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ABSTRACT: The observation that the alkylamines 2-Br-ethylamine and 2-Cl-ethylamine and 1,2-
diaminoethane, the shortest diamine, are irreversible inhibitors of several copper amine oxidases led to
the investigation of the mechanism by which these compounds react with the highly active amine oxidase
from lentil seedlings. 1,2-Diaminoethane, 2-Br-ethylamine, and 2-Cl-ethylamine were found to be both
poor substrates and irreversible inhibitors of lentil amine oxidase; inactivation took place in both the
presence and absence of oxygen. All three compounds strongly affected the spectrum of the enzyme,
leading to the formation of a stable band at 336 nm both in anaerobiosis and in aerobiosis, consistent
with an interaction with the enzyme cofactor 6-hydroxydopa. On the contrary, the corrresponding
propylamine compounds 1,3-diaminopropane, 3-Br-propylamine, and 3-Cl-propylamine were reversible
inhibitors of lentil amine oxidase. Inhibition was shown to be due to the aldehyde oxidation products
rather than the short chain amines themselves; a reaction mechanism is presented which involves attack
of the aldehyde on the 6-hydroxydopa-derived free radical catalytic intermediate. With 1,2-diaminoethane,
2-Br-ethylamine, and 2-Cl-ethylamine, the complex produced will form a stable 6-membered ring, causing
irreversible inhibition of the enzyme.

Amine oxidases (amine oxygen oxidoreductase deaminat-course of the process the enzyme became covalently modi-
ing, copper containing; EC 1.4.3.6) are homodimers 6f 70  fied. Two moles of product were incorporated per mole of
95 kDa subunits. Each subunit contains tightly bound Cu(ll) dimeric enzyme. No significant inactivation was observed
and 6-hydroxydopa (TOPAjormed from tyrosine in a post-  when 2-Br-ethylamine was added under anaerobic conditions.
translational event (Cai & Klinman, 1994; Tanizawa et al., They also found that 2-Cl-ethylamine underwent a process
1994; Matsuzaki et al., 1994). The presence of TOPA in of oxidative deamination only, not followed by inactivation
copper amine oxidases from various sources has beerpf the enzyme. Later, Kumagai et al. (1979) showed that
confirmed by different techniques (Plastino & Klinman, amine oxidase fromf. niger simultaneously catalyzed the
1995; Steinebach et al., 1995). These enzymes catalyze thgyiqative deamination and the elimination reaction of 2-Br-
oxidative deamination of primary amines to the correspond- oy jamine to form acetaldehyde, and that the oxidase was
ing aldehydes, ammonia, and hydrogen peroxide. Recently,;y oy ersiply inactivated during the reaction. 2-Cl-ethylamine

the complete catalytic cycle of lentil amine oxidase has been also inactivated the enzyme syncatalytically, but details of

outlined using poor substrates and inhibitors (see Scheme,, . : . i . oo i
1) (Medda et al., 1995). this reaction were not investigated. The inactivation mech

. . anism proposed by Neumann and by Kumagai suggested the
It. has b‘?e” reported that beef pIasmaA!s[je_rglllus_nlger . alkylation of an SH group located in the active site of the
amine oxidases can catalyze a nonoxidative elimination

reaction on some analogs of their substrates. In order foSn&yme. On the other hand, Gacheru et al. (1989) demon-

check the ability of beef plasma amine oxidase to catalyze ;trated that 2-substituted ethylamine derivatives were suicide

a nonoxidative elimination reaction, Neumann et al. (1975) inhibitors of lysyl oxidase and proposed that the formation

investigated the action of the enzyme on some 2-haloamines®f @ €yclic pyrazine adduct might explain the inactivation

These authors showed that 2-Br-ethylamine inactivated the©f the enzyme by 1,2-diaminoethane. The synthesis of such
enzyme irreversibly under aerobic conditions and that in the &0 @dduct with analogs of TOPA was demonstrated by Wang

et al. (1993).
This study was partially supported by MURST “40%” and “60%” Lentil amine oxidase shows peculiar properties when
funds and by EC funds (European Social Funds). compared with beef plasma aAd nigeramine oxidases. It

* Author to whom correspondence should be addressed at: Istituto jc hi i i TP i
di Chimica Biologica, via della Pineta 77, 09125 Cagliari, Italy. Tel: Is. hlghly aCtlve.’.bUt its SUbSIrat.e §peCIfICIty IS restrl_cted to
39-70-300728. FAX: 39-70-340280. diamines of critical length and it is very poorly active on

* Institute of Biological Chemistry, University of Cagliari. monoamines. Further it is not a sulfhydryl-dependent protein

® CNR Institute of Experimental Medicine, Rome, and Department (Foris et al., 1983). In this paper, the action of lentil amine
of Chemistry, Odense University.

