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Summary 

The bovine liver monoamine oxidase (EC 1.4.3.4) was found to be inacti- 
vated by various well-known sulfhydryl reagents like p-mercuribenzoate,  meth- 
ylmercuric idodide and 5,5'-dithiobis-(2-nitro benzoic acid). The present inves- 
tigation shows that the inactivation of the enzyme results from reactions of 
these reagents with 2 out  of  8 titratable sulfhydryl groups per 10 s g of  the en- 
zyme. The substrate, benzylamine, and competit ive inhibitors like benzalde- 
hyde,  p-nitrobenzaldehyde,  benzyl alcohol protected the enzyme from inactiva- 
tion by the mercurials or the Ellman reagent. The inactivation experiments 
with these sulfhydryl reagents, the protect ion experiments, and the kinetics as 
well as physicochemical observations suggest that there are only two cysteine 
residues that are required for activity of the enzyme. It is possible that  these 
two residues may be active-center residues. 

Introduction 

Many years ago, Friedenwald and Hermann [1] and Barron and Singer [2] 
showed that monoamine oxidase (EC 1.4.3.4) in mitochondria is inhibited by 
sulfhydryl reagents. Smith [3] also concluded that the amphibian monoamine 
oxidase contains a particularly vulnerable -SH group. Kidney monoamine- 
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oxidase [4] and purified bovine liver monoamine oxidase [5] contain seven 
sulfhydryl groups per 10Sg of monoamine oxidase. In a preliminary study, 
Gomes et al. [6] concluded from the reaction ofp-mercuribenzoate  with puri- 
fied bovine hepatic monoamine oxidase, that the sulfhydryl groups are required 
for the conformational  stability of the enzyme. 

On the other hand, the present investigation shows that various sulfhydryl 
reagents like 5,5'-dithiobis-(2-nitrobenzoic acid) (Nbs2), p-mercuribenzoate and 
methylmercuric  iodide produce inactivation which bears stoichiometry be- 
tween these inhibitors and the sulfhydryl groups of monoamine oxidase. Evi- 
dence is presented here to show that  inactivation of monamine oxidase by these 
sulfhydryl reagents involved two out of the eight cysteine residues present per 
100 000 g of protein. 

Experimental procedures 

All reactions were carried out  at 25°C and all dialysis experiments were 
carried out  at 4°C against pH 7.4, 0.1 M potassium phosphate buffer unless 
otherwise stated. Monoamine-oxidase/inhibitor reactions were also freed of in- 
hibitor by passage of the reaction mixture through a Sephadex G-25 column 
(1.5 X 12 cm) at 25°C in order to confirm the results obtained from the dialysis 
experiments. 

Materials. Purified monoamine oxidase was isolated from beef-liver mito- 
chondria by a previously published method [ 5]. Specific activities of  all prepa- 
rations were between 2000 and 8000. When quantitative results were needed, 
enzyme purified by sodium dodecyl sulfate disc electrophoresis was used. The 
following reagents were obtained from sources indicated: benzyl alcohol and 
benzaldehyde (Eastman Organic Chemicals); benzylamine and dithioerythritol  
(Sigma Chemicals); sodium salt of  p-mercuribenzoate (Nutritional Biochemi- 
cals); 5,5'-dithiobis-(2-nitrobenzoic acid) (Cal Biochem); hexanol (Aldrich 
Chemical Company);  potassium iodide (Mallinkrodt Chemicals Works); methyl- 
mercuric iodide (K and K Laboratories). The other reagents have been obtained 
from sources that have been described in previous publications from this labo- 
ratory [ 5,6]. 

Methods. The enzyme was assayed spectrophotometrically at pH 7.4 by the 
method of Tabor et al. [7] with benzylamine as substrate. Protein determina- 
tions were made as described by Folin and Ciocalteau [8] and bovine serum al- 
bumin was used as the standard protein. Specific activity is defined as the 
change in absorbance at 250 nm per min/mg of enzyme X 103. 

Spectrophotometric  measurements were made in the Cary Model 14 auto- 
matic recording, Gilford Spectrophotometer  Model 2400-S and Beckman DU 
spectrophotometers.  All pH measurements were made with a Beckman Re- 
search Model and Corning Digital 112 Research pH meters accurate to +0.002 
pH units. 

Determination o f  cysteine residues in the enzyme.  The enzyme was allowed 
to react with 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman Reagent) for 90--120 
min at 25°C in 0.1 M phosphate buffer, pH 7.4. After the reaction period the 
thionitrobenzoic-acid bound enzyme was separated from the unreacted reagent 
by Sephadex G-25 gel filtration. The thiophenylate ion concentrat ion which is 
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a function of  sulfhydryl content  [9] was measured at 412 nm according to a 
modification of  Ellman's procedure [ 10] .  In the kinetic experiment for activity 
loss by Nbs:, however, Ellman's procedure [9] was followed for the direct de- 
termination of  the liberated thiophenylate ion. 

