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Based on the method of vector representation of enzyme reactions in three-dimensional K:" V' 
coordinates, equations for calculating the constants of enzyme inhibition Kj(n) and activation 
Ka(n) by two or more inhibitors/activatos were deduced. Inhibition of calf alkaline phosphatase 
by anions of molybdic (MoOl-) and tungstic (WOl-) acid was studied. The constants of enzyme 
inhibition by each of these anions and by their mixture in the same concentration were determined. 
The value of the phosphatase inhibition constant obtained experimentally was compared with 
that calculated using the appropriate equation. The prospects of using the equations obtained to 
analyze the kinetics of enzyme inhibition/activation by two or more simultaneous inhibitors/acti
vators and to assess the contribution of each of these compounds are discussed. 

The problem of the quantitative assessment of the simultaneous effect of two, 
three or more inhibitors or activators has always been of interest for enzymologists, 
since such situations are frequent in research practice, e.g., in studies of enzyme 
inhibition in the presence of the components of a buffer solution. It is no less impor
tant to know if such an interaction enhances or diminishes the effect of an inhibitor, 
etc. 

Earlier papers 1- 4 describe the three-dimensional coordinates and a method of 
vector representation of enzymic reactions in it. This paper analyzes the applicability 
of the method for processing the results of the effect on the enzyme of simultaneously 
two, three or more inhibitors or activators. 

THEORETICAL 

Associative* (Type IV j or Competitive) Enzyme Inhibition 

All the three-dimensional vectors PIVj of reactions characterized by the relation-

* The classification of the types of enzymic reactions is described in refsl - 4 . 

** K:" and V' are the values of effective Michaelis constants and maximum reaction rates 
determined in the presence of inhibitors (i) or activators (a); K~ and VO are the values of the same 
parameters of the initial (neither inhibited nor activated) reaction. 
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ships** K~ > K~, V' = Vo, i > 0, will be located only in plane alVi which is the 
locus of their existence2 - 4 (Fig. 1). 

Vector repres';!ntation of the results of enzyme inhibition by two simultaneous 
different (not interacting) associative inhibitors at equal concentration [iJ = [i2] 

but differing in their efficiency such that 2(K~(i1) - K~) = (K~(i2) - K~) in plane 
a lVi will be as shown in Fig. 2, where PIVi] is a threedimensional vector characterizing 
the intensity of inhibition by inhibitor i1 and PIVi2 is the intensity of inhibition by 
inhibitor i2. The resulting effect (vector PIV(iJ+i2») will be the sum of the com
ponents: 

(1) 

or, in their projection on semiaxis PK~. 

n 

PI~i]+ i2) = PIVi/ + PIVi2 = L PIVi(/) (2) 

v' 

FIG. I 

Illustration of the method of vector repre
sentation of enzymic reactions in three
dimensional K:" V' coordinates (with aligned 
semi-axis Pi of the molar concentrations of 
inhibitors (i) and activators (a». Symbols: 
PIVi, Pl i , Plll i etc., are the vectors charac
terizing the intensity of the associative, 
two-parameter matched, catalytic, etc., types 
of enzyme inhibition; PIVi , PIi , PIlI;, etc., 
(scalar values) are the projections of these 
vectors on base plane (fo, P is the point or 
intersection of axes, its coordinates being 
(K~; Vo; 0) 
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FIG. 2 

Vector representation of data on the as
sociative type of enzyme inhibition by two 
inhibitors at equal concentration (in plane 
(fIVi' Fig. I). Symbols: PIV;], PIV;}, 
PIV (i1 + i2) are the vectors characterizing the 
intensity of enzyme inhibition by inhibitors i1 
and i2 and the mixture (iJ + i2) at the same 
concentration; PIVi], PIV;2 and PIV(i1 + i2) 

are the projections of these vectors on semi
axis PK:" 
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and semi-axis Pi, 

n 

ProjpiPIV(i/+i2) = (if - 0) + (i2 - 0) = I i(l) , (3) 
1= 1 

where PIJ(! +i2) = Proj"oPIV(i/+i2); PIViJ = Proj"oPlVil , etc. are projections 
(scalar values) of the three-dimensional vectors PIV(i]+i2)' PIVi/, etc. on semi-axis PK~ 
(Fig. 2) or, which is identical, on the base plane (Jo (Fig. 1); n, the upper limit of 
summation (equal in this case to 2). 

