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SUMMARY

Enzyme-substrate and enzyme-inhibitor interactions were investigated for monoamine

oxidase, using dialyzed rat brain homogenates. The apparent and “true” Michaelis Con-

stants for tryptamine, 5-hydroxytryptamine, tyramine, norepinephrine, and 3, 4-dimethoxy-
phenylethylamine were determined. The influence of pH on substrate concentration-velocity
curves and on apparent Michaeis constants was studied in detail. The mechanism of in-
hibition of monoamine oxidase by 1 -nz-aminophenyl-2-cyclopropylaminoethanol (AB-15)
was also examined.

Results indicate the following characteristics of substrate and inhibitor interactions with
monoamine oxidase. (a) Ionized groups are involved in the binding of different amines.
(b) Multiple binding sites may exist on the enzyme; however, substrate binding at some

sites may lead to the formation of inactive complexes. (c) Different ionizing groups affect
the binding of different amines. (d) AB-15 binds to the enzyme reversibly and inhibits ac-
tivity both in vitro and in vivo. The potency and type of inhibition depend on the amine

used as substrate.

INTRODUCTION

Since the initial demonstration of the

enzymatic oxidation of tyramine (1), dopa-
mine, and norepinephrine (2), the properties

and localization of monoamine oxidase have
been studied in detail (3-7). Despite inten-
sive investigations into the properties of rat

brain monoamine oxidase [02 oxidoreductase
(deaminating), EC 1.4.3.41 (8, 9), there is

insufficient information about the mecha-
nism of its interaction with substrates. This
is due partly to difficulties encountered in
the purification of this enzyme. However,
kinetic data obtained from experiments on

tissue preparations, when carefully con-
trolled and properly interpreted, can yield

useful information.
The present studies, performed on dialyzed

rat brain homogenates, are a continuation of
efforts to obtain more information on

enzyme-substrate and enzyme-inhibitor corn-

plexes of monoamine oxidase. The enzyme-

substrate interaction studies were carried
out with tryptamine, 5-hydroxytryptamine,

tyramine, norepinephrine, and a metabolite
of dopamine, 3 ,4-dimethoxyphenylethyla-

mine (10), as substrates. Inhibition studies
were conducted with a “substrate-specific”

inhibitor of monoamine oxidase, 1-
m-aminophenyl- 2- cyclopropylaminoethanol
(11).

MATERIALS AND METHODS

The oxidation of tryptamine, 5-hydroxy-

tryptamine, and norepinephrine was meas-
ured according to Lagnado and Sourkes (12),
using nitro blue tetrazoliurn chloride as

hydrogen acceptor. Assay mixtures routinely
contained 0.1-100.0 �irnoles of tryptamine,
5-hydroxytryptamine, or norepinephrine;
0.3 ml of brain homogenate (equivalent to 0
mg of protein and dialyzed against 0.001 u

38.5



Z. HUSZTI

phosphate butler, pH 7.6, at 40 for 24 lir)

1.3 j2moles of iiitro blue tetrazohum (hioride;

20 j.�molis of sodium sulfate; 200 �mo1es of

5O(IiUfl1 phosphate buffet, pH 7.6; and varied

amounts of AB-1.5’ iii a total volume of 3

ml. Samples were incubated for 15 miii at

3�#{176}.Oxidation was stopped by adding S ml

of iee-col(l 1 -bllt1iilOl (pi’(ViOuslV �v�ts1wd

with 0.1 N NaOH, 0.1 x H(’l, and distilled

water), and after vigorous shaking the

mixture was allowed to stand at 40 for at

least 30 miii. The t\V() plIas(s were separated

by (‘entrifugatioti at 40, and the absorbance

of the organic phase was measured at 540

nm.

Stan(lard (hiVes \V(re (l(t(1lfliIied a(cord-

ing to Nachias ci al (13), with NA1)H as

reducing agent. \ltl() blue etrazohum

solution (1 ml containing 0.125, 0.250,

0.375, 0.500, or 0.750 mit) was then added

to the rea(t ion mixture, which (ontaine(l

10 J2rnoles of NA1)H 20 �Lmoles of sodium

sulfate (instead of phenaziiie methosulfate),

dialyzed brain homogenate (6 �7 mg of pro-

tein), and 200 j.imoles of sodium phosphate

buffer, 1)H 7.6, in a volume of 2 ml. Ea(hl

#{149}nixture was incubated at 3�#{176}for .�O win.

Diformazan, formed (luring t lie rea(tion,

was extracted into ice-cold I -butanol, and

the absorbatice at 340 nm was measured. A

)l( )t of abs )rbance against. iiit to blue tetra-
zolium (one(ntratioIl serVe(l as a (alibration

curve. ( )ne micromole of re(luced nitro blue

tetrazohium Wfl5 taken to (orr(spofl(l to 1

�.imole of aldehvde formed or 1 �mole of sub-

strate oxidized. An increase of 0.1 absorb-

aiice unit at 54() tim was judged equivalent

to 73 nmoles of enzyme activity.

No ‘‘lag period’’ was observed with

various (Oncent rat ions of t rvpt amine and

S-hivdroxvtrvptaniine as substrates when

the rate of oxidation was determined at 5,

10. 15, 30, and 60 win. Also, under the

above (( )I1(litiotis, the react 1011 rate was

linear for 60 miii at. norepinephrine concen-

trations between 0.1 and 3 mit. \\ithi other

substrates, a 10-20-min ‘‘lag period” oc-

curred, as described by Lagnado and

Sourkes (12) and \Veissbach ci al (14).