Determination of  the mercury content of  the enzyme derivatives. After the 
treatment of  the enzyme with methylmercuric iodide, excess reagent was re- 
moved from the enzyme by chromatographing the enzyme solutions through a 
1.5 × 12 cm Sephadex G-25 column. The mercury contents of  the enzyme sam- 
ples were determined in the Coleman 50, Perkin-Elmer Mercury Analyzer by 
the flameless atomic absorption procedure developed by Hatch and Ott  [11].  
Prior to analysis, 1-ml sample aliquots were digested for 3 h on a hot  plate after 
the addition of 2 ml of 70% HNO~. Then, 1 ml of 30% H202 and 1 ml of  70% 
HNO3 were added to the samples and the digestion was continued for an addi- 
tional 3-h period. For the calibration of  the instrument, a commercial prepara- 
tion of standard mercuric chloride was used. 

Spectral data. The CD spectrum of the enzyme was recorded in the Cary 
Model 61 spectrophotometer .  Ellipticity values were calculated on a mean resi- 
due weight basis of  115. For this experiment,  1 ml of enzyme {0.25 mg/ml, 
specific activity, 6950} in 0.2 M phosphate buffer, pH 7.4, which contained 
0.2% cholate was treated with 0.2 ml of 10 -4 M methylmercuric iodide at 25°C. 
The remaining activity was measured periodically by withdrawing 0.1 ml ali- 
quots from the reaction mixture until 95% inactivation occured (10 min). The 
mixture was passed through a Sephadex G-25 column as discussed previously. 
The protein fractions were pooled and the activity and protein determinations 
were made. A control was also treated in a similar fashion except  for the addi- 
tion of  the inhibitor. The CD spectra of  the samples were taken in a cell of  0.1 
cm path length. 

Results 

Protection of  enzyme from p-mercuribenzoate-inactivation by substrate and 
competitive inhibitors. It is of interest whether essential cysteine residues are lo- 
cated at the active site of  the enzyme. One way of checking this point  is to show 
protect ion of  the enzyme from p-mercuribenzoate inactivation by  substrates 
and competit ive inhibitors. The results of these experiments are summarized in 
Table I. The competit ive inhibitors, benzyl alcohol and benzaldehyde [12] and 
the substrate, benzylamine, all provide some degree of  protect ion from inacti- 
vation by p-mercurybenzoate  which is known to react with the cysteine resi- 
dues of  monoamine oxidase. 

Protection of  monoamine oxidase activity by competitive inhibitors at vary- 
ing concentrations of  p-mercuribenzoate. The results of  these investigations are 
shown in Fig. 1. The protective effect  of  the inhibitor depends mainly upon the 
moles of  p-mercuribenzoate/mol of  enzyme (or mol of  p-mercuribenzoate/mol 
of  SH-groups present in monoamine oxidase) and is much greater when the mol 
of  p-mercuribenzoate/mol of enzyme is lower. At higher p-mercuribenzoate/en- 
zyme molar ratios even a 2440-fold molar excess of  inhibitor provides no addi- 
tional protective effect.  

Effect of  competitive inhibitor on the SH-titer of  monoamine oxidase. The 



350 

T A B L E  I 

P R O T E C T I V E  E F F E C T  O F  S U B S T R A T E  A N D  C O M P E T I T I V E  I N H I B I T O R S  O N  T H E  p - M E R C U R I -  
B E N Z O A T E  I N A C T I V A T I O N  O F  E N Z Y M E  

The  f inal  c o n c e n t r a t i o n  o f  all s u b s t r a t e s  and  i n h i b i t o r s  a d d e d  was  5 • 10 -4 M e x c e p t  fo r  p - m e r e u r i h e n -  

zoa t e  which  was  9.1 • 10 - s  M. S a m p l e s  of  e n z y m e  (0 .037  m g )  in  0.1 ml  o f  0 .05  M p h o s p h a t e  bu f f e r ,  p H  
7.0 were  i n c u b a t e d  wi th  s u b s t r a t e  or  i n h i b i t o r  fo r  5 m i n  and  the  v o l u m e  a d j u s t e d  to  2 .85  ml  by  the  addi-  

t i on  of  0 . 0 5  M p h o s p h a t e  b u f f e r ,  p H  7.0.  A f t e r  f lush ing  w i t h  n i t r o g e n  0 . 1 5  ml  o f  a 1 .82  • 10 .3  M so lu t i on  
of  p - m e r e u r i b e n z o a t e  were  a d d e d  and  the  r e a c t i o n  a l lowed  to  p r o c e e d  for  10 m i n .  T h e n  the  s a mp le s  were  

coo led  and  d i a lyzed  aga ins t  100  ml  o f  bu f f e r ,  c h a n g e d  h o u r l y  th ree  t imes ,  and  the  e n z y m e  ac t iv i ty  de te r -  
m i n e d .  

