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Three reactions are carried out on the reversible adduct formed when 
l-phenylcyclopropylamine (1-PCPA) inactivates monoamine oxidase (MAO) in order 
to determine the identity of the amino acid involved 
tion. 

Jn reversible adduct forma- 
Raney nickel treatment yields trans-f?-methyl[ CJstyrene, the compound 

that would result from carbon-sulfur bond reduction of a (3-hydroxy-3-phenyl- 
propyl)cysteine adduct. A 5,5'-dithiobis(2-nitrobenxoic acid) assay for 
cysteine residues indicates that upon reversible inactivation of MAO by l-PCPA, 
one cysteine is lost. The third reaction involves sodium periodate and hydrogen 
peroxide oxidation, but no definitive result is obtained. The first two reac- 
tions provide evidence that the amino acid residue involved in reversible adduct 
formation is a cysteine. B 1986 Academic Press, Inc. 

It was shown previously that 1-phenylcyclopropylamine (l-PCPA)l is a 

mechanism-based inactivator (l-4) of mitochondrial MAO (5), an enzyme which con- 

tains a covalently-bound FAD cofactor and catalyzes the oxidative deamination of 

biogenic amines. Eight molecules of 1-[phenyl-l4 C]PCPA are needed to irrever- 

sibly inactivate each enzyme molecule with the incorporation of one equivalent 

of radioactivity; an N5-(S-oxo-%phenylpropyl)flavin adduct (L, X = N5-flavin) 

was identified as the product of the irreversible inactivation. Seven of the 

eight molecules of 1-[phenyl-l4 C]PCPA were shown to form a covalent bond to an 

active site amino acid residue; however, this adduct decomposed with a half-life 

of 65 min to acrylophenone and active eneyme. The rate of irreversible inac- 

tivation was seven times slower than the rate of reversible adduct breakdown, 
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which accounts for the requirement of eight inactivator molecules per irrever- 

sible inactivation event. It was proposed that this reversible adduct had the 

same structure as the irreversible one, except for its point of attachment to 

the enzyme (l, X = amino acid residue). We report here that the amino acid 

‘-0 0 

1 
Ph 

residue (X) to which the reversible adduct is attached is a cysteine. 

MATERIALS AND MlYIRODS 

Analytical Methods - Radioactivity was measured with a Beckman LS-3133T scin- 
tillation counter in 10 ml of 3a70B scintillation fluid from Research Products 
International. Optical absorbance was measured with a Perkin-Elmer Lambda 1 
UV/VIS spectrophotometer. Thin-layer chromatography was performed on silica gel 
60 coated plastic plates (Merck) using 3:l z-hexane:ethyl acetate as the solvent 
system. High performance liquid chromatography was carried out on a Beckman 
Model 330 liquid chromatograph with an Alltech analytical 5~ silica gel column, 
eluting with 3:l fi-hexane-ethyl acetate at 2 mlfmin. The instrument was 
equipped with a W detector (254 nm) and a Hewlett-Packard 3390A recording 
integrator. Protein concentration determinations were carried out using the 
Pierce BCA Protein Assay Reagent (Pierce Chemical Co., Rockford, Illinois). The 
5,5'-dithiobis(2-nitrobenzoic acid) assay of Fernandez Diez et al. (6) was used 
to determine the number of enzyme sulfhydryl groups. The method of Cavallini 
et al. (7) was used for sodium borohydride treatment of the enzyme prior to 
5,5'-dithiobis(2-nitrobenzoic acid) assay. 

Reagents - fi-Propylbenzene, trans-B-methylstyrene, 1-phenylpropanol, 5,5'- 
dithiobis(2-nitrobenzoic acid), Raney nickel (aqueous slurry), and sodium 
periodate were bought f 
l-PCPA, and 1-[phenyl-1X 

om Aldrich. The hydrochloride salts of benzylamine, 
C]PCPA were prepared as previously reported (5). 

Enzymes and Assays - Mitochondrial monoamine oxidase (EC 1.4.3.4) was isolated 
and assayed as previously described (5). Pronase (protease, type XIV, a non- 
specific protease from S_. griseus) was obtained from Sigma. 