' Department of Experimental Medicine, University of Rome “Tor 0Xidase on 2-Br-ethylamine, 2-Cl-ethylamine, 3-Br-propyl-
Vergata”. amine, 3-Cl-propylamine, 1,2-diaminoethane, and 1,3-di-
~ Department of Biology, University of Rome “Tor Vergata’. aminopropane is investigated. We demonstrate that LSAO
® Abstract published iddvance ACS Abstractdanuary 15, 1997. | P ph idati gf ZB. hvlami d 2-Cl-ethvl
1 Abbreviations: LSAO, lentil seedling amine oxidase; TOPA, catalyzes the oxidation of 2-Br-ethylamine and 2-Cl-ethyl-

6-hydroxydopa (2,4,5-trihydroxyphenylalanine). amine to produce the corresponding aldehydes, which can
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react with the highly reactive radical species in the catalytic temperature with a high-sensitive TMtype cavity. Anaer-
cycle and covalently label the enzyme. Afterward, ring obic samples were prepared in two-compartment Thunberg
closure with the elimination of Brand CI may occur to cells fitted with an ESR quartz tube sidearm. Radical spectra
give irreversible inhibition. On the contrary, 3-Br-propyl- intheg = 2.0 region were recorded using 1.0 G modulation
amine and 3-Cl-propylamine are reversible inactivators of and 25 mW microwave power, whereas Cu(ll) spectra were
LSAO. Further we show that LSAO catalyzes the oxidation measured over a 1000 G range using 10 G modulation and
of 1,2-diaminoethane, being afterward irreversibly inacti- 5 mW power.

vated, while 1,3-diaminopropane is a reversible inactivator. Assays of ProductsThe aldehydes released were deter-
Finally, we show_that the copper-f_ree_protein is not inacti- mined using a coupled enzyme assay based on alcohol
vated by haloamines nor by 1,2-diaminoethane. dehydrogenase and NADH according to Kumagai et al.
(1979), as well as by the 3-methyl-2-benzothiazolinone
hydrazone test (Sawicki et al., 1961). ldentification of the
aldehydes was made after conversion to their phenylhydra-
zone derivatives through reaction with 2,4-dinitrophenylhy-
drazine (Kumagai et al., 1979). The hydrazones were
extracted with toluene and separated by thin layer chroma-

hydrobromide, 1,2-diaminoethane hydrochloride, 1,3-diami- tography_on asilica ggl plate, using a benzene/ethyl acetate
nopropane hydrochloride, tetranitromethane, and diethyl (99:5) mixture. Genuine aldehyde samples were used for
pyrocarbonate were from Sigma. Amine oxidase from lentil cOmparison. In this system, 2,4-dinitrophenylhydrazone of
(Lens esculenjaseedlings was purified according to Floris acetaldehydeR 0.5) was easily distinguishable from that
et al. (1983). Aneags of 4.1 x 10° M~ cn® or ane,7s of of Br-acetaldehydeR; 0.72). Ammonia production was
2.45 x 10°F M~ cm ! for the purified enzyme (2 copper determined from the amount of NADH consumed in the
ions and aM, of 150 000) was used to estimate the enzyme Presence of glutamate dehydrogenase (Berg & Abeles, 1980).
concentration (Padiglia et al., 1992). All experiments were Hydrogen peroxide was determined with the peroxidase/4-
made several times at different enzyme concentrations. NYdroxy-3-methoxyphenylacetic acid method (Leyton, 1981).
Copper-free lentil amine oxidase was prepared as previously Activity MeasurementsOxygen uptake was determined
described (Rinaldi et al., 1984). polarographically at 37C using a Gilson Oxygraph equipped