E x p e r i m e n t a l  c o n d i t i o n s  Ac t iv i t y  (%) 

E n z y m e  a lone 100  

E n z y m e  + p - m e r e u r i b e n z o a t e  3.5 
E n z y m e  + b e n z y l  a lcoho l  + p - m e r c u r i b e n z o a t e  34 .4  

E n z y m e  + b e n z a l d e h y d e  + p - m e r e u r i b e n z o a t e  36.1 

E n z y m e  + b e n z y l a m i n e  + p - m e r e u r i b e n z o a t e  23.0  

previous results indicate that certain competitive inhibitors and the substrate 
protect the enzyme from p-mercuribenzoate inactivation. If some -SH groups 
are present at the benzylamine binding site, the competitive inhibitors should 
prevent p-mercuribenzoate from reacting with these -SH groups and thus pro- 
tect the enzyme from inactivation by p-mercuribenzoate. Benzyl alcohol was 
used as the competitive inhibitor since it is chemically more inert than the 
more potent inhibitor, benzaldehyde. Varying concentrations of benzyl alcohol 
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Fig.  1. T h e  K I va lues  and  the  c o n c e n t r a t i o n s  of  va r i ous  p r o t e c t o r s  in  the  p r e v e n t i o n  of  the  i n h i b i t i o n  of  
m o n o a m i n e  ox idase  by  p - m e r e u r i b e n z o a t e .  F o r  the  va r i ous  e x p e r i m e n t s ,  to  0.1 ml  o f  the  e n z y m e  ( 0 . 0 2 9  
m g ,  spec i f i c  ac t iv i ty ,  2200 )  in  0.1 M p h o s p h a t e  bu f f e r ,  pH  7.0,  va r i ous  c o n c e n t r a t i o n s  were  a d d e d  o f  the  
p r o t e c t o r s  and  t h e n  d i f f e r e n t  q u a n t i t i e s  o f  a 10 -6 M o f  p - m e r c u r i b e n z o a t e  so lu t ion .  The  f inal  v o l u m e  was  
3 .0  ml  and  the  r e a c t i o n  t i m e  was  10 m i n  in  each  case.  T h e  s amp le s  were  t h e n  c o o l e d  to  4°C  and  t h e n  dia- 
lyzed  aga ins t  200  ml  o f  b u f f e r  ( c h a n g e d  hou r ly ) .  All s a m p l e s  were  a s sayed  fo r  ac t i v i t y  a f t e r  d ia lys is .  The  

p r o t e c t o r s  were  b e n z a l d e h y d e  (o ~), b e n z y l  a l c o h o l  (o ..... o) ,  and  h e x a n o l  (~ ~). In  cu rve  I, 
the  p - m e r c u r i b e n z o a t e / 1 0 5  g p r o t e i n  was  0 .48  • 103 w i t h  2 • 10 -3 M o f  p r o t e c t o r .  In  curve  II ,  t h e p - m e r *  
cur ibenzoate / lO 5 g p r o t e i n  was  1.06 • 103 wi th  2 • 10 -3 M p r o t e c t o r .  In  cu rve  I I I ,  the  p - m e r c u r i b e n z o a t e /  

10 s g p r o t e i n  r a t io  was  1 .16 • 103 w i t h  5 • 10 -4 M p r o t e c t o r  p resen t .  



351  

were preincubated with monoamine oxidase and then p-mercuribenzoate was 
added. The final concentration of  p-mercuribenzoate in all reactions was 10 -s 
M and the enzyme and p-mercuribenzoate were allowed to react for 10 min, 
sufficient for the complete mercaptide formation. The results are summarized 
in Fig. 2. There is protection of  the enzyme activity from inactivation by p- 
mercurybenzoate and there is a close relation between -SH titer and activity re- 
maining at the end of  the experiment. These experiments suggest that benzyl 
alcohol protects two -SH groups that are essential for almost all activity of  the 
enzyme. 

Determination of the number of  cysteine residues that are essential for activ- 
ity. To confirm the number of cysteine residues which are essential for mono- 
amine oxidase activity, the enzyme was reacted with Nbs2 alone and also in the 
presence of benzylamine. For the experiment, 0.63-mg quantities of the en- 
zyme were separately treated with benzylamine to a final concentration of 25 
mmol.  After 20 min a final concentration of 2.5 mmol of  Nbs2 was added to 
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Fig.  2. T h e  e f f e c t  o f  i n c r ea s ing  c o n c e n t r a t i o n s  o f  b e n z y l  a lcoho l  on  the  s u l f h y d r y l  g r o u p s  t i t r a t ab le  w i t h  

p - m e r e u r i b e n z o a t e  and  on  the  degree  o f  p r o t e c t i o n  f r o m  i n a c t i v a t i o n  by  p - m e r c u r i b e n z o a t e .  F ive  samples ,  

each  c o n t a i n i n g  0 . I  m l  of  e n z y m e  (spec i f ic  a c t i v i t y  2200 ,  p r o t e i n  c o n c e n t r a t i o n  of  5.53 m g / m l )  were  in- 
c u b a t e d  f o r  5 m i n  w i t h  v a r i ous  c o n c e n t r a t i o n s  of  b e n z y l  a l coho l  (3 .3  • 10  -3, 6 .6  • 10  -~, 13 .2  • 10  -3, 26 .4  • 

