe iminosemiquinone 11–13 form of TPQ and
1q Ž .Cu . 3 The latter intermediate is presumably

w xthe species that reacts directly and rapidly 14
with molecular oxygen. In this last step, ammo-

w xnia is released from the enzyme 15,16 .
A few years ago, the 3D-structure of ECAO

has been determined including a structure con-
w xtaining a covalently bound inhibitor 17,18 .

Also, the 3D-structures of pea seedling amine
w xoxidase 19 and of the apo- and holoenzyme

forms of the enzyme from Arthrobacter globi-
w xformis have been established recently 20 . In

all four structures, the copper-ion was found to
be ligated to three histidine residues and two
water molecules, one equatorially and the other
one axially bound yielding an approximate
square-pyrimidal symmetry around the Cu2q-
ion, exactly in the manner as predicted from the

Ž wnumerous spectroscopic analyses cf. Refs. 21–
x.28 . The active sites of the two monomers are

apparently physically linked via antiparallel b-
ribbon arms, but direct evidence that this inter-
action would provide the basis for the negative
cooperativity observed in the reaction between,
e.g., BSAO and PPAO and hydrazines is lack-

w xing 29–31 . Regarding TPQ, several differ-
ences between enzymes from different sources
have been observed, the most important one
being the relative orientation of TPQ with re-
spect to the Cu-atom, being closest to the 2-C5O
atom of TPQ in the active form of AGAO and
closest to the 5-C5O atom in the active form of
PSAO. Although this difference may be due to
difference in pH at which the crystals were

Ž w x.prepared cf. Ref. 20 this finding also sup-
ports the suggestion that the TPQ ring may

Ž .rotate around the Cb–Cg bond by about 1808

wduring the biogenesis of the cofactor 9,20,32–
x35 . More importantly, the TPQ seems to rotate

around the Cb–Cg bond by about 1508 in
ECAO upon binding of the substrate analogue

w x2-hydrazinopyridine 18 , a finding indicating
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that a similar rotation may occur when convert-
ible substrate becomes bound. Further, the
residue that might act as the active-site base in
abstracting the pro-S hydrogen from aromatic
primary amines has been identified as an aspar-
tic acid residue in all four crystal structures.

In spite of the impressive progress made over
the last years, several general questions remain
to be solved regarding the mechanism of action

Ž .of the amine oxidases: 1 The precise protona-
Ž .tion states of the various intermediates, 2 the

putative role and identity of nearby acid–base
groups in addition to the aspartic-acid residue
alluded to above such as a conserved tyrosine

Ž .residue that may aid in catalysis, 3 the fate of
H O being formed and being taken up during2

Ž .the reaction, 4 the precise routes taken by
substrates and products to and from the active
site. In addition, little is known about the reduc-
tion of oxygen, for example the way of ligation

Ž .of oxygen to copper side-on or end-on? and
the characteristics of the electron transfer and
protonation reactions.

We have recently cloned and sequenced the
gene encoding the ECAO and characterized the

w xpurified, overexpressed, enzyme 36 . This
preparation was shown to be heterogeneous as
revealed by high-resolution anion exchange
chromatography, although all species had iden-
tical N-terminal sequences. The purest fraction
with the highest specific activity obtained by
high-resolution anion exchange chromatography
was, however, homogeneous on rechromato-
graphy and shown to be a dimeric enzyme
containing two copper-ions and maximally 1.0–
1.1 TPQ per mol of dimer, the latter value based
on the reaction stoichiometry obtained upon
derivatization with hydrazines. One should re-
alise, however, that two TPQ per mol of dimer
might actually be present, one being much more

Žsusceptible to reaction with hydrazines cf. Refs.
w x.17–20 . The high purity of the enzyme made it
possible for the first time to perform a Reso-
nance Raman study of the underivatized cofac-

w xtor in situ 37 . Comparison with a model com-
pound confirmed the presence of TPQ in ECAO

w x38,39 . Furthermore, although ECAO prefers
aromatic amines as substrates, the enzyme very
slowly converts methylamine. With this latter
substrate considerable amounts of the
topasemiquinone state are generated. The 14Nr
15N isotope dependence of the Resonance Ra-
man spectrum directly confirmed the presence
of the amine group in this semiquinone interme-

w xdiate 37 . Pre-steady state kinetic analyses un-
der anaerobic conditions revealed the formation
of a novel intermediate absorbing at 400 nm
which had been ascribed to a reduced and proto-

w xnated form of the N-containing TPQ 40 .
In contrast to the great amount of spectro-

scopic data available on many, mostly eukary-
otic, amine oxidases, the ECAO has not been
spectroscopically characterized in detail, this in
spite of the fact that ECAO was the first of the
amine oxidases for which a high resolution

w x3D-structure had become available 17 . In this
paper, we describe X-band and Q-band EPR
spectroscopic properties of ECAO. In the light
of the progress made during the last years in the
research field of the amine oxidases, we will
also re-evaluate some of our conclusions drawn

w xpreviously 40,41 concerning the identity of the
400 nm intermediate and consequently on the
mechanism of action of the ECAO.