Fhe :thbt(VIaI otis used ire: AB-15, �
�LII1 j 1101)heTl’Vl -2-cvcli )j)r( )I)VlaIlli 1l( ct hati� )1 (lilly -

(IrochIoridc ; I )�1\I PI.&, 3 4-(Iilu(t ll(IX\I)IleIL\leI livi -

111)110’.

The rate of enzymatic oxidation, Q, is

expressed as nueromoles of substrate oxi-

dized per hour per milligram of proteiii.

For the substrates 5-hydroxytryptamine

aiid tryptamine, the () values obtained by

the above procedure (0.336 ± 0.013 for 5-

hvdroxvtrvptamine �tiid 0.300 ± 0.0 12 for

t.ryptarnine) agreed well with those ob-

tained by oxygen (onsumption measure-

ments using the Warburg method (0.320 ±

0.061 and 0.290 ± 0.0s�, respectively) and

also the technique of 1.denfriend and Cooper

(13) (Q = 0.330 ± 0.019 for 5-hvdroxvtrvp-

tamine). lot norepinephrine the observed

ieaction rate (0.100 ± 0.011) was somewhat

lower than the values obtained by the

oxygen (onsuniption measurements (0.140

± 0.020).

The enzymatic oxidat ion of norepi neph-

iine was also determined by following its

disappearance by the fluorometrie procedure

of Shore and Olin (16).

The oxidation of t.vramine was measured

according to Udenfriend ci al (17), and the

oxidation of 1)�\lPEA, by the method of

Kapeller-Adler (1S). The latter method was

modified slightly by using 1)MPEA instead

of histamine and increasing the amount of

t he indigo disulfonate 4-fold.

In the j�resence of 5-hydroxytryptamine

the concentration of tyramine could not be

determined by the method of Udenfriend

ci al. because of interference from artifactual

pioducts of 5-hydroxyt ryptamine. To deter-
mi iie 5-hydroxytrvj )t amine aIi(1 tyramine

simultaneously, the colored solutions (Ofl-

taming the ptoducts of both substrates were

shaken with ;5 ml of a 1: 1 mixture of I -

but anol and heptatie that had beeii washed

sequentially with 0.1 X XaOH, 0.1 X HC1,

and distilled water. The two phases wele

separated by cetitrifugation, and the ab-

sorbance of the nonpolar and aqueous I)has(’5

determined at 430 and 540 nm, respectively.

The nonpolar 1)h1tL5(� contained the product

of tyramine, and the aqueous phase, that of

S -hydroxytrvpt amine. Standard curves for

both compounds were almost identical wit Ii

that obtained by the method of Udenfriend

ci al

Etizyme inhibition studies in viiro were

carried out by adding AB-13 to the reaction
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mixtures to achieve inhibitor concentrations

between 10-v and 10� ii.

1 - 171- Aniuiiopherivl - 2 - cvelopropvlamiiio-

ethanol was synthesized by Dr. A. Haj#{243}s of

this Institute and was subjected to complete

analysis to confirm its identity. The white,

crystalline compound, as the dihydro-

chloride salt, wa� dissolved in water, and

the solution was adjusted to pH 7. Inhibitor

solutions were always freshly prepar(d and

incubated with the homogenate or the

mitochondrial preparation for 1 ;5 miii b f )1(’

the enzymatic reaction. Inhibition produced

by AB-iS was greatest after 15 win of prior

incubation. After incubation of the (‘nzym(

for S, 10, and 1S miii with 10� ii A13- 15,

inhibition of thie 5-hvdroxvt.rvptamine oxi-

dation rate was 4S #{182}�,66 #{182}� and 77

respectively. Longer incubation i �eri� als of

30 and 60 miii did not yield furthier inhibi-

tion. AR-iS did not interfere with analyti(al

measurements of the enzyme a(tivity.

For inhiibitioii studies i,, rico, AR-iS was

given orally to 160-1SO-g male rats 16 hit

prior to de(aj)itation. Braiii tissue was

homogenized in 2 volumes of 0.25 it sucrose

at 4#{176},using a Biomix ((‘11 disintegrator The

homoget iates �vete dialyzed against 0.001

M sodium phiosphate buffet, pH 7, for 24 hit.

The prot(in content of the homogenates was

determined according to Palladin (19).

i\ litochondria were prepared b t lie

method of L�vtrup and Zellandet (20).

Brain tissue was homogenized in 044 ii

sucrose containing 0.001 ii El)TA. Thie

solution was adjusted to pH 7 with the

addition of 0.1 ii Xa,HPO1 . Alter washiing

in sucrose, followed by 0.01 it so(hum

l)hosl)hate buffer, j)H 7.6, the mitoehondria
were sUsJ)etide(l in 0.01 ii sodiiini l)hi0sl)1i�Lt(�

buffer, pH 7.6. The protein (otitent was

adjusted to �-10 mg nil, and sampl(s were

frozen at - 20#{176}.