Release of Radioactivity from MAO Reversibly Inhibited by l-[phenyl-14C]PCPA 
upon Treatment with Raney Nickel - 1-[phenyl-"C]PCPA (10 mM) in 50 mM potassium 
phosphate, pH 7.2 buffer (125 ul) was added to 150 pM MAO in the same buffer 
(125 pl) and was incubated at 25'C for 90 min. Sodium borohydride (2 mg) in 
0.2 N sodium borate , pH 9.5 buffer (250 pl) was added, and the solution was 
incubated in the dark for 2.5 h at room temperature. The reduced enzyme solu- 
tion was dialyzed against 20 mM potassium uhosohate. DFI 7.2 buffer (4 x 80 ml. 
1.5 h each change),- then the protein was denatured by-the addition of tri- . 
chloroacetic acid (50 mg). The denatured enzyme was pelleted by centrifugation 
in a Beckman Microfuge B for 30 set, redispersed in 5% trichloroacetic acid 
(750 ul), and pelleted in the same manner. The pellet was then washed succes- 
sively with methanol (750 ul), chloroform (2 x 750 pl), methanol (750 ul), and 
50 mM potassium phosphate, pH 7.9 buffer (2 x 750 ~1). The washed protein was 
dispersed in 850 uL of 50 mM potassium phosphate, pH 7.9 buffer, and digested 
with Pronase (1.5 mg) at 37'C for 16 h. Additional Pronase (1.5 mg) was added, 
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and the digestion was continued for another 24 h. After centrifugatfon to 
remove a small white pellet, a portion (600 ~1) was removed and an aqueous 
slurry of Raney nickel (600 ul) was added. The sample was heated at 50°C for 
6 h with stirring; then after cooling, the sample was extracted with ether 
(7 x 1 ml). Portions of the extracts and the residue were removed and the 
radioactivity was determined. The ether was evaporated and the extracted 
material was analyzed by thin layer chromatography and high performance liquid 
chromatography using n=propylbenzene, trans-B-methylstyrene, and l-phenyl- 
propanol as standards. The Rf values x.66, 0.62, and 0.40, and the reten- 
tion times are 1.75, 1.95 and 3.22 min., respectively. A control also was 
carried out substituting 200 UIM sodium borate , pH 10 buffer for the Raney nickel 
suspension. 1-Phenylpropanol was treated with Raney nickel or pH 10 buffer, 
extracted, and chromatographed in the same manner as described above. 

Effect of Oxidizing Reagents on Release of Radioactivity from MAO Reversibly 
Inhibited by 1-[phenyl-"C]PCPA - MAO was inactivated as described above, then 
was applied onto Sephadex G-25 (0.7 x 12 cm), eluting with water at a flow rate 
of 0.5 ml/min, and collecting a 550 pl fraction containing the enzyme. A por- 
tion (250 pl) was removed and added to a buffered solution of sodium periodate 
(250 pl, 0.2 M final concentration , pH 7.2) and urea (8 M final concentration). 
Aliquots (50 ~1) were removed at 0, 0.25, 0.5, 1, 1.5, 2, 2.75, 3.5, and 24 h and 
applied onto Sephadex G-25 (0.5 x 6.5 cm), eluting with water at a flow rate of 
0.5 mllmin. Five fractions were collected, and both the radioactivity released 
from the enzyme and the radioactivity remaining on the enzyme were determined. A 
control was carried out in the same manner as described above, without the sodium 
periodate. The same procedure was carried out substituting 20% H202 in 1 M 
potassium phosphate buffer, pH 7.2 for the sodium periodate solution. 

RESULTS AND DISCUSSION 

Three different approaches were taken to identify the amino acid to which 

l-PCPA reversibly binds. It was shown previously (5) that sodium borohydride 

reduction of the reversible adduct formed from l-[phenyl- 14C]PCPA with MAO 

stabilized the adduct and prevented its spontaneous release; this is what would 

be expected if the ketone in i were reduced to an alcohol. Raney nickel is 

known to cleave carbon-sulfur bonds specifically (8) and Danenberg and 

Heidelberger (9) found that this reagent only reduced cysteine and methionine 

residues in proteins. When the sodium borohydride-reduced and Pronase digested 

reversible adduct formed from 1-[phenyl- 14C]PCPA and MAO was treated with Raney 

nickel, one radioactive compound was formed, which was identified by thin-layer 

and high performance liquid chromatography as trans-B-methylstyrene. Cleavage 

of the carbon-sulfur bond of the reduced adduct was predicted to give 

1-phenyl-1-propanol, but it was shown in a non-enzymatic control reaction that 

under the same conditions used for the Raney nickel reduction of the labeled 

enzyme, 1-phenyl-1-propanol was dehydrated to trans-S-methylstyrene. This 

result supports attachment to a cysteine residue. trans-6-Methylstyrene was the 
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only radioactive compound that was extracted from the Haney nickel reaction, but 

it accounted for only 30% (11,580 cpm) of the radioactivity bound to the peptide 

fragment (38,300 cpm). Danenberg and Heidelberger (9) inactivated thymidylate 

synthetase with labeled 5-fluoro-2'-deoxyuridylate and found that Raney nickel 

treatment released only 10% of the bound radioactivity. However, extraction of 

the Raney nickel gave an additional 40% of the same radioactive compound 

released originally. Their conclusion, as is ours, is that the remainder of the 

radioactivity is adsorbed onto the catalyst. In the absence of Raney nickel, 

only 3% (1190 cpm) of the radioactivity was organic extractable, which did not 

migrate on silica gel as trans-B-methylstyrene. 

The second experiment carried out was a determination of the effect of 

reversible inactivation on the total number of cysteine residues in MAO. A 

5,5'-dithiobis(2-nitrobenxoic acid) assay of denatured native enzyme revealed 

the presence of 6.2 + 0.1 cysteine residues (4 experiments). Upon treatment 

with l-PCPA, only 5.2 cysteine residues could be detected under the same con- 

ditions (2 experiments).2 The same results were obtained when the native and 

inactivated enzymes were pretreated with sodium borohydride prior to the sulf- 

hydryl assay (2 experiments). 

