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Bovine serum amine oxidase (BSAO), reduced by ex-
ess amine under limited turnover conditions, was
ver 80% inactivated by H2O2 upon oxygen exhaustion.
he UV–Vis spectrum and the reduced reactivity with
arbonyl reagents showed that the cofactor topaqui-
one (TPQ) was stabilized in reduced form. The pro-
ein large Mr (170 kDa) prevented the identification of
odified residues by amino acid analyses. Minor

hanges of the Cu21 EPR signal and the formation of a
adical at g 5 2.001, with intensity a few percent of
hat of the Cu21 signal, unaffected by a temperature
ncrease, suggest that Cu21-bound histidines were not
xidized and the radical was not the Cu1–semi-
uinolamine in equilibrium with Cu21–aminoquinol. It
ay derive from the modification of a conserved resi-

ue in proximity of the active site, possibly the ty-
osine at hydrogen-bonding distance of TPQ C-4 ion-
zed hydroxyl. The inactivation reaction appears to be

general feature of copper-containing amine oxi-
ases. It may be part of an autoregulatory process in
ivo, possibly relevant to cell adhesion and redox
ignaling. © 2000 Academic Press

Key Words: copper-amine oxidase; enzyme inactiva-
ion; hydrogen peroxide; radical reaction; topa-
uinone.

Bovine serum amine oxidase (BSAO) belongs to the
lass of Cu21-containing amine oxidases (EC 1.4.3.6),
biquitary enzymes which catalyze the oxidative
eamination of primary amino groups with two-
lectron reduction of molecular oxygen (1):

Abbreviations used: BSAO, bovine serum amine oxidase; SOD super-
xide dismutase; TPQ, topaquinone, 2,4,5-trihydroxyphenylalanine
uinone.
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hey contain a second cofactor, TPQ, or topaquinone
2), which is produced by the posttranslational oxida-
ion of a tyrosine residue, catalyzed by the same Cu21

3, 4). The biological functions of these proteins range
rom the utilization of amine substrates as a source of
arbon and nitrogen in procariotes, to lignification and
efence in plants, to detoxification from elevated levels
f amines and histamine in mammals. New recently
escribed functions include a possible involvement in
osttranslational modifications of proteins (5), in elas-
ine maturation (6), in sodium transport (7, 8), and in
ellular adhesion (9). An impressive sequence identity
ith copper-containing amine oxidases was demon-

trated for the human kidney amiloride-binding pro-
ein, involved in epithelial sodium transport (7, 8), and
or the adhesion protein I (VAP-1) (9), involved in
ymphocyte–endothelial cell interactions. The amine
xidase catalytic reaction forms H2O2, generally con-
idered to be a toxic waste product, but recently reval-
ated as one of the reactive oxygen species involved in
embrane receptor signaling and in the regulation of

ellular functions (10).
This paper reports an investigation of the effects of

imited turnover conditions on BSAO, a polyamine ox-
dase, in order to establish whether it is inactivated by
he catalytically produced H2O2 as are the diamine
xidases from pea seedling (11) and pig kidney (12). A
ositive answer may be taken to imply that this type of
nactivation is a general feature of amine oxidases,
hich is possibly part of an autoregolatory mechanism.

ATERIALS AND METHODS

BSAO was purified by the method of Wang et al. (13). The purified
rotein moved as a single band on SDS–PAGE. The concentration
as measured spectrophotometrically at 280 nm, using E 5 1.74 L

21 cm21 (14) and M r 5 170 kDa. The benzylamine oxidase activity



was assayed at 25°C by monitoring the formation of benzaldehyde at
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50 nm (e 5 12,500 M21 cm21) (15). All samples had a minimum
pecific activity of 0.3 IU/mg (micromoles of substrate oxidized/min),
hich was lost upon titration with 1.00 6 0.05 mol phenylhydrazine/
imer (e 5 41,500 M21 cm21 at 447 nm) (16). The copper content,
ssayed by atomic absorption spectrometry with a Perkin Elmer
pparatus equipped with a HGA-400 graphite furnace, was of 2.0 6
.1 ions/dimer. The concentration of H2O2 in solution was measured
y the absorbance (e515nm 5 2.6 3 104 M21 cm21) of the pink adduct
roduced by the horseradish peroxidase catalyzed oxidation of
minoantipirine followed by condensation with 3,5-dichloro-2-
ydroxybenzensulfonic acid (17). Inactivation experiments were car-
ied out by incubating BSAO with substrate in 0.1 M potassium
hosphate, pH 7.2, at 37°C, in a thermostatted water bath, without
haking or stirring. Aliquots of the solutions, diluted to approxi-
ately 0.06 mM BSAO, were tested for activity with 5 mM ben-