RESULTS

1’�11ziJ11u�-�” nbsiiate In teraciwi� .s

i�1Tect of 7)1! 011 relocii 1CS (1/1(1 .11 ic/I al’li.s

COil slants. flie a Pl)al’ent maximal react ion

iate, V and Michaelis-Menten constant,

were determined from a graphical an(l

statisti(al a tia lvsis (21) of Li Ile\Veav(t- Buik

plots (22). The pH dependence of these

(ILlatttities is illustrated in Figs. 1 and 2,
respectively. l)irect determination of the

apparent dissociation constant of the en-

zynie-substrate complex (K8) was not pos-

sible; however, it will be assumed that K8 =

According to I)ixon (23), on plots of

pK,� as a function of pH. thie abscissa value

(oriespOfldiflg to the intersection of lines

with slopes of unity an(i zero will yield Pke

and j)l�.� , the negative k)garithims of the

respective enzyme and substrate dissociat ion

constants. In l’ig. I the estimate(l values

ale: tr�ptamine, 7.2 (slopes + 1 , 0); 5-

Fiu. 1. U/en of /)ll 011 �ipp�irenI .iIl(/l(1(II.S

(OflsI(I pits. A,, (1(1(1111111 nil /,o,,, O.ri(I(lt loll 0 (hf-

/(1C1l / (hP) ine.s

I lVpi ann u .�-1iV(IloxVt rVl)i 11)11 lie;

1 )MPEA ; iiorepi iephri tie; . I vrami tie

[‘he rates of etizvmati( oXL(latiol) of 3-1IV(110XV-

I rvpt afliilie, I l\’pi ami lie. and norcpitiephritie

were measured in the I�aglia(Io-SoItrkes tiiet110(1

(12). The rea(t ion mixi tires were iIicrll)ated for

15 mm wit Ii 5-hvdr XVI tVI)t at�i ic itid t i�’pt fllfliil(’

as substrates. and for hiO miii wit Ii 1o)repilie�)hIili(

as sttbst lat(’. Ihe 1(1(1 ions were Iiiiear dun ig

this period. The rate of l)MPI’�A oxidation Was

rneashiIe(1 h�’ I he no di fiN! Kapeller-Adler met hod

lhie mixt tites were i iirthat td f in �() mini, (hIring

which time the rates were linear. the tvraminie

rate measurement s were carried out a((ordi rig I (

Udenfrietid ci a!. (17 ) . The mixi rir:�s were ill -

cuhated for 30 ittini, and the nates were linear

(jun nig I his petiod . I:ichi pot lii ieplesenit s I lie

menu (if five di tiereui I graphical nieasurerneit s.

The St auidard (‘IlOIS of t he dci ermi mint ions were

withini the range of ±5�
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which are independent of
from these pK,,-pH plots,
ing equation (26):

+ log(1 +

where Ke and K55 have the same meaning

as above, but the enzyme is in the protonated

form

In the case of norephinephrine, two ioniz-
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Fta. 2. Effect of pH on apparent inahunal veloc-

ities, V

The V values were defined as nucronioles of
substrate oxidized per milligram of protein per

hour. 0, tyramirie;�, norepinephrine; 0, trypta-

mine; #{149},5-hydroxytryptamine. The maximal

velocities were obtained from Li neweaver-Burk
plots as described in the text Each point repre-

seats the mean of five different measurements.

The standard errors of the determinations were

within the range of ±5�.

hydroxytryptamine, 7.7 (slopes +1, 0);
DMPEA, 7.7 (slopes + 1, 0); norepineph-
rine, 7.7 (slopes + 1, 0) and 8.7 (slopes 0,
- 1); tyramine, 6.9 (slopes 0, -1).

The ionizing groups with pK 7.2 and 7.7
must form a positive charge (or lose a
negative charge) below pH 7.2 or 7.7 to give
a slope of + 1 on the pKm-pH curves. The
groups with pK 6.9 for tyramine and 8.7
for norepinephrine must gain a negative
charge (or lose a poroton) above pH 6.9 or
8.7 to give a slope of -1. Since the measured
dissociation constants (pK,,2) for the amine
substrates (24, 25) (Table 1) do not cor-
respond with those predicted above, the
pK values derived from the kinetic study
must represent ionizing groups on the

enzyme rather than on the substrate.
An upward bend in the pK,,-pH curves,

representing ionization on the enzyme-sub-

strate complex, yields pKes values of 6.9,
7.3, and 7.7 for complexes of the enzyme
with �)-hydroxytryptaniine, norepinephrine,
and tyramini’, respectively.

TABLE 1

Dissociation constants and “true” Miehaelis

constants of different amines

The ‘‘true’’ Michaelis constants were calcu-

lated as described in the text.

Amines pK,, Km

u X JO�

5-Hydroxvtrvptamine 10.0” 0.6 ± 0.02

Tryptamine 10.2” 0.2 ± 004
Tyramine 10.8n 5.0 ± 0.05

Norepinephrine 9,81 3.2 ± 008

3,4-Dimethoxyphenyl- 9.7 2.0 ± 0.04

ethylamine

a Data from Lewis (24).

Data from Pernin (25).

R�m=�Km

constants (23),
pH, are derived
using the follow-

where fe , f3 , and fes are the pH functions of
E, 8, and ES (23). Over the pH range

studied the Dixon expressions give constant
values for K,, only if the pH dependence for
the substrate is neglected and the equation
is applied individually to each curve. For
5-hydroxytryptamine and tryptamine,

PI�m = l)Km - log (i + �i)

+ log(1 +

where K� and Kes are the dissociation con-
stants of the enzyme and enzyme-substrate

complex. For tyramine,

/ K#{128}
pKrn = P’tm - 1og�1 +
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v = micromoles of srthstrate transformed per

milligram of protein per horn.
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ing groups on the enzyme are required; thus

PKm = l)Km - log (i +

/ K�’\ / H5
- log �,1 + H#{247})+ log �,1 + K

where Ke’ and Ke” are dissociation con-
stants. Figure 3 and Table 1 show the values

for Km obtained experimentally over the pH
ranges studied.

