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S U M M A R V  

Mitochondrial  monnamineoxida+,~e from beef liver has been purified twenty-fold.  The 
enzyme was shn~m to 1~ meta l -dependent  by  using phenanthroli , le a~ an inhibitor. 
The L ineweaver -Burk  t r ea tment  suggests a non-competit ive inhibition. The same 
procedure applied to p h e n y | c y c l o p r o p y l a m i n e  shows a s tr ict ly competit ivt  and 
irreversible inhibition, and  the pH-activity¢ curve sugge_~ts further  the presence of 
two monoamineoxidases.  The differential action of oxygen and potassium cy~,tlde 
on iproniazid and phenylcyclopropylamine inhibition of the enzyme has been studied, 
and  the phenylcyelopropylamine inhibition was shown to be independent  of  oxygen 
and potassium cyanide.  The significance of these experiments is discu.~ed. 

I N T R O D U C I I O N  

A t t e m p t s  to solubiLize mitnchondrial  monoamineoxidase t#  have until  recently been 
unsuccessful.  ZELLER ~ al. a extracted the  enzyme by subject ing mitochondria  to 
sonic oscillations and exposure to desoxycholic acid. The resul tant  supernatant ,  
which was separated af ter  centr ifugation,  contained 7O~o of the act ivi ty .  An a t t empt  
to solubilize the  enzyme t by  t reat ing mi tochondr ia  with snake venom was unsuccess- 
ful, since the lipoprotein which const i tu tes  the enzymic unit  of monoamineoxidase 
was impervious to the  phosphoesterases of snake vehoms. The purpose of th,. present 
work was to develop more efficient procedur~-~ for the purification of  ttie enzyme in 
order  to  facil i tate the s tudy  of its properties. 

b l A T E R I A L ~  A N D  METHOD.'q 

Assay of monoammeoxidase Rctivity was done either manometrically, using tyramine 
hydrochlor ide  as substrate,  or spectrophotometricaJly after  the me thod  of TABOR e~ a/. ~. 
In  the manomet r ic  method ,  the incubat ion sys tem contained a given amoun t  of 
enzyme,  zo pg of catalase (which in general was not essential, since all prc#axations 
conta ined catalase act ivi ty) ,  and o.2 M phosphate  buffer (pH 8.o), in a final volume 
of  3.o mL The react ion was s tar ted by t ipping in from the side arm of the Warburg  
flask enough tyramine  for a final concentrat ion of L3 "Io  -s M. Blanks which were 
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run withotat substrate  did not  utilize any  oxyge.n during a 3u-rain incubat ion period, 
The enzyme units  were expressed in terms of /J l  of  oxygen absorbed during the first 
3 ° mhx per ml of enzyme preparat ion.  

In the spectropltotornetric me thod  two substrates  were usual ly employed:  ben- 
zy]amine and kynuramine.  Benzylamin~ (6.6. r e  -6 M final concentrat ion) was added 
to the enz3mne in the Beckman  cell and  brought  to a final volume of 3.o ml with 
o.z M potassium phosphate  buffer (pH 8.0). The reaction was read against  a blank 
containing everyth ing bu t  the substrate.  The increase in a"  orbamcy at  25o m/z 
measured during tile first 2 rain was taken  as the  number  of enzyme units.  

Kynuramine ,  recent ly introduced b y  W~-tSSBACH ~t ag. 4 a p p e a ~  to be a bet ter  
substrate,  par t icular ly  when working wi th  carbonyl  reagents such as KCN, which 
can react wii;, ~he benzaldehyde formed from benzylamine,  thereby decreasing the 
ab.,~rbancy; or when working wi th  phenanthrot ine  whose ext inct ion coefficient at  
25o tr~u is ex t remely  high. Wi th  zo -4 M kynurarrdne as substrate ,  the  absorbancy 
wa~ measured at  36o m/4, since at  this  wavelength  the absorpt ion due to  phenan-  
throline is negligible. Carbonyl reagents have no eff_~.t when kynuramine  is used, 
evident ly  because the in t ramolecular  reaction between the  a ldehyde  group and  the 
amino group of kynu ramine  is much  more rapid t h a n  the reaction of  the  a ldehyde  
group with the carbonyl  reagents.  

Protein content  was de termined on the  residue obta ined  af ter  precipi ta t ing with  
xo~/o trichloroacetic acid and  washing with  a little methanol  it~ order to  el iminate 
traces of  digitonin or Tri ton X-xoo, according to the me thod  of FOLIN--CxocALTEU *. 
A .~t andard  a lbumin solution was used to calculate the amoun t  of protein in the  sample.  

Procedure/or l~rification ef monoamineoxidase from liver mitochond.ria 

Preparation of raitochondria: About  4oo g of  liver were homogenized in 3 voL 
of  0.25 M sucrose, employing a ServaU Omnimixer  a t  m a x i m u m  speed for 9o sec. 
The thick suspension was diluted with doubly  distilled water  to  z 1 and the  pH 
adjus ted  to 7 o. After  sedimenting twice a t  80o x g for 2o rain to  separate  nuclei 
and cellular debris, the mi tochondr ia  were sedimented a t  8o00 × g, homogenized 
in doubly  distilled water,  and  brought  to  a final volume of  30o ml. The suspension 
was immedia te ly  ¢rozen, in which s tate  the ac t iv i ty  was stable for several weeks. 
All operations were performed at  o-5 °. 