Spectroscopic MethodsAbsorption spectra were recorded with a Clark electrode. The standard reaction mixture (1

at room temperature with a Cary 2300 spectrophotometer. ML) contained the enzyme in 100 mM Kbuffer, pH 7.0.
Anaerobic experiments were made after several cycles of 1he reaction was started by addition of substrate solution

vacuum followed by flushing with @free argon at 25C after at least 10 min preincubation. The volume changes
in a Thunberg-type spectrophotometer cuvette, where anaer£aused by successive additions of enzyme were negligible;
obic additions of various reagents could be made through atypically 5uL was added.

rubber cap with a syringe. ESR measurements were made Other Methods. Carbanion formation in the reaction
using a Bruker ESP 300 instrument; Cu(ll) spectra were between LSAO and 2-Br-ethylamine, and the titration of
recorded at 100 K with a standard ibEtype cavity, while histidyl residues of LSAO inactivated by 2-Br-ethylamine
spectra of the amine oxidase radical were recorded at roomwere determined as described by Medda et al. (1993).

EXPERIMENTAL PROCEDURES

Materials. Acetaldehyde, Br-acetaldehyde, aminoacetal-
dehyde, 2-Br-ethylamine hydrobromide, 2-Cl-ethylamine
hydrochloride, 3-Cl-propylamine hydrochloride, and 2,4-
dinitrophenylhydrazine were from Fluka. 3-Br-propylamine
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FiGure 2: Inactivation of lentil amine oxidase by 2-Br-ethylamine.

50 The enzyme (6 nM) was preincubated with the indicated concentra-
{ tions of 2-Br-ethylamine at 37C in 100 mM phosphate buffer,

pH 7. Concentrations of 2-Br-ethylamine were®) (5 uM; (O) 7

uM; (a) 10 uM; (*) 15 uM.

(Figure 1b). The enzyme appeared to be permanently
inactivated, also after removing the excess inhibitor and
products by dialysis. These results, in agreement with those
FIGURE 11d ?higﬁg?lno?(%ee”rt]“u%g;zg C}Xtigﬁséz \C'\t'iiémﬁ?}gﬁrtg)ggmgﬁedobtained with beef plasma amine oxidase (Neumann et al.,
measure : - 1N : 1975) andA. niger amine oxidase (Kumagai et al., 1979),
Enl\r}mp?%tlz?fse?,mpeH(? I(:)iqlgdlirrgagl?r:?jliggtéﬂ)hénaéd?:itnogflg.%lz confirmed that 2-Br-ethylamine was both a substrate and an
uM enzyme (a) or 5:M enzyme (b-d); empty arrow indicates the  irreversible inhibitor also for the lentil seedling enzyme. The
addition of 2 mM putrescine. Sample (d) contained 0.1 mM Br- time dependence of the inhibition was determined by
acetaldehyde. preincubating LSAO at 37C in the presence of various

) o . concentrations of 2-Br-ethylamine. The rate of enzyme
Briefly, the occurrence of an enzyme carbanion intermediate ctivity loss increased linearly with 2-Br-ethylamine con-
was shown through its ability to induce the hydrolysis of centrations, the inactivation following apparent first-order
tetranitromethane (0.25 mM) together with the substrate t0 yinetics (Figure 2). A double reciprocal plot of the inactiva-
generate the nitroform anion, which could be detected i rate constants against 2-Br-ethylamine concentrations
through the characteristic absorption at 350 kg&= 1.44  ghowed a linear concentration dependence and a positive
x 10°M~*cm™). Only a small percentage of the carbanions  jntercept on the-axis (Figure 3A). This result is consistent
formed during the catalytic cyc_le react in this way. Treat- \yith the reversible formation of an enzymmhibitor
ment of the native enzyme with diethyl pyrocarbonate (5 complex [El], followed by an irreversible inactivation due

mM, 30 min incubation in 100 mM phosphate buffer, pH 5 the generation of a stable enzymighibitor complex
7.0) was used to modify histidyl residues to their E—I]:

carbethoxy derivatives. The reaction was followed through
the increase in absorption at 240 nm; @ of 3.2 x 10°