Effect of pH on substrate conceniraltoit-
activity curves. At relatively low pH the

effect of substrate concentration on initial
velocity obeys the Michaelis-Menten equa-
tion (Fig. 4), while at high pH the reaction

slows as the substrate concentration in-
creases in the case of tryptamine, nor-
epinephrine and DMPEA, 5-Hydroxytryp-
tamine exhibits Michaelis-Menten kinetics
at both low and high pH values (Fig. 5).

These results indicate that inhibition is
dependent on substrate affinity at various

U

�-

-. . . . . .

�I

*�-�-�

Fia. 3. Effect of pH on “true” .1! ichaehis (Ofl-

,stants, Km

0, tryptamine; #{149},5-hydroxytryptamine;

c�, 1)MPEA; #{149},norepinephnine; 0, tyramine.

The “true” Michaelis (onstatits were calculated

as described in the text.

pH values (Table 2), and suggest additional
binding of the substrate at a site on the en-
zyme that is not involved in the active com-
plexes (27).

V

O�EA

1) LSJ x

Fin. 4. Effect of substrate concentration Ofl rate

of enzymatic oxidation of tr!,ptalnine (T), 5-hi,-

droxytryptamine (5-HT), and 3,4 -dimethoxy-

phenylethylamine (D3f PEA) at pH 6.8

v = micromoles of sutbstrate transformed per

milligram of protein per hour.

1 [�x�2

FIG. 5. Effect of substrate concentration on rate

of enzymatic oxidation of tryptamine (T), 5-hy-

droxytryptamine (5-HT), norepinephrine (N�4),

and 3,4-dimethoxyphenylethylamine (DMPEA) at

pH 8.2



Amine 1)H 6.8 pH 8.2

Graphical Statistical Graphical Statistical

if .1! .11 1!

Tryptamnitie 4.7 X l0� 4.0 ± 0.0 X lO� 2.0 X 1O� 1.0 ± 0.2 >< 10�

Norepinephnimie 8.1 X 1O-� 9.0 ± 0:3 x 1O-� 3.0 x 10-i 2.9 ± 0.5 X 10-i
DMPF;A 1.5 x 10 1.4 ± 0.2 X 10� 1.6 X lO-� 2.1 ± 0.3 X 10-i

T.�15LF 3

.1!ixc(! -subst ia/c A’sne/ic.s’

The two substrates were added siniutit anieoutslv to the react ion mixt tire. Oxidat iou rates were meas-

rtred according to Udenfrierid et a!. (15, 17) for 5-hydnoxyt rypt amine aid tyramirie, and according to

1�agnado and �()urkes (12) for I nvptamirie. Norepinephninie determinations were performed fluoro-

met nicallv (16). 1�or the simult arieoutS react iois of 5-hvdroxvt rvpt amine amid tyramirie, the methods of

(Xdeifniend et a!. were modified as described in the text. The amounts of tryptamine oxi(lized ii the

similt aneoit.s ‘ react ions were ialculat ed fromn t lie total amount of diformazan formed

Simultaneous
Individual reactions reactions � + B) Simultaneous reactions (A + B)

Substrates (0.6 fliM each)

A. Iryptamnine

13. 5-llvdnoxyl rypt ami tie

Z. HUSZTI

Measurements nit/i m ixed substrates. The

nuxed-substrate method (28) was used to

determine whether oxidation took place on
the same or different a(tive sites. I�ates of

oxidation of equimolar mixtures of 5-hydrox-

vtrvptamine and t.ryptamine, 5-hvdroxv-

tryptaniine atid tyramine, and 5-hydroxy-

trvptamine and norepinephrine were com-

pared with thos(’ determined for these atnines
singly (Table 3). .5-Hydroxytryptamine plus

tryptamine yielded the same reaction rate as

that, of tryptamine alone. ihe reaction with

5-hydroxytry ptamine plus tyramine was

slower than the sum of the rates observed
with thes(’ amiries separately, because each

reaction was inhibited by the pr(’seIl(e of the
other substrate. 5-Hydroxytryptamine plus

norepinephrine yielded only the sum of the

reactions rates that each substrate would

have produced separately.

Lnzyme-In/iibitor Interactions

AB-15, a non-hydiazine inhibitor of mono-

amine oxidase, was selected for the enzyme-

inhibitor studies. Its structure is shown in

Fig. 6.

Mec/i an i.sin of ill/i ibition; react nation of

inhibited enzyme by was/tiny. The extent of
reversibility of the inhibition produced by

AB-iS was examined to determine the type

T.�nLE 2

.1 ppa rent .)Iichaetis constants for tryptauiine, norepinephrine, arid 3 4-u ii((’t/ioX/Jphefl //!ethyiamu(e

The statistical values were calculated by Wilkinson’s met hod (21).

A B A B .\ B Oh- (‘a!-
served culated

i.amole substrate c/ianA’ed 30 mips #{182}� �

0.810 0.9(X) 0.772 0.08 95 9 91 2(X)

.\. 5-hlvdmoxvtnvptamnine

13. lvraniinie

0.921) 0.8(X) 0.500 0.540 54 67 121 2(X)

A. 5-llvdroxvtnvptaniinie

13. Norepinephririe

0.9(X) 0.380 0.855 0.380 95 100 193 200



of biu4ii�g itt the (nZylli(’-inhibitot conhl)liX.