10 -3 a n d  52,8 • 10 -3 M). T h e  v o l u m e  was  m a d e  up  to  1 .45  ml  w i t h  0 .05  M p h o s p h a t e  b u f f e r ,  p H  7.0 (N 2- 

f lushed) .  T h e n  0 . 0 5  ml  of  6 • 10  -4  M p - m e r c u r i b e n z o a t e  was  a d d e d  t o  each  s a m p l e  (2 .5  tool p -mereur io  

b e n z o a t e  p e r  -SH g r o u p  o f  m o n o a m i n e  ox idase )  a n d  i n c u b a t e d  fo r  10 m i n .  T h e  -SH c o n t e n t  o f  the  en-  

z y m e  u s e d  in the  e x p e r i m e n t  was  1 .97  p e r  105 g o f  p ro t e in .  T h e  s a m p l e s  were  t h e n  c o o l e d  to  4°C  and  

t h e n  d i a lyzed  th ree  t i m e s  fo r  2 h each  aga ins t  500  ml  of  bu f f e r .  T w o  c o n t r o l s  were  s imi la r ly  t r e a t e d  ex-  

c e p t  t h a t  one c o n t a i n e d  no  p - m e r c u r i b e n z o a t e  and  n e i t h e r  c o n t a i n e d  b e n z y l  a lcohol .  T h e  ac t iv i ty  o f  the  
s a m p l e s  was  m e a s u r e d  (~, ~) and  the i r  -SH c o n t e n t  d e t e r m i n e d  (o o) by  t i t r a t i o n  w i t h  p - m e r -  
c u r i b e n z o a t e  as d e s c r i b e d  by  B o y e r  [ 1 4 ] .  

Fig .  3. S e c o n d - o r d e r  p lo t s  f o r  the  k i n e t i c s  of  ac t iv i ty  loss o f  m o n o a m i n e  ox ida se  by  m e t h y l m e r c u r i c  

i od ide  and  m e r c a p t i d e  f o r m a t i o n ,  o o i n d i c a t e s  r e m a i n i n g  ac t iv i t y ,  and  ~ A (ca l cu la t ed  fo r  ac- 

t iv i ty  loss as  a f u n c t i o n  o f  m e r e a p t i d e  f o r m a t i o n )  s h o w s  c o r r e s p o n d i n g  -SH g r o u p s  r ema i r t i ng  in  t e r m s  of  

tool  f r ac t i ons .  T h e  p l o t  f o r  m e r e a p t i d e  f o r m a t i o n  is ba sed  on  t w o  s u l t h y d r y l  g r o u p s  wh ich  are  r e spons ib l e  
f o r  to ta l  ac t iv i ty  o f  t he  e n z y m e .  T h e  second  o r d e r  ra te  c o n s t a n t s  are,  hac  t = 7.3 • 102 m o r  "I s - I  and  

k S H . H g M e  = 5.5 • 102 m o l  - I  s - I .  See e x p e r i m e n t a l  s ec t i on  fo r  detai ls .  
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each and the reaction was allowed to continue for 120 min. The thionitroben- 
zoic-acid bound enzyme was separated from unreacted Nbs2 and benzylamine 
by passing the reaction mixtures through a 1.5 × 12 cm Sephadex G-25 column. 
The protein fractions were pooled together, and the protein and activity mea- 
surements were made. The enzyme-bound thionitrobenzoic acid was then liber- 
ated with an excess of  dithioerythritol and quanti tated spectrophotometrical ly 
at 412 nm by the procedure of  Butterworth et al. [10] .  As illustrated in Table 
II, about  six out  of  eight cysteinyl sulfhydryl groups per l0  s g of monoamine 
oxidase could be detected in benzylamine-treated enzyme as compared to the 
control wi thout  benzylamine treatment,  indicating that two out  of  eight 
cysteine residues per l0  s g monoamine oxidase are essential for activity. When 
Boyer's method [14] was followed, similar findings were reached, except  that  
corresponding values were five and seven sulfhydryl groups, respectively, indi- 
cating that two sulfhydryl groups remained bound to the substrate. 

