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ABSTRACT: With a view to obtaining information on the roles of the two copper ions in bovine serum amine 
oxidase (BSAO), spectroscopic and magnetic studies on several BSAO derivatives have been carried out. 
Cu-depleted BSAO (Cu-depBSAO) exhibits no enzyme activity and only a low absorption intensity at ca. 
475 nm, which is the characteristic absorption maximum of the chromophore in BSAO. The binding of 
1 mol of Cu to 1 mol of Cu-depBSAO slightly but definitely increases the enzyme activity and the absorptivity, 
although they are much lower than those of native BSAO. The incorporation of 2 mol of Cu into Cu- 
depBSAO gives rise to a similar high activity and absorptivity as those of the native enzyme. Electron 
paramagnetic resonance (EPR) spectra of the BSAO derivatives reveal that two copper ions in the enzyme 
molecule are environmentally identical. Titrations of BSAO, Cu-depBSAO, and Cu-half-depleted BSAO 
(Cu-half-depBSAO), containing 1 mol of copper per mole of protein, with phenylhydrazine (an inhibitor 
of BSAO) indicate that only 1 mol of phenylhydrazine reacts with 1 mol of the enzyme. In other words 
the enzyme possesses only one chromophore or one active site, though the molecule is composed of two 
electrophoretically identical subunits. The binding constants between phenylhydrazine and BSAO, Cu- 
depBSAO, or Cu-half-depBSAO were estimated to  be 5 X lo6, 5 X lo4, and 1 X lo5 M-l, respectively. 
The binding of phenylhydrazine to the chromophore is assisted by the presence of two copper ions by a factor 
of 100. One of the most important roles of the copper ions in BSAO is likely to retain the chromophore 
in a favorable geometric and electronic structure for binding the substrate. 

Copper-containing amine oxidases [amine:oxygen oxido- 
reductase (deaminating) (copper-containing), EC 1.4.3.61 
catalyze the oxidative deamination of amines by accepting two 
electrons from amines and transferring them to molecular 
oxygen, as expressed by the equation (Malmstrom et al., 1975) 

RCHZNH, + 0 2  + H2O - RCHO + NH3 + H202 

They are known to contain nonblue and electron paramagnetic 
resonance (EPR)' detectable copper (Yamada et al., 1963, 
1969; Mondovi et al., 1967; Lindstrom et al., 1974; Suzuki 
et al., 1980, 1983) and an organic chromophore responsible 
for their yellowish pink color (Yamada & Yasunobu, 1963; 
Adachi & Yamada, 1969; Lindstrom & Pettersson, 1973; 
Ishizaki & Yasunobu, 1976; Finazzi-AgrB et al., 1977; Suzuki 

'Supported by Grant-in-Aid for Scientific Research B 58470034 from 
the Ministry of Education, Science and Culture of Japan (to A.N.).  

0006-2960/86/0425-0338$01.50/0 

et al., 1981, 1982, 1983). Reactions of the copper with com- 
plexing agents (Yamada & Yasunobu, 1962; Lindstrom & 
Pettersson, 1974; Lindstrom et al., 1974) or of the chromo- 
phore with carbonyl reagents (Yamada & Yasunobu, 1963; 
Falk, 1983) lead to an inactivation of the enzyme. Therefore, 
the presence of both the copper and the chromophore seems 
to be essential for the activity of amine oxidases. Our recent 
investigation on metal substitution and depletion of bovine 
serum amine oxidase (BSAO) established that there are two 
forms of the chromophore, namely, yellowish pink (oxidized) 
and pale yellow (reduced) forms. The chromophore and 

Abbreviations: BSAO, bovine serum amine oxidase; Cu-depBSAO, 
Cu-depleted BSAO; Cu-excessBSA0, BSAO containing excess Cu; Cu- 
half-depBSAO, Cu-half-depleted BSAO; Cu-recBSAO, Cu-reconstituted 
BSAO; EPR, electron paramagnetic resonance; Tris-HCI, tris(hydroxy- 
methy1)aminomethane hydrochloride. 
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coppers were suggested to behave as a set in the catalytic 
reaction (Suzuki et al., 1983). 

The molecular weight of Cu amine oxidases has been re- 
ported to be 170 000-200 000. The enzymes are composed of 
two identical subunits and two copper ions (Malmstrom et al., 
1975). However, titrimetric experiments of the enzyme with 
substrate under anaerobic conditions (Massey & Churchich, 
1977; Lindstrom & Pettersson, 1978) or with inhibitors such 
as phenylhydrazine and catran (Lindstrom & Pettersson, 1973; 
Falk, 1983) exhibited that the reaction of enzyme occurred 
in a 1:l molar ratio of reagent to enzyme molecules, suggesting 
the existence of one active site or one chromophore per two 
subunits. A question thus arises as to the mode of distribution 
of the two coppers in the two subunits. Mondovi et al. 
(1984a,b) demonstrated that only one of the two coppers in 
bovine plasma amine oxidase is required to exhibit the full 
enzyme activity. On the other hand, two research groups 
reported that 3 or 2 mol of phenylhydrazine react with 1 mol 
of pig plasma amine oxidase (Buffoni & Igenesti, 1975) or 
Aspergillus niger amine oxidase (Suzuki et al., 1971), re- 
spectively. 