As dtreet det.et’tuinations of inhibitor (onceil-

tratious were not possible, enzyme activity

was measured both before and after the re-

mova� of inhibitor. Portions of thie mito-

chondrial j)repalatioll W(’t( incubated at 38#{176}

for 20 mm in the presence and absence of

AB-15� After incubation the nionoamine oXi-

dase activity of each J)lepaiation was

assayed. To remove the inhiibitot bound to

the enzyme, initochondrial preparations were

washed with thie Original volume of 0. 1 M

sodium phosphate buffet; the (liZy mat i(

activity of the l)1epatatiotl wtts assaye(l

again and (ompared with the previous value.

1�his pro(e(1uie \VI15 repeated until complete

K/CH_ CH�N

NH2 2

F’ to. Ii. ( ‘heiii iou! s/rue/ui ic of .1 /3-15

‘1’�run.m’.I

KtNETt(’s OF’ ltA’t’ 1�iL(�tN �tONOA\1tNE ox1t).�sF: :191

removal of the itihuibilot was arhiievttl (Table

4).
Slow but (OIfl})l(t(’ ti V(’tsibi lit V (If t lie

inhibition was evident iii all �as�s; however,

slight differo’noes in th1(’ iestoiat ion of activ-

it\’ \veie apparent \Vhi(I1 (hiffel( ‘itt amifles

\vel(’ used as substrates. The inhibited en-

zyme required mote washuitugs (six) with

tyramin(’ as the substrate thati with nor-

epitlephritu(’ 01 trypt amine (otire ea(h)

I) \ 1PE�\. (t�vice), or 5-hiyhoxvt iVl)tatllitle

(thitee washings).

Kinetics of ill/i di itwo . B(’(Zttts( th1( usual

inhibition kinetics (in which the inhibitor is

assumed to ieaoh equilibrium with the

enzyme) could be appli(’(l to AB-l�, Line-

weaver-Buik plots were (onstructed to as-

((‘ttiiifl the t\’J)(’ of inhibition ( Figs. 7 11).

(‘hiaraeteristic of these plots �vet�’ varia-

� 2 HCL tion of the 1 i’intercepts wit hi the AB- 15

(0Iw(’tltratioli. Ihe diagrams of the inhibited

reactions with tviamine IUI(l I)\l PEA, whichi

shiowe(I an (‘ffe(t only (In velocity, indicate

noncompetitive inhibit ion while those for

ile re isa! of in/ui !fl / ion p ,odii(eil b!/ . 1 13-15 b/J re010ra! of in/oil) i/or

‘l’reatment F;nzyme activity (inhibition)

Initial . ‘ . 5.Ilydroxvtrvpt. - -

concentration . I yramine . ,, -

of Alt-ic - NO of amine . i� -
AB-1� wash- fryptamine Norepinephrone i)Ml tA

ings

pp�role/ is’;mOlc incubation pens!

ong protein

0 - 0 0.735 (1(KY )0.312 (l(XY /0.315 (l00’� /0.150 (l00�� ) 0.700 (100’�

0.8 + 0 0. 147 (20’( ) 0.094 (30’ /0. 182 (58’( ) 0.075 (,�() ) 0.44$) (57’;

0 - 2 0.7:30 (10()’ ) 0.206 (l00� ) 0.243 (100’; ) 0. 107 (lOt)’ ) () .454) (1(x)’;

0.8 + 2 0.220 (30’) 0.108 (50’ ) 0.222 (92’) 0. 107 (100’;) 0.440 (9w;)
0 - :3 0.1�30 (l(XY )�0. 105 (1(XY. /0.165 (100’ ) 0.097 (l($Y( ) 0.400 (100�( I

0.8 + 3 0.315 (45’ )�0. 105 (l0(Y( ) 0.165 (l0O’ ) 0.097 (1(X)’ ) 0.4(X) (1(X)’

0 - 6 0.360 (IIXY )

0.8 + Ii 0.360 (100’

)xidat ion rates were measured according to I demifrieiid ci a!. (17), the stihst nato (ori(ent rat ion w�s

0.4 mn�i, the protein content of the react ion muixt tire was 3 mug, amid the mixt tires were incubated for 60

miii. The St amidard error (if the mcasrtrememit s was wit hin the range of ±5’

)xidat toil rates were measured according to Lagtiado and �ourkes (12), the srtbst rat ( (onicenit rat iou

was 1 ni�r . the prot cii comit cut of tlie rea(t iomi nhixt tires was 4 mg, amid I he mixt rtr�s were i inuthat ed for

10 mm wit Ii 5-hvdtoxvt nypt amine arid I rypt anomie, aiid for 30 mimi wit Ii tiorepimiephnimie. The standard

error of the mne�tstttetiwnit wuts wit hiti the ramige of ±3’

)xidatiomi rates were meastrred according to Kapeller-Adler (18 , I he srtl)st rate coruenit rat tori was

l() mM, the protein (omit erit �if the react ion mixt tire was 10 mug, arid the mnixt tires were i ni(rnl)at e(l for 60

miii. The sI atidard error of the nueasttremenits was withimi th(’ range of ±s;
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FIG. 7. Lineweaver-Bnrk plot for 5-hydroxy-

tryptamine (5-HT)

v = micromoles of 5-hydroxytryptamine trans-

formed per milligram of protein per hour. The
inhibitor was incubated with the reaction mix-

ture in the absence of substrate for 15 mm and

another 15 mm after addition of the substrate.

The reactions were linear during the latter 15
mm. #{149},5-hydroxytryptamine; �, 3.7 X 10#{176}M

AB-15; 0, 1.1 X 105M AB-5; C), 3.3 X 105M

AB-15.