M~1 cm~1 was used to determine the number of modified
residues. It is known that two essential histidines in LSAO

0 5 10 15
Time (min)

ky ky
E+ I ‘k=’ [E-l] —[E—]]
1

can be titrated in this way (Medda et al., 1993). A limit value for the inactivation rate constaks of 0.8
min~t and an apparent inhibition constaftof 5.4 x 1075
RESULTS M were determined from the plot (Figure 3A). These

findings were in agreement with the previously suggested

The reaction of LSAO with the short chain diamines 1,2- mechanism of inhibition (Neumann et al., 1975; Kumagai
diaminoethane and 1,3-diaminopropane and the correspondet al., 1979). However, other experimental observations
ing haloamines 2-Br-ethylamine, 2-Cl-ethylamine, 3-Br- cannot fit this mechanism. Repeated additions of fresh
propylamine, and 3-Cl-propylamine was studied. All these enzyme to the reaction mixture resulted in lower and lower
compounds turned out to be very poor substrates but goodoxygen uptake, as if the enzyme were inactivated more
inhibitors of LSAO, withlso between 10° and 10 M. rapidly (Figure 1b). This suggested that inhibition was

Reaction of Natie LSAO with 2-Br-ethylamine. (A) actually due to the accumulation of oxidation product(s) in
Mechanism of InhibitionWhen a good substrate such as the sample. It has been reported that amine oxidases can
putrescine was added to LSAO, the reaction went on until deaminate 2-Br-ethylamine with the formation of acetalde-
the dissolved @was completely consumed (Figure 1a). In hyde and ammonia, but without oxygen consumption (Neu-
contrast, when the enzyme reacted with 2-Br-ethylamine, mann et al., 1975; Kumagai et al., 1979). To check this
oxygen uptake decreased rapidly and stopped in spite of thepoint, the reaction products were determined. Table 1 reports
large amounts of substrate and oxygen still present, and thethe stoichiometry of the products obtained after oxidation
enzyme became inactive (Figure 1c). Addition of putrescine of excess 2-Br-ethylamine with 10 nmol of LSAO (active
did not lead to further @uptake (Figure 1c), while the sites). A total of lumol of ammonia and Zmol of aldehyde
addition of fresh enzyme caused a renewed brigti@ake were released, while only 0.0@mol of oxygen was
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Table 1: Stoichiometry of the Reaction of 2-Br-ethylamine, 2-Cl-ethylamine, 1,2-Diaminoethane, and 3-Br-propylamine with Lentil Amine
Oxidasé

O, consumed aldehyde ammonia H.0, turnovers before
substrate (nmol) (nmol) (nmol) (nmol) inactivation
2-Br-ethylamine* 65+ 6 1010+ 100 1030+ 76 1015+ 72 100
2-Cl-ethylaminé 96+ 6 ND 107+5 100+ 4 416
1,2-diaminoetharfe 1394+ 13 130+ 7 142+ 8 1254+ 8 521
3-Br-propylaminé 102+ 10 ND 98+ 5 105+ 3 437

a2 The reaction was carried out at 3C in a vessel with an oxygen electrode. The reaction mixture contained *10 nmol of LSAO active sites
or 80.24 nmol of active sites, and @mol of substrates, in 1 mL of 100 mM phosphate buffer, pH 7. After oxygen consumption had completely
stopped (after 10 min for 3-Br-propylamine), the samples were removed and the amounts of aldehydes and ammonia were measured as described
in the text. Hydrogen peroxide was determined in a separate incubation as described in Experimental Procedures. Aldehyde, ammonia, and hydrogen
peroxide determinations are the mean of five different experiments. ND, not determined.

released, in agreement with an © H,O, ratio of 1:1.

15 1 Qualitative analysis of the aldehyde produced by thin layer
chromatography of the 2,4-dinitrophenylhydrazone deriva-
10 tives showed the presence of Br-acetaldehyde oRjy=

d 0.72) while acetaldehydéz(= 0.50) could not be detected

5 (results not shown). Since hydrogen peroxide and ammonia
are also produced in the oxidation of normal substrates, the
Br-acetaldehyde remained the likely candidate as the inhibi-
tory product. To test this hypothesis, the oxidation of 2-Br-
ethylamine was measured after addition of authentic Br-
acetaldehyde to the sample. The enzyme was inactivated
much faster (Figure 1d).

