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Summary: A modern approach is described for the evaluation of the optimal conditions for two-substrate enzyme
reactions. It chiefly involves the determination of the concentration of substrates for the primary reaction and the
catalytic concentration of indicator enzymes.
The interrelationships between the concentration of the two substrates (concentration pairs) are described mathe-
matically to be hyperbolic, and, in case of competitively inhibited reactions, to be parabolic. Calculated optimum
concentrations have been rechecked experimentally for the reactions of aspartate aminotransferase and alanine
aminotransferase.
For pyridine coenzyme linked indicator reactions it could be demonstrated that they mostly follow zero order
kinetics. One of the products of the primary reaction reacts, in its steady state concentration, as the second sub-
strate. This represents the size of the lag phase of the coupled reaction. The Km of this substance must be known in
order to calculate the catalytic concentration of the indicator enzyme in relation to that of the primary enzyme. Its
concentration can be fixed arbitrarily within certain limits, depending on whether the calculated result actually can
be realized; otherwise a larger lag phase must be tolerated.
For practical reasons, it is generally possible to measure only a certain percentage of maximum reaction rate.

Ermittlung optimaler Bedingungen für Zwei-Substrat-Enzymreaktionen
Zusammenfassung: Die Beschreibung heutiger Verfahren zur Ermittlung der optimalen Bedingungen für Zwei-Substrat-
Enzymreaktionen bezieht sich auf die Substanzkonzentrationen der Substrate, im wesentlichen der Primär-Reaktion
und auf die katalytische Aktivitäts-Konzentration der Indikator-Enzyme.
Die Beziehungen zwischen den Konzentrationen der beiden Substrate (Substrat-Paare) werden mathematisch als
hyperbolisch beschrieben, im Falle kompetitiver Hemmung als parabolisch. Die errechneten optimalen Substanz-
Konzentrationen der Substrate wurden experimentell bestätigt.
Pyridincoenzym-abhängige Indikator-Reaktionen folgen meist den Gesetzen der nullten Reaktionsordnung. Eines der
Produkte der Primär-Reaktion reagiert als zweites Substrat der Indikator-Reaktion mit seiner steady stete-Konzentra-
tion. Diese ist ein Maß für die Anlauf-Phase der gekoppelten Reaktion. Der Km -Wert dieser Substanz wird benötigt
zur Berechnung der katalytischen Konzentration des Indikator-Enzyms relativ zum Primär-Enzym. Ihre Konzentration
kann in gewissen Grenzen willkürlich festgelegt werden. Diese hängen davon ab, ob das rechnerische Ergebnis in der
Praxis realisiert werden kann. Anderenfalls sind größere Anlauf-Phasen der Reaktion in kauf zu nehmen.
Allgemein gilt, daß aus Gründen der Praktikabilität nur ein bestimmter Prozentsatz der maximalen Reaktionsgeschwin-
digkeit gemessen werden kann.

Introduction and ̂ so later> the group ofGarfinkel (2, 3,4) reported
the computer simulation and optimization of these

In 1974 we reported the empirical optimization of important coupled enzyme assays. Independently, our
aminotransferase methods (1). At about the same time, &oup looked for more rational and less time consuming

^ '— procedures for the determination of the optimum con-
') Lecture 2nd European Congress on Clinical Chemistry, Octo- ditions of two-substrate reactions, without the aid of a

ber 3-8,1976, Prague. computer. Thus, we now have a general basis for the
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evaluation of the conditions for an optimized assay in-
volving two substrates, as well as firmly established
conditions for the measurement of aspartate amino-
transferase and alanine aminotransferase. These are
experimentally based and they agree well with the
mathematical background.

Mathematical background for substrate optimization

The rate equation for a two-substrate reaction is2)
V (eql)

[S,] [S2] [S,]X[S2]
In the case of aspartate and alanine aminotransferase, the
Situation is simplified since the last term of the denomi-
nator disappears (5, 6). Both reactions follow the Ping-
Pong Bi-Bi mechanism (5, 6, 7). Thus equation 2 (eq 2)
can be used.

