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Summary. The role of copper in bovine serum amine
oxidase was investigated by studying the effect of cop-
per-binding inhibitors on the reactions of the pyrrolo-
quinoline quinone carbonyl and on the reaction with
oxygen. Hydrazines and hydrazides were used as car-
bonyl reagents and one of the hydrazines, benzylhydra-
zine, which was found to behave as a pseudo-substrate,
was used to probe the reaction with oxygen. The pres-
ence of N,N-diethyldithiocarbamate, a chelator that
binds copper irreversibly, did not prevent the reactions
at the carbonyl, but slowed down their rate and modif-
ied the conformation of the adducts. The same hap-
pened to the reaction with oxygen, which was slowed
down but not abolished. Copper, which was never seen
in the reduced state, thus appears to control all reac-
tions without being directly involved in the binding of
either hydrazines or oxygen. The enzyme functionality
was in fact preserved upon substitution of copper with
cobalt. The specific activity of the cobalt-substituted
enzyme was only reduced to about 40% the native am-
ine oxidase value. This is the first case so far in which
the role of copper can be performed by a different me-
tal ion.
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Introduction

Bovine serum amine oxidase (BSAO; EC 1.4.3.6) cata-
lyzes the two-electron oxidation of primary amines by
molecular oxygen with the formation of the corre-
sponding aldehyde, ammonia, and hydrogen peroxide.
The enzyme molecule is made up of two subunits of
identical M, of 90000 (Achee et al. 1968) and contains

Abbreviations. BSAO, bovine serum amine oxidase; DDC, N,N-
diethyldithiocarbamate; PQQ, pyrroloquinoline quinone
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as prosthetic groups two Cu(ll) ions (Suzuki et al. 1986)
and at least one pyrroloquinoline quinone (PQQ) mole-
cule, independently identified by two research groups
(Ameyama et al. 1984; Lobenstein-Verbeek et al. 1984).
The enzyme shows highest oxidase activity towards
biogenic amines (spermine, spermidine) and benzylam-
ine (Tabor et al. 1954). It is inhibited by two types of
molecules, one type reacting with a carbonyl group of
PQQ and the other with the copper ions. Substances
such as hydroxylamine, hydrazine, and semicarbazide
belong to the first type, while copper ligands such as
azide, cyanide, N, N-diethyldithiocarbamate (DCC) be-
long to the second one.

The similar enzyme from pig plasma was shown to
react by a ping-pong mechanism (Pettersson 1985) in-
volving in the first phase stepwise reduction of the en-
zyme by the substrate with transfer of the amino group
to PQQ and production of the aldehyde. In the second
phase the reduced enzyme is reoxidized by oxygen with
formation of hydrogen peroxide and of the imino deri-
vative, that subsequently hydrolyzes to native enzyme
and ammonia. Copper was found to catalyze the redox
steps of both phases, which are slowed down by cop-
per-binding anions (Olsson et al. 1978) while only the
reoxidation phase is abolished by the absence of metal
ions (Suzuki et al. 1983) and even of only one of them
(Suzuki et al. 1986; Morpurgo et al. 1987).

The way in which the copper ions interact with oxy-
gen and with PQQ itself is, however, not yet known.
The problem was approached in our laboratory
through the study of the effect of modifications of the
copper sites on the reactions at the PQQ site, i.e. of the
effect of Cu-binding inhibitors and of Cu substitution
with other metals, Co(II) in particular, on the binding
to PQQ of inhibitors and of a pseudo-substrate.

Adducts of BSAO with hydrazines and hydrazides
The simplest inhibitors of the two types are hydrazine

and semicarbazide, respectively, which react with
BSAO in 1:1 ratio and like the other compounds listed



Table 1. Absorption bands of BSAO-hydrazide and -hydrazine
adducts

Adduct A (nm) eM~Tem™Y)
Semicarbazide 360 22700
Benzohydrazide 359 28000
Isoniazide 347 22500
4-(Pyrrol-1-yl)benzohydrazide 362 23700
Hydrazine 330 20200
410 8400
Benzylhydrazine? 405 22000
Phenylhydrazine 446 38000
4-Chlorophenylhydrazine 450 42000
2,4-Dinitro-phenylhydrazine 470 44000
9-Acridino-hydrazine® 495 86000
525 98000

Measurements were made according to Morpurgo et al. (1988)
2 Measured immediately after addition
> Lamkin et al. (1988)

in Table 1, form an intense absorption band in the near-
ultraviolet region (Morpurgo et al. 1988). The time of
reaction varied greatly depending on the type of inhibi-
tor. In particular, the great majority of hydrazines re-
ported in Table 1 reacted within the mixing time, while
the hydrazides had a longer reaction time. The data of
Table 1 also show that the absorption band around
360 nm of the hydrazide adducts is almost independent
of the reagent, from the simple semicarbazide to the
more sophisticated compounds, while the band of the
hydrazine adducts shows large variability of maximum
wavelength and intensity, which increase together
along the series of compounds. This was taken to mean
that in the first group the transition is localized on the
PQQ molecule, which is bound to the hydrazide with a
C=N linkage, while in the second one the transition is
delocalized on the hydrazine aromatic system because
of conjugation to PQQ through an azo bridge. The lat-
ter situation implies a two-electron shift towards PQQ,
namely its reduction to hydroquinone.