To derive the equations for calculating the constants K(IVi(n» of associative enzyme 
inhibition we shall use the property of the vector representation method which states 
that the ratio of kinetic parameters corresponding to the positive difference of the 
coordinates of the projection of the three-dimensional vector L on semi-axis Pi to 
those corresponding to the positive difference of the coordinates of the projection 
of the same vector on base plane (Jo, multiplied by the kinetic parameters cor
responding to the last member in the base difference of the coordinates - is the 
form of equation for calculating the constant of enzyme inhibition (Ki) or activation 
(Ka) depending on which effect is studied2 - 4 . 

As seen in Fig. 2, the value of coordinate K;n(iJ+i2) of projection PIJ(iJ+i2) on 
semi-axis PK;n will be, due to the axes OK~ and OV' intersecting point P(K~; yO; 0) 
(Fig. 1), in the following dependence on coordinates K~, and K~ of its projections 
PIViJ and PIVi2 : 

K~(il+i2) = K~ + L (K~i(l) - K~), (4) 
1= ! 

where n = 2. 

Therefore, the positive difference of the coordinates of projection PIJ(iI+i]J on 
semi-axis PK~ (Fig. 2) or, which is identical, on plane (Jo (Fig. 1) will be 

(5) 

or, taking into account Eq. (4), 

n 

Proj"oPIV(iJ+i2) = L (K~(l) - K~) . (6) 
1= 1 

Hence, since the expression of the positive difference of the coordinates of vector 
projection PIV(il+ i2) on semi-axis Pi is already known (Eq. (3» as well as the last 
member in the base difference of the coordinates (Eq. (5», the equation for cal
culating K(IV(iJ + ill) for the given (associative) inhibition by inhibitors i/ and i2 
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will have the form: 

(7) 

or, taking into consideration Eqs (3) and (6), 

(8) 

where n is the limit of summation and (l the coefficient characterizing the interaction 
of inhibitors. If such an interaction (formation of associates etc.) leads to the 
weakening of their efficiency, (l < 1; if it leads to their enhancement, (l > 1; in the 
absence of any interaction, (l = l. 

As can be easily seen (Fig. 2), in the case of three or more inhibitors the projection 
lengths of the resulting vectors PIVi(n) on semi-axes PK~ and Pi will be determined 
by the same Eqs (6) and (3), where n = 3, 4, ... ; thus, the eqaution for calculating 
constants K(IV)i(n») of enzyme inhibition by n inhibitors will have the same form as. 
Eq. (8), where n = 3,4, .... 

On the other hand, analysis shows that at n = 1 Eq. (8) will be simplified to the 
known equation5 - 7 for calculating constant K(IVi) of associative (or competitive) 
enzyme inhibition by a single inhibitor: 

(9) 

How will Eq. (8) simplify if [i l ] and [i2] are the concentrations of the same inhibitor? 
Equal concentrations of the same inhibitor [i l ] = [i2] will lead to the equal increase 
of the reaction parameter K~. Vectors PIVil , PIVi2 and PIV(iJ+ i2) will spread along 
one and the same line in plane (TtVi' Eq. (6) will simplify to 

n 

L (K~(l) - K~) = n(K~ - K~) , (LO) 
1= 1 

Eq. (3) to 
n 

I i(l) = ni (11) 
/= 1 

(where n = 2) and, thus, Eq. (8) will simplify to the form of Eq. (9). 