This study was undertaken to explore the disputed number 
and roles of copper in the enzymatic process of BSAO. 

EXPERIMENTAL PROCEDURES 
Materials. BSAO isolated from bovine serum was purified 

by the method described previously (Suzuki et al., 1983). The 
highly purified BSAO displayed a specific activity of 610 
units/mg at 25 OC according to the method of Tabor et al. 
(1954). The enzyme has a molecular weight of 190 000 and 
contains 2 mol of copper per mole of protein which contains 
two electrophoretically equivalent subunits. The protein 
concentration was estimated by measuring the absorptivity at 
280 nm (E;:, = 17.4). All reagents used were of the highest 
grade commercially available. 

Preparations of Cu- Depleted BSAO, Cu- Half- Depleted 
BSAO, and Cu-Reconstituted BSAO. Copper-depleted BSAO 
(Cu-depBSAO) was prepared by dialyzing colorless BSAO 
that had been reduced with sodium dithionite against 0.2 M 
sodium/potassium phosphate buffer (pH 7.2) containing 10 
mM KCN under nitrogen atmosphere. To obtain fully colored 
Cu-depBSAO, the sample was treated with Ni(I1) ion in 0.2 
M Tris-HC1 buffer (pH 7.2), being dialyzed against com- 
plexing agents, dimethylglyoxime, and CN- ion to remove the 
Ni(I1) ion (Suzuki et al., 1983). The resulting Cu-depBSAO 
[yellowish pink oxidized form described in the previous paper 
(Suzuki et al., 1983)] contained 3% of residual copper for the 
total copper sites. The copper concentration was determined 
by means of atomic absorption spectroscopy. Copper-half- 
depleted BSAO (Cu-half-depBSAO) was prepared by incu- 
bation of about 1 mL of Cu-depBSAO with 1 equiv of copper 
per mole of protein in 0.2 M Tris-HC1 buffer (pH 7.2) for 20 
h. Further, the dialysis of the sample was continued for 50 
h with four changes of 0.2 M phosphate buffer (200 mL), pH 
7.2. The concentration of Cu in Cu-half-depBSAO was de- 
termined to be 0.9 mal per mole of protein. The reconstitution 
of holoenzyme was carried out by dialyzing about 1.5 mL of 
Cu-depBSAO against 200 mL of 0.2 M Tris-HC1 buffer (pH 
7.2) containing 2 mM Cu(1I) ion for 40 h. The excess Cu ion 
bound to the resulting sample was removed by treatment with 
Chelex 100 resin (50-100-mesh resin preequilibrated with the 
Tris-HC1 buffer). The resulting Cu-reconstituted BSAO 
(Cu-recBSAO) contained 1.9 mol of copper per mole of 
protein. All the procedures described above were performed 
at 4 OC. 

Titrations of Native BSAO, Cu-half-depBSAO, and Cu- 

t I I 1 1 

depBSA0 with Phenylhydrazine. Because solutions of phe- 
nylhydrazine are usually unstable, a stock solution was freshly 
prepared for each titration experiment by dissolving phenyl- 
hydrazine or its hydrochloride in 0.2 M phosphate buffer, pH 
7.2. The buffer solution (0.8 mL) containing (1-1 S) X lo-* 
mol each of BSAO, Cu-half-depBSAO, or Cu-depBSAO was 
continuously titrated with the phenylhydrazine solution at room 
temperature. The BSAO solutions were allowed to incubate 
for 5 min each before reading the increase in optical density 
at  450 nm. In the cases of Cu-depBSAO and Cu-half- 
depBSAO, the absorbance at 440 nm was measured after the 
enzyme solutions had been allowed to stand with phenyl- 
hydrazine for 15 min each. The reaction of the chromophore 
with phenylhydrazine was almost completed within the above 
period. 

Instruments. The absorption, EPR, and atomic absorption 
spectra were measured with a Union SM-401 spectropho- 
tometer, a JEOL JES-FE1X EPR spectrometer, and a Nippon 
Jarrell-Ash AA- 1 spectrometer, respectively. The measure- 
ments of absorption and EPR spectra were carried out at room 
temperature and 77 K, respectively. 

