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Abstract-Michaelis constants for human brain monoamine oxidase have been determined 
with tyramine, benzylamine and dopamine as the substrates. In each caSe double reciprocal 
plots were linear over a 20-fold range of substrate concentrations. The method of mixed 
substrates failed to indicate heterogeneity in the enzyme preparation. The theory of the 
method of mixed substrates has been extended to cover systems in which two enzymes are 
each active toward two different substrates. It is shown that, regardless of the difference in 
K, values of each of the individual enzymes for the two substrates, if the K, values of 
the two enzymes are similar for each individual substrate the situation is indistinguishable 
from the case in which only a single enzyme is present. The observation that the mixed 
substrate experiments do not indicate the presence of more than one species of monoamine 
oxidase cannot therefore be regarded as providing firm evidence for homogeneity. 

A NUMBER of preparations of the enzyme monoamine oxidase (monoamine: O2 
oxidoreductase (deaminating) E.C. 1.4.3.4) have been shown to contain several forms 
of the enzyme. These may be distinguished by the differential effects of thermal 
denaturationle3 and some irreversible inhibitorsL7 on the activities towards different 
Substrates as well as by the separation of different bands of activity on polyacrylamide 
gel electrophoresis. 2*3*7-10 Despite these differential effects the method of mixed 
substrates,” which usually provides a sensitive indicator for the presence of more 
than one enzyme, has failed to provide any evidence of heterogeneity in preparations 
which appeared to contain multiple forms as judged by other criteria.“’ 

MATERIALS AND METHODS 

Human brain monoamine oxidase was prepared by the method previously 
reported,‘,” and the enzyme was assayed at 30” in @05M glycine-KOH buffer 
(pH 8.2), by following the reduction of NAD+ spectrophotometrically at 340nm as 
the aldehyde droduced was oxidized in the presence of beef liver aldehyde dehydro- 
genase.’ Human brains were obtained within 12 hr of post-mortem, from subjects 
with no recorded history of mental illness or of treatment with anti-depressant drugs. 

NAD+ was obtained from Biochemica, Boehringer, Mannheim, Germany. All 
other cheinicals were from B.D.H. Ltd, Poole, Dorset, and were of the highest 
quality available. Benzylamine was converted into its hydrochloride, and was 
recrystallized before use. 

RESULTS 

Double reciprocal plots were used to determine the K, and V,,, values for the 
three substrates tyramine, benzylamine and dopamine. These were found to be linear 
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TABLE I. MICHAELISCONSTANTSFOR HUMAN BRAIN MONOAMINEOXIDASE 

Kl V max Substrate concn Correlation 
Substrate (p(M) (nmoles/mg/min) range (fold) coefficient 

Tyramine 19 13.6 20 0.997 
Dopamine 111 9.8 20 0.992 
Benzylamine 91 17.1 20 0.998 

Correlation coefficients were assessed on Lineweaver-Burke plots involving determina- 
tions of initial velocity at fifteen different substrate concentrations. 

over a 20-fold range of substrate concentration for each substrate (correlation 
coefficients >0.99 in each case). The K, and 1/1,,, values obtained are shown in 
Table 1. 

The linearity of the reciprocal plots would suggest that if, as has been indicated 
by other studies, ‘,l” this preparation contained more than one form of monoamine 
oxidase, these forms must have similar K, values for the three substrates and differ 
in their maximum velocities. To test this hypothesis the method of mixed substrates 
was carried out as described by Dixon and Webb. l1 The results of this study with 
mixtures of pairs of the three substrates is shown in Table 2. As in the case with 
previous studies’ *2 using this method the results gave no indication of the presence 
of more than one enzyme. 

DISCUSSION 

The three substrates used in this study were chosen because the activities of human 
brain monoamine oxidase towards each of them had been shown to respond 
differently to a number of inhibitory procedures’ and, in addition one of the electro- 
phoretically separable forms of human brain monoamine oxidase appears to have a 
high specificity towards dopamine as a substrate. ‘JO The failure of the method of 
mixed substrates to indicate heterogeneity together with the linearity of the reciprocal 
plots over a wide range could indicate that the modifications leading to multiplicity 
had little effect on the K, or V,,, values of the parent enzyme. An alternative 
possibility arises, however, from a consideration of the theory behind the method of 
mixed substrates. This theory has so far only been developed in order to distinguish 
between a single enzyme acting on two substrates and two enzymes with different 
specificities. The case in which two enzymes are present each of which is active 

TABLET. MKEDSUBSTRATEEXPERIMENTS 

Substrate pairs Ratio x 100% 

Benzylamine + tyramine 70 
Benzylamine + dopamine 65.5 
Tyramine + dopamine 66.5 

The ratio described is that of the observed 
mixed rate over the sum of the observed 
individual rates. At equal relative concentra- 
tions, equal to the K, concentrations, then the 
ratio should tend to 66.7% if one enzyme is 
responsible for the deamination of both sub- 
strate pairs.” 
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towards two substrates can, however, under certain circumstances lead to a result 
which is indistinguishable from the presence of a single enzyme. 