123455

FIG 8. Lineweaver-Burk plot for tryptamine (T)

v = micromoles of tryptamine transformed

per milligram of protein per hour. 0, tryptamine;

0, 1.1 X 1O’’M AB-15; L�, 3.3 X l03M AB-15;
#{149}, 1.0 X 10’M AB-15.

5-hydroxytryptamine and tryptamine, which

showed an effect. on both velocity and Km,

represent a “mixed” type of inhibition, i.e., a

mixture of competitive and noncompetitive
effects. At low pH values the inhibition was

intermediate between competitive and non-
competitive for 5-hydroxytryptamine, and

was predominantly competitive for trypt-
amine; at pH 8.2 inhibition was competitive
with both these amines.

Lineweaver-Burk plots, however, cannot

provide sufficient information on the enzyme-

inhibitor interaction or on the breakdown of
the El’S complex, and therefore the in.hibi-

tion was also analyzed according to Dixon
(29). Reciprocals of the rates of the inhibited
reactions obtained with two different sub-
strate concentrations were plotted against
the inhibitor concentrations, and the inter-
sections of these straight lines were deter-

x

FIG. 9. Lineweaver-Burk plot for tyramine (Tyr)

v = micromoles of tyramine transformed per
milligram of protein per hour. The inhibitor was

incubated with the reaction mixture in the ab-

sence of substrate for 15 mm and another 30 mm

after addition of the substrate. The reaction was

linear during the latter 30 mm. 0, tyramine;

L�, 1.1 X 105M AB-15; C), 3.3 X lOtat AB-15;

#{149},1.0 X 104M AB-15.

50 40 30 20 � 10 20 30s

Km

FIG. 10. Lineweaver-Burk plot for norepinephrine

(NA)

v = micromoles of norepinephrine transformed

per milligram of protein per hour. 0, norepi-

nephrine; ZN, 1.1 X 104M AB-15; C), 3.3 X 1O4ii

AB-15; S, 1.1 X 103M AB-15.
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mined. Only in the case of DMPEA were

straight lines obtained. Their point of inter-
section represents the negative value of the
apparent enzyme-inhibitor constant (J� �) for
AB-15 (Fig. 12).

In the other cases the lines curved, indicat-
ing that inhibition did not increase indefi-
nitely with increasing inhibitor concentra-
tion. The designations of partially competi-
tive and partially noncompetitive inhibitors
are valid for these compounds.

4pparenl constants of enzyme-ui hibitor corn -

ptexes. The apparent constants of the

enzyme-inhibitor complexes, 1� ,, could not

� 4xi?

FIG. 11. Line weave i’-I3u rk plot fur 3,4 -iii inet/toxy-

phenglethy!ainine (Di! PEA)

v = micromoles of DMPEA transformned per

milligram of protein per hour. 0, 3,4-dimethoxy-
phenylethylamine; C), 3.3 X 10�i AB-15; #{149},
1.0 X 10_2�e1AB�15.

FIG. 12. Dixon plot for 3,4-ditnethoxyphenyleth-
ylamine (DMPEA). v = micromoles of DMPEA

transformed per milligrann of protein per hour,

#{149},33 X 10-”iit DMPEA; C), 3.7 X 10�M DMPEA.

be derived directly from the l)ixon plots in

the (ases of partial inhibition, and so .�

values were determined by (alculation. The
modified forms of the Lineweaver-Burk
equations, which were applied by 1)ixon in
such cases (30), were used. For partially

competitive inhibition,

‘Kp/Km’\ Km’

1’or partially noncompet.itive inhiibition,

= i7T� � (� -

K0�’ is the Michiaelis constant, and V’ is the
velocity in the presence of excess inhibitor
and substrate. K� , Km , and l� were derived
from the Lineweaver-Burk plots, and Km’
and 1’ were determined by extrapolating
V� and K,, to infinite inhibitor concentration.

The apparent constant of thie enzyme-

inhibitor complex for mixed inhiibition �
calculated from the point of intersection on
Lineweaver-Burk plots. Table 5 shows values

for the apparent K and inhibition index,
I/S} 05, for various amines at pH 7.6. T lie

inhibition index was (lerived both from J�

and Iso, using the following equation (32):

- K1 K1

where K1 and K8 are the (lissociation con-
stants of enzyme-inhibitor and enzyme-

substrate complexes. [lie apparent K,,,
values were used instead of the apparent K.
values for the calculations. The io values

��‘ere determined previously (11, 31).

The inhibition index values were within
the same range for any one substrate; how-

ever, they varied greatly with t.he substrate
used. The slight differences sometimes ap-

parent between the left and right sides of
the equation presumably originated from
variations between K8 and K,,, values.

The apparent K,,, and I�o values for

10 ‘ x 10 various amuses as substrates are also sum-
marized in Table 5.

Despite several measurements at various
pH values, data obtaitied for apparent K1
values were insufficient to determine the
true inhibitor constants.



�vhiichi were killed 16 hr later. The activities
of dialyzed brain homogenates of the treated
animals were compared with those of the

untreated ones. A comparison of activities
from dialyzed brain homogenates from
tteated and untreated animals showed sig-
nificant differences in the extent of inhibition

Meuban usuii of mb i hi/ion , appa urn / dissociation ions/an/s , and in hi hi/i 00 0 ni!ex t’(r!uieS for curio is GlfljflCS

at pH 7./i

Fh( � val ties were obtained from prtvionis eXperi mcii Is (11 , 31) . Tie apparent K1 values were de-

temmmnied as described iii I he text . The fimial snrbst rate coniceii I ia I iomi was 1 mu M , except for 5-hydroxy-

tmyptamiiimie, which was 0.6 minI.