2. Materials and methods

Recombinant ECAO was overproduced and
Žpurified enzyme species B obtained after Mono

.Q anion exchange chromatography as described
w x 63 65before 36 . The Cu- and Cu-containing

ECAO were obtained by growing in a medium
supplemented with 6 mM of the specific copper

Ž .isotope )99% enrichment .
Ž .EPR spectroscopy both X-band and Q-band

was performed on a Varian E9 EPR spectrome-
ter equipped with home-built He-flow systems
to obtain low-temperatures or in a flat cell for
room-temperature X-band spectroscopy. Simu-
lation of spectra was performed with a home
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written program running on a Macintosh Pow-
erPC computer. The program simulates spectra
of S s1r2 systems up to second order ineff

nuclear hyperfine-interaction and up to first or-
der in superhyperfine-interaction, using Gauss-
ian lineshapes and allowing rotation of the g-
tensor with respect to the A-tensor. Normalized
strain parameters, linear and quadratic in M ,I

simulating g- and A-strain, can be varied. For
the present purpose, it was sufficient to assume
colinearity of the g- and A-tensors and visual
inspection was used a criterion for the goodness
of fit.

Quantization of EPR signals was performed
by double integration of the respective signals
appropriately correcting for differences in the
spin states of the various systems.

Anaerobic rapid scan stopped-flow spec-
trophotometry was performed with Scientific
PQrSF-53 preparative stopped-flow equipped
with an EG&G Princeton Applied Research

Ž1024-element photodiode array detector model
.1461 . Anaerobiosis was obtained by flushing

the enzyme and substrate solutions with Argon
Žfollowed by addition of glucose oxidase two

. Ž . Žunits , catalase 2.5 mgrml and glucose 4
.mM and transfer to the syringes.

3. Results and discussion

3.1. EPR spectroscopy at X-band and Q-band
frequencies

The Q-band EPR spectrum of ECAO is shown
in Fig. 1. This signal is similar to that observed

w xin, e.g., PPAO 21,42 . Simulations suggest that
the signal is an overlap of a rhombic and an
axial signal in an approximate 1:1 ratio just as
in the case of PPAO. In contrast to PPAO the
values of A of the two copper signals are thez

same within experimental resolution. In addition
to the copper signal, the spectrum shows a
signal from Mn2q which is not derived from the
buffer. In the crystal structures of ECAO, PSAO
and AGAO an additional metal center has been

ŽFig. 1. Q-band EPR spectrum of ECAO 378 mM in 50 mM
.potassium phosphate buffer, pH 7 . The spectrum shows signals

Ž . Ž .due to type II Cu II and Mn II , the latter represented by six
sharp peaks at the right-hand side of the spectrum. Experimental
conditions: Frequency: 35.334 GHz; modulation amplitude: 3.2
mT; microwave power: 14 mW; temperature: 42 K.

observed ascribed to Ca2q andror Mn2q. The
results of EPR at Q-band frequency where sig-
nals due to Mn2q are usually more intense due
to smaller second order effects than at X-band

Ž .frequency cf. the spectrum in Fig. 2 are con-
sistent with Mn2q as this second metal. How-
ever, this site is mostly empty or at least not

Ž .occupied by an EPR detectable paramagnetic
metal, since the concentration of Mn2q relative
to that of copper equals only about 0.2%.