If we consider the two enzyme species, E and F, catalysing the conversion of two 
substrates S and T: 

E+S+ES+E+P 

E+T+ET+E+Q 

F+T+FT+F+Q 

where enzyme E can catalyse the conversion of substrates S and T into products 
P and Q respectively, whereas enzyme F can only catalyse the conversion of T into Q. 
In a mixed substrate experiment S and T may be considered to be competitive 
inhibitors with respect to each other for enzyme E, whereas if S does not bind to 
enzyme F it will obviously have no effect on the reaction catalysed by this enzyme. 
If the Michaelis constants for both enzymes for the substrate T are similar 
(KzT = KET) then, when both substrates are present at their Michaelis constant 
concentrations, i.e. KkT = [T] = KiT and [S] = KE’, we can derive the expression: 

R = 'ohs 
0 2+--- vFT 

(i&q) = 3 3(4,+4) (1) 

where R is the ratio of the observed velocity of the total reaction in the presence 
of S and T(vObR) to the sum of the rates that would be observed if each substrate 
was assayed separately. Thus vgs represents the velocity of conversion of S by the 
enzyme E in the absence of T and v; represents the sum of the observed velocities 
for the conversion of T by enzymes E(vgT) and F(vFT) in the .absence of S. 

In such a situation R is greater than 2/3 (0.67), whereas if a single enzyme 
catalyses the breakdown of both substrates,” R would be equal to 2/3. Thus the 
method of mixed substrates would provide evidence for the presence of more than 
one enzyme in the preparation (Fig. l), although its sensitivity would depend on the 
relative values of their maximum velocities VFT and VET. Under donditions where 
VFT contributes only a minor proportion of the total rate of conversion of T and 
enzyme F is unable to bind S the mixed substrate method would give results which 
would tend to 66.7 per cent as the value of V&/VET tends to zero. If, however, 
enzyme F were able to bind S as a competitive inhibitor with respect to T with 
a Ki(K~S) value equal or close to K, ES then it follows that when substrates are 
assayed at relative concentrations: 

4su + 8) @T(l + 6) @T(l + 6, 
u”“‘=1+6+p+l+6+p+l+6+p 

where /3 is the relative concentration [S]/Kk’ = [S]/Ky’, and 6 = [T]/KE’ = 
[T]/Ki’. Such an equation reduces to : 

when substrates are held at their Michaelis concentrations (b = 6 = 1). Thus this 
situation would be indistinguishable from that in which only a single enzyme species 
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FIG. I. Dependence of the ratio R on the change in maximum velocity of the conversion of T by enzyme F. 
Line A represents the situation in which substrate S does not bind to enzyme F, and line B represents 
the situation in which S does bind to F. These data were obtained using the computer simulation 
program described by Illingworth. I3 Values for the Michaelis constants were KE’ = KrS = 111 PM. and 
KET =‘KFT = 79 PM. The maximum velocity for S conversion was set at 8.0 x 104~moles/min (V,,) and m m 

that for the conversion of T catalysed by E was 8.0 x 104pmoles/min (V,,). 

were involved. Similarly, if F were to bind S and convert it to P under conditions 
such that Kis was equal to (or, in practice, close to) Ki’, the value of the 
expression would be given by: 

where vZj’ = v& + I&. 
If such a situation were to exist, then reciprocal plots for the total conversion of 

T against [T], obtained at a series of fixed concentrations of S would indicate S to 
be a competitive inhibitor,’ since: 

1 KkT.(l + [S]/K:s) 1 

7 = [T](vET + V,T) + (VET + VFT) vT 
(5) 

where VET and V,, are maximum velocities. Dixon plots” of such inhibition data 
would be linear as would also be the case if only a single enzyme were involved. 
If, however, enzyme F did not bind S, the reciprocal plots obtained would be down- 
wardly curving and the Dixon plots12 would be non-linear, since: 

1 [T](2K”,sK;T + [S] + [T]K:‘) + (KkT)’ Kis + [S] KiT 
-a= 

K!is~vET + J”,,NCTl + KiT,T) + [sl vFT 
(6) 

VT 

Thus the presence of two enzymes that catalyse the conversion of the two substrates 
would be indistinguishable from a single enzyme if the K, values of both enzymes 
were identical for each substrate pair regardless of differences in maximum velocities. 
In practice, of course, the K, values would need to be close rather than identical 
for such a situation to arise. Thus a situation in which a fraction of the enzyme 
preparation had impaired catalytic activity towards one substrate without its ability 
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to bind the substrate being greatly affected would be indistinguishable from a totally 
unimpaired preparation if the K, values of the enzymes for that substrate were close 
to the dissociation constant for the enzyme substrate complex (K,). 