Now, if [iJ = 2[i2], then (Km(iJ) - K~) = 2(K~(i2) - K~) and vectors PIVi]~ 
PIVi2 and PIV(i] + i2) will also spread along one line in plane (TIVi and this, as we have 
already seen (Eqs (10), (11)), indicates that Eq. (8) will again simplify to the form 
of Eq. (9). Hence, Eq. (8) is a more general form of the equation for calculating 
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K(IV i) constants of enzyme inhibition valid both for n different inhibitors and for 
n concentrations of the same inhibitor. 

Catalytic (Type IIIi or Noncompetitive) Enzyme Inhibition 

Representation of the results of enzyme inhibition simultaneously by two different 
(not interacting) catalytic (V' < Va, K~ = K~, i > 0) inhibitors of equal concentra
tions [;1] = [i2] but differing in their effect on the enzyme in such a way that 
2(VO - V(2) = (Va - V(1)' will be in plane O'mi as shown in Fig. 3. It can be seen 
that the length of projection PIlI(i1 + i2) of the resulting vector PIII(i1 + i2) on semi-axis 
POv' will be determined by a similar sum (Eq. (2)) of the lengths of projections PIIli] 

and PIll i2 of its components: 

n 

PIIl(il+i2) = PIll il + PIlli2 = L: PIlli(/) . (12) 
1= 1 

The positive difference of the coordinates of PIlI(il+ i2) and each of its constituent 
projections, due to V' < Va here, will be 

PIll i = Va - V' (13) 

and, therefore, the value of coordinate ~'i/+ i2) of the end of projection PIlI(iJ+ i2) 

on semi-axis POv' (Fig. 3) will be determined by 

n 

~'i1+ i2) = Va - L: (Va - VI) (14) 
1=1 

whence the form of the positive difference of the coordinates of this projection will be 

FIG. 3 

Vector representation of data of catalytic 
inhibition by two inhibitors at equal con
centration (in plane (JlIIi' Fig. 1). Symbols: 
Pili jl. Pili i2 and PIII(i1 + i 2) are the vectors 
characterizing the intensity of enzyme in-
hibition by inhibitors i1 and i2 and their 
mixture (i1 + i2) at ,equal concentration. 
PIIli], PIlli2 and PIlI(i1 + i2) are the pro
jections of these vectors on semi-axis POv ' 
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n 

Projpo(v,)PIII(i1+i2) = VO - V/iJ +i2) = L (VO - V;). (15) 
1= 1 

The positive difference of the coordinates of the vector PIII(i/ + i2) projection on 
semiaxis Pi, due to the feature of plotting this axis (the value of concentrations 
i = 0 or a = 0 point P; Fig. 1), will be determined by the similar sum of components: 

n 

ProjPa.iPIII(i/+i2) = (i/ - 0) + (i2 - 0) = L i(l) (16) 
1=1 

and, therefore, the equation for calculating constants K{III i (n» of (catalytic) enzyme 
inhibition by n inhibitors will have the form 

K(III. ) = ProjPa,iPllli(nl V' 
I(n) P' Pili I(n) 

rO)(Jo i(n) 

(17) 

or, taking into consideration Eqs (14), (15) and (16), 

n 

n VO - L (VO - Vi) 
K(IIIi(n» = Q L i(l) --n ~=-1_ ------- . 

1= 1 L (VO - vi) 
(18) 

1= 1 

A simple analysis shows that at n = 1 Eq. (18) will be simplified to the form of the 
known equation 5 - 7 for calculating constants K(IIIi) of catalytic (or noncompetitive) 
enzyme inhibition by a single inhibitor: 

(19) 

In the case of equal [i/] = [i2] or different [i/] > [i2] concentrations of the same 
inhibitor Eq. (I8) will also be simplified to the form of Eq. (19). 