Effect o f  methylmercuric iodide on the activity o f  the enzyme. Results 
shown in Table III provide additional support  that two -SH groups per l 0  s g 
monoamine oxidase are essential for activity. Thus, a series of  experiments in 
which 0.4 ml quantities of  monoamine oxidase {containing 0.326 mg/ml en- 
zyme, specific activity, 6950) in 0.2 M phosphate buffer, pH 7.4, containing 
0.2% potassium cholate were treated with various quantities of  10 -4 M methyl  
mercuric iodide and 10 -3 M of Nbs2 solutions. The enzyme-inhibitor reaction 
times, their mole ratios and other conditions are described in the legend of  
the Table. After the reaction time periods the treated enzyme was passed 
through 1.5 × 12 cm Sephadex G-25 columns to separate the unreacted re- 
agents. The enzyme derivatives, eluted in 1.4 ml fractions with 0.1 M phos- 
phate buffer, pH 7.4, were pooled together and their protein contents  and ac- 
tivities were determined. A control was also passed through the Sephadex col- 
umn and collected similarily and its protein content  and activity were mea- 
sured. The protein-bound mercury contents in all samples were determined by 
the flameless atomic absorbance spectrophotometr ic  method [ 11] by using the 

T A B L E  II  

D E T E R M I N A T I O N  OF S U L F H Y D R Y L  G R O U P S  OF M O N O A M I N E  O X I D A S E  BY E L L M A N  RE- 
A G E N T  IN T H E  P R E S E N C E  OF S U B S T R A T E  A N D  I N H I B I T O R S  

In  all expe r imen t s ,  0 .63  m g  quant i t ies  of  e n z y m e  c o m p o n e n t  1 (specific ac t iv i ty ,  3 3 8 0 )  in 0.8 ml  r eac t ion  
m i x t u r e  in 0.1 M p o t a s s i u m  p h o s p h a t e  buffe r ,  pH 7.4, were  used.  All r eac t ions  were  p e r f o r m e d  at 25°C.  
The  act ivi t ies  of  the  th ion i t robenzo ic -ac id  b o u n d  e n z y m e  a nd  the  t h i o n i t r o b e n z o i c  acid-free e n z y m e  were  
m e a s u r e d  and  c o m p a r e d  wi th  a c on t ro l  e x p e r i m e n t  as usual .  The  m i x e d  disulf ide  b o n d  o f  the th ion i t ro -  
benzoic-ac id  b o u n d  e n z y m e  f o r m e d  b e t w e e n  the su l fhydry l  groups  of  the  e n z y m e  and  the  t h ion i t roben -  
zoic acid was c leaved by  adding an excess of  the  r educ ing  agent ,  d i th ioe ry th r i to l ,  to  l ibera te  the  th ion i t ro -  
benzoic-ac id  free e n z y m e  and the  t h i o p b e n y l a t e  ion.  The l ibe ra ted  t b i o p h e n y l a t e  ions  w h i c h  are e x a c t  equi- 
valents  of  the  su l fhyd ry l  g roups  of  the  e n z y m e  were  m e a s u r e d  a t  4 1 2  n m .  The final c o n c e n t r a t i o n  of  5,5 ' -  
d i th iob is - (2-n i t robenzoic  acid)  (E l lman  r eagen t )  used in all e x p e r i m e n t s  was 2.5 retool .  Benzy lamine  (final 
c o n c e n t r a t i o n  of  25 re tool)  was  used as a p r o t e c t o r  against Nbs2- inac t iva t ion  ( subs t ra te  p r o t e c t i o n )  of  the  
e n z y m e .  

Descr ip t ion  of  t r e a t m e n t  mol  of  S H/10  5 g Act iv i ty  (%) 

TNB-Enz  TNB-free  Enz 

E n z y m e  + Nbs 2 8.1 0 0.6 
E n z y m e  + Benzy lamine ,  t hen  Nbs 2 5.9 74 81 
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T A B L E  II I  

I N A C T I V A T I O N  OF M O N O A M I N E  O X I D A S E  BY M E T H Y L M E R C U R I C  I O D I D E  A N D  Nbs 2 

The  m o l  ra t io  of  m e t h y l m e r c u r i c  iodide to  e n z y m e  was 15 and the  i n c u b a t i o n  pe r iod  was 5 rain.  All ex- 
p e r i m e n t s  were  p e r f o r m e d  a t  25~C. The tool ra t io  of  m e t h y l m e r c u r l c  iodide  to  m o n o a m i n e  oxidase  was 30  
wi th  the  s ame  i n c u b a t i o n  per iod .  The  tool ra t io  of  Nbs 2 to  m o n o a m i n e  oxidase  was 69 and incuba ted  for 
10 rain fo l lowed  by  add i t i on  of  m e t h y l m e r c u r i c  iod ide  (tool ra t io  m e t h y l m e r c u r i c  iodide  to  m o n o a m i n e  
oxidase  of  6 .9)  and the i n c u b a t i o n  pe r iod  was 15 min.  

T r e a t m e n t  E n z y m e - b o u n d  mercury  Act iv i ty  (%) 
g a t o m  H g / l O  5 g MAO 

1 E n z y m e  (con t ro l )  0 100 
2 E n z y m e  + m e t h y l m e r c u r i c  iod ide  1 44 
3 E n z y m e  + m e t h y l m e r c u r i c  iodide  2 4 
4 E n z y m e  + Nbs 2, t h e n  m e t h y l m e r c u r i c  iodide  1 5 

Mercury Analyzer. It is evident from the results of  these experiments that  the 
enzyme is 44% active when 1 equivalent of -8H per 10 s g monoamine oxidase 
binds the mercurial. The activity is almost completely lost when two sulfhydryl 
groups react. In the presence of  Nbs2, one equivalent of  methylmercuric iodide 
reacts with a -SH group and one equivalent of  Nbs2 reacts with another -SH 
group and nearly all activity is lost. This indicates that  there are two vulnerable 
-SH groups which react with Nbs2 alone (Table II), or with methylmercuric 
iodide (Table III), or even, one with Nbs2 and the other with methylmercuric 
iodide (Table III), with complete  loss of  activity. 

