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SUMMARY

A theoretical kinetic study has been undertaken to determune the kimnetic
characteristics of enzymic reactions that are reversibly inhibited by a substrate
analogue at concentrations comparable to that of the enzyme A general rate equation,
that allows for the combmation of such a tight-binding inhibitor with one or more
enzyme forms of any reaction mechanism, has been derived and shown to be quadratic
with square and linear terms 1n » which represents the true imtial steady-state velocity.
It has been concluded that, from plots of v against total enzyme concentration at
fixed total inhibitor concentration, the concentration of enzyme catalytic sites can
be determined irrespective of the nature of the inhibition and the reaction mechanism.
However, plots of v (or 1/v) agamst total inhibitor concentration can be used for this
purpose only 1if the dissociation constant associated with the inhibitor 1s virtually
zero Particular imnitial rate equations have been obtained for the cases in which the
tight-binding inhibitor gives rise to competitive, non-competitive and uncompetitive
inhibition with respect to one of the substrates of a bireactant mechanism. From these
equations 1t has been deduced that, in the presence of inhibitor, plots of 1/v against the
reciprocals of the substrate concentrations yield families of concave-down, non-
rectangular hyperbolas. The difficulties associated with the determination of inhibition
constants for tight-binding inhibitors are discussed

INTRODUCTION

A number of enzymes imnvolved 1n the metabolism of folate are strongly inhibited
by compounds which are related structurally to the various substrates Indeed, 1t has
been shown that these substrate analogues are effective at concentrations similar to
that at which an enzyme 1s used for a study of 1ts catalytic properties! Thus, for con-
venience, they can be classified loosely as tight-binding mnhibitors and this generic
name distingmshes them from the classical type of inhibitor which causes inhibition
only at concentrations considerably 1n excess of the enzyme concentration. However,
1t cannot be considered that there 1s or will be a clear line of demarkation between
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these two classes of inhibitor Undoubtedly, there will be developed compounds which
exhibit a wide spectrum of ability to inhibit a particular enzyme reaction Nevertheless,
1t 1s convenient for the purposes of the present paper to define a tight-binding inhibitor
as one that exerts 1ts inhibitory effect at a sufficiently low concentration so that allow-
ance must be made for a change 1n 1ts concentration as a result of undergoing reaction
with some form(s) of enzyme

While some tight-binding inhibitors cause irreversible mhibition of an enzyme
as a consequence of the formation of a covalently bonded enzyme-inhibitor complex?,
1t 1s not necessarily true that all tight-binding inhibitors must exert their effects in
this manner Reversible inhibition remains a possibility and in this paper consideration
1s given to what kinetic effects mught be expected with compounds that combine
strongly with an enzyme in a reversible manner

The kinetics of the mhibition of enzymes by tight-binding inhibitors have been
discussed by a number of authors including GOLDSTEIN?, STRAUSS AND GOLDSTEINY,
AcCKERMANN AND PoOTTER® and REINER® However, in their respective treatments,
these authors were primarnly concerned with the qualitative aspects of the subject and
thus considered only a unireactant mechanism Our interest 1n the action of this type
of mnhibitor arose from investigations carried out with highly punfied preparations
of dihydrofolate reductase from two strains of Streptococcus faecrum? These enzymes
were inhibited strongly by relatively low concentrations of a number of pteridine
derivatives that are related structurally to the substrate, dihydrofolate Since the
studies formed part of a general project which was directed towards an understanding
of the action of anti-leukaemic drugs, 1t became apparent that there would be merit in
determining the mechanism of the reactions, and the types of mhibition produced by
the compounds, as well as values for the true inhibition constants The latter two aims
necessitated the further development of the kinetic theory for a bireactant mechanism
that took into account the order in which substrates add to and products dissociate
from the enzyme