When deriving other equations for calculating constants Ki(n) and Ka(n)' we shall 
use an analytical technique so as not to resort to plotting the spatial vectors in the 
K~ yo coordinates (like the diagrams in Figs 2 and 3). It is easily seen that on sub
stituting the expression of K~(i(n)) and i( n) coordinates of the vector PIV(IJ+ i2) 
projections (Eqs (4) and (3» we obtain the same form of the equation for calculating 
the inhibition constant K(IVi(n» (Eq. (8» as was deduced using the geometric 
representation (Fig. 2). Similarly, on substituting expressions (14) and (16) into 
Eq. (19) we obtain the same form as Eq. (I8) for calculating constants K(IIJi(n». 
This technique is more convenient, since the equations for calculating constants 
Ka/K i of enzyme activation/inhibition by one activator/inhibitor are already 
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known 1 - 4 (cf. Fig. 4). Now we need to obtain the expression for interrelation of 
<coordinates K~(a(n))' V~(n) and a(n) of the PIVa(n) and Pllla(n) vector projections on 
semi-axes POK'm, PV' and Pa,i (Fig. 1). It would be convenient here to use the sym
metry of the positions of projections PlVi and PlY,. as well as PIll i and PIlla of 
the respective three-dimensional vectors PIVi , PIVa, Plll i and Pilla (Fig. 1) on semi
-axes PK~, POKm" POv', PV' of base plane (To (Fig. 5) and also to utilize the fact 
that if the numerical value of the coordinate of the end of projection is greater than 
that of the beginning (as, e.g. K~ > K~ on semi-axes PK~, Fig. 2), then its inter
.. elation with the coordinates of the constituent projections will be determined by 
the sum (Eq. (4)); if it is smaller (as, e.g. V' < VO on semiaxes POn Figs 1,3), by 
the difference (Eq. (/4)). But then in Fig. 1 (and Fig. 5, which is the projection of 
Fig. 1 on plane (To) it can be seen that coordinates K~(a(n» of the vector PIVa(n) 
projection of associative (type IVa' refs 1 - 4) enzyme activation will be on semi
-axis POK'm, where K:II < K~ and thus their interconnection with the coordinates 
of the constituent projections will be expressed by the difference 

n 
K~,(a(n)) = K~ - L (K~ - K~(l)) 

1= 1 

v' 

KIIII,I llfa/V,I 

D A 
Kill) 

KII,I 

KOVal , / Klv, I 

°Km , p 
KIIV, I K~ 

KIV,I 

KII I , 
C / Kill,) B 

IV",) KIIII,) 

°v' 
Equations in quadrants A-D: 
A: KOla) = a/(K:"V'/K~Vo - 1); K(V j ) = i/(K:"V'/K~Vo - 1) 
B: K(IVj) = i/(K:"/K~- 1); K(I;) = i/(K:"Vo/K~V' - 1); K(III j) = i/(Vo/V' - 1) 
C: K(lI i ) = i/(K~Vo/K:"V' - 1); K(Va) = a/(K~Vo/K:"V' - 1) 

D: KOVal = a/(K~/K:" - 1); K(I,,) = a/(K~ V'/K:" VO - 1); K(IIIa) = a/( V'/ VO - 1) 

FIG. 4 

(20) 

Distribution of the equations for calculating constants KJ Ka of enzyme inhibition/activation 
by one inhibitor/activator by the elements of the two-dimensional K:" V' coordinates. Arrows 
indicate the applicability (depending on the positions of the respective projections) of the equa
tions for calculating constants K(IV i ), K(III), K(IVa), and K(IIIa). The applicability region of 
the other equations are the areas of the respective squares or their parts (cf. the position of the 
respective equations) 
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and coordinates V:(n) of the vector Pllla(n) projection for the catalytic (type IlIa) 
enzyme activation on semiaxis PV' (Figs 1 and 5), where V' > Va, will be determined 
by the sum 

n 

V:(n) = Va + L (vz' - Va) (21) 
1= 1· 

which, for making it more obvious, would be more convenient to tie in with the 
respective semi-axes of the two-dimensional K~ V' coordinates (Fig. 6). 