The X-band EPR spectrum of oxidized ECAO
with natural copper is very similar to that of

Ž .AGAO and PPAO data not shown . The X-band
EPR spectra of the isotopically pure 63Cu and
65Cu ECAO preparations are shown in Fig. 2
together with enlargements of the g regionx, y

and the outermost hyperfine line of the g reso-z

nance of the 63Cu-derivative. The superhyper-
fine interaction of copper with various nitrogen
nuclei is clearly resolved in all these spectra,
much more clearly than in other amine oxi-
dases. Seven superhyperfine lines are seen which
are due to interaction with three nitrogen nuclei.
The observation that the copper signal is in fact
an overlap of two slightly different signals as
concluded from the Q-band spectra, the greatest



( )S. de Vries et al.rJournal of Molecular Catalysis B: Enzymatic 8 2000 111–120 115

Fig. 2. X-band EPR spectra of 63Cu- and 65Cu-containing ECAO
Ž Ž .375 mM in 10 mM MOPS buffer, 20 mM NaCl, 12% vrv

. Ž .glycerol, pH 7 . The inset in a shows a blow up of the left
63 Žoutermost hyperfine line of the Cu spectrum modulation ampli-

.tude: 0.25 mT and a simulation including three different nitrogen
Ž .nuclei see text . In b, the g region of the spectrum of the twox , y

Žisotopically pure preparations is shown in expanded view mod-
.ulation amplitude: 0.20 mT . Other experimental conditions: Fre-

quency: 9.236 GHz; modulation amplitude: 0.4 mT; microwave
power: 12.6 mW; temperature: 60 K.

difference being expressed in the g region ofx, y

the spectrum, precluded a reliable simulation of

the complete spectrum. However, since the dif-
ference in the values of A between the twoz

copper ions is very small the g region of thez

spectrum could be simulated. These simulations
indicate the presence of three chemically slightly
distinct nitrogen nuclei with superhyperfine
coupling constants, AN1– 3 s13.2, 11.7 and 9.2z

G. Thus, the symmetry at the copper atom is
lower than square pyrimidal. The distortion may
be caused by the inequivalence of the two water
molecules bound to the copper as seen in the
crystal structures of oxidized and underivatized
ECAO and AGAO.

In ECAO incubated anaerobically or aerobi-
cally in the presence of KCN with aromatic
amines such as 2-phenethylamine the TPQ is
reduced to the semiquinone state. The properties
of the TPQ semiquinone can be studied both
optically and by EPR. In Fig. 3, the X-band and
Q-band spectra of the TPQ semiquinone as
obtained in the presence of KCN are compared.
As we have shown previously, addition of KCN
leads to a slight broadening of the lines of the
semiquinone in the X-band EPR spectrum and

Fig. 3. X-band, Q-band EPR spectra of the topasemiquinone
Žintermediate of ECAO. ECAO 378 mM in 50 mM potassium

.phosphate buffer, pH 7 was incubated with 2-phenylethylamine
Ž . Ž .3.7 mM in the presence of KCN 6 mM . The X-band spectrum
was recorded at room temperature, the Q-band spectrum at 116 K.

ŽAdditional experimental conditions X-band and Q-band, respec-
.tively : Frequency: 9.234 GHz and 35.185 GHz; modulation

amplitude: 0.1 and 0.5 mT; microwave power: 2.0 and 1.6 mW.
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to an increase in the rate of relaxation compared
to the semiquinone signal obtained in the ab-

w xsence of inhibitors 40 . The Q-band spectrum
of the semiquinone, in the presence of KCN,
shows partially resolved hyperfine structure and
further a non-isotropic g-tensor. This spectrum
cannot be simulated completely, like the X-band

w w xxspectrum cf. Ref. 12 , because of the great
number of nuclei contributing to the hyperfine
pattern. Preliminary simulations, however, indi-

Žcate that the g-tensor is axial g s2.005,x, y
.g s2.002 or perhaps slightly rhombic, notz

uncommon for organic radicals. The value of
g s2.002 is close to the free electron g-valuez

and its direction is in all likelihood perpendicu-
wlar to the plane of the topasemiquinone ring cf.

w xxRefs. 43,44 . In most if not all para-benzo-
semiquinones, either the g - or the g -axis co-x y

incides with the line joining the carbonyl groups
of the quinone ring. Assuming a similar orienta-
tion for the g - or the g -component of thex y

g-tensor in the topasemiquinone and ignoring
the difference between N and O bound to C5,

Žthen the relatively low value of g 2.005x, y
.compared to 2.007–2.009 for the topasemi-

quinone suggests a low spin density at 2-C5O
and 5-C5N consistent with protonation of the
semiquinone or the formation of a hydrogen

w xbond at either or both of these positions 45–48 .
This finding supports the results obtained in
ESEEM and CW-ENDOR studies which indi-

Ž .cate a hydrogen bonding between unidentified
acidrbase groups in the protein and the 5-C5N
and 2-C5O atoms of the topasemiquinone in
addition to hydrogen bonding at the 4-C5O

w xposition 12 .