V; = / ... . (eq 2)

[S2]
Interrelationship between the substrates
For the evaluation of optimum substrate concentrations
for each of the substrates, the Michaelis constants must
be determined. Even if performed with a high level of
one of the substrates, these determinations include a
certain inaccuracy. Therefore, it is desirable to estimate
Km values according to Florini & Vestling instead of
Lineweaver &Burk (see I.e. (8)). This is also necessary
since the condition [S] »Km frequently cannot be
obtained due to technical reasons.

For measurements of the catalytic activity of enzymes,
one has to keep in mind that Vj = V cannot be fully
reached, so that a certain deviation of Vj from V must be
tolerated (9). (This conclusion already can be drawn from
the value of Km: If for alanine aminotransferase (Km) Sl
for alanine is 22 mmol Χ Γ1, then it is impossible to
bring the alanine concentration to e. g., 100 X Km =
2200 mmol X I1, since the solubility of the substrate is
insufficient).
In such cases, a value of vj = 0.95χ Vis tolerated, i. e.
vj should reach 95% maximum velocity.
However, one should consider that the deviations caused
by both substrates will be additive. Also, the second
2) Abbreviations, units and quantities:

Km Michaelis constant
KI absolute Inhibitor constant
v reaction rate
Vj initial reaction rate
V maximum reaction rate
(Sl substance concentration of substrate
(PJ substance concentration of product
[11 substance concentration of inhibitor
z catalytic activity (kat)
b catalytic activity concentration (kat χ Γ1)·
kat katal (mol X s *)
U international unit of enzymes (μτηοΐ Χ min"1).
/ litre

substrate cannot fullfil the ideal situation [S] »Km
in each case. For the alanine aminotransferase, for
example, the 2-oxoglutafate concentration cannot be
indefinitely high; otherwise the light absorption by
this substance increases too much.
In general, one must keep in mind that substrate inhibi-
tion may also occur. Especially, if high substrate concen-
trations are used, it must be certain that they cause no
significant inhibition.
From the equation ofMichaelis-Menten, it follows for
the consideration of the deviation of Vi from V

:*m=FX*m (eq3)

(The factor F has likewise the numerical value of 19 if
Vi = 0.95XF.)
If the values of (Km) Sl and (Km) Si

 are known, one
can investigate the interrelationship between the concen-
trations [Si ] and [S2] according to equation 2. From
equation 2 follows

(eq4)

This is the equation of a hyperbola. A family of hyper-
bolas is given in figure 1.
It is obvious that for two-substrate reactions with a tole-
rated value of F there is more than one optimum con-
dition. Furthermore, within certain limits the concentra-
tion pairs are variable. High concentrations j^ ] permit
lower concentrations [S2] and vice versa.
The question is open as to which pair of substrate con-
centrations should be selected for practical work.
Several considerations may be involved, e. g.
1. The pair yielding lowest variance with change in

substrate concentration of one of them.
2. The most economical pair (costs of reagents).
3. The most convenient pair (solubility, light absorbance,

substrate inhibition).

ο 1000
£
^ 800

Fig. 1.

600

AOO

200

limit of solubility

0 1 0 - 2 0 30 40 50 60 70
Substance Concentration S2 [mmol/l]

Two-substrate.reaction alanine aminotransferase. Inter-
dependency of substrate concentrations.
(Km) S = 21.9 mmol//; (*m) § = 0.67 mmol//.
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In general, the third point represents a dictation of prac-
tice so that points 1 and 2 have to be discussed.