Kinetics o f  reaction between monoamine oxidase and methylmercuric iodide. 
The time course of  activity loss of  monoamine oxidase by methylmercuric 
iodide was followed in another experiment.  For this experiment,  1.0 ml to the 
enzyme (0.326 mg/ml protein, specific activity, 6950) in 0.2 M phosphate buff- 
er, pH 7.4 and containing 0.2% cholate was allowed to react with 0.1 ml of  
10 -4 M methylmercuric iodide in 0.1 M phosphate buffer,  pH 7.4 (mol ratio of  
methylmercuric iodide to l 0  s g of  monoamine oxidase, 3.07) at 25°C. From 
the reaction mixture,  0.1-ml aliquots were withdrawn and activities were mea- 
sured at indicated time intervals. The t ime~ourse  of activity loss corresponding 
to the binding of  the methylmercuric iodide to the sulfhydryl groups of  the en- 
zyme is shown in Fig. 3. The second-order rate constants for activity loss and 
the binding of  the mercurials to the sulfhydryls of  the enzyme were calculated 
as 7.3 • 102 mo1-1 s -1 and 5.5 • 102 mo1-1 s -I, respectively. 

Kinetics o f  inactivation o f  monoamine oxidase by Nbs2. In this experiment  
0.85 ml of  the enzyme (0.326 mg/ml, specific activity, 6950) in 0.2 M potassi- 
um phosphate buffer, pH 7.4, containing 0.2% potassium cholate was treated 
with 0.17 ml 10 -3 M Nbs2 in 0.1 M phosphate buffer, pH 7.1 (mol of  Nbs2/10 s 
g monoamine oxidase was 61.7) at 25°C. From this enzyme/Nbs2 reaction mix- 
ture, 0.1-ml aliquots were withdrawn and remaining activities were measured 
according to the standard procedure [ 7] at indicated time intervals. In a similar 
experiment the liberated thiophenylate ions, which were functions of  sulf- 
hydryl  groups that  had reacted with Nbs2, were measured at 412 nm according 
to Ellman's procedure [9] .  The first order kapp for the activity loss and the 
binding of  Nbs2 to the sulfhydryl groups were calculated to be 8.7 • 10 -4 s -~ 
and 1.3 • 10 -3 s -~, respectively. About  4 sulfhydryl groups per l 0  s g of  mono- 
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F i g .  4 .  Kinet ics  o f  act iv i ty  loss  corresponding  to  the reac t ion  o f  N b s  2 with  the  su l fhydry l  groups  o f  m o n o -  
amine  ox idase .  • • represents  remaining  act iv i ty .  • A r e p r e s e n t s  N b s 2  binding to  su l fhydry l  
groups.  A b o u t  four  su l fhydry l  groups  bind Nbs 2 w i th  a corresponding  loss  o f  93% act iv i ty .  Both the  activ-  
i ty  loss  and su l fhydry l  binding f o l l o w  a first order  t y p e  o f  reac t ion ,  having kae t = 8 . 7  • 1 0  - 4  s - 1  a n d  k S H -  

N b s  2 = 1 . 3  • 1 0  - 3  s - 1 .  See  e x p e r i m e n t a l  s e c t i o n  for details .  

F i g .  5.  C i r c u l a r  dichzo i sm spectra  o f  the nat ive  e n z y m e  and its m e t h y l m e r c u r i c  iod ide  derivative.  The  p r o -  

t e i n  c o n c e n t r a t i o n s  in b o t h  the  for m s  were  0 . 0 4 4  m g / m l  i n  0 . 1  M pho spha te  buffer ,  p H  7 . 4 .  The ce l l  path-  
length  was  0 .1  c m .  T he  preparat ion  o f  the  m e t h y l m e r c u r i c  iodide  derivative o f  the  e n z y m e  has b e e n  de- 
scribed in the  e x p e r i m e n t a l  s e c t i o n  o f  the  p a p e r .  - - - ,  native e n z y m e .  - . . . . .  , m e t h y l m e r c u r i c  iodide  
derivative o f  the e n z y m e .  

amine oxidase reacted with Nbs2 with 96% loss in the enzymatic activity. Re- 
sults of  these experiments are shown in Fig. 4. 