Incubation of resting LSAO with Br-acetaldehyde did not
give rise to any inactivation; after dialysis the enzyme was
10 fully active (results not shown). Irreversible inhibition only
occurred in the presence of a substrate, but high concentra-
> tions of a good substrate protected the enzyme. Thus
incubation with 1 mM Br-acetaldehyde resulted in 65%
inactivation with 1 mM putrescine, only 16% inactivation
with 4 mM putrescine, and no measurable inhibition when
17 mM putrescine was added.

c Atomic absorption measurements on the inactivated en-
zyme showed that it did not contain bound bromide (i.e.,
less than 0.2 mol/mol of enzyme).

(B) Spectroscopic Featured.ike other amine oxidases,

5 LSAO has a characteristic brick-red color due to the presence
of the oxidized TOPA cofactor, which has a broad absorption
band around 498 nm in the visible spectrum. Addition of
2-Br-ethylamine caused the immediate disappearance of this
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Ficure 3: Double reciprocal plot of apparent first-order rate
constants of inactivatiork{y) versus inhibitor concentrations: 2-Br-
ethylamine (A); 2-Cl-ethylamine (B); 1,2-diaminoethane (C).

band, indicating the rapid formation of a reduced bromo-
ethylamine-TOPA intermediate. However, within few
seconds a new band appeared in the spectrum at ap-
proximately 330 nm; after-£2 min this absorption reached

its maximum (Figure 4). No further changes were observed
consumed, in agreement with previous reports. Furthermore,in the spectrum, and then the enzyme was completely
the formation of Jumol of hydrogen peroxide was demon- inactivated. Even after exhaustive dialysis, the enzyme did
strated (Table 1). Thus the 1:1:1 stoichiometry of the not recover the original absorption nor the activity. When
reaction products was found also for this substrate, despitethe same experiment was carried out under anaerobic
the low oxygen uptake measured before inactivation of conditions, the addition of 2-Br-ethylamine again resulted
LSAO. Upon closer inspection of these numbers, it is in a rapid bleaching of the broad absorption at 498 nm, but
evident that the amount of J@, formed would require 4  in this case new sharp bands at 434 and 464 nm appeared in
times more oxygen than present in the reaction vessel. Thethe spectrum (Figure 5). These bands are diagnostic of the
same observation can be made using the values reported byree radical intermediate (Scheme 1f) which accumulates in
Kumagai et al. (1979). It is therefore likely that spontaneous the absence of oxygen (Finazzi-Agebal., 1984; Dooley et
nonenzymatic oxidation of 2-Br-ethylamine took place after al., 1987). Their appearance suggested that also the oxidation
the samples had been removed from the reaction vessel forof 2-Br-ethylamine followed the pathway shown in Scheme
product analysis. In fact, when catalytic amounts of catalasel. The radical species generated in the absence of air and
were added to the reaction vessel at the end of the reactionwith good substrates such as putrescine remained stable for
only approximately 50% of the oxygen consumed was many hours. In contrast, with 2-Br-ethylamine the radical
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FiIGURE 4: Absorption spectra of LSAO upon reaction with 2-Br-
ethylamine. Spectra of 20M enzyme in 100 mM air-saturated
KP; buffer, pH 7 (a); 10 min after the addition of 2 mM 2-Br-
ethylamine, 2-Cl-ethylamine, or 1,2-diaminoethane (b).

Ficure 5: Reaction of 8.5%¢M LSAO under anaerobic conditions
with 2 mM 2-Br-ethylamine in 100 mM KPbuffer, pH 7, in a
Thunberg-type spectrophotometer cuvette. Different spectra were
recorded: (a) immediately after addition of 2-Br-ethylamine, (b)