RESULTS AND DISCUSSION 

Characterizations of Cu-depBSA0, Cu-half-depBSAO, 
Cu-recBSAO, and Cu-excessBSA0. Figure 1 represents the 
variation of intensities of the characteristic absorption band 
(A,,,, 472-476 nm) against the molar ratio of copper to the 
protein. The enzyme activity-copper content profile is also 
given in the same figure. Cu-depBSAO (plots 1 in Figure 1 )  
is almost inactive, exhibiting a smaller absorptivity as com- 
pared with that of Cu-half-depBSAO (plots 2). This implies 
that incorporation of only 1 mol of copper per mole of protein 
gives rise to a definite increase in the absorptivity and activity. 
The increment is, however, not so great as that of the Cu- 
recBSAO (plots 3) or the native BSAO (plots 4) containing 
2 mol of copper per mole of protein. Of special interest is the 
fact that the relative activity of Cu-half-depBSAO corresponds 
to only one-tenth of that of the Cu-recBSAO (plots 3) or the 
native BSAO (plots 4) and not to half. This finding suggests 
that 2 mol of copper ions per mole of protein are required for 
BSAO to display the full activity, which contradicts the result 
obtained by Mondovi et al. (1984a,b). They demonstrated 
that plasma amine oxidase containing only one copper was as 
catalytically active as the enzyme having two coppers. The 
incorporation of an excess copper into the protein [Cu-ex- 
cessBSAO (plots 5)] affords a sufficiently colored but much 
less active derivative as compared with the native enzyme. This 
suggests that 2 mol of copper per mole of protein is sufficient 
to keep the catalytically active conformation of the chromo- 
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FIGURE 2: EPR signals of BSAO (a), Cu-depBSAO (b and b'), 
Cu-half-depBSAO (c), and Cu-recBSAO (d) at 77 K. 

phore and the excess copper exceeding 2 mol acts as an in- 
hibitor in the catalytic process. 

The X-band EPR spectra of BSAO and its derivatives at 
77 K are illustrated in Figure 2. The Cu signals of native 
BSAO (a), Cu-half-depBSAO (c), and Cu-recBSAO (d) in- 
dicate the axial symmetry of Cu(I1) with the same spin- 
Hamiltonian parameters, gll = 2.29, g, = 2.06, and A, ,  = 164 
G .  In the case of Cu-depBSAO (b), only an isotropic signal 
characteristic of an organic radical was recorded at g = 2.004. 
The appearance of the radical signal seems to depend on the 
molar ratio of copper to the protein. For example, the signal 
is also present in the spectrum of Cu-half-depBSAO (c) while 
it is absent in those of native BSAO (a) and Cu-recBSAO (d). 
The source of the g = 2 signal is still unknown at the present 
stage. The copper signal of Cu-half-depBSAO is substantially 
identical with that of Cu-recBSAO or native BSAO, being 
considered as a monomeric Cu species. Thus the present 
X-band EPR data probably exclude the possibility that two 
copper ions are located in different environments. In other 
words the two copper ions in BSAO are considered to be 
structurally identical, in constrast to the conclusion that the 
two copper ions are magnetically inequivalent in pig amine 
oxidase (Barker et al., 1979; Kluetz & Schmidt, 1980). 

Titrations of BSAO, Cu-depBSAO, and Cu-hay-depBSAO 
with Phenylhydrazine. Titrations of BSAO and Cu-depBSAO 
with phenylhydrazine were monitored by increasing absorbance 
at 450 and 440 nm, respectively. The results are depicted in 
Figures 3 and 4, respectively. Inspection of Figure 3 reveals 
that the increase in the absorbance is directly proportional to 
the increase in the molar ratio of phenylhydrazine to BSAO 
until the latter reaches 0.9. This can be explained by assuming 
the existence of a single chromophore (active site) in BSAO 
as reported for the pig plasma amine oxidase (Lindstrom & 
Pettersson, 1973; Falk, 1983) and bovine plasma amine oxidase 
(Ishizaki & Yasunobu, 1984). The enzyme activity of BSAO 
is completely inhibited with an equimolar amount of phe- 
nylhydrazine (Horigome, T., and Okuyama, T., unpublished 
experiments). In the reaction of Cu-depBSAO with phe- 
nylhydrazine the addition of more than 10 equiv of phenyl- 
hydrazine is necessary before attaining the full yellow color- 

0 10 20 
[PhNHNH2],/ [CU-depBSAO], 

FIGURE 4: Titration curve of Cu-depBSAO with phenylhydrazine. 
The abscissa indicates the ratio of the initial concentrations of phe- 
nylhydrazine (PhNHNH?) and Cu-depBSAO. 

ation, as visualized in Figure 4. Further, it should be added 
that the rate of reaction of phenylhydrazine with Cu-depBSAO 
is significantly slower than that with the native BSAO. 