The present communication describes the general form of imitial rate equation
that 1s applicable to any reaction mechamism It allows for the combination of a tight-
binding inhibitor with any number of enzyme forms and can be used to determine the
characteristics of plots of imtial velocity against the total concentration of enzyme or
mnhibitor In addition, there are given mtial rate equations which were derived by
assuming that the reaction under consideration has an ordered, sequential mechanism
and that, by virtue of their structural similarity to the second reactant, the tight-
binding mhibitors can give rise to competitive, non-competitive and uncompetitive
mhibition The characteristics of these equations are 1llustrated by double reciprocal
plots with the second reactant as the variable substrate and by plots of mitial velocity
as a function of the total concentrations of enzyme or intibitor In all treatments, the
further assumption has been made that the various equilibria between the enzyme,
substrates and inlibitor are attained at a sufficiently rapid rate so as to enable true
steady-state mnitial velocities to be determined

THEORY

The mitial velocity equation for any enzyme-catalysed reaction, irrespective of
the reaction mechanism, can be expressed 1n general form as
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NE,
v = I
D (1)

where the term N contains the rate constants that determine the maximum velocity
of the reaction, together with the concentrations of the reactants, Ey represents the
total enzyme concentration and D represents the denominator of the rate equation.
The distribution equation® for the various enzyme forms (E;) that are produced can
also be written in general form as

E1 N, 1

=" D ®
When an inhibitor (I) reacts with one of these various enzyme forms to give a complex
(E:I) which has a dissociation constant, Kj, the distribution equation for the complex
becomes

1
M%)
EI E I K,

E, EK,zD N(I
+ 1K)

(3)

If K, >» Ei, the mtial velocity of the reaction in the presence of I 1s described by
Egn 4

NE;
b= (4

Y i
+ i(K,)

If I reacts with multiple enzyme forms to give complexes with various dissociation
constants (K;) then

NE
po— (5)

b+ x(M
+ (7{7)

When K; ~ Ey, free I (Iy) 1s equal to total I (I;) less that combined with various
enzyme forms so

Iy = Ity — Z(E.) (6)
and
NE, NE;
v = = (7)
D+ 12( Ni) D+ (I, — Z(E I)]z(ﬂ)
1 X, t i X,

from which 1t may be determined that

(p--5)
SEN =T+ —F (8)
*(%)

From Eqn 3, 1t follows that
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()
Z(Ed) = — o (©)
b n()

Substitution of the relationships for /7 (Eqn 6) and X' (E;I) (Eqn 8) into Eqn g gives

NE;
Py | ne NE
v t t
I = E — D
et Nj ( ] ) t( v ) (xo)
2(5)
K,
which on multiphication by v*/N2E2D and re-arrangement gives
. N 1 It — E( NzEt
v + N + 5 U — N, =o0 (11)
*(%) »2(c)
Kl l

or

N ! I I 7It7— Et 2 4Et 7 I It — Et
T Ny D + Ny AN
*(%) () \=(5)
K, K; K;

Either Eqn 11 or Eqn 12 represents the mitial steady-state rate equation for any
enzyme-catalysed reaction i the presence of a tight-binding, reversible mhibitor
Eqn 12 may also be written as

—
-
1

~

' I Ey\? 1 Ey e Iy\?

= l (_T+“5‘ el 5 )
(%) (%)
K, K,

(12a)

or

// I I \? I I Eti E:iz
Sl R s, S B A 5+ (%)
K, K,

It may be shown readily that if Iy == 0, Eqn 12areduces to Eqn 1 Further, 1f

D
Ey « K, Ey <t —— 1,
Ny
=)
K

k3

Eqn 12b can be simplified to Eqn 5 (The proof depends on the fact that if & < a

_— b
la—+b=1a+ )

21a
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Charactenistics of the initral velocity equation wn the presence of a reversible, tight-binding
inhaibitor

Inteal velocity as a function of total enzyme concentration

For a reaction conforming to Eqn 11, plots of mmitial velocity (v) agamst total
enzyme concentration (E;) will pass through the origin and have an asymptote (cf
Fig. 1), the equation of which may be derived by putting F = v? — NEi/D and using
the relationship

oF OF
(SU v + (SEt
This gives Eqn 14 which reduces to Eqn 15 by substitution of the relationship-
v/Ey = N|D as obtained by setting F = o

2 N N v 5 N b + I v N2
oy Al -y ] s e A Ny ()
Ki Ki

(Er — 1Y) (15)

Ei + linear terms i v and Ey of Eqn 11 =0 (13)

v =

When v = o, the asymptote will cut the abscissa at the point where the concentration
of the enzyme catalytic sites 1s equivalent to that of the inhibitor This conclusion 1s,
of course, based on the premise that only one molecule of inhibitor reacts at each
catalytic site.