The third experiment carried out was based on the hypothesis (5) that the 

reversibility of this adduct is the result of the leaving group ability of the 

amino acid to which it is attached. Thiolate is a good leaving group, but 

sulfinate is even better (10). Since sodium periodate and hydrogen peroxide are 

mild oxidzing agents known to convert sulfides to sulfoxides (11,12), oxidation 

of alkylated cysteine should increase the leaving group ability of the bound 

amino acid. However , there was no significant difference in the rate of release 

'14 of radioactivity from l-[phenyl- CIPCPA-inactivated MAO, with or without sodium 

periodate or hydrogen peroxide treatment. The conversion of sulfides to 

'With an older preparation of the enzyme, only 3.7 k 0.4 cysteine residues 
(5 experiments) were detected, but in those cases, l-PCPA inactivation gave a 
protein containing only 2.6 ?: 0.2 cysteines (3 experiments). The lower 
cysteine content in this batch of enzyme may be the result of partial cysteine 
oxidation; however, this enzyme was consumed before the effect of sodium boro- 
hydride treatment on the number of free cysteines could be determined. 
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Scheme 1. Mechanisms for MAO-Catalyzed Amine Oxidation. Pl is oxidized flavin. 

sulfoxides occurs at room temperature in 20 min to an hour (12), and the experi- 

ment to determine the rate of radioactivity release was carried out over 3.5 

hours. Therefore, since there is no change in the rate of radioactivity 

release, it suggests that the rate determining step may be removal of the 

a-proton, rather than elimination of the thiolate (sulfinate). This result, 

then, is ambiguous as to which amino acid is involved. When attachment of 

l-PCPA occurs at the N5-position of flavin to give the irreversible adduct, eli- 

mination of the flavin anion is a much slower process (5). 

The results of the first two of these tests are consistent with cysteine 

being the amino acid residue to which l-PCPA reversibly binds. This result 

further supports the hypothesis (5) that the flavin radical anion generated from 

one-electron transfer of a substrate or inactivator amine to FAD could be in 

equilibrium with an amino acid radical. Since thiols are excellent hydrogen 

atom donors (13), a cysteine residue is a reasonable candidate for this exchange 

process. It is not clear whether this hypothetical hydrogen atom exchange reac- 

tion between FAD radical anion and a cysteine residue is involved in enzyme 

catalysis of normal substrates or only in reactions of poor substrates such as 

l-PCPA. If it is involved, this work may support a hydrogen atom abstraction 

mechanism (Scheme 1, pathway B) rather than the proton transfer-electron 

transfer mechanism (Scheme 1, pathway A) more commonly written for amine oxida- 

tion mechanisms. Possibly, either the flavin semiquinone or the thiyl radical 

is capable of being involved in catalysis, and this may account for the broad 

specificity of MAO. 

158 



Vol. 135, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

ACKNOWLEDGMENT - We thank Dr. Karen Anderson (Monsanto Co.) for the Raney nickel 

procedure and the National Institutes of Health (GM 32634) for financial support 

of this work. 

REFERENCES 

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 

10. 

11. 

12. 

13. 

Silverman, R.B. and Hoffman, S.J. (1984) Med. Res. Rev. 4,, 415-447. 
Rando, R.R. (1984) Pharmacol. Rev. $, 111-142. 
Walsh, C. (1984) Annu. Rev. Biochem. 2, 493-535. 
Abeles, R.H. (1983) Cl-tern. Eng. News $l- (Sept. 19) 48-56. 
Silverman, R.B. and Zieske, P.A. (1985) Biochemistry 2A, 2128-2138. 
Fernandez Diez, M.J., Osuga, D.T., and Feeney, R.E. (1964) Arch. Biochem. 
Biophys. z, 449-458. 
Cavallini, D., Grasiani, M.T., and &pre, S. (1966) Nature 212, 294-295. 
Pettit, G.R. and Van Tamelen, E.E. (1962) Org. Reactions 12356-529. 
Danenberg, P.V. and Heidelberger, C. (1976) Biochemistry ry, 1331-1337. 
Wallace, T-J., Hofmann, J.E., and Schriesheim, A. (1963) J"?Am. Chem. Sot. 
85. 2739-2743. 
gist, T. (1979) in Comprehensive Organic Chemistry (Barton, D. and 
Ollis, W.D., eds.) Vol. 3. pp. 121-156. Pernamon Press. Oxford. . __ 
Block, E. (1980) in The Chemistry of Ethers; Crown Ethers, Hydroxyl Groups, 
and Their Sulphur Analogues (Patai, S., ed.) Supplement E, Part 1, pp. 
539-608, Wiley, Chichester. 
Knight, A.R. (i974) in The Chemistry of the Thiol Group (Patai, S., Ed.) 
Part 1, pp. 455-479, Wiley, London. 

159 