Now, comparing the data of Figs 4 and 5 we can obtain all the other equations 
for calculating constants Ki(n) and Ka(n)' Thus, for instance, substituting the expres
sions for coordinates K~(j(n)) (Eq. (4)) and Vj(n) (Eq. (14)) (Fig. 6) in the equation for 
calculating constants K(IJ of the two-parameter matched Ii type of enzyme inhibition 
(cf. Fig. 4, the equation for K(Ii)) we will obtain the following form of equation 
for calculating constants K(Ij(n»): 

n 

n K~[VO - L (VA - VnJ 
K(Ii(n»)=!?Li(t)-- n 1=1 n (22) 

1= 1 [K~ + L (K~(l) - K~)J VA - K~[VO - L (Va - V/)J 
1= 1 1= 1 

Substitution of the expression of parameters K~(a(n» and V:(n) (Eqs (20), (21)) in the 
equation for calculating inhibition constants K(I;) (Fig. 4) is not permissible, because 
projections PIi (Figs 1 and 5) of vectors Pl i in this type of inhibition characterized 
by the K~ > K~, V' < Va, i > 0 relationships l.2.4 are only in the fourth quadrant 
of plane (Jo (Fig. 5). This plane is the geometrical locus of their existence where its 
coordinates K~ and V' will be determined by Eqs (4) and (14). 

11G.5 

DiSlribution of the projections PIV j • PIj. 
PIll j • etc., of the respective three-dimensional 
vectors PIV j , PI j. Pili i' etc., (Fig. 1) on its 
base p13ne (Fa 
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Since these (more general) forms of equations for calculating constants K a(II) 

and K i(II) can find application in the analysis of complicated cases (effect of two, 
three or more inhibitors or activators on the enzyme), it seems to be expedient to 
adduce them all in this work so as prevent errors due to their derivation. 

Inhibition 

The equation for calculating inhibition constants K(IVi(II»), K(IIIi(II» and K(li(II» 
were already obtained above (Eqs (8), (18), (22)). Here we need only to derive the 
equation for calculating constants K(IIi(II») of two-parameter mismatched (type IIi) 
enzyme inhibition characterized by the relationships K~ < K~, V' < VO, i > 0) 
(refs1 •2 •4 ) (projection PIli' Fig. 5): 

II II 

II [K~ - L (K~ - K~(I))J [VO - L (VO - V;)J 
K(IIi(n» = (!Li(l)--- 1=1 II 1=1 II (23) 

1=1 K~VO - [K~ - L(K~ - K~(I))J [VO - L(VO - V:)] 

p 

FIG. 6 

1= 1 1= 1 

v' 

~;nl =vO+ b~' -Vol /., 

K' m 

Distribution of the equations of the interrelation of the resulting projections (designated by') 
and coordinates X:"(I(n»' Vi(II)' X:"(a)(II) and V~(II) with those of their constituent segments 
onaxesPX:".POy"POKm,.and PV' (Fig. 1) within positive values of their differences 
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and the equation for calculating constants K(Vi(n») of enzyme pseudoinhibition 
(type Vi) characterized by the relationships K~ > K~, V' > V O, i > 0 (projection 
PVi , Fig. 5): 

Activation 

The equation for calculating constants K(Ta(n») of two-parameter matched (type Ia) 
enzyme activation characterized by the relationships K~ < K~, V' > V O, a > 0 
(projection PIa. Fig. 5) can be obtained by substituting the expressions for parameters 
K;n(a(n)) and V:(n) (Eqs (20), (21)) in the K(Ia) equation (Fig. 4): 

n 

n [K~ - I (K~ - K~I(I))] VO 
K(Ia(n)) = (] I a(l) - -----n ___ ~=_1 - -- - --n ~- - -- - - (25) 

1=1 K~[VO + I (V,' - VO)] - [K~ - I(K~ - K~(I))] VO 
1= 1 1= 1 

The other equations will be obtained similarly. 