ylamine. For EPR experiments, 130 mM BSAO was inactivated by
dding spermine, to a final concentration of 5.0 mM, immediately
efore it was transferred to the EPR tube, which was sealed with
ax. BSAO was 85% inactivated in about 20 min, with formation of
0.23 mM H2O2.
Optical spectra were recorded with a Lambda-9 Perkin Elmer

pectrophotometer. EPR spectra were recorded with a Brucker
SP300 spectrometer, operating in X band with a TM110-type cavity.
he sample was inserted in a 3 mm I.D. Suprasil tube (Wilmad), 300
L volume, for the measurements at 100 K, and a Suprasil capillary
ube (Wilmad), 50 mL volume, for the measurements at room tem-
erature. EPR spectra were recorded at 1 mW and 10 mW microwave
ower, at 0.1 mT and 1 mT modulation amplitude, 3 ms/mT sweep
ime to sweep field ratio, 0.6 ms time constant. A Mn21 standard
ample, fixed at the bottom of the cavity, was used for field reference.

HP 53150A frequency counter was used for frequency measure-
ents.

ESULTS

BSAO inactivation. BSAO at 0.6–130 mM was in-
ctivated in air by all tested substrates at concentra-

FIG. 1. Time course of BSAO inactivation by amines. 0.6 mM
SAO, in 0.1 M potassium phosphate buffer, pH 7.2, was incubated
t 37°C with spermine (A), spermidine (B), benzylamine (C), and
henylethylamine (D). The substrate concentrations were 0.5 mM
■), 1.0 mM (F), 2.0 mM (Œ).
175
ions of 0.5–5.0 mM. Figure 1 reports an experiment in
hich 1 mL of 0.6 mM BSAO was incubated in a test

ube open to air with four different substrates, and the
esidual activity measured at fixed time intervals. The
oss of catalytic activity increased with time and with
he substrate concentration. It was greater with
permine which has two reactive amino groups and
maller with phenylethylamine which has a lowest k cat

18). It was pH-dependent, being larger at alkaline pH
Fig. 2). The presence of oxygen was required for inac-
ivation, which did not occur when the substrate was
dded under anaerobic conditions. However, vigorous
tirring, facilitating the oxygen diffusion in solution,
rotected the protein from inactivation even at high
ubstrate concentrations. Like diamine oxidases (11,
2), BSAO was fully protected by catalase and was not
nactivated by exogenous H2O2 in absence of substrate,
ither in the conditions of Table 1 (3 h incubation with
.5 mM H2O2) or at longer time (24 h incubation with
.5 mM H2O2). However, exogenous H2O2 added to-
ether with substrate contributed to the inactivation.
enzaldehyde addition up to 2 mM did not affect these
eactions.

FIG. 2. Dependence on pH of BSAO inactivation. 0.6 mM BSAO
as incubated at 37°C with 0.3 mM spermine in 0.1 M potassium
hosphate buffer, pH 6.6 (■), 6.8 (F), 7.2 (Œ), and 7.6 (�).

TABLE 1

BSAO Inactivation by Spermine and H2O2

Spermine
(mM)

Added H2O2

(mM)
Detected H2O2

(mM)
% Residual

activity

1.0 1 catalase — 0.0 100
— 0.5 0.49 100
0.5 — 0.85 75
0.5 0.5 1.34 58
1.0 — 1.32 25

Note. The solutions were incubated for 1 h in air at 37°C in 0.1 M
otassium phosphate buffer, pH 7.2.
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The absorbance of the TPQ band at 480 nm de-
reased upon inactivation, while an increase of absor-
ance occurred below 400 nm, with a maximum around
10 nm in the differential spectrum (not shown). The
atter band survived a 24-h dialysis, but disappeared
fter proteolytic digestion. The TPQ ability to bind
eagents of the carbonyl group, such as phenyl-
ydrazine or semicarbazide, decreased in the inacti-
ated protein. In the case of semicarbazide, only the
and at 360 nm formed by the first molecule reacting
er BSAO dimer (Fig. 3, full line) was decreased (Fig.
, dotted line). The slow reaction of '0.2 molecule per
imer (19) was almost unaffected (Fig. 3, dashed line).