. . after 5 min, and (c) after 60 min. Line (d) is the spectrum of 8.5
decayed even under anaerobic conditions. At pH 7 the ;M copper-free LSAO in the presence of 2 mM 2-Br-ethylamine.
disappearance of the bands at 434 and 464 nm was fast, witHnset: Inactivation of lentil amine oxidase in anaerobiosis. Aliquots
ty> = 10 min (Figure 5). In parallel, the enzyme became Were withdrawn at intervals from the Thunberg cuvette and assayed

inactivated (Figure 5, inset), and the absorption band at 330Egﬁg%ﬁ%ﬁ'f:";yl_fg/&g‘ﬁr:nt'rt]'glprf‘etgzncgepglfrgfg'rt‘eet&gﬁfg) (
nm appeared, eventually reaching the same height as in the
experiment made in the presence of oxygen. Involvement components (tetranitromethane, ammonia, hydrogen perox-
of the product Br-acetaldehyde was confirmed in an experi- ide, 2-Br-ethylamine, Br-acetaldehyde, or acetaldehyde)
ment, where 5 mM authentic Br-acetaldehyde was included except the enzyme, confirming that nitroform generation was
in a sample containing LSAO and putrescine in anaerobiosis.indeed catalyzed by LSAO.
In this case, the free radical intermediate disappeared with a Copper-free LSAO has a visible spectrum very similar to
t, = 60 min, with concomitant formation of the peak at that of the native enzyme, but the peak is shifted to 480 nm
330 nm. After complete disappearence of the bands at 434(Rinaldi et al., 1984). Reaction of the apoprotein with 2-Br-
and 464 nm, the enzyme was found to be irreversibly ethylamine resulted in the immediate and permanent reduc-
inhibited (data not shown). tion of TOPA, as shown by the disappearance of the 480
(C) Site of LSAO Inhibition A series of experiments was  nm band. As expected, there was no formation of the free
carried out in order to determine in detail the mechanism of radical species, which requires the presence of Cu(ll), nor
inhibition by 2-Br-ethylamine. was there formation of the 330 nm band (Figure 5). Two
It is known that 2-Br-ethylamine can react with cysteine moles of 2-Br-ethylamine per mole of dimeric enzyme were
residues to form aminoethyl derivatives. However, treatment required for complete bleaching of the apoenzyme, producing
of LSAO with thiol reagents such a¢-ethylmaleimide and 2 mol of Br-acetaldehyde. Identical results were obtained
iodoacetate did not affect the activity (Floris et al., 1983), in both the absence and presence of oxygen, even after
ruling out an involvement of cysteine alkylation. Neither addition of Br-acetaldehyde to the samples. The enzyme
were the essential histidine residues (Medda et al., 1993)did not regain its oxidized absorption spectrum. However,
modified after inactivation of the enzyme by 2-Br-ethylamine after dialysis in 100 mM KPbuffer, pH 7, and incubation
(data not shown). with CuSQ, fully active LSAO could be obtained in its
The catalytic cycle of LSAO involves a carbanion oxidized form, with the characteristic absorption band at 498
intermediate (Scheme 1c), that can be detected through itsnm. Thus, at variance with the holoenzyme, the apoenzyme
reaction with tetranitromethane to generate nitroform (Medda was not irreversibly inactivated.
et al.,, 1993). Upon addition of 2-Br-ethylamine and tet- Kumagai et al. (1979) reported that tiAe niger amine
ranitromethane to the enzyme, the formation of nitroform oxidase modified with 2-Br-ethylamine retained the ability
was soon observed, but within 2 min it slowed down and of reacting with 2 mol of phenylhydrazine/mol of enzyme
then stopped completely. No generation of nitroform could through transaldimination to give the characteristic 450 nm
be detected in a control sample containing all the reaction peak. Instead, LSAO modified with 2-Br-ethylamine did not
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FIGURE 6: ESR spectra showing the decay of the amine oxidase
free radical intermediate formed upon reaction with 1,2-diamino-
ethane. Spectra were recorded after 8, 70, 170, and 290 min; the
sample contained 66M enzyme and 15 mM 1,2-diaminoethane

in 100 mM phosphate buffer, pH 7.
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Ficure 7: Effect of 1,2-diaminoethane on the Cu(ll) ESR spectrum

; ; s dimati of LSAO. Samples containing 5¢M enzyme in phosphate buffer
;g?rﬁ;t?ct)nagfy ae\j(;?ntst\g gre Egﬁqm]:]ﬁﬁ;nﬁg;gi'g\?fr',r)]g the at pH 7.0 were measured using 5 mW power and 10 G modulation.
y P : (@) Control without additions; (b) control plus 15 mM 1,2-