Circular dichroism spectra of  the native enzyme and its methylmercuric 
iodide derivative. The CD spectra of  the native enzyme and the methylmercuric 
iodide derivative of monoamine oxidase in the low ultraviolet region are shown 
in Fig. 5. There was no significant difference between the spectra of  the native 
enzyme and its methylmercuric iodide derivative. This indicates, that under the 
conditions of  the experiment where the methylmercuric iodide to 10Sg of  
monoamine oxidase ratio was 6.7, the methylmercuric iodide concentration 
was not sufficient to react with all of  the sulfhydryl groups of  the enzyme but 
sufficient to completely inactivate the enzyme. 

The a-helical content of the enzyme was calculated according to the equa- 
tion of Greenfield and Fasman [13] ,  namely 

[0]280 mn -- 4000 
% c~-helix = 33 000 -- 4000 

It was found to be 24%. 

Discussion 
Reactions of  various sulfhydryl reagents like p-mercuribenzoate, Nbs2, and 

methylmercuric iodide with bovine liver monoxamine oxidase were investigated 
and the findings are reported in the present paper. Although these reagents 
were found to be potent inhibitors of  the enzyme, they reacted differently 
with the sulfhydryl groups of the enzyme. 
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A well-known sulfhydryl reagent, Nbs2, showed many similarities with meth- 
ylmercuric iodide and p-mercuribenzoate in the inactivation of  monoamine 
oxidase, although it reacted more slowly than methylmercuric iodide or p-mer- 
curibenzoate. Thus, when Nbs2 was reacted with monoamine oxidase for 90-- 
120 min, there was a complete  loss of  activity of  the enzyme. The number  of  
cysteine residues estimated under this condition was 8 per l 0  s g of monoamine 
oxidase (Table II). When the enzyme was preincubated with benzylamine (sub- 
strate) and then reacted with Nbs2 under similar conditions, 74% activity was 
retained by the enzyme and the number of  cysteine residues was 6 per l 0  s g of  
protein. Thus six out  of  eight cysteine residues reacted with Nbs2 when the 
enzyme was protected by substrate indicating that two cysteine residues were 
not  available for reaction with Nbs:. This may be due to protection of these 
two cysteine residues by the substrate (benzylamine). The p-nitrobenzaldehyde 
has also been found to protect  the enzyme from p-mercuribenzoate inactiva- 
tion. However, the total number  of  sulfhydryl groups estimated by p-mercuri- 
benzoate-tritration [14] of monoamine oxidase was seven. Five out  of these 
seven cysteine residues were titratable when the enzyme was preincubated with 
p-nitrobenzaldehyde indicating again that two cysteine residues were protected 
by the inhibitor and were not  available for reaction with p-mercuribenzoate.  
Protection experiments performed with competitive inhibitors like benzalde- 
hyde (a product  of  monoamine oxidase/benzylamine reaction) and benzyl al- 
cohol showed that, like benzylamine, these reagents protect  the enzyme against 
p-mercuribenzoate inactivation (Table I), the degree of  protection being rough- 
ly proportional to their Kiapp  {Fig. 1). 

The most  convincing evidence that two cysteine .residues are essential for 
activity came from kinetic experiments on the time-course of  activity loss 
of the cysteinyl sulfhydryl groups of the enzyme with methylmercuric iodide 
presence of cholate as described by Ray and Koshland [15].  The reaction 
of  the cysteinyl sulfhydryl groups of the enzyme with methylmercuric iodide 
was bimolecular and followed second-order kinetics (Fig. 3). The second- 
order rate constant  for activity loss (kact) with this reagent was about  7.3 • 
102 mo1-1 s -1. The constant  for mercaptide formation (ksn) was 5.5 • 102 mol- '  
s -1. Since the reaction mixture contained only three equivalents of methylmer- 
curic iodide, no more than three -SH groups per 10 s g monoamine oxidase re- 
acted with the inhibitor if the reaction is considered to be irreversible and 
100% complete.  (In the kinetic experiment,  we used 3.07 equivalents of  meth- 
ylmercuric iodide per 10 s g enzyme for the reason that any higher concentra- 
tion of  the reagent made the rate of  inactivation too fast to measure kineti- 
cally. The kinetic approach seemed to be in good agreement with our chemical 
analyses which showed two equivalents of  protein-bound mercury). Since the 
enzyme lost activity when two SH per l 0  s g monoamine oxidase had reacted 
with only two equivalents of  methylmercuric iodide (96% inactivation, Table 
III) it is apparent that no more than two sulfhydryl groups were essential for 
activity of  the enzyme. On the other hand, Nbs2 reacted with monoamine 
oxidase with gradual loss of enzymatic activity which followed first-order 
kinetics (Fig. 4). The first-order rate constant  for activity loss (kac t )  w a s  8 . 7  • 
10 -4 s -1 and the value for reaction of Nbs2 with SH groups (kSH) was 1.3 • 10 -3 
s -1. Although two equivalents of sulfhydryl groups reacted with methylmer- 
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curic iodide resulting in the complete  inactivation of  the enzyme, four equiva- 
lents of  sulfhydryls indicated reaction with Nbs2 to produce the same effect  
under similar conditions. The difference in the mode of reaction of  Nbs2 and 
that of  methylmercuric iodide with the enzyme is not  clearly understood.  How- 
ever, a possible explanation for the kinetics of  activity loss corresponding to 
the reaction of Nbs2 with twice as many sulfhydryl groups as are indicated es- 
sential by inactivation experiment can be summed up as follows: 