The pair of substrate concentrations y ie ld ing
lowest variance
Lowest variance means in this case that a small variation
of substrate concentration [Si ] should give a lowest pos-
sible variance in the corresponding value of [S2] and vice
versa. This certainly is not the case in those parts of the
hyperbola near to its asymptotes, but it is the case in its
most curved region. This point can be calculated.
As can be seen from figure 2 (equally divided coordinates),
all these points lie on a straight line with a slope tan α
described only by the Km values. This line intersects the
origin of the coordinate system.

The most economical pair of substrate concen-
trat ions
Most economical means in general the lowest possible
sum of the two substrate concentrations. One can easily
demonstrate mathematically that each point of the hyper-
bola which is the most favourable with regard to variance
is identical with the point that shows the lowest possible
sum of substrate concentration.

500

The pair of subs t ra te concentra t ions for i nh ib i t ed
reactions
In some cases, one is forced to consider the fact that
substrate or product inhibition occurs. The influence
of a competitive inhibition on the interdependency of
the substrates may be shown as follows. The term

describing inhibition is 1 + — , which is a factor to
K\

C^m) s | f°r competitive inhibition. In the case of
aspartate aminotransferase and alanine aminotransferase,
the second substrate, 2-oxoglutarate, inhibits. Thus we
get

(eq5)

[S2]
With K\ = 14 mmol// in the aspartate aminotransferase
reaction a curve results which is similar to the hyperbola
of the non-inhibited reaction only in the area of small
values of [S2] - (Fig. 3). In the case of alanine amino-

360-

corresp. to vj=0.96-V

10 100 150 200 250
Substance Concentration S2 (mmol/U

Fig. 2. Two-substrate reaction alanine aminotransferase. Inter-
dependency of substrate concentrations (equally devided
coordinates).
(ATm)Sj = 21.9 mmol//;(A'm)S2 = 0.67 mmol//.
Values of F = vj/ V - v j are
a) 15.67, b) 13.29, c) 10.11, d) 7:00. tan α = 5.72.

"0 10 20 40 60 80 .100
Substance Concentration $2[mmol/I]

Fig. 3. Aspartate aminotransferase. Interdependency of substrate
concentrations.
Si = L-Aspartate; 82 = 2-Oxoglutaratc.
(*m)s s 5.07 mmol//; (/fm)s2

 = °·19 mm01/'· F = 24
corresponding to Vj = 0.96 χ Κ
a) Calculated with the above data according to eq 4.
b) Calculated with the above data including competitive

substrate inhibition by 2-oxoglutarate
(K\ = 38 mmol//) according to eq 5.
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transferase,^ = 370 mmol//, the difference of the two
curves is less pronounced (Fig. 4).
It is obvious, that one has to seek suitable pairs of con-
centrations only on the left side of the minimum of
curve b.
In this figure a curve c is also shown. Here the effect of
product inhibition is indicated. L-Glutamate inhibits
both aminotransferases, just as pyruvate inhibits the
alanine aminotransferase reaction. But under the assay
conditions all values of [l]IK\ are small against 1 so that
no significant effect must be considered.
Since, in practice, all the parameters for any assay will be
known, it is possible to calculate for a tolerated ratio
Vj/Kthe most convenient pair of substrate concentra-
tions by use of simple equations.

Evaluation of the catalytic concentration of indicator
enzymes

In order to calculate the catalytic concentration of the
indicator enzyme it is necessary to know the type of
this reaction. For both of these two aminotransferases
it is a NADH dependent two-substrate reaction. The
first substrate is oxaloacetate or pyruvate resp. which
is formed as the product PI of the primary reaction.
Since in the steady state [Pl ] is constant we get for the
steady state

= (veff.)ind. = (eq6)

[S3]

'ind.