3.2. Characterization of intermediates of the
catalytic cycle obtained under equilibrium con-
ditions and in the pre-steady state

Anaerobic incubation of amine oxidases with
substrate leads to partial reduction of the en-
zyme. At room temperature, the reducing equiv-
alents of the substrate are distributed both over
the TPQ system and the copper atom yielding

the iminosemiquinone intermediate state and
1q w xCu 11,40 . In contrast, at low temperature,

the redox equilibrium has shifted in a manner
that copper remains Cu2q and the TPQ is re-
duced to the aminoquinol state. At room tem-
perature, the precise distribution of reducing

Ž .equivalents is also dependent on pH Fig. 4 . At
pH 5 and 7.5, a topasemiquinone is formed as
indicated by the absorption peaks at 468 nm,
440 nm and around 350 nm, at pH 10, no peaks

Fig. 4. Optical spectra showing the effect of reduction of ECAO
Ž . Ž .5.3 mM anaerobically with 2-phenylethylamine 196 mM at

Ž . Ž . Ždifferent pH values. A pH 5.0 dotted line , pH 7.5 continuous
. Ž .line and pH 10 broken line . The spectrum of the 400 nm

intermediate was obtained by subtraction of the pH 7.5 spectrum,
multiplied by 0.65 to cancel out the contribution of the

Ž .semiquinone, from the pH 5.0 spectrum. B pH dependence of
Žthe absorbance at 468 nm representing mainly the

. Žtopasemiquinone and 400 nm representing for more than 55%
.the ‘400 nm intermediate’ . The line through the points of the

absorbance at 468 nm represents a simulation for an acid–base
group with pK s9.0.
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are present between 300 and 600 nm, the TPQ
in all likelihood being converted completely to
the aminoquinol form. The amount of semi-
quinone is somewhat lower at pH 5 compared to
pH 7.5 and titrates out with an apparent pK of

Ž .9.0 Fig. 4 .
It is further clear from Fig. 4A that the

spectrum recorded at pH 5 contains another
component with an absorption maximum around
400 nm. Our previous analysis has shown that

w xthis 400 nm intermediate is EPR silent 40 . The
optical spectrum of this intermediate can be
obtained by subtracting the pH 7.5 spectrum
from that of the pH 5 spectrum appropriately
correcting for the different amounts of topa-
semiquinone formed under these two condi-
tions. The spectrum of the 400 nm intermediate
thus obtained is shown in Fig. 4A. The amount
of this species obtained under equilibrium con-

ditions decreases more or less linearly with
increasing pH values. Thus, the pH dependency
of the amount of 400 nm species formed is
probably linked to deprotonation of more than

Ž .one acidrbase group Fig. 4B . This 400 nm
intermediate observed under equilibrium condi-
tions is essentially the same species as formed
to its full extent within 6 ms after rapid mixing

w xof, e.g., 2-phenylethylamine with ECAO 40 .
The result of such an anaerobically performed
stopped-flow experiment at pH 7.0 is shown in
Fig. 5. It is clear that the formation of the 400
nm intermediate precedes that of the topa-
semiquinone. As a matter of fact, the traces
suggest a direct conversion of the 400 nm inter-
mediate into the topasemiquinone. However, one
cannot rule out the formation of intermediates
living shorter than the time difference between
the most rapid measurements, 6 ms. Further-

Fig. 5. Rapid-scanning stopped-flow spectrophotometry of ECAO mixed anaerobically with 2-phenylethylamine. Reaction temperature:
Ž .108C. All spectra shown are difference spectra from which the spectrum obtained after 6 ms the first spectrum obtained had been

subtracted. The first difference spectrum shown was obtained 66 ms after mixing, the following four in 30 ms increments, the next two in
increments of 60 ms, the remaining seven in increments of 120 ms. The inset shows the kinetics of the absorbance changes at 468 and 400
nm. The lines through the points are simulations of single exponentials both with half times of 430 ms. The maximal absorbance change at
468 nm was 0.0205, that at 400 nm equalled 0.0103.
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more, not all putative intermediates are neces-
Žsarily optically detectable between 350 and 600

.nm . We have previously ascribed this 400 nm
intermediate to a protonated form of the amino-

w xquinol 40 , but here we wish to revise this
proposal.

Combining the pre-steady state kinetic data
and the equilibrium measurements the following
picture emerges. After anaerobic addition of the

substrate 2-phenylethylamine to ECAO an equi-
librium is set up between the 400 nm intermedi-
ate, the topasemiquinone and the aminoquinol.