The equation for calculating constants K(lla(n)) of two-parameter mismatched 
(type Ila ) enzyme activation characterized by the relationships K~ > K~, V' > VO, 

a > 0 (projection PlIa• Fig. 5) will be 

n K~Vo 
K(lIa(n)) = (! I a(l) n ;;-- --- - -- (26) 

1= 1 [K~ + I (K~(/) - K~)] [VO + I (V,' - VO)] - K~VO 
1= 1 1= 1 

The equation for calculating constants K(Illa(n)) of catalytic (type IlIa) enzyme 
activation characterized by the relationships K~ = K~, V' > VO, a > 0 (projection 
PII I a' Fig. 5) will have the form 

n 

K(IIIa(I/)) = {} I a(t) (27) 
1= 1 

The equation for calculating constants K(IVa(n)) of associative (type IVa) activation 
characterized by the relationships K~ < K~. V' = VO, a > 0 (projection PI Va, 
Fig. 5) will be 
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n 

n K~ - I (K~ - K~(l)) 
K(IVa(n») = (l I a(J) - n '_=_1 -------'--

1=1 '\'( ° ') 1.... Km - Km(l) 
1= 1 

Krupyanko: 

(28) 

The equation for calculating constants K(Va(n») of enzyme pseudoactivation (type Va) 
characterized by the relationships K~ < K~, V' < Vo, a > 0 (projection PVa, 

Fig. 5) will be 

n n 

n [K~ - I (K~ - K:n(I»)] [VO - I (VO - V,')] 
K(Va(n») = (l I aCt) 1= I n 1= 1 n---- (29) 

1= I K~VO _ [K~ - I (K~ - K~(l))] [VO - I (VO - V;)] 
1= 1 1= 1 

Analysis of Eq. (22) shows that at V' = VO it will simplify to the form of Eq. (8); 
at K~ = K~, to that of Eq. (18); at n = 1, to the equation for constants K(I;) of 
enzyme inhibition by a single inhibitor l - 4 

K°Y' K(I.) = i _ m 
, K' VO - KOV' m m 

(30) 

Hence, Eqs (9) and (19) are particular cases of Eqs (8) and (18) which, in turn, are 
particular cases of Eq. (22). This reflects the circumstance that both type IV; (as
sociative) and I1Ii (catalytic) enzyme inhibition are particular ( or borderline) cases 
(when either V' = VO or K~ = K~) of two-parameter matched (type I;) enzyme 
inhibition which is well illustrated by the vector representation of these reactions. 
Thus, for example, in Fig. 1 (and its two-dimensional variant, Fig. 5) one can see 
that at K~, -4 K~" vectors Pl i (or, which is the same, their projection PIi on plane 
0"0; Fig. 5) will be shifted towards plane O"lIli (semi-axis POv '; Fig. 5) and at K~ = K~ 
it will be located on it. At V' -4 VO, vectors Pl i will shift to plane O"IVi and at V' = VO 
they will transfer into it (as vectors PIV i characterizing associative enzyme inhibition, 
K~ > K~, V' = VO, i > 0). 

Further, in the same Fig. 1 (and Fig. 5) one can see that vectors PV i (projection PV;, 
Fig. 5) will also shift towards O"IVi (semi-axis PK~; Fig. 5) and at V' = VO will be 
located on it. Hence it follows that plane O"m is the geometrical locus of existence 
of vectors PIV; occupying an intermediate (transitory) position between vectors Pl i 

and PV; of two-parameter matched (type Ii) and two-parameter mismatched (type Vi) 
enzyme inhbition. It is not unexpected, then, that at V' = VO Eq. (24) for calculating 
pseudoinhibition constants K(Vi(n») will also be simplified to the form of Eq. (8) 
for inhibition constants K(IVj(l,J 
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It is similar for other "transitory" planes O'lIIi' O'IVa and O'lIIa (Fig. 1). As could be 
seen above, at K~ = K~, Eq. (22) for calculating constants K(Ii(n») will simplify 
to Eq. (I8). It is easily seen that another equation, Eq. (23), for calculating inhibition 
constants K(IIi(n») at K~ = K~ will also simplify to Eq. (I8) for calculating catalytic 
inhibition constants K(III i(II»)' The same holds for Eqs (25) and (26) which at K~ = K~ 
will simplify to Eqs (27), etc. This important consequence justifies one to compare 
inhibition (or activation) constants even when the type of an inhibited (or activated) 
enzymic reaction changes during the study. 