Reaction of LSAO with 1,2-Diaminoethane and 2-Cl- diaminoethane after 100 min incubation at room temperature in
ethylamine. As with 2-Br-ethylamine, the oxygen uptake the presence of oxygen.
gradually decreased and stopped during the reaction of LSAOcy(11), the enzyme was reoxidized and fully active (data not
with 1,2-diaminoethane or 2-Cl-ethylamine and the enzyme ghown).
that the amounts of £xonsumed were stoichiometric to the  chelator, the integrity of the Cu(ll) site was checked by ESR
amounts of products (ammonia and hydrogen peroxide) spectroscopy (Figure 7). Incubation with 1,2-diaminoethane

0.13 mir* for 1,2-diaminoethane and 0.3 minfor 2-Cl-  The Jigand field of the metal was slightly perturbed and
ethylamine (Figure 3B,C) Whg”e the apparent |rlh|b|t|0n nitrogen-linked hyperfine splittings became detectable in the
constants K;) were 1.1x 10 M and 2.6 x 107 M, goregion. This effect is often seen when substrates bind to

respectively. Under these conditions, each enzyme activeihe enzyme (Mondowet al., 1969).

site on average turned over about 580 times with 1,2- Reaction of LSAO with 3-Br-propylamine, 3-Cl-propyl-
diaminoethane and 420 times with 2-Cl-ethylamine before gmine, and 1,3-DiaminopropanéVhen these three propyl-
becoming inactive. amine analogs were oxidized by LSAO, the enzyme activity
1,2-Diaminoethane and 2-Cl-ethylamine gave exactly the decreased almost to zero within few minutes (data not
same pattern of inhibition as 2-Br-ethylamine, although the shown). However, in contrast to the results obtained with
rates of inactivation were lower. Upon addition to LSAO, the ethylamine analogs, the enzyme was never completely
these compounds also caused the disappearance of the 498activated; a very small fraction of the activity remained,
nm absorption and the formation of a new band centered atirrespective of the concentration of the propylamine used.
330 nm (Figure 4). This band had the same shape andThus in a sample containing 2 mM 3-Br-propylamine,
intensity for all the three ethylamine derivatives. An approximately 100 nmol was oxidized by 0.24 nmol (active
absorption coefficienteszp = 20 mM™t cm™® could be sites) of LSAO in a rapid initial phase (Table 1). In spite
calculated, assuming the complete conversion of the enzymeof the inhibition of the enzyme, the reaction slowly went
into the inactive species. on, and after 22 h all 3-Br-propylamine was oxidized. At

The semiquinone radical intermediate was formed during this point, the enzyme was no longer inhibited.
oxidation of both 1,2-diaminoethane and 2-Cl-ethylamine in _ After addition of one of the propylamine analogs to LSAO,
anaerobiosis, as into the reaction with 2-Br-ethylamine. As the absorption band at 498 nm disappeared immediately and
expected from the lower inhibitory efficiency of these two @ Nnew absorbance band centered at 340 nm was formed. This
amines, the radical was much more stable. For 2-Cl- SPecies decayed withtg, = 3 h and disappeared completely
ethylamine a;,, = 9 h was measured. Also, in these cases after ap_prOX|mater 20 h (Figure 8) conco_mltantly with the
the disappearance of the radical was accompanied by thd€storation of the oxidized enzyme, with its 498 nm band.
gradual inactivation of the enzyme and by the formation of These results are consistent with the reverS|bIg format!on of
the 330 nm band (not shown). ESR measurements of the@n [E1] complex foI.Iowed by a stable but not irreversible
decay of the semiquinone species did not show the presenc€omplex [EI°] that in the presence of oxygen regenerates
of any other free radical (Figure 6), indicating that the 330 the oxidized active enzyme with release of the products
nm band belonged to a diamagnetic reaction product. (@mmonia, aldehyde, and hydrogen peroxide):
Incubation of apo-LSAO with 1,2-diaminoethane or 2-CI- E+ 1o [E] = [EI°]
ethylamine resulted again in a rapid and permanent bleaching
of LSAO, without any formation of the radical intermediate Reaction of the apoenzyme with 3-Br-propylamine in
or the 330 nm band. After dialysis and reconstitution with anaerobiosis or in aerobiosis resulted in rapid and permanent
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It is well-known that short chain amines can be inhibitors
of copper amine oxidases and that 2-haloethylamines behave
as suicide substrates, but until the discovery of the TOPA

e cofactor the details of inactivation remained elusive (Neuman
et al., 1975; Kumagai et al., 1979). The results presented
here, in combination with the current knowledge of the

catalytic cycle, allow us to establish the mechanism of
inhibition.