SH essential E / + O--S--S--O relatively / S H  essential + O--S- + H + 

~ S H  non-essential fast L "S--S--O 

Enzyme Nbs2 TNB-Enzyme TNB 
Intermediate anion 

(TNB stands for thionitrobenzoic acid). 

f  S essentia'l :Z 
-+ E + O--S- + H + 

\ S - - S - - O  

In the presence of  cholate, (a) one equivalent of Nbs2 reacts with a non-es- 
sential -SH (since ksH > Nbs2 kact; see experimental section) forming the thio- 
nitrobenzoic-acid enzyme intermediate and simultaneously liberating a thio- 
phenylate anion {thionitrobenzoic-acid-anion); (b) the mixed disulfide bond of 
the thionitrobenzoic-acid enzyme intermediate can be cleaved by any thiol. 
The circumstances of  the experiment suggest that this is an enzymic sulfhydryl 
group that readily cleaves the mixed disulfide bond of  the thionitrobenzoic- 
acid enzyme forming, perhaps, an enzymic disulfide bond between a non-essen- 
tial and an essential sulfhydryl groups with the liberation of  another thionitro- 
benzoic-acid-anion. Thus, (c) oxidation of  two such essential and two non-es- 
sential sulfhydryl groups occurs in rapid succession by only two equivalents 
of  Nbs2 forming two disulfide bonds with the liberation of four equivalents of  
thionitrobenzoic-acid-anions which were kinetically considered as functions of 
four sulfhydryl groups. This observation bears similarity with the findings of 
Redkar and Kenkare [16] in the activation reaction of brain hexokinase with 
Nbs2. The inactivation of the enzyme by methylmercuric iodide, on the other 
hand, directly involves only two essential sulfhydryl groups of  the enzyme with 
no apparent conformational  change (Fig. 5). 

The time-course experiments for activity loss of  the enzyme by Nbs2 or 
methylmercuric iodide showed a very different type  of  reaction in the absence 
of  cholate. Only 28% activity was lost after a reaction time of  65 min at the 
high concentration of Nbs2 used (450-fold molar excess over l 0  s g enzyme) and 
the SH-titer was 4.9. The curves for activity loss and for the SH-titer were not  
linear and leveled off  before complete  inactivation of the enzyme occurred and 
before all the sulfhydryl groups were titrated. The methylmercuric iodide inac- 
tivation experiment showed a somewhat  similar pattern under similar condi- 
tions. (These experiments were carried out  in the absence of  cholate under the 
same conditions as described for the kinetics of activity loss of  the enzyme by 
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Nbs2 and methylmercuric iodide in the presence of  cholate and therefore, have 
not  been redescribed). Thus, in the absence of  cholate, more of the non-essen- 
tial sulfhydryl groups reacted preferentially. These findings also revealed that  
the enzyme species in the presence of  cholate was different from those in its 
absence and that  the two essential sulfhydryl groups were more readily avail- 
able to react with Nbs2 or methylmercuric iodide in the presence of  detergent 
than in its absence. 

These pieces of evidence, namely, protection by competitive inhibitors and 
substrate against p-mercuribenzoate,  methylmercuric iodide or Nbs2 inactiva- 
tion and the analytical determination of  the nature and the number of residues 
involved, when taken together, suggest that two cysteinyl sulfhydryl groups 
play an essential role in the activity of  monoamine oxidase. This finding differs 
from that of  Erwin and Hellerman [4] described for the kidney monoamine 
oxidase in which case all seven cysteine residues were reported to be essential 
for activity. No detergent, however, was used in their experiments. 

It has been shown from ethoxyformic acid anhydride and photooxidat ion 
experiments, that two histidine residues per 10 s g monoamine oxidase are es- 
sential [17] .  The present investigation has implicated two cysteine residues 
which appear to be essential and may be active center residues. 

Lastly, it was reported in a previous paper from this laboratory that there are 
seven sulfhydryl groups per 10 s g of  monoamine oxidase and that these sulf- 
hydryl  groups are probably required for conformational  stability of the enzyme 
rather than being involved in catalysis [6] .  This conclusion was based on exper- 
iments in which p-mercuribenzoate was used. This reagent as well as Nbs2 does 
not  appear to be as selective in reacting with the essential cysteine residues and 
may possibly cause conformational  changes. In the present investigation it has 
been observed that two of the eight titratable sulfhydryl groups play a part in 
the activity of  monoamine oxidase, and that the rest have little, if any, effect  
on enzyme activity. However, it should be mentioned that in agreement with 
the previous study [6] ,  there are indications that with higher concentrations 
and longer reaction times, all of  the sulfhydryl reagents used bring about  signif- 
icant conformational  changes in the enzyme. 
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