. X [S3]

[S3]: NADH concentration
[Pi]: Oxaloacetate (pyruvate) concentration

That is the equation of a one-substrate reaction. But, it
can easily be shown3), that the term (1 + Q) X [S3]
»(*m)s3,thusitis

(Veff.)ind. = ^prim. = ;~^ X înd. (eq 7)

and

i + Q

r prim. (eq8)

3) With [S3J = 0.18 mmol// (table 5), [Pj] = 0.001 mmol//
(table 5) for the malate dehydrogenase indicator reaction,
it is 1 + Q = 1 + (*m)P /(?!)= 1 + 0.0165/0.001 =
= 17.5 > 0.18 mmol//.1

This indicator reaction consequently is a zero order
reaction. The term (1 + Q), i.e. 1 + (Km) ρ^Ρι],
indicates how many times the catalytic concentration
of the indicator enzyme must exceed that of the
primary enzyme.
The value of [Pl ] is not known, but it can be fixed.
[Pi ] is the steady state concentration of Pl, i. e. the
time taken to attain this steady state value represents
the lag phase of the reactions. This should be short.
If we limit it to e.g. A339nm ?= 0.063, than we have the
concentration [Pt ] = 0.01 mmol// (see tab. 5).

Results

Optimal substrate concentrations
Empirically we found the following conditions optimal
for aspartate aminotransferase and alanine aminotrans-
ferase (tab. 1).

Tab. 1. General conditions for aspartate aminotransferase and
alanine aminotransferase reaction.

Condition

Buffer (Tris)
PH
Volume fraction
Pyridoxal-5-phosphate

Aspartate
amino-
transferase

80 mmol//
7.8

1:12
0.1 mmol//

Alanine
amino-
transferase

100 mmol//
7.5

1:12
0.1 mmol//

We determined the following values of Km and K\ (tab. 2)

Tab. 2. Michaelis and inhibitor constants in aspartate amino-
transferase and alanine aminotransferase reaction (human
serum after liver disease).

Parameter Aspartate Alanine
amino- amino-
transferase transferase

(Aspartate) (Alanine)
(*m)s2 (2-Oxoglutarate)
(#l)2-Oxoglutarate
^Glutamate
(^l)pyruvate

5.07
0.19

38
47
—

mmol//
mmol//
mmol//
mmol//

21.9
0.67

ca. 370
14

ca. 20

mmol//
mmol//
mmol//
mmol//
mmol//

from the literature

We showed that the competitive substrate and product
inhibition can be neglected, except for the 2-oxogluta-
rate inhibition (tab. 3).

Therefore, we calculated [8χ] and [S2] for the two reac-
tions, including the term (1 + [l\IKi) for 2-oxoglutaiate
inhibition. Of course, we had to select the concentration
pairs on the left side of the minimum of curves b in
figures 3 and 4.
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Tab. 3. Inhibitor constants and consequences. ,

Parameter

(-^l)2-Oxoglutara
|S21 = [D
1 + \l\IKi

(^l)pyruvateiPii = in
1 + UJ/*i

^I^Glutamate
(Pi l -dl*
1 + \lMKi

* for a reaction

Aspartate
arfiino-
transferase

te 38 mmol//
1 2 mmol//

- 1.316

-_

-

47 mmol//
0.125 mmol//

1.0027

time of 5 min and 300 U// in

Alanine
amino-
transferase

ca. 370 mmol//
15 mmol//

/.04 5

ca. 20 mmol//
0.01 mmol//

7.0005

14 mmol//
0.1 25 mmol//

1.0089

serum

360

340

ζ 320
I
* 300
CO

| 280
2
| 260

CO

S 240

Ι̂Λ

1220

200

10
0

- F = 2 4
corresp. to Vj = 0.96 χ V

-

203 U/l /
/ο

\205U/l/

- γ205 U/l

(S2]=ia5mmol/l

α
—?