The tangent to the curve at the point where E; = o may be determined using
the relationship

0F
dv OF
Initial slope of curve = = — (16)
dE, SF
v

where F 1s now represented by Eqn 11 This gives the expression
Nv N2z
D + Nj
DZ‘(——)
K;
N NI
Ny + D
(%)
K,

2v +

From Eqn. 11 1t may be determined that when Ey = 0, v = 0 which on substitution
mto Eqn 17 gives

N
Imitial slope of curve = ——————— (x8)

N;
D —|r
+ 2( K;) '
Imtral velocrty as a function of total snhbitor concentration
The general shape of the curves that are obtained when initial velocity (v) 1s
plotted as a function of total intibitor concentration (Iy) is 1llustrated mn Fig 2. The
slope of the tangent to the curve at the point where I; = 0 may be obtained using the
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relationship given mn Eqn 16 and the fact that when Iy = o, the initial velocity
equation 1s ¥ = NE/D The resulting expression for the tangent to the curve 1s

NE, I+ NE;
V= — 1
D t (19)

D
D[Et +

Ny
*()

K,
Thus when the tangent 1s extrapolated to cut the abscissa, 1t will do so at the point
where

Iy =E¢ + (20)

N,
*()
K,
Reciprocal of imibral velocity as a function of total inmbitor concentration
Eqn 11 may be re-arranged as

Ni N,
DZ‘(——) DZ( )
2 Kg I + It — Et K, ( )
—_ — = 0 21
Y NE, 2( N: D } Y NE,
%)

where y = 1/v, and used 1n conjunction with the relationships given in Eqns 13 and
16 to show that plots of 1/v against J; will be non-rectangular hyperbolas whose charac-
teristics are defined by Eqns 22-26

Ny
*(%)
K,
Initial slope of curve = N (22)
E(——i)Et
K,
N. Et 1+
D
D
Vertical intercept of curve = (23)
NE,
g(ﬂ)
Slope of tot K (24)
ope of asymptote = 2
P ymp NE; 4
Nj
D - 2( )E,
Extrapolated vertical intercept of asymptote = »—NE-l—— (25)
t
D
Extrapolated horizontal intercept of asymptote = Ey — (26)

N;
*(%)
Since the 1nitial slope of the curve (Eqn 22) is less than the slope of the asymptote
(Eqn 24), the non-rectangular hyperbolas will always be concave-up
Double recrprocal plots of wmateal velocity as a function of substrate concentration
While the equations for the mmitial velocity of an enzyme-catalysed reaction,

with either E; or I; as the independent variable, can be written 1n general form,
irrespective of the number or type of enzyme species with which the tight-binding
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imhibitor undergoes reaction, this 1s not so with substrate as the independent variable
Thus, to obtain the imitial velocity equation for any mechanism, 1t becomes necessary
to substitute the appropriate expressions for N, Nj, D and X' (Ni/K;) For the purposes
of 1llustration, the particular mechanism chosen 1s one for which there 1s an obhigatory
order of addition of two substrates (4 and B) so that 4 adds to the enzyme before B
Similarly, 1t 1s considered that there 1s a compulsory order of release of the two products
(P and Q) so that P, the product ansing from B, dissociates before ) which arises
from A Such an ordered sequential mechamsm can be illustrated, using the shorthand
method of CLELANDS, as