{I’S}0.2

Substrate ‘l’vpe of inhibition K. Cal- Cal-culated culated

from K from 150

ni

live)

11

6.() >< I0� I X 10’ 4 X l0� 0.018 0.007

2.4 X 10� S X l0-� I X 10� 10.0 34.l()

1.3 X fl) 2 2 x fl� 2 6 >< 10-i 0.060 0.035

3.7 x l0-� 3 X l0-� S x l0-� 0.80 0.820

3.1 X 10-� I X 10-2 3 >< 102 3() .0 42.0

I;

() .‘� p

‘Ivramine Norepinephrine

() S p Q S p

‘l’rvptamine DMPEA

Q S p Q S p
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Inhibition in i’ivo. The substrate depend-

ence of the inhibition observed after oral
administration of AB-iS was studied in

detail by determining thie tate of enzymatic
oxidation of different arisines. Either 20
�moles or 40 �.Lmoles of AB-15 ier kilogram

of body weight were administered to rats,

T.�ioi.i.: 5

5- 11 vd mo xvi rypt ann i ne

I’rvpt anninie

‘Ivramuinie

No repi nieph ni ne

1)r�IPl;A

\Iix(d (nuosilv

c( onii�)eI it ive)

)olixe(1 (niostlv

niomicomnpet i -

1�ant iallv tuuii-

conul)(t it ive

1’:irIiallv mioti -

conoopet it i V(

( ‘( )nnplet clv mioni -

(o on pet it i ye

u b.s’/ ia/c dependence ui in hi 1)1tiun of ia / b ia in iii on ua �ii in ( on ilase in ti vu by .1 13-iS

The rat (5 (of (oxidat ioni of 5-hydrox t mypt amine, I rvpt anii mie, :i mid ii( nepi niephni ne were measured by

he Lagniado -Son rkes noel hod (12 1 . The finial conceni I rat i (Ii of I he subsl rat e was 10 toM, and t lie protei no

tomit emit of the muixl tire was 6 7 mug. i’he react ion noixt runes were i nicnthat ed for 15 mini wit Ii 5-hydroxy-

rypt amninie amid I rvpt anomie, amid for 30 mini wit Ii norepmniephni tie as snihst rate. The rate of IThIPEA

oxiditl nomi was m(asrnred b�’ the tuodi tied Kapellem-Adler met h( od. rhe final srnhst rat ( (oticenot rat ion was

10 mM, and I he prol eiri comit (not was l5�2O mg. Mixtures were inicnuliai ed for 60 mui ii. The I yramine rate

iuea.snnremneni Is were carried ont accordi rig to ITdenfniemid amid (‘0 oper (15 , itsi rig 1 .2 mM I vnamimie as

stbst rate amid (iialvzed horn geniat e conit aitii nig 6- 7 mug of p0)1 cii as I lie (mizvme sotirce. ‘Ihe mixt nines

were i mictubal ed for 30 miii no. 1’) represents the specific enizmue activity (micromnoles p� bonn 1xr mnilligrani

of protein) ; �. I lie sI anidard enmon, n, the miumben of amoinoals amid p, t he liroi�ti)l( error. - ______________

.�13-1.� ii

.tmoles kg

‘-l-I\’(lr(ixvtrvlnt-
amine

0 5 0.223±0.007 0.197±0.016 0.133±0.05 0.174±0.011 0.040±0.006

20 5 0. 159±0.O0M0.01�0. l59±O.O08�O.O5O. 131±0.0th; 0.800.177±0.003 o.s00.037±O.003�0.90
4(1 5 0.135±0.0160.010.158±0.OO6O.O5O.129±0.O090.70O.l71±o.00s0.800.042±0.005�0.SO
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w-hen various amines were used as substrates

(Table 6). The observed inhibition ought to
be less than that occurring in vivo (11), since

the use of dialysis to remove endogenous
substrate would also have removed some of

the bound inhibitor.

DISCUSSION

The kinetic data presented above suggest

differences in the binding of various amines
to the active site of the enzyme. The pH
dependence of the apparent Michaelis con-

stants varied markedly according to the sub-
strate used. The difference in pK values for
the active site on the enzyme and in the

ionization states within the active site, which

directly or indirectly affect the binding of
substrates, can be explained by “multiple
binding” within the active center. Although
results obtained from the mixed-substrate

studies suggest a common active site for

5-hydroxytryptamine, tryptamine, and pos-

sibly tyramine, they cannot exclude the

possible existence of different active sites,

especially in the case of tyramine and 5-

hydroxytryptamine. For norepinephrine and
5-hydroxytryptamine the results of the
mixed-substrate studies indicate different

binding sites. -

McEwen et al. (6) obtained pK-pH

diagrams that were similar for N-methyl-

benzylamine, benzylamine, andl vetatryl-

amine, using an enzyme from human liver
mitochondria. They pointed out that the
graphical analyses were typical in all respects

of a simple case of nonprotonated amine
interacting with an electrophihe group �n
the enzyme to form an enzvme-subst.iate
complex. They were unable to detect any

kinetic evidence suggesting the presence of
multiple monoamine oxidases. Experiments

tarried out. on rat liver monoamine oxidase
(33) resulted in similar pH profiles for 5-

hydroxytryptamine and norepinephrme,

yielding a pE of 6.6-6.S for the enzyme-

substrate (omplex and a pK of 7.2-7.4 for
the enzyme, and also suggested that. amines

interact with a basic group on the enzyme.