Ž .At high pH pH 10 , only a single species
apparently prevails under equilibrium condi-
tions, the aminoquinol. At lower pH values, all
three species may be present, but only the 400
nm intermediate and the topasemiquinone are
detectable optically or by EPR. However, as

ŽFig. 6. Protonation states and redox states of various TPQ intermediates occurring in the catalytic cycle of ECAO. Asp383 ECAO
. w xnumbering is the active site base proposed to be involved in abstraction of the pro-S proton of the substrate 18,20 . Tyr369 forms a tight

w x yhydrogen bond with 4-C5O of the TPQ 18 . Two different, unidentified, active site bases ‘B ’ mainly involved in hydrogen bonding to
w x Ž .the aminoquinol and topasemiquinone 12 forms are also shown. A oxidized enzyme as isolated in the 4-C5O deprotonated form; the

Ž . Ž .para-benzoquinone state may be in equilibrium with the ortho-benzoquinone state. B Substrate Schiff base. C Protonated product Shiff
Ž . Ž . Ž .base, the 400 nm intermediate. D Neutral product Schiff base. E Aminoquinol. F Topasemiquinone. Details of copper ligation, active

site water residues and of reactions steps with oxygen have been omitted.
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reasoned above, formation of the topasemi-
quinone must be preceded by formation of the
aminoquinol. Since the kinetic traces show that
the 400 nm intermediate is formed before the

Ž .topasemiquinone Fig. 5 the reaction sequence
is: 400 nm intermediate, aminoquinol, topa-

Ž .semiquinone Fig. 6 . The steady-state turnover
time of amine oxidase under conditions of the
stopped-flow experiment is about 400–600 ms
and because the 400 nm intermediate is formed
within 6 ms it represents an early transient
reaction intermediate. The time needed for ‘in-
ternal equilibration’, that is to form half of the
topasemiquinone from the 400 nm intermediate,

Ž .is about 430 ms see Fig. 5 and, therefore, this
process includes the major rate determining

Ž .step s in the complete catalytic cycle.
We ascribe the 400 nm intermediate to the

so-called product Schiff base, most likely in the
Ž .protonated form see Fig. 6 . This new assign-

ment is based, inter alia, on the recent chemical
synthesis of putative intermediates of the cat-

w xalytic cycle of amine oxidases 49–51 and the
description of a yeast mutant enzyme in which a
similar intermediate, derived from methylamine

w xas substrate accumulated 35,52 . Both the ab-
Ž .sorbance maximum 400–404 nm and the esti-

Ž y1mated extinction coefficient 11.0"1 mM
cmy1 estimated from the difference spectrum in
Fig. 4A, assuming that it represents 20% of the
enzyme concentration, i.e., the difference in

.semiquinone content at pH 5 and 7.5 are very
similar to that of the protonated product Schiff
base analogue which has been synthesized re-

w xcently 51 . The decrease in the equilibrium
amount of the 400 nm species with increasing
pH suggests that it is a protonated intermediate,
but more protonation of more than one acidr
base group is probably involved in the determi-
nation of its amount. This is in contrast to the
topasemiquinone, the amount of which is di-
rectly determined by a group with a pK of 9.0.
While this might be the pK of the phenolic
OH-group of Tyr369, deprotonation of which
would lead to destabilization of the topasemi-
quinone, the participation of another acidrbase

group or active site water with a similar pK
value involved in stabilization of the topa-
semiquinone cannot be ruled out at present.

w xIn the E406N yeast mutant 35 the unproto-
nated product Schiff base of methylamine has
been proposed to be stabilized. The mechanism
of this stabilization involves rotation of the TPQ

Žring possible because of the small size of meth-
.ylamine to a position away from the mutated

Žactive site base E406 corresponding to D383 in
.E. coli . In native BSAO and AGAO also, the

unprotonated product Schiff bases of meth-
ylamine have been proposed to be stabilized
w x34,52 . In contrast, in ECAO the topasemi-
quinone is stabilized when methylamine is used

w xas substrate 37 . Although all amine oxidases
show considerable sequence homology, in par-
ticular regarding the active site residues, small
differences in for example the pK values of
these active site residues may lead to specific
stabilization of one or the other intermediate.
This may explain why in the one type of amine
oxidase formation of the substrate Schiff base is
apparent and in the other stabilization of the
product Shiff base occurs in the reductive part

w xof the catalytic cycle 40,53–55 .
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