"l'ree°,nott with Triton X-zoo: ( a ) T h e  original mitochondrial  suspension was 
di luted twice its volume with distilled water ,  and  enough r e %  Tri ton X-roe  
added to yield a final concentra t ion of o .5%.  After  ad jus t ing  the  pH to 7,o with 
o.x N sodium hydroxide,  the  suspension was kept  in the cold for 30 rain with oc- 
casional stirring, and then  centrifuged at  8o ooo × g for 2o min. The reddish opaque 
superna tan t  which contained li t t le monoamineoxidase  ac t iv i ty  was discarded. 
(b) The r ~ i d u e  was brought  to the  same volume as in (a) with o .5% Tri ton X-zoo 
and the pH adjus ted  to 7.5. Aftcr  3o min in ~h¢ cold room, the  suspension was cen- 
trifugecl for 2o rain at  8oo0 × g and  the  f fupematant  discarded. (c) The residue of  
the above centr i fugat ion was t r ea ted  exac t ly  as described in COL except  t ha t  the  pH 
was adjus ted  to  8.o. The residue was suspended in ha l f  of  the  volume used in Co) of  
0-5% Tri ton X-roe  and  the pH brought  to  8.5, After  s tanding  3o mitt in the cold room, 
C.he .~uspension was centr i fuged at  zoo ooo x g for 3o rain. The p H  of the super- 
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n a t a n t  of  th i s  c e n t r i f u g a t i ( m  w a s  a d j u s t e d  to  7.o a n d  the  s u p e r n a t a n t  w;L~ a g a i n  
c e n t r i f u g e d  for 2 h a t  zoo ooo  × g a n d  t h e  res idue  d i sca rded .  

Treatment urittt eatcizon phosphate gel: "[tie cle;~r, .~lightly ye l low s u p e r n a t a n t  o f  
t h e  l a s t  c e n t r i f u g a t i o n  w~g a d i u s t ~ l  to  p H  8 . 5 . . r o d  ca l c ium p h o s p h a t e  gels in a n  
a m o u n t  e q u a l  t o  4 t ime~ the  we i gh t  o f  p r o t e i n  was  added .  Af t e r  s t a n d i n g  a t  o ° for  
2o ra in ,  the  s u s p e n s i o n  w a s  centrifugt:xt a t  5cx~o × g for x5 rain.  T h e  s u p e r n a t a n t  
w a s  a d j u s t e d  to  p H  7.o a n d  c a l c i u m  p h o s p h a t e  gel was  a d d e d  as before .  T h e  ~iis- 
p e n s i o n  w a s  c e n t r i f u g e d  a t  5oo0 × g for 2o nfi,~, a n d  the  s u p e r n a t a n t ,  wh ich  was  
d e v o i d  o f  p ro t e in ,  d i sca rded .  Af t e r  the  res idue  wa.~ xv~.shc~ w i t h  t w o  5.o-m] p o r t i o n s  
o f  o.2 M p o t a s s i u m  d i h y d r o g e n  p h o s p h a t e  a n d  c e n t r i f u g e d  a t  5o 0oo × g, i t  w a s  
e x t r a c t e d  3 tirae.~ w i t h  5 .o -ml  o~r t i t )ns  o f  <>.2 M [~r)t;tssiurn dibmsk: phosph ; t t e  wi th  
or  w i t h o u t  o . 5 %  T r i t o n .  T h e  e x t r a c t  w i t h o u t  T r i t o n  X-x~o  w a s  no t  c lea r  a n d  the  
r a o n o a m i n e o x i d a s e  a c t i v i t y  cou ld  be  s e d i m e n t e d  a t  2oo0 x g. T a b l e  I p r e s e n t s  d a t a  

TABLE I 

g T E F ' S  O F  M O N O A M I N E O X I D A S E  P U R I F I C , X T I O N  

llnit~ portal  -- |4~2 nfin/ml. 
. . . . . . . . . . . . . . . . . . . . . . . .  

Prt,4ein 
.~1~¢J$ L'a*ts,t~'d Craml |*nil5 . ~.~im~. j 

Original mitochondrial suspension 
{ t w i c e  d t l u t e t i l  ' .3 

Triton t reatment  pH 8 .3  t . ~  
let  calcium phosphate gel treatnw.nt .~.~/ 
and calcium pbo~pht~te 8¢1 tr~mttncnt 

xst KaHPO . elution o_82 
2nd I~.tHPO , elution ~,-.;z 
btx| K tHPO . eh~tion rL4z 