In contrast with these findings, Voudim et al

(34) showed that multiple forms of mono-

amine oxidase exist, and the various forms

exhibit different specifi(ities. Thius not only

different ionizing groups withuni the a(tive

center, but the presence of multiple enzymes,

may also be responsible for the marked

differences in substrate-binding behavior. In

light of these conflicting results, the existence

of different forms of moiioarnine oxidase

from various species and organs seems l)rOb-

able. Also, some of the forms may exhibit

substrate-specific characteristics.

Similar (onclusions could be drawn from

the \Iichaehis (onstant determitiations.

\oudim et al (34) obtained the apparent

Michaelis constants for kynuramine between
24 and 83 j.�E at pH 7.4 for the various forms

of tat brain monoamine oxidase, while Coq

and Batoni (33) determined the apparent
K11, for tat liver monoamine oxidase as

0.5 and 2.4 m�i with 5-hydroxytryptannine

and iiorepinephrine as substrates, respec -

tively. In the present experiments the
“true” i\lichaelis constants with rat brain

monoamine ()Xidttse were 20 and 56

respectively, for tryptamine and .5-hydroxy-

tryptamine, and 0.23 and 0.5 m� for norepi-

nephiine and tynamine. ‘[his supports the

suggestion that the monoamine oxidases of

brain and liver slightly differ in a manner re-

flected its thei t substrate dependence.
If one assumes that the Michaelis constant

is equivalent to the dissociation constant of
the enzyme-substrate complex, tryptamine

and 5-hsydroxyt ryptamine show high affini-
ties while tyramine and norepinephrine (his-

play markedly low-en affinities for the en-
zyme. However, the possibility thiat K,,,
values represent only kinetic constants

should also be considered (35-37).

Another problem (oncerning the assay of

enzyme a(tiVity should also be mentione I.
Certain differences have been observed be-

tweeti the reaction mechanism of monoamine

oxidation cat alvzed by tat brains monoamine

oxidase and that found with a monoamine-

dehydrogenating system, using tyramine as

substrate (35-41). This finding suggests that

K,,, values for 5-hydioxytryptamine, trvpt-

anniIi(, atid norepinephuinc, measured by the

tetiazoliuni method, (mild b( ielated, in

part, to the dehydrogenating system, while

that fot tyramine, measured by the Uden-

friend method, may be attributable to the

nnonoarnine oxitlntse vsteni. lii this case the
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2 Z . llnnszt i , nnmiptthlmshed observations.

different forms of the pK,,,-pH (urves for

tyramine and the other annines show differ-

ent characteristics of the tw-o enzyme sys-
tems. however, neither the reaction rate
measurements (see MATERIALS AND METHODS)

nor the inhibition studies (11) showed any
discrepancies among the tetrazolium method
manometric methods, or measurements of
the changes in substrate concentration, ex-

cept when tyramine w-as used as substrate.2
Contrary to the previous studies (12, 14,
42), these findings indicate that an addi-

tional enzyme system is not involve(l in the
dye reduction using tryptamine, 3-hydroxy-

tryptamine, or norepinephrine as substrate,

while for t.yramine this possibility does exist.
AR-iS was shown to be a reversible inhibi-

tor, and its apparent dissociation Con-

stant was substrate-dependent. Reactivation
measurements also reflected differences de-

pendent on thie amine substrates. Reversal
of inhibition was nearly complete after the
second washing with norepinephrine, trypt-
amine, and 3, 4-dimethoxyphenylethiylamine
as substrates, while with 5-hydroxytrypt-

amine and tyramine complete enzyme re-
activation could be achieved only after three
on six washings.

Inhibition by AB-15 was most effective

with 5-hydroxytrypt.amine, and least effec-

tive with tryptamine and 3 , 4-dinnethoxy-
phenylethylamine. Tine highest and lowest

values of the apparent dissociation constant

for the enzyme-inlubitor complex differed by
4000-fold. The measurements in into con-
firmed this, show-ing substrate-specific

differences in inhibition by AB-15 after oral
administration.

The Lineweaver-Burk plots showed that
the inhibitor binds to the enzyme, and not to

the enzyme-substrate complex, in all cases.

Thus the difference in the apparent K1 values

can be explained only if one assumes different
binding sites for the inhibitor. The observa-
tion that the degree of inhibition by AB-15

after dialysis was dependent on the choice of

substrate adds support to this hypothesis.
The finding that at low pH values AB-15

produced mixed inhibition, while at high

pH values competitive inhibition was seen

with .5-hydroxytryptamine as substrate, re-

fleets the influence of different ionizing

groups on the AB-15-enzyme interaction.
At lower pH AR-iS affected the ionizing
group involved in the 5-hydroxytryptamine---
enzyme interaction and the breakdown of the

enzyme-substrate complex. At higher pH
AB-15 affected only the ionizing group in-
volved in the enzyme-substrate interaction.

With tryptamine as substrate, AB-15 pro-
duced mixed inhibition at both low and high
pH, although the inhibition was mostly non-

competitive at low pH and competitive at

highs pH.
The Dixon plots showed that inhibition

increased to a definite limit at high AB-15
concentration and resulted in partial inhibi-

tion except in the case of 3, 4-dimethoxy-
phenylethylamine, for which fully noncom-
petitive inhibition was apparent. The
evidence for the existence of several forms of
monoamine oxidase in rat brain throws new

light on the partial inhibition by AB-15,
since preferential affinities for individual iso-

enzymes must be considered. All these data

support the hypothesis of multiple binding
sites both for substrates and for inhibitors.
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