Attempts to detect modified amino acids. In super-
xide dismutases (SODs), the loss of catalytic activity,
ccurring on reaction with H2O2 produced in the cata-
ytic cycle, was associated with the destruction of at
east one conserved aminoacid in proximity of the ac-
ive site (20, 21, and references therein). In Cu,Zn-
OD from bovine erythrocytes, amino acid analyses
evealed the loss of one histidine per subunit, while a
ubstantial change of the EPR spectrum allowed its
dentification as a Cu21-bound histidine (22). In Fe-
OD from Porphyromonas gingivalis a tryptophan and
cystein residue were lost in amino acid analyses (23).
he tryptophan was identified as a conserved residue
lose to the active site by digesting the protein with
isylendopeptidase and sequencing the peptide that
isappeared from the 280 nm HPLC elution profile
pon inactivation (21). In the case of BSAO, only the
PR spectra provided some information, since at-

empts to identify modified residues by aminoacid

FIG. 3. Differential UV–Vis spectra of semicarbazide-reacted mi-
us unreacted BSAO. 6 mM native BSAO, in 0.1 M potassium phos-
hate buffer, pH 7.2, was incubated 15 min with 0.5 mM semicar-
azide (solid line); 6 mM BSAO, 85% inactivated by 20 min
ncubation with 2.0 mM spermine and dialyzed to remove oxidation
roducts and excess spermine, was further incubated 15 min (dotted
ine) and 24 h (dashed line) with 0.5 mM semicarbazide.
176
hich made the experimental error of comparable
agnitude as the eventual change produced by the

estruction of an amino acid residue per dimer. It
hould be recalled that a single BSAO subunit is active
18, 19). Spectroscopic analyses showed no changes
pon inactivation of the tryptophan content, this resi-
ues being not conserved in amine oxidases.
The EPR spectrum of native BSAO (A) and the spec-

ra of the inactivated enzyme (B) recorded 15 min and
h after spermine addition, as described under Mate-

ials and Methods, are shown in Fig. 4. The two latter
pectra were identical to each other and only slightly
ifferent from the spectrum recorded for native BSAO.
ny intensity variation following inactivation was
ithin the limits of experimental reproducibility

10%), after normalization for the dilution caused by
ubstrate addition. The changes can be seen in the g i

egion, where A i is decreased by about 1 mT, and near
36 mT. The latter change is clearly due to the forma-
ion of a radical at g 5 2.001 as it is more evident in
he signal detected at 1 mW microwave power (Fig.
B). The radical intensity, not exceeding a few percent
hat of the Cu21 signal, was not appreciably enhanced
t 298 K (Fig. 5A) and did not show any clear hyperfine
tructure.

ISCUSSION

The results of this study show for the first time that
SAO, a polyamine oxidase, is inactivated by substrate

n the same way as the diamine oxidases reported
reviously (11, 12). The lack of inactivation when the
ubstrate was added in anaerobic conditions or in the
resence of catalase implies that the inactivating agent
s H2O2 produced by the catalytic reaction. Exogenous

2O2 did not inactivate fully oxidized BSAO, either in
bsence of an amine substrate or under steady state

FIG. 4. EPR spectra of native and spermine-inactivated BSAO.
30 mM BSAO in 0.1 M potassium phosphate buffer, pH 7.2 (A);
permine added up to 5 mM concentration, spectrum recorded 15
in or 3 h after addition in air and corrected for dilution (B).
cquisition parameters: X-band, 10 mW microwave power, 1 mT
odulation amplitude, 0.6 ms time constant, 3 ms/mT sweep time,

00 K temperature.
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onditions when oxygen exhaustion was prevented by
tirring the solution in air. In such conditions BSAO is
ully oxidized (A. Bellelli et al., unpublished results),
nd H2O2 formed in the reoxidation step of the ping-
ong reaction either is removed from the active site
efore the protein is again reduced or reacts at slower
ate than oxygen. An influence of aldehydes on the
eaction was not observed, in agreement with the full
rotecting effect of catalase and the inactivation by all
ested substrates.

The irreversible reduction of TPQ on inactivation is
trongly implied by (i) the formation in the UV–Vis
pectrum of a band at 310 nm typical of reduced TPQ
24), which only disappeared upon peptidization; (ii)
he small changes of the Cu21 EPR spectrum, compa-
able with those induced by the reaction of TPQ with a
seudosubstrate (25); (iii) the loss of the ability to bind
henylhydrazine or semicarbazide (Fig. 4). Only the
low BSAO reaction with semicarbazide (19) was pre-
erved (Fig. 3), confirming that this involves an inac-
ive subunit. A loss of Cu21 as a cause of stabilization of
educed TPQ (26), is ruled out by EPR spectra.