Titration of Cu-half-depBSAO with phenylhydrazine was 
also carried out in a similar fashion. The equivalence points 
of all the titration experiments, which can be reliably estimated 
by extrapolation of the linear portions of each titration curve, 
indicate that all the reactions of phenylhydrazine with BSAO, 
Cu-depBSAO, or Cu-half-depBSAO occur in an equimolar 
ratio. The formation constants of the chromophore-phenyl- 
hydrazine complex were calculated by use of the titration data 
in the unsaturated region where the molar ratio of phenyl- 
hydrazine to copper is, for example, 1-2 in Figure 3. The 
complex formation between phenylhydrazine and BSAO is 
regarded as completed at 2.5 mol of the former. The average 
values for BSAO, Cu-half-depBSAO, and Cu-depBSAO were 
thus determined to be 5 X lo6, 1 X lo5, and 5 X lo4 M-I, 
respectively. These are indicative of the effective assistance 
(by a factor of 100) of the two coppers of BSAO in the com- 
plex formation between the chromophore and phenylhydrazine. 
On the other hand, the single copper as in Cu-half-depBSAO 
does not effectively assist complex formation. 

The same kind of titration was not attained for the deter- 
mination of the number of active sites for benzylamine because 
of very weak binding ability of the chromophore with benzy- 
lamine in the absence of copper. Thus the number of chro- 
mophore and active sites for substrate remains unknown. 
However, the titrimetric experiments of BSAO with phenyl- 
hydrazine (this work; Ishizaki & Yasunobu, 1984) and pig 
amine oxidase with substrates (Massey & Churchich, 1977; 
Lindstrom & Pettersson, 1978) or inhibitors (Lindstrom & 
Pettersson, 1973; Falk, 1983) afford the grounds to assume 
the presence of a single active site or chromophore also for 
substrate in Cu amine oxidases. We previously reported that 
one of the most important roles of the copper ions in BSAO 
is likely their ability to retain the chromophore in a favorable 
geometric and electronic structure for substrate binding (Su- 
zuki et al., 1983). This work offers evidence that copper 
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effectively assists the binding of chromophore with substrates 
or inhibitors. 

Registry No. BSAO, 9059-1 1-4; Cu, 7440-50-8; PhNHNH,, 
100-63-0. 
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1 -Phenylcyclobutylamine, the First in a New Class of Monoamine Oxidase 
Inactivators. Further Evidence for a Radical Intermediate? 

Richard B. Silverman* and Paul A. Zieske 
Departments of Chemistry and of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, 

Evanston, Illinois 60201 
Received June 21,  I985 

ABSTRACT: 1-Phenylcyclobutylamine (PCBA) is shown to be both a substrate and a time-dependent ir- 
reversible inactivator of monoamine oxidase (MAO). Inactivation results in attachment to the flavin cofactor. 
For every molecule of PCBA leading to inactivation, 325 molecules are converted to product. The first 
metabolite formed is identified as 2-phenyl- 1-pyrroline; then after a lag time, 3-benzoylpropanal and 3- 
benzoylpropionic acid are generated. The 3-benzoylpropanal is a product of MAO-catalyzed oxidation of 
2-phenyl- 1 -pyrroline (presumably, of its hydrolysis product, y-aminobutyrophenone). The aldehyde is 
nonenzymatically oxidized by nascent hydrogen peroxide to the carboxylic acid. These results are consistent 
with a one-electron oxidation of PCBA to the amine radical cation followed by homolytic cyclobutane ring 
cleavage. The resulting radical can partition between cyclization (an intramolecular radical trap) to the 
2-phenylpyrrolinyl radical and attachment to the flavin. The cyclic radical can be further oxidized by one 
electron to 2-phenyl- 1 -pyrroline. PCBA represents the first in the cyclobutylamine class of M A 0  inactivators 
and strongly supports involvement of a radical mechanism for MAO-catalyzed amine oxidations. 

Mi tochondr i a l  monoamine oxidase (MAO)' was discovered 
almost 60 years ago, yet its mechanism for oxidation of 

+This work was supported by Grant G M  32634 from the National 
Institutes of Health. R.B.S. is the recipient of an Alfred P. Sloan Re- 
search Fellowship (1981-1985) and a N I H  Research Career Develop- 
ment Award (1982-1987). 

*Address correspondence to this author at the Department of Chem- 
istry. 1.4.3.4); PCBA, 1-phenylcyclobutylamine. 

biogenic amines is unknown. On the basis of studies of the 
mechanism of inactivation of M A 0  by various cyclopropyl- 
amine analogues (Scheme I) (Silverman et al., 1980; Silverman 
& Hoffman, 1981; silverman, 1983, 1984; silverman & ya- 

' Abbreviations: MAO, mitochondrial monoamine oxidase (EC 
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