If we consider the mixed substrate experiments with respect to, for example, 
tyramine and dopamine oxidation, then assuming two enzymes act on each substrate, 
the sum of the observed velocities of oxidation (in isolation) is given by 

and with substrate mixtures, for mutual competitive inhibition, 

and the mixed substrate ratio, R = V~,,/V&,. 
Where E and F are the two enzyme species, S-dopamine, T-tyramine, and a is 

the relative concentration for dopamine, and j? is the relative concentration for 
tyramine as defined previously. Some of the relationships between Michaelis 
parameters and the value of R, are examined in Table 3, when substrate concentra- 
tions are such that a = /I = 1. Such theoretical calculations must of course assume 
a single K, value regardless of any set of differences, between K, values. It is 
however difficult to detect nonlinearity of double-reciprocal plots and the situation 
in which two enzymes were present with K, values differing by factor of 3 could 

TABLE 3. SOME VALUESOFTHE MIXEDSUBSTRATERATIO, R WITHCHANGESIN MICHAELISPARAMETERS 

condition ~ 

PES = VET 
KS = VFT 

WVFS = 1 

Mixed substrate ratio, R(x) 

VES = VFS lOV,, kz PFS 

VET = CT lOVET = VFT 
V,s/VET = 4.916.8 Vs/V, = 9.8113.6 

v,, = IOV,, 
VET = lOV,, 

&IV, = 9.8113.6 \ 
KES = KFS 

@T = $T 66.7 66.7 66.7 66.7 
m m 

KEs = KFS 

KE” = 23T 
m In 

KES = 2KFS 
KE” = 2Kh 

Ill m 

KES = 3Krs 
f& = KF? 

m nr 

KEs = KFS 
Kw = 3+ 

111 m 

KEs = 2KFs 
f$T = 3Kh 

In nl 

KES = 3KFs 
KE” = 2& m nl 

KES = 3KFs 
K% = 3f$ m In 

68.8 68.0 73.0 67.3 

68.8 67.3 69.6 66.9 

72.2 71.7 72.0 67.0 

70.7 71.6 77.2 67.5 

70.7 70.5 72.2 67.1 

70.9 76.3 75.2 68.6 

70.9 76.0 76.8 67.5 

76.1 74.8 77.6 67.3 
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give rise to plots which appeared to be linear within experimental errorll giving 
an apparent K, value between the two actual values and biased by the relative 
values of their maximum velocities. 

In Table 3 it is assumed that CI = [S]/KE’ where [S] = KE,S, and fi = [T]/KiT 
where T = KE,S. It can be seen that under certain conditions the value of R is 
relatively insensitive to small fluctuations in K, values, and in many cases is within 
the expected experimental error of that for a single enzyme catalysing both reactions 
(R = 66.7 per cent). Variations will also depend on a relative value of the ratio 
vs/vT, the ratio of the total rates of oxidation for dopamine and tyramine, and also for 
the ratios, vEs/vrFs and vi../v’r. 

If it is assumed that dopamine can competitively inhibit tyramine T, then under 
the conditions examined in equation (5) a linear Dixon plot would result unless, 
one enzyme (F) did not bind dopamine when a non-linear Dixon plot would be 
obtained [equation (6)]. In addition if F binds dopamine but KLs # Kks, then a 
non-linear result may be obtained (Fig. 2). The degree of non-linearity depends on 
the concentration of the fixed substrate (tyramine), the degree of dissimilarity between 
KFS and KES and the relative maximum velocities. Also, the ratio KzT/K", is 
i;portant, l% the theoretical curves (Fig. 2) show either a “damping” (KiT > KkT 
Fig. 2b) or “accentuation” (KkT > KLT Fig. 2c) of non-linearity depending on this 
ratio. However it is obvious that deviations in K, values of 2 or 3 fold yield 
Dixon plots that would no doubt appear linear assuming a nominal experimental 
error. This exemplifies the need to use wide ranges of both inhibitor and substrate 
concentrations when studying inhibition kinetics by Dixon analysis.12 

Thus the results of the mixed substrate experiments with monoamine oxidase are 
not necessarily incompatible with the results of Johnston4 which indicated that two 

5 c 0.9 - 
5 
F OB- 

KES,KFS 
m m 

FIG. 2(a). 
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FIG. 2. Theoretical Dixon plots showing the inhibition of tyramine deamination 
results are obtained by substitution in the equation 

n 
;; 0.35 

t 

KkS=2KLs 

KES= 3KFS m m 

FIG. 2(b). 

FIG. 2(c). 
P, 
> 0.1 p 

2 .- 
c 
.c 0.05 

1 I 

v; = MT1 hCT1 
KET(l + [S]/K:‘) + [T] + KET(l + [S]/K;s) + CT] 

by dopamine. These 

where we assume that PET. = Vrr and that [T] = K, ET = 79pM. The curves obtained using a number 
of ratios of K~‘/,SIK~’ are examined, and KEs is fixed as 111 PM. (a) KET = KLT; (b) 2KET = KET; 

(c) KET = 2KLT. 

B.P. 23/14--s 
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enzyme species existed in such preparations of the enzyme. The presence of two 
kinetically distinct enzymes with similar K, (or Ki) values for the individual amines 
would give no indication of heterogeneity when examined by the mixed substrate 
method. Such a situation may account for the apparently conflicting evidence con- 
cerning the heterogeneity of monoamine evidence. Since the binding of membrane 
material has been demonstrated to affect the properties of the enzyme’,’ it may be 
that such binding affects the maximum catalytic activity without significantly affecting 
the K, values of the species generated. 
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