All above reactions became extremely slow when
they were carried out in the presence of DDC, which
binds the copper ions of BSAO firmly producing an ab-
sorption band at 380 nm and a typical EPR spectrum
(Suzuki et al. 1982; Morpurgo et al. 1987). Moreover
the presence of DDC greatly modified the shape and
intensity of the absorption band at 445 nm of the
BSAO-phenylhydrazine adduct (Morpurgo et al. 1987).
These data provide two clear indications: (a) that the
copper ions and PQQ carbonyls are not very close to
each other since they can simultaneously bind the re-
spective inhibitors; (b) that a modification of the cop-
per site(s), such as DDC binding, affects the PQQ site,
resulting in a change of conformation of the phenylhy-
drazine adduct.

Reactions of BSAO with benzylhydrazine

The absorption band at 405 nm, which was immediately
formed on addition of benzylhydrazine to BSAO (Table
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1), decayed within about 15 min both in air and in
anaerobiosis. In air it was replaced by a band at 335 nm
with a shoulder at 410 nm, in anaerobiosis by a band at
355 nm, which converted to the previous one on admis-
sion of air into the solution (Morpurgo et al. 1989).
Also the latter species decayed within about 8 h, while
the protein recovered enzymatic activity. The mecha-
nism shown in Fig. 1 is based on the catalytic reaction
pathway proposed by Pettersson (1985) for the pig
plasma enzyme and on the observation that the inter-
mediate absorbing at 335nm and 410 nm was also
formed in the direct reaction of BSAO with hydrazine
(Table 1 and Fig. 1). The formation of a hydroperoxo
intermediate in the reaction with oxygen was proposed
on a speculative basis. Oxygen is expected to react at
the copper site(s), as in other copper oxidases, and ac-
tually copper-binding inhibitors were found to be com-
petitive against oxygen and uncompetitive against the
amine (Olsson et al. 1978; Barker et al. 1979; Dooley
and Coté 1985). However, prior to oxygen binding,
copper reduction is expected to occur (Al-Arab and
Hamilton 1986) which was never observed, either in the
present reaction (Morpurgo et al. 1989) or in the enzy-
matic reaction of the pig plasma enzyme (Grant et al.
1978). Furthermore the overall process was considera-
bly slowed down, but not abolished, by the presence in
the reaction medium of DDC, which binds copper ir-
reversibly (Morpurgo et al. 1987). Direct copper-oxy-
gen binding seemed therefore improbable. The reac-
tion of BSAO with benzylthydrazine was stopped half-
way, with the 355-nm-absorbing species as the final
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Fig. 1. Reactions of BSAO with benzylhydrazine and with hydra-
zine
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Table 2. Properties of cobalt-substituted BSAO

Sample Activity, A Phenylhydrazine Cobalt €405 A/PHy
(% native) bound, PHy
(mol/mol (mol/mol (M~'cm™%)
enzyme) enzyme)
1 13 0.33 - 31000 39
14 0.31 2.5 30000 45
3 24 0.50 2.0 30000 43

The enzymatic activity was measured spectrophotometrically at 25° C from the absorbance
increase at 250 nm (e=12500 M~' cm ') produced by benzylamine oxidation. The spe-

cific activity of native samples was 0.28, 0.30, 0.42 wmol min "

mg ™', respectively. En-

zyme concentration was measured at 280 nm using the absorption coefficient of the native
sample of 1.74 mg~! cm~'. Cobalt was determined with a Perkin-Elmer spectrometer
equipped with an HGA-400 furnace. £,0s, the absorption coefficient of the band at 405 nm
formed on reacting Co-BSAO with benzylhydrazine, is referred to the concentration of

active carbonyl groups given as A in the second column

reaction product, only by previous removal of at least
one copper ion from the protein molecule (Morpurgo et
al. 1989). The action of azide, a reversible inhibitor of
BSAO, was qualitatively similar to that of DDC, in that
it also stabilized the 355-nm-absorbing species. In the
reaction scheme outlined in Fig. 1, azide binding is not
competitive with the substrate, but stabilizes a form of
the enzyme-substrate complex which is unreactive
against oxygen and is in equilibrium with the reactive
complex. A reaction mechanism for the amine oxidase
enzymatic reaction, in which oxygen does not bind the
copper ions, thus seems compatible with the behaviour
of azide, competitive against oxygen (Olsson et al
1978).