In Cu,Zn-SOD and Fe-SOD, the inactivation was
roposed to proceed as a Fenton-like reaction. The
rotein metal ion is reduced by H2O2 with formation of
uperoxide, then this powerful oxidant attacks a
earby residue (27). Such a mechanism seems unlikely
o occur in BSAO, unless it involves traces of spurious
opper, since the protein Cu21 is quite resistant to
eduction, in particular by substrate (28). However, the
imilar behaviour of the three tested amine oxidases
11, 12) suggests that the H2O2 target is a conserved
mino acid residue as it is in SODs. This residue,
ssential to the catalytic reaction, is sensitive to H2O2

nly under reducing conditions and thus must be mod-
fied in some way by the reduction of TPQ. Four histi-
ines in proximity of the active site are conserved (29);
hree are Cu21 ligands and the fourth one is provided
y the end of an hairpin arm with origin near the active
ite of the other subunit (30). However, the changes

FIG. 5. EPR spectra of spermine-inactivated BSAO. The same
olution of Fig. 5B was used. The spectra were recorded at 298 K and
0 mW microwave power (A); 100 K and 1 mW microwave power (B).
nstrument conditions: X-band, 1 mW microwave power, 0.1 mT
odulation amplitude. Other parameters as in Fig. 4.
177
re much smaller than in the Cu,Zn-SOD spectrum,
aking the oxidation of any of the histidines unlikely,

ven by considering that the Cu21 site of BSAO is
robably less sensitive to modifications of the ligands
han the strongly rhombic site of Cu,Zn-SOD (22).
nother conserved residue at BSAO active site as pos-
ible H2O2 target is Tyr371, corresponding to Tyr369 in
. coli amine oxidase (29, 31) or Tyr305 in Hansenula
olimorpha amine oxidase (32). This tyrosine is within
ydrogen-bonding distance of the TPQ ionized C-4 hy-
roxyl and is likely to acquire a negative charge on
eduction of TPQ, because a proton shift within the
ydrogen bond may be induced by a considerable in-
rease of the hydroxyl pK a (33, 34). The modification of
he tyrosine could make the shift irreversible, stabiliz-
ng the TPQ reduced form. The mutation of Tyr305 to
he was recently shown to have a large inactivating
ffect on Hansenula polimorpha amine oxidase be-
ause of the modified hydrogen bond pattern around
he active site (35). The present mechanism is quite
ifferent from that proposed for the inactivation of a
east metylamine oxidase mutant, which was revers-
ble and strictly substrate dependent (36).

The radical of low intensity found in the solutions of
permine inactivated BSAO is similar to the radical
bserved by Dooley et al. (37) and by Su and Klinman
24) in solutions of native BSAO that had been reacted
ith benzylamine under anaerobic conditions. At dif-

erence from the radical of Dooley et al. (37), the inten-
ity of the present radical is not temperature-
ependent. The assignment as a Cu1–aminosemi-
uinone intermediate in equilibrium with Cu21–
minoquinol (24, 37) seems thus unlikely. It seems
nstead possible that the radical is an intermediate of
he inactivation reaction since the the loss of catalytic
ctivity (Fig. 2) and the radical intensity (24) show a
imilar pH dependence and since the radical persists in
argely inactivated BSAO solutions. It cannot be ex-
luded that the radical is due to an impurity or to a
mall amount of denatured molecules as a similar EPR
ignal was previously detected in solutions of half-Cu-
epleted BSAO, which had been reduced with sodium
ithionite, instead of substrate, in order to remove the
opper with N,N-diethyldithiocarbamate (38).

Conclusions. Amine oxidases are ubiquitous en-
ymes involved in an increasing number of different
unctions. The same applies to H2O2 as a signal mole-
ule or a crucial substrate. However, H2O2 can also
nduce, together with aldehydes, cytotoxic effects on
he cells where it is produced (39). Thus, the inactiva-
ion reaction may be part of an in vivo process which
odulates the amine oxidase activity and thereby the

oncentration of H2O2. The reaction may help explain
ome biochemical processes in vivo, for instance, that
f cell adhesion in which a relationship was not found



between the VAP-1 protein adhesion and its very low
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r absent amine oxidase activity (9).
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