— I I 1 I 1 f

420-

400-

380

| 360
£
* 340c
eo

I 320

I
J 300

£280

260

240

$
10

ό

F=10.11
corresp. to Vj= 0.91 χ ̂

-L-L J,
~0 10 20 40 60 80 100 120 140

Substance Concentration ^[mmpl/l]
160

Fig. 4. Alanine aminotransferase. Interdependence of substrate
concentrations.
Si = Zr-Alanine; S? = 2-Oxpglutarate.
(A'm)sj = 21.9 mihol//;(A:m)Si = 0.67 mmol//. F = 10.11
corresponding to Vj = 0.91 xV.
a) Calculated with the above data according to eq 4.
b) Calculated with the above data including competitive

substrate inhibition by 2-oxoglutarate
(K\ = 370 mrnol/1) according to eq 5.

c) Calculated with the above data of b) including
additionally competitive product inhibition by
L-glutamate (K\ = 14 mmol//).

0 10 20 40 60 80
Substance Concentration S2(mmol/l]

Fig. 5. Aspartate aminotransferase. Examination of constancy
of Vj using different pairs of substrate concentrations.
Data of fig. 3, curve b.

We demonstrated that there is no difference in the
obtained values of catalytic concentration using different
pairs of substrate concentrations (fig. 5).

Finally, we chose the following pairs (tab. 4).

Tab. 4. Pairs of substrate concentration.

Para- Aspartate
me- Aminotransferase
ter (v

Alanine
Aminotransferase

[SiI Aspartate 260 mmol// Alanine 415 mmol//
iS2J 2-Oxoglutarate 12 mmol// 2-Oxoglutarate 15 mmol//

Indicator reaction
For the calculation of the catalytic activity concentration
of the zero order indicator reaction we need the terms
(Km) pt and [P! ]. We measured Km and fixed [Pl ] at
0.001 mmol// and 0.01 mmol// resp., allowing the
coupled total reaction to have a lag phase up to A = 0.0063
and 0.063 resp. at 339 nm.

For an upper limit of 300 U// = 5000 nkat// primary
catalytic activity concentration in the serum to be
measured, the assay system contains 25 U// = 417 nkat//
(tab. 5). Thus it must be

*W = (1 + Q) X ^prim. = 0 + Q) X 25 U//

J. Clin. Chem. Clin. Biochem, / Vol. 15,1977 / No. 8
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Tab. 5. Conditions for indicator reaction (Kprjm = 25 U//).

Parameter Aspartate Alanine
am inotransf erase aminotransferase

(*m)p,

IP,)

Ι*"1*' "
V ·Kpnm.

Oxalo acetate
0.0165 mmol//
Oxaloacetate
0.001 mmol//

> i l = Q 16.5
17.5
25 U//
17 c Y ΙΛ . —ι i.o Λ »'prim.
= 436 U/7

Pyruvate
0.16 mmol//
Pyruvate
0.003 mmol//
53.3
54.3
25 U//
54.3 X Kprim. = 1333U//

These values must still be corrected by the relationships

Conclusion

Modern evaluation of optimal conditions for coupled
two-substrate enzyme reactions can only be successful,
if experimentical data of the basic parameters are sub-
jected to further mathematical analysis. In this way the
conditions for aspartate aminotransferase and alanine
aminotransferase were optimized (tab. 6).

We have to keep in mind, that for technical reasons
96% of maximum catalytic activity concentration of
aspartate aminotransferase and only 91 % in case of
alanine aminotransferase can be attained under these
conditions.

(vi)
(vi)

prim

prim

= 0.96 X
=0.91 X

. for aspartate aminotransferase
for alanine aminotransferase

Tab. 6. Optimal conditions for measurement of the catalytic activity of aspartate aminotransferase and alanine aminotransferase in
serum.

Aspartate
aminotransferase

Alanine
aminotransferase

Buffer
pH
Temperature
Volume fraction of sample
Pyridoxal phosphate

|S2J
find.

Tris 80 mmol//
7.8
30 °C
1:12
0.100 mmol//

Aspartate 260 mmol//
2-Oxoglutarate 12 mmol//
400 U//

Tris 100 mmol//
7.5
30 °C
1:12
0.100 mmol//

Alanine 415 mmol//
2-Oxoglutarate 15 mmol//
1200U//
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