A 8 P Q
Ky lkz A@lk‘, k{ ke k7[k5
£ EA ( EAB ) EQ 13
EPQ
Scheme I

The 1nitial steady-state velocity equation may be expressed as

V,AB

v = (27)
KiaKp + KoB + Kpd + AB

where K, and Ky are Michaels constants equal to kgk,/kg(k;+&;) and k,(k,+%5)/
ky(ks--kq), respectively, Kj, 1s the dissociation constant for the EA complex equal
to ku/k;, V, 1s the maximum velocity of the reaction in the forward direction equal to
ksR.Etlks+ Ry or REY

When a classical inhibitor combines with one or more enzyme-substrate com-
plexes, such as those of Scheme I, plots of the reciprocals of the initial velocities against
the reciprocals of the variable substrate concentrations are linear both 1n the absence
and presence of the inhibator. Further, the inhibition can be competitive, non-compe-
titive or uncompetitive according to whether the slopes, the slopes and vertical inter-
cepts or the vertical intercepts of linear double reciprocal plots vary as a function of
the inhibitor concentration As will be shown below, 1n the presence of a tight-binding
inhibitor, sumilar plots are non-linear and have shapes that are determined by (a) the
initial slope of the curve, (b) the vertical intercept of the curve, (c) the slope of the
asymptote and (d) the extrapolated vertical intercept of the asymptote Since each of
these four characteristics can vary with the total concentration of a tight-binding
mmhibitor, 1t mught be argued that new terms should be introduced to describe the
inhibition caused by such mhibitors. However, there would appear to be ment n
retaming the same three classes of inhibition and this has been done by modifying the
aforementioned defimtions Thus, for plots of 1/v against 1/substrate, inhibition by
a tight-binding inhibitor will be called ‘competitive’ when all the curves at different
total concentrations of inhibitor have the same vertical intercepts, ‘non-competitive’
when the vertical intercepts and slopes of the asymptotes vary with the total concen-
tration of inhibitor, ‘uncompetitive’ when the vertical intercepts vary with, and the
slopes of the asymptotes are independent of, the total concentration of inhibitor On
the basis of these definitions, the combination of erther a classical or tight-binding
mhibitor with the same enzyme form(s) will give rise to the same type of inhibition

Non-competitive inhbition by tight-binding inhbitors with B as the variable sub-
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strate Under conditions where the usual steady-state assumptions are applicable, 1t
1s hikely that an analogue of B (Scheme 1) can cause non-competitive inhibition with
respect to B by virtue of its ability to combine with both the EA and EQ forms of
enzyme The same type of reaction mechanism could be invoked to account for the
non-competitive mhibition 1n relation to B which can be produced by a tight-binding
analogue of B The reactions imnvolving the inhibitor can be expressed as
K, Ky
EA +1 < EAI EQ + 1 = EQI (28)

and the distribution equations for E4A and EQ (ref 8) as
E4  Kyd EQ  V,KqdB

(29)

Ec D ' E VoKigD
where, 1n addition to the terms previously defined, D represents the denominator of
Eqn 27, V,1s the maximum velocity of the reaction in the reverse direction equal to
RoR4Etf(ky+-ky) or R'Ey, K15 the Michaelis constant for Q equal to kyk,/ky(ks + k),
Kiq 15 the dissociation constant for the EQ complex equal to %,/k,. From the dis-
tribution equations, 1t may be determined that

N, Kvd + yAB
b))
(&)

— — (o]
X, A (30)

where y = V,KqK;/V,KiqK; When the relationship given m Eqn 30 1s substituted
into Eqn 11, together with therelationships N = 2AB, D = K3 Ky + Ko B + KpA -+
AB,y = 1fvand x = 1/B, the reciprocal form of the imitial velocity equation becomes
K, yIy — pEy

+ T
— Kn(Ka + A + Kiay + Ap)x — Ko*(Kia + 4)#* — p(Ka + 4) =0

KzKia

REKGEAY? — kKiA(I + )y — kaA( + K, + Iy — Et)xy

(31)

Analysis of Eqn 31, using the relationships of Eqns 13 and 16, indicates that plots of
1/v against 1/B at different concentrations of I; can yield a series of non-rectangular
hyperbolas (¢f Fig 6) for which the 1nitial slopes and vertical intercepts of the curves,
as well as the slopes and extrapolated vertical