Two main conclusions are immediately obvious from the
experimental findings. First, all 2-substituted ethylamines
seem to inhibit by the same mechanism, whereas a different
mechanism operates for all 3-substituted propylamines.
Second, in all cases the inhibition is due to the reaction of
the enzyme with the product aldehyde. The inactivation of
amine oxidases by 2-haloethylamines is therefore an example
of a killer product mechanism.

The experiments made with 2-Br-ethylamine under anaer-
obic conditions provide a key to the understanding of the
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00 Ay v : Lo mechanism. In anaerobiosis the enzyme is trapped either
a0 PR 500 - in the aminoresorcinol form (Scheme 1e) or in the free radical

Wavelength (nm) form (Scheme 1f), after having released one molecule of

FiGURe 8: Reaction of 104M lentil amine oxidase in aerobic ~ aldehyde per active site (Medda et al., 1995). Since the
conditions with 2 mM 3-Br-propylamine in 100 mM KBuffer, enzyme is inactivated also in the absence of oxygen (Figures
pH 7.0. Difference spectra were recorded from 15 min (a) to 135 5 and 6), the attack of the aldehyde product must take place
min (e) with intervals of 30 min. on one of these two intermediates. The copper-free enzyme

also releases the aldehyde, but is not able to proceed to the
bleaching of the 480 nm band. The resulting stable free radical species and exists entirely as the aminoresorcinol
intermediate did not give any new spectral feature in the form (Medda et al., 1995). However, the apoenzyme does
ultraviolet and visible range (data not shown). The complete NOt react with the aldehyde; if residual amounts of 2-Br-
absence of bands at 434 and 464 nm showed that the€thylamine and of Br-acetaldehyde are removed from the
formation of the free radical intermediate did not occur. The COPPer-free enzyme by dialysis, addition of Cu(ll) restores
enzyme stayed reduced and did not regain its absorptionthe active native enzyme. This indicates that the aldehyde
spectrum. After addition of 16 M CuSQ, the colorless reacts with the free radical 1f to form a covalently modified

copper-free enzyme turned red and the oxidized form band €NZYme. Attack on the 'rad|cal rather tha.n.on the amino-
at 498 nm was restored (data not shown). resorcinol is consistent with the lower reactivity of the latter,

which is stable in the presence of oxygen.
The results obtained using 1,3-diaminopropane and 3-Cl-  The inactivated enzyme did not contain bromide, indicating
propylamine were similar to those with 3-Br-propylamine. that the halogen is released and not responsible for the
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inactivation of the enzyme. For the reaction of LSAO with ring (Scheme 2h). It is at present not known whether such
2-Cl-ethylamine or 1,2-diaminoethane, we obtained the samea structure will be intrinsically unstable, perhaps due to
qualitative results as with 2-Br-ethylamine. These findings motional constraints imposed by the protein matrix, or so
suggest a common mechanism of inactivation, as illustratedenergetically unfavorable that it is never formed at all; but
in Scheme 2. The reaction with aldehyde in the first step is it is certain that inhibition is reversible for the propylamine
thought to be reversible; there is no evidence for the derivatives.

generation of a second radical species. The second step, ring In conclusion, the inhibition of LSAO by diamines with
closure with release of the substituent, is irreversible with short C chains or substituted C-2 or C-3 alkylamines is
formation of a stable 6-membered ring. Notice that the end caused by reaction of the enzyme with the aldehyde products.
product 2g, absorbing at 330 nm, will be identical for all These compounds are very good reagents to investigate the
three inhibitors. According to this model, LSAO inactivation structure of the active site of copper amine oxidases.
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