The use of equations for calculating constants Ki(n) and Ka(n) makes it possible to 
answer one more significant question in enzymology: whether particular inhibitors 
or activators interact or not. It can be judged by the coincidence (or non-coincidence) 
of the values of constants K i(n) or Ka(n) obtained experimentally with those calculated 
using one of these equations. 

In conclusion we would like to draw the attention to the possibility of writing 
these equations in matrix forms. Thus, for instance, from Eq. (22) for calculating 
inhibition constants K(Ii(n») one can see that the denominator here is the determinant 
of the second-order matrix composed of the end (~ain diagonal) and of the beginn
ing (secondary diagonal) of the respective P'i(n) vector in K~V' coordinates (Fig. 1); 
the numerator is the product of the sum of molar concentrations of inhibitors used 
by the determinant of the diagonal second-order matrix composed of the coordinates 
of the beginning of the same vector (within the positive value of their differences): 

o 
11 

VO - L(VO -
1= 1 

(31) 

The situation is similar with Eq. (18) for calculating inhibition constants K(IIIi(II»)' 
with the difference that here, due to K~ --+ K~ at K~ = K~, 

K(III i(II)} = I 

iKo 
m 

iKO 
m 

11 

l! L i(t) 
1= 1 

11 i 
VO - L (VO - V,} 

1=1 I 
VO 

K~ 0 
11 

o VO - L (VO - Vn: 
(32) 

1= 1 

Likewise then for all the other Eqs (8), (23}-(29), as well as Eqs (9), (19), (30) and 
equations of Fig. 4 (ref.2). 
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Representation of the equations for calculating constants Ki and Ka in matrix 
form is connected with the geometrical positions of the respective vectors in the K~ V' 
coordinates (Fig. 1). This is more convenient for analysis of the mechanisms of 
reactions studied. 

EXPERIMENTAL 

Rabbit alkaline phosphatase (EC 3.1.3.1), a homogeneous preparation of Sigma (U.S.A.). 
Substrate p-nitrophenylphosphate (pNPP), a crystalline preparation (sodium salt) from the same 
company. Inhibitors: sodium tungstate Na2 W04.2 H2 0 and sodium molybdate Na2Mo04' 
.2 H 20, both crystalline. 

Decomposition of pNPP was observed spectrophotometrically (an Optica Milano CF-4DR 
double-beam spectrophotometer) by the increase of absorption at 405 nm (+AA405 ) of a solu
tion, containing substrate, enzyme and inhibitor, against the solution of the same composition 
but without enzyme. The reaction was carried out in 0'05M Tris-HCI buffer, pH 8'9; in the pre
sence of O·IM-NaCI, 37°c' Final concentrations of substrate were 32'7-98 J,lmoll- 1; of the 
enzyme, 1·96 J,lg ml- 1 ; inhibitors, 12'5 J,lmoll- 1 (Na2 W04) and 0·125 mmoll- 1 (Na2Mo04)' 

Initial reaction rates (vo) were determined by the slope of the initial (straight) sections of the 
substrate decomposition curves AA405 = /(t) at t-+ 2'5 sin 5 or more parallel experiments. 

The root-mean-square deviation in the five-fold determination was Vo = ±2'5%; Km, V, Ki = 

= ±1O%. 

RESULTS AND DISCUSSION 

The results are shown in Figs 7 and 8. In Fig. 7 (lines 2 and 0) shows that tungstate 
anions (WO~-) at concentration of 12·5Ilmoll-l exhibit all the features of the 
two-parameter matched (K~ > K~, V' < V O, i > 0) inhibition of phosphatase. 
Their presence in solution results in the following change of the parameters of pNPP 
decomposition:K~ = 181'7Ilmoll-l; V' = 3'25Ilmoll-1 min- I (K~ = 47'6Ilmoll-l; 
VO = 5'3Ilmoll-1 min-I). Substitution of these data into Eq. (30) makes it possible 
to calculate the value of K(I i (Na 2w04») to be 2·39 Ilmoll-I. 