Cobalt-substituted BSAO

From the results described above, copper did not ap-
pear to have the usual redox role in the reactions cata-
lyzed by BSAOQ. It rather seemed to affect the redox po-
tential of PQQ and/or the pK of a group involved in
the catalysis, a function that in principle could also be
carried out by a different metal ion. For this reason the
Co(II)-substituted BSAO prepared by Suzuki et al.
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Fig. 2. Titration of Co-substituted BSAO with phenylhydrazine.
14 pM enzyme in 0.1 M phosphate pH 7.2. Values on the ordinate
are absorbance at 445 nm

(1983) and described by these authors to retain 13% of
the native enzyme activity was re-examined in our labo-
ratory. The procedure of Suzuki et al. proved to be re-
producible. The apo-enzyme was first prepared by
treatment with cyanide and it was found to be totally
devoid of catalytic activity. Then it was reconstituted
with CoCl,, with 13-24% recovery of the native enzyme
activity. These values are related to the amount of pro-
tein present as detected from the 280-nm absorbance.
The copper content of the samples was <5% and the
cobalt content was about 2 mol ions/mo! enzyme, as
measured by atomic absorption spectroscopy (Table 2).
In order to determine the concentration of active
carbonyl groups, Co(II)-reconstituted BSAO samples
were titrated with phenylhydrazine. The reaction pro-
ceeded at a slower rate than in the native enzyme, but a
similar absorption band was formed at 445 nm. A typ-
ical titration is reported in Fig. 2, which shows that only
about 30% of the carbonyl groups expected on the basis
of the protein absorbance at 280 nm were available for
reaction. From this value an absorption coefficient of
38000 M~ 'cm~' was calculated, which is identical
with that of the native enzyme. In Table 2 are reported
the results for samples from different protein batches.
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Fig. 3. Absorption difference spectra of Co-substituted BSAO
during the reaction with benzylhydrazine. The spectra were re-
corded 0, 4, 8, 16, 27, 37, 80, 106, 128 min after benzylhydrazine
addition. 5.2 uM enzyme in 0.1 M phosphate pH 7.2, 25°C
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Fig. 4. CD difference spectra of Co-substituted BSAO during the
reaction with benzylhydrazine. The spectra were recorded 0, 15,
45, 120 min after benzylhydrazine addition. 14 uM enzyme in
0.1 M phosphate pH 7.2, 25°C

When the samples were treated with benzylhydra-
zine a reaction pattern qualitatively similar to that of
the native enzyme was found (Fig. 3). The band at
405 nm, which was formed immediately after benzylhy-
drazine addition, decayed in air to a species absorbing
at 335 nm. As in the native enzyme, the lack of an
isosbestic point indicates the presence of more than two
species. The reaction was much slower than that of the
native enzyme since the complete decay of the 405-nm
band required more than 2 h, whilst 15-20 min were
sufficient in native BSAQO. The absorption coefficient
of the band at 405 nm, as well as that of the positive
CD band at 405 nm (Fig. 4), were comparable to the
corresponding ones of the native copper enzyme, when
referred to the concentration of active carbonyl groups
obtained from the phenylhydrazine titration (Table 2).

Besides the lower reaction rate, substantial differ-
ences from native BSAO were found in the properties
of the compound absorbing at 335 nm, which was pre-
viously assigned as the hydrazine-BSAO adduct. It
showed higher intensity, but a less intense shoulder at
410 nm, a completely different CD spectrum (Fig. 4)
and the subsequent decay was not followed by reactiva-
tion and recovery of the original absorbance in the
480 nm region, where oxidized PQQ absorbs. These
same properties, however, were also peculiar to hydra-
zine-reacted Co-BSAQ, so that the assignment is still
pertinent. The reasons for the different behaviour are
not clear.

Conclusions

Albeit preliminary, the data above show that the sam-
ples of Co(Il)-reconstituted BSAO were heterogeneous
and contained a substantial proportion of molecules
(50-70%) in which the carbonyl group was not available
for reaction with phenylhydrazine. When the low oxi-
dase activity of the samples is related to the concentra-
tion of molecules carrying a reactive carbonyl, a quite
high value is obtained, about half that of the copper
enzyme. This confirms the above suggestion for a role
of copper in the catalysis that is different from the
usual one in copper enzymes. This is also the first case
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in which substitution of copper does not substantiaily
impair the enzymatic activity.
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