#e~:tttt 

. j  4 t  ~ o+¢j I ,  ~ t 

- 'OG 0 . 2 3  Z . 4 7  

.io 0.34 2. 4 I 
-'t O.I 4 3 . o o  
~' t o.o8 5.4 ° 

on  t h e  pu r i f i c a t i on  p r o c e d u r e .  (An a d d i t i o n a l  a t t e m p t  was  m a d e  to  solubi l ize  t i t ,  
e n z y m e  b y  l y o p h y l i z i n g  the  m i t o c h o n d r i a  a n d  e x t r a c t i n g  the  p o w d e r  w i th  b u t y l  
a l coho l  a t  - - 2 5  °. A f t e r  r h, t he  su spens ion  w a s  h o m o g e n i z e d  a n d  cen t r i fuged .  T h e  
p o w d e r  w a s  t h e n  w a s h e d  w i t h  a c e t o n e  a t  - -  25 °, d r ied  in a i r  a n d  e x t r a c t e d  w i th  phos -  
p h a t e  bu f f e r  a t  p H  7-5. N o  a c t i v i t y  w a s  f o u n d  in the  buf fe r ,  whi le  o n l y  a ~m.di 
p e r c e n t a g e  o f  the  in i t ia l  a c t i v i t y  w a s  p r e s e n t  ill the  inso luble  r ~ i d u e . )  

RE.~Ut .TS 

M i t o c h o n d r i a l  r a o n o a m i n e o x i d a s e  was  a l r e a d y  found  to  be  a sulf lxydryl  enz3"me 
i n s o f a r  as  i t  w a s  i n h i b i t e d  b y  p - c h l o r o m e r c u r i b e n z o a t e .  I t  h a s  been  s u g g e s t e d  b y  
DAy, soN g t h a t  a th io l  g r o u p  m a y  be i n v o l v e d  in the  a t t a c h m e n t  o f  t he  subs ,  r a t e  
to  t h e  a c t i v e  s i te  o f  t h e  e n z y m e ,  T h e  p r~sen t  e x p e r i m e n t s  do  n o t  gnve a n y  ind ica t ion  
o f  a < o m p e t i t i v e - t y p e  i n h i b i t i o n  o f  m o n o a m i n e o x i d a s e  b y  p - c h l o r o m e r c u r i b e n z o a t e .  
S ince  t h e  c o n c e n t r a t i o n  o f  i n h i b i t o r  (Tab le  I I )  r e q u i r e d  w a s  a p p r e c i a b l y  l ower  t h a n  
t h a t  u s e d  b y  FPaEDF.t~W^LU ANn H~RMANN t°. the  s e n s i t i v i t y  to  p - c h l o r o m e r c u r i -  
b e n z o a t e  m i g h t  d e p e n d  u p o n  t h e  d e g r e e  o f  pu r i f i ca t ion  o f  t h e  m o n o a m i n e o x i d a s e .  
I n h i b i t i o n  w a s  a p p a r e n t  a t  xo - t  M a n d  c o m p l e t e  a t  xo -~ M. 
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TABLE 1I 

1NHIBITIO.'N O V  XRNZVME 8 Y  ~0~-CHLOROItIIZRCUltIBI[RZcJA'IE 
B c n x . y l a m i n e  c o n c e n t r a t i o n  w a ~  6 . 0 -  t o  t M .  R e a c t i o n  w a s  s t a r t c - t l  b y  a d d i n g  i n h i b i t o r  a n d  HUh-  
s t r a t u  t o g e t h e r  t o  t h e  e n z y m e  i n  o . z  M p h o s p h a t e  b u f f e r  ( p H  8 ) .  T o t a l  v o l u m e  m 3 m l .  a n d  

temperature was 27 ° . 

~M) (%~ 

[.2 * IO -|  IOO 
I " I O  -= 9 0  
1.2 * IO -I 50 
t - t o  - t  2 5  
5 • I O  - I  0 

Diffe.rent c o n c e n t r a t i o n s  o f  p h e n a n t h r o l i n e  w e r e  te~ted for t he i r  i n h i b i t o r y  ac t ion  
a f t e r  xo rain p r e i n c u b a t i o n  w i t h  the  e n z y m e .  I t  was  o b se rv ed  w i th  t h e  m a n o m e t r i c  
t e c h n i q u e ,  e m p l o y i n g  t y r a r n i n e  as  s u b s t r a t e  (2.0,  x o - '  M), t h a t  t h e r e  is a c t u a l l y  an  
a c t i v a t i o n  whe n  the c o n c e n t r a t i o n  o f  phenamthxo l lne  was  X.O" lO -s M. Since  c~tMa_~ 
was a lwa ys  p r e se n t  in t he  e n z y m e  p r e p a r a t i o n  a n d  w o u ld  be  respons ib le  for  an  evo lu-  
t ion  o f  o x y g e n ,  it  was s u s p e c t e d  t h a t  phena .n th ro l ine ,  b y  i n h ib i t i n g  ca ta ]ase ,  cou ld  
a l t e r  t he  m a n o m e t r i c  d e t e r m i n a t i o n  ; b u t  no  inhiL'_tion o f  ca t a l a se  was  e v i d e n t  w h e n  
t he  preparat ion.~ were  t e s t ed  u-~ing h y d r o g e n  p e r o x i d e  as s u b s t r a t e  in t h e  preyaeatce 
of  p h e n a n t  hyoline.  

XVith k y n u r a n l i n e  as s u b s t r a t e  and  c o n c e n t r a t i o n s  o f  p h e n a n t h r o l i n e  r an g in g  

3B"1 

p h  ~ C t ,  I0,.$ M 

P'h,, 4.,0. • !0"~1~1 

j jr S t ~  O~r P r~  2 , 0  • 'llO":t M 

1 0 -  

0 O.b 1,0 
~- A 3"10 4 

F i g .  z .  L i n e w e a v e r - B u r k e  p l o t  w i t h  p h e n a m t h r o l i n e  ~,$ i n h i b i t o r .  V i8  e x p r e s s e d  tm 11 a b s ~ r b a t t c y /  
mln. Kynuramine {to -4 M) was the substrate, 

f r om 2.0 to  7 . o - z o  -a M, a L i n e w e a v e r - B u r k e  p lo t  was  obtaine~i (Fi,~. : ) .  I t  c a n  b e  
seen  t h a t  t he  inh ib i t ion  p r o d u c e d  b y  p h e n a n t h r o l l n e  is n e i t h e r  n o n - c o m p e t i t i v e  n o r  
c o m p e t i t i v e ,  a n d  t he  p i c t u r e  is f u r t h e r  c o m p l i c a t e d  b y  t h e  lower  inL:ibi tory c a p a c i t y  
o f  phenaxt th roHne  a t  4,6-  x o  - 4  M .  

T h e  effect  o f  pota ,~ i , Jm c y a n i d e  on  t h e  i nh ib i t i on  o f  p h e n a n t h r o l i n e  was  d e t e r -  
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~r 

0 150- 

0 + 1 0 0 ~  

O.C~C 

I'do P h .  

2.f)-l~, • -I / 

. . . .  i 
. 

~..b 7,0 . '5 8.0  ~ 5 

b ' i g .  z .  p H - i i c t i v i t y  c u r v e  o f  ~ B z y m e  a l o n v "  a n d  e n z y m e  plu.~ p h ~ : n a J i t | t r o l i l l c  a t  d i f f t . r l : u t  t;ol:t+t-i| - 
t=ati=~og+ . ~ t t ~ t r a t e  ig l ~  -~ :~I k y n u ~ ' a n a i n e .  

m i n e d  us ing  kynura t , f ine  as ~ubstra te .  Iden t i ca l  cu rves  were obt,qined wi th  phenan-  
th ro l ine  a lone  a n d  w i t h  p h e n a n t h r o l i n e  plus  c.v+~nide, i nd i ca t i ng  t h a t  po tasg ium 
c y a n i d e  ha.q no effect on the  i n h i b i t o r y  ac t i ,m of ph<.nanthroline.  The  p H - a c t i v i t y  
c u r v e  (Fig. 2) for m o n o a m i n e o x i d a s e  atone differ~ m a r k e d l y  f rom t h a t  o b t a i n e d  in 
the  pre.qence o f  phenanthrol ine+ 

One  o f  the :  m<~it p o t e n t  inh ib i torg  o f  rnnnnaminrc~xida.c~e is p h e n y l c y c l o p r n p y l -  
amine ,  effect ive a t  c o n c e n t r a t i o n s  as low as z o  ~ M. The  I . ineweaver  Burke  Ire.at- 
mer i t  was  also appl ied  to the  inhibi t ion  t)f the  enzx'n-,c by  p h e n y l c v c l o p r o p y l a m ~ n e  
w i t h  k y n u r a m i n e  a~ sub~tra te .  W h e n  .~ub.~trate attd inh ib i tor  were  a d d e d  toge the r ,  

, ¢ -  

4 2 -  

/ 36 K'a+ S-X)" IO-SM r~CW 9.0 .  , ~ e  M 

34- 
30  

2,15-. / / 
22 '  / ~ / ' / /  ~t:~ b"tP 1.0-~O-eM 
'lO.- 

P~4~ PCP 

~4 

I 0  

o d.~ 1'.o 

Fig. 3. A. l.inewcaver- Httrkt: p lo t  for phenyh:ych)propylaminr., uging x o - '  it[ k$luramine. I" is 
expressed as absorbanuy dlx:rci~i¢ per minute. Inhib~t0r and substrxte were a d d e d  together. 

t h e  i l th ib i t ion  w a s  o f  t h e  c o m p e t i t i v e  t y p e  (Fig.  3A) ;  but  w h e n  the  e n z y m e  wa_q 
i n c u b a t e d  w i t h  t h e  i n h i b i t o r  for xo m i n  at  2 7  ° prior to  t h e  a d d i t i o n  o f  s u b s t r a t e ,  t h e  
n a t u r e  o f  t h e  i n h i b i t i o n  w a s  b o t h  c o m p e t i t i v e  a n d  irrever,-.dbl6 (Fig.  3B) .  
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2 8  / / 'PCP 3"IL,¢'  M 

--[~ No I:,CP 

4- 

~+O ~.0 ~ x 3.'~0 ~" 

i q . . °~mc  as  A, e x c e p t  t h a t  e n z y m e  is i n c u b a t e d  w i t h  t h e  i n h i b i t o r  for  io  rain a t  27 ° p r io r  to  s t a r t i n g  
t h e  r e a c t i o n  b y  a d d i t i o n  o f  s u b a t m t e .  

£ ~.~OO-[ 

O.Ob~J" CP (50~1"0 -~'M *~CN 5+.~1"10"~i #1 

"~ ~ 6.0 +10 "v M 

~'=¢.gl.)Cll~C.,n tb',"lN~ ( ~ r ~ )  

Fig.  4+ Ef fec t  o f  po ta_~ium on t h e  i n h i b i t i o n  by  p h e n y l c y c l o p r o p y l a m i n e .  L o w e r  ¢ ~ r v e  is  ob~ 
tainL~l w h e n  e n z y m e  is i n c u b a t e d  ~ t h  6-  t o  -~ N[ p h e n y | ~ y c l o p ; o p y l a m i n e .  R e a c t i o n  was  s t a r t e d  
b y  a d d i n g  t o - '  M k y n u r a m i n e .  LZpper c u r v e  i~ the  s ame ,  e x c e p t  5-3" ~o- t  M p o t a s s i u m  c y a n i d e  

i.~ a d d e d  t o g e t h e r  w i t h  p h e n y l c y c l o p r o p y l a m i n e .  

'~ 0 100-" 

i - 
.t 

[ PCP 4-t<Tt M 
$ 

0 J • 

Fig . .% p H - a c t i - ~ i t y  c u r v e  of  e n z y m e  w i t h  a n d  w i t h o u t  pbeny icyc lopropyLaJ~ ine .  O r d i ~ t ~  ~¢o 
abaorb¢,1~c), i nc reases  d u 1 ~  B fiJr~t z n~n ,  izuing ~.6- ]o  -~ M b e n z y l a m i n e .  U p p e r  c u r v e  Is o b t a i n e d  
w~th e n z y m e  p lus  s u b s t r a t e ;  ¢~iddle cu rve ,  e n z y m e  p l u s  subs1~ate  p l u s  2 .  ~o -T M pheny lcyc lo*  

p r o p y l a m ~ n e  ; l o w e r  cu rve .  4" t o  -I  M p b e n y k y c l o L ~ o p y l a m L n e .  

B~oc.kim. BKop~y=. Aaa, 67 (t~3) 53t-.~P4t 
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Potass ium cyanide was tested on the inhibition of  raonoarnineoxid,%se by 
phenylcyclopropyiamine,  and found to be e~ssentially wi thout  effect (Fig. 4)- 

The plt-acti~,-ity curve was determined for the enzyme alor ~ :nd in the presence 
of phenylcyclopropylm~,ine, using benzylamine as sub~trate (Fig. 5)- In the ab.sence 
of  inhibitor ,  the curve shows an op t imum at pH 8.0, while in the pre-~ence of  phenyl-  
cyclopropylamine there is a sharp pH opt imum a~ pH 7.0. As the concentrat ion of 
phenylcyclopropylamine  incre~sed from 2.0 t~_ 4 ° .  x--7 M, a seconda.ry op t imum at 
pH  8.0 entirely disappears. The p H - a c t i v i t y  ¢'urve of monoamineexida.~e in the 
presence of iproniazid was sirnila," to tha t  of the enzyrne alone, and had an op t imum 
at pH 8.0. 

0 t0~0.  I , ~ ,  ;O "4  k4 

~l~r~ ~ .~-  : 0 " ~  .*d • ~CP4 | ~ 10" ~l M 

i E 0 . ~ ,  

1 
~ O.DSO- 

g 
2 

Fig.  6. I n h i b i t i o n  of  e n z y m e  b y  ip roa i az id  pl'u~ pt~t~_~.nium cyan ide  --~th ~o-* M U . ' n u r a m i n e  as 
b u l ~ t r a t c  O r d i n a t e ~  are  ~tbsorbancy , lecrea~es d u r i n g  lirst 4 m~n. a ~ ,  . . . .  : i~ . :dba t ion  t imes.  

The effect of  potassium cyanide on the inhibition of mont~amineoxidase by 
iproniazld was de termined under  the same conditions used in s tudy ing  the effect of 
pheny!cyclopropylamine  (Fig. 6). In the presence of cyanide,  the residual ac t iv i ty  
decrea:~d with  increasin~ ti,~.-e of preincubat ion of  the enzyme with the inhibitor. 
I,~creasing the cot ,centrat ion of  cyanide to x.6. ~o s M resulted in almost complete 
inhibi t ion of  act iv i ty .  

I t  had  been reported ~ t h a t  iproniazid i.~ dependent  upon oxygen for its in- 

T A B L E  i l l  

I ~ l l ; P [ ~ N D E N C E  O N  O X Y G E N  O["  M C ' N O . ' ~ . M | N E O X I D A . ' ~ E  | N H I B | T | O . ~  B Y  | P R O N [ A Z | D  

AcLivit.ies e x p r e s s e d  a.q ~ b ~ f h a n c y  i n c r ~  d u r i n g  first  2 mist wi th  ben~y]amine  {6,(~o- | o  Ft 31) 
as  ~ub~trxtc~ All r e a c t i o ~  were  c.3~ied o u t  x t  27 ~. 

/%) 

A. E n z y m e  ~- t p r o n i a z i d  ( z . z8 .  i o - *  M fix~|  c o n c c n u a t t o n )  d i l u t e d  to  5 n'd w i t h  
p h o s p h a t e  buffer  (pH 8) ; 2.~ ml  o f  tbi.q are  ~mrr-edi~t~ly t r a n s f e r r e d  tu  a c u r e | r e ,  
pln~ o. 3 t r I  o f  buf fe r ,  s~ t l  y e ~ ' t i o n  ~r.az-ted b y  azlding o,~ ml o f  b~n~fllxrnine, o 

B. .%arne e.s A ,  ex¢~'~t. ~.;=yrn~ a n d  i n h i b i t o r  are_ p r e - i n c u b a t e d  fo r  20 ,~in. S3 
C. E r t z y m e  4- bu f f e r  is  ev-~cuated ~md .~a~ed w i t h  a rgon .  I p r o n i a ~  (z.2S - 1 0 - '  M 

final  co.-~ccntratlon} i~t t - ipp~l  in  m ~ t a t r e ,  ~nd  k e p t  for  ~<~ ra in  ~I ~oom t e m p e r a -  
S~re u n d e r  ~.rgon. R e s i d u a l  a c t i v ;  v i.~ mea~u.-~cd ~ in  A÷ 34 

B i o c A ~ .  L~s~phy~. ,~d~.  ~7 {t963) 531-54  E 
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h i b i t o r y  effect on m o n o a m i n e o x i d a s e .  A f t e r  gass ing  wi th  n i t rogen  for 5 rain, the  
i n h i b i t o r y  ac t ion  o f  i p ron iaz id  was  u n a l t e r e d  (Table  I I I} .  Since th is  t e c h n i q u e  d id  
n o t  e l imina te  the  poss ib i l i ty  o f  t r ace  a m o u n t s  o f  oxygen ,  t h e  fol lowing p r o c e d u r e  
was  a d o p t e d  to insure  its c o m p l e t e  r emova l .  The  reac t ion  was  car r ied  ou t  in a modi f ied  
T h u n b e r g  t u b e  to which was  a d d e d  a n o t h e r  g r o u n d - g l a s s  la tera l  c o n n e c t i o n  for  
e v a c u a t i o n  purpo.~es. T h e  e n z y m e  a n d  the  buffer  were  p laced  in the  m a i n  c o m p m ~ -  
m e n t  and  t h e  i nh ib i t o r  in t he  side a rm.  Af te r  the  e n z y m e  a n d  the  i nh ib i t o r  were  
f rozen  wi th  d r y  ice, the  t u b e  was  e v a c u a t e d  for a few m i n u t e ,  an  o p e r a t i o n  which  
wa.~ r e p e a t e d  four  t imes  b y  a l t e r n a t e  f r eeze - thawing  a n d  e v a c u a t i o n .  T h e  v a c u u m  
c o n n e c t i o n  ,a'a~ c losed a n d  a rgon  was  i n t r o d u c e d  t h r o u g h  the o t h e r  c o n n e c t i o n ,  th is  
proccdt~re aL~o be ing  r e p e a t e d  four  t imes.  Af te r  seal ing off  b o t h  connec t ions ,  t he  i n -  

TABLE IV 

D!t~.PF.ND~NCF. C)N OXYGEN OF MONOAM[NEOXIDASE INHI]~X~'|ON 13Y PHENYLCVC[~)PROPYLAMIN~ 

Activities expressed as al),'~wb.~tncy increase during Iirst 2 rain with benzylamine (6.6o- xo-* M) 
as substrate. All reactions were carried out at 27 °. 

A. Enzy~-m --: buffer :- 3 " zo-7 M phcnylcydupropylamine to final volume of 5 ml. 
Activity measured immediately after adding 0. 3 ml buffer and o.z ml i ~ n z y i -  
a m i n e  to  z÷ 5 ml of n ~ x t u r c ,  o 

B. Same ~s ..%, except pre-incubated ai z7' for zo miJL ]Residual activity mea_aurcd 
as ~a A+ 4 ° 

C. .%aTne a-~ A. except enzymt: is now evacuated and ga_~.~t~l with argon. Phenyl- 
cyclopropyla.mine is tipped in, and mixtttrt: kept f(,r 2o n~n. Reai,lual acti*-ity 
is measured as in A. 80 

D. Saenv ~_n C, except that. prior to st:~rting the reaction by addition of aub¢~trate, 
oxygen is bubblext through the enzyme solution. 46 

h ib i to r  was  t i pped  in froxn the  side a r m  a n d  t he  t u b e  i n c u b a t e d  a t  z7 ° fur zo  rain. In  
such  an  a n a e r o b i c  s y s t e m  there  was  still a 3 4 %  inh ib i t ion  b y  ip ron iaz id .  W h e n  
pheny l~yc lop ropy la rn Jne  was  u~ ,d  as the  m o n o a m i n c o x i d a s e  inh ib i to r ,  us ing  t he  
salgle t echn ique ,  the  inh ib i t ion  in the  absence  o f  o x y g e n  was  8 o ° ,  in air  4o°/~, and  
in o x y g e n  4 6 ° o  (Table  IV). 

I)I.~CUSSION 

The pu r i6ca t i on  o f  m o n o a m i n e o x i d a ~ e  contin'ue_~ to  r ema in  a p r o b l e m  because  o f  the  
d i f f icul ty  in so!ubi l iz ing t he  e n z y m e .  A l t h o u g h  the  p r o c e d u r e  d ~ c r i h e d  in the  pre-  
sent  s t u d y  ha~ no t  succeeded  in so luba iz ing  t he  e n z y m e ,  i t  has  y ie lded  a r e l a t i ve ly  
p u r e  p r e p a r a t i o n  su i t ab le  for  s p e c t r o p h o t o m e t r i c  s tudies .  The  inh ib i t ion  of  m o n o -  
• ~,Lntc.~:'_'da-~: b y  p h e n a n t h r o I i n e  w o u l d  ind ica te  t h a t  t h e  e n z y m e  is m e t a l - d e p e n d e n t ,  
a l t h o u g h  n , , th ing  is k n o w n  c o n c e r n i n g  the  n a t u r e  o f  t he  meta l .  On  t h e  "basis o f  the  
I . i n e w e a v e r - B u r k e  plot .  a n d  the  p H - a c t i v i t y  cu rve ,  t he  i n h i b i t o r y  a c t i o n  o f  p h e n a n -  
th rn l ine  w o u l d  a p p e a r  t o  be  o f  the  n o n - c o m p e t i t i v e  type .  $lhke i n h i b i t o r y  c h e l a t i n g  
agen t s  a t  low c o n c e n t r a t i n n s  axe k n o w n  t o  h a v e  an  a c t i v a t i n g  effect  on  e n z y m e s .  
it is : tot  surpr i s ing  t h a t  p h e n a n t h r o i i n e  was  s t i m u l a t o r y  a t  l ow c o n c e n t r a t i o n .  

The  i nh ib i t o ry  ac t ion  o, r b o t h  p h e n y l c y c l o p r o p y l a m i n e  a n d  ip ron iaz ld  is corn-  

Biochim. Biopkys..4cZa, 6 7  ( t 9 6 3 )  5 3 z - 5 4  x 
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p e t i t i v e  a n d  i r revers ib le .  A c c o r d i n g  to  SARKAt~ et al. u .  the  natLixe o f  t h e  i n t e r a c t i o n  
o f  t h e  i n h i b i t o r  a n d  t h e  s u b s t r a t e  w i t h  m,noamineox idazwe  L,~ c o m p a r a b l e :  one  
h y d r o g e n  a l p h a  to  t h e  a m i n o  g r o u p  o f  e i t h e r  t h e  .~ub.~trate or  t h e  i n h i b i t o r  a t t t t ches  
i t se f f  t o  a c o m m o n  r e c e p t o r  si te on t h e  e n z y m e ,  a n o  a : e cond  h y d r o g e n ,  ;~lso a lpha ,  
p a r t i c i p a t e s  in t h e  p roces s  o f  d e h y d r o g e n a t i o n .  

In  t h e  clangs o f  h y d x a z i n e  inhib i tor~ ,  i p ron iaz id  

a n d  b e n z y l h y d r a z i n e .  

N CO Nil NIl C}[:i {a) 
: C l l a  

e ~  - -  ~'\'~ C | | t  C] [  N i l  N I l .  [b} \ . . _ /  

a re  s t r o n g  inh ib i to r s ,  :vh_it.e , : o m p o u n d  

. . j C H s - - C  N - - N  1"! a (c) 

is no t .  S u b s t t t u t i o n  in i p r o n i a z i d  nf  t he  hydrog~_n of the  N n e a r e s t  the  acy l  g a o u p  
m a k e ~  t h e  c o m p o u n d  

i 
1t 

i n a c t i v e ,  as  does  d e h y d r o g e n a t i o n  

/ C H a  
-NI'{---C H \  

"CI f ,  (d} 

N • C O - - N H - - N  - C~ (e) 

I t  a p p e a r s ,  therefi~re, t h a t  in the  case  o f  t h e  h y d r a z , n e s ,  the: gr,~up N H - - N H  i~ 
n e c e s s a r y  for  inh ib i t ion .  

BIEL ¢1[ a~. l i  r e l ~ r t e d  t h a t  a t : o i n t ~ a n d  of  the  gene ra l  f o r m u l a  : 

pher tan thro l tn~  C l t  a C I !  {C]I~]--NH-- .NI (CHn). 

is a m o r e  p o t e n t  i n h i b i t o r  in vivo t h a n  the  t:orre.~ponding monor~;e thy l  d e r i v a t i v e ,  

p h e n a n t h r o l i n e  C l l  I {Ciia} N H ~ N H - - C t I ~  

I f  t h e  r e a c t i v e  p a r t  o f  t h e  n y d r a z i t w - t y p e  i~fl~ibitors is asr~ociated wi th  the  g r o u p  
N - N - - C ,  t h -  r ~ u l t ~  o b t a i n e d  b y  BIEr. axe not  c o m p a t i b l e  wi th  tho~e o f  o the r s ,  
w h i c h  show t h a t  c o m p o u n d  (e) L~ i n a c t i , ' e  T h e  ine f fec t iveness  o f  symmetric_,d acy l -  
h y d r a z i n e s  a.s i n h i b i t o r s  o f  m o n o a m i n c o x i d ~ s e  al.~o po in t s  ou t  t h e  need  for  a h y d r o g e n  
o n  t h e  c a r b o n  a t o m  o f  t he  g r o u p  N - N -  C. 

S ince  t h e  i n h i b i t o r y  ac t i on  o f  i p r o n i a z i d  a n d  i ~ o p r o p y i h y d r a z i n e  is o x y g e n -  
d e p e n d e n t  °, i t  w a s  i n f e r r ed  t h a t  t h e  N i l - C H  g r o u p  u n d e r w e n t  d e h y d r o g e n a t i o n  w i th  
t h e  r e s u l t a n t  f o r m a t i o n  o f  an  a r revers ib le  c o m p l e x  b e t w e e n  t h e  d e h y d r o g e n a t e d  
c o m p o u n d  a n d  the, a c t i v e  s i te  o f  the  e n z y m e .  I t  is p r o b a b l e ,  b y  a a  e x t e n s i o n  o f  th i s  

Bigc.him. Biophys. Ada, 67 (t9631 5]v-54z 
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concept, that it is the NH-NH group which is dehydrogenated, with the formation 
of an irreversible complex. Since no one of the two possible dehydrogenated com- 
pounds is inhibi tory in itself, it can be inferred t h a t  the  ac t iva t ion  energy for the  
format ion of the complex would be too high for the unsa tu ra ted  compound  and  only  
after  dehydrogenat ion  has taken place at  the act ive center  can th.e complex be 
formed. 

l 'he failure to abolish the inhibi tory  action of  iproniazid in the  absence of  oxygen 
might  be due to the presence in mi tochondr ia  of endogenous hydrogen  acceptors 
capable of repl;~cing oxygen. Z~LLEI~ la has shown tha t  the inhibition takes  place i f  
hydrogen acceptors are added to the enzyme af ter  el imination of oxygen.  Since 
phenylcyclopropylamine is an amine and has a hydrogen available for direct a t tach-  
ment  to the enz~Tne, it can exer t  an inhib i tory  act ion wi thout  first undergoing 
dehydrogena t io r .  I t  is not  possible to ent i re ly  explain the increased inh ib i tory  
action of phenylcyclopropylarnine in the absence of oxygen unless a reduced form 
of th~ enz~ne  is considered more favorable for the  binding of the inhibitor.  DAwso~ 9 
cunc'~,ded tha t  since g lu ta th ione  diminished the  inhib i tory  effect of  iproniazld on 
rnonoamine~)xidase and *hat this effect could in par t  be prevented by cyanide.  
an -SH group may  be involved in the a t t a chmen t  of the inhibi tor  to the  active site of 
the enzyme..~inc~ ~6-chloromercuribenzoate is not a competitive inhibitor, factors 
other than -SH groups must be involved at the active, site. 

The differential action of cyanide  on the  inhib i tory  effect of  phenylcyclopropyl-  
z-n. i~e and iproniazid would seem to indicatc t h a t  cyanide  was not clirectly a t tack-  
ing • *be act;_ve center s. I t  is more likely t ha t  cyanide,  which has an ac t iva t ing  effect 
on the degradat ion of subMrates by  monoamineoxidase  4. exerts the same effect on 
the dehydrogenat ion  of iproniazid by monoamineoxidase,  the reby  increasing the  
number  of iprortiazid molecule~ in the inhibi tory  forms. Since phenylcyclopropyl-  
amine d ~ s  not nc-ed to be dehydrogenated ,  cyata,-'de would not  al ter  its inhibi tory  
action. 

Notwi ths tanding  tha t  phenylcyclopropylamine and iproniazid are ~trictly com- 
pet~tiv~ inhibi t . rs ,  the pH act iv i ty  curve of  the enzyme alone and the enzyme plus 
either inhibitor are str ikingly different. While the curve of monoamineoxidase  plus 
iproniazid is parallel to tha t  of  the enzyme alone, this is not  the case with pKenyl- 
cyclopropylamine.  A second m a x i m u m  at  pH 7.0 appears with phenylcyclopropyl-  
amine, suggesting the presence of two monoamineoxidases  not equally sensitive to 
phenylcyclopropylamine and iproniazid. 
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