Anions of molybdenic acid (MoO~-) also exhibit all the features of the two
parameter matched (K~ > K~, V' < VO, i > 0) inhibition of this enzyme (Fig. 7, 
lines 3 and 0). Their presence in solution at a concentration of 0·125 mmoll- 1 

leads to the following change of parameters of pNPP decomposition: K~ = 93·5 
Ilmoll-1; V' = 4·2 Ilmol 1-1 min-I. Substitution of these parameters in Eq. (30) 
gives the following values of inhibition constants K(Ii(Na2Mo04») = 84·6 Ilmoll - 1. 

Studies of phosphatase inhibition by a mixture of the salts at equal concentrations 
(12'5Ilmoll-l Na2W04 and 0·125 mmoll- I Na2Mo04) show (Fig. 7, lines 1 
and 0) that the effect of two-parameter matched inhibition (K~ > K~, V' < VO, 

i > O)isstill there but it is not a mere algebraic sum(K~ = 0·226 mmol 1-1; V' = 

= 2·09 Ilmoll-I min - 1) of its constituent effects ( cf. above). The value 1jvi does not 
add up either; in this case within the entire concentration range of the decomposed 
substrate IjviJ + 1/vi2 < l/v(iJ + i2)' 
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To answer the question whether these inhibitors interact, we compared the values 
of phosphatase inhibition constants K(Ii(n») obtained experimentally (Fig. 7, lines 1 
and 0). 

K(I(il +i2) 
137·5 ~moll-l 
.---

226· 5·3 _ 1 

47·6.2·09 

FIG. 7 

The change of initial rates of p-nitrophenyl
phosphate decomposition by rabbit alkaline 
phosphatase in the presence of 0'125 
mmoll- 1 Na2Mo04 (line 3); 12'5 j.lmoll- 1 

Na2 W04 (line 2) and the mixture of these 
salts at the same concentration (line 1). 
Line 0, no inhibitor. The other conditions 
are described in the text 

FIG. 8 

125 
1375 

, ' . 
V'.1D}moll min 

12·5 ~moll-l 

3 , 
rf ~1.10-6 , 

p' 2 
I mor'mln 

,/ 

3 

1 -1.4 _1 3 
IpNPP).lO ,I mol 

Vector analysis of the data of Fig. 7 using their representation in three-dimensional coordinates. 
Symbols: PI iI. is a vector characterizing the intensity of phosphatase inhibition by Mooi
anions at a concentration of 0·125 mmoll- 1; PI i2 is a vector of phosphatase inhibition by woi
anions at a concentration of 12'5 j.lmol 1-1; PI(il + i2) is a vector of phosphatase inhibition by 
the mixture of anions at the same concentrations 
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with that calculated using Eq. (22) 

K(I ) _ 137'5 11-1 47'6[5'3 - (5'3 - 3·25) - (5'3 - 4'2)] 
(iJ+i2) - ~mo -

5'3[47'6 + (181'7 - 47'6) + (93·46 - 47'6)] - A 

= 12·7 ~mol r 1 , 

where A is the polynomial equal to the numerator of this fraction. 

The discrepancy between the values of the calculated constant K(Ii(ft») = 12'7 
~moll-l and that obtained experimentally K(Ii(ft») = 12· 5 ~moll-l does not exceed 
the experimental error. Hence, a conclusion can be made that the inhibitors mixed 
(Na2W04 and Na2Mo04) do not interact. 

One more advantage of using the vector representation in the analysis of complex 
systems (the cases of simultaneous effect of two or more inhibitors on the enzyme) 
is an inverse result - the resolution of such vectors to their components. Thus, 
from Fig. 8 it can be seen that, knowing the coordinates of vector P'(iJ+ i2) of the 
total effect of two inhibitors and the coordinates of one of its components (for in
stance, vector P'iJ) it will be possible, using the parallelogram rule, to find the co
ordinates of the second vector P'i2 and, therefore, to calculate the value of the in
hibition constant K(I i2), which is of great importance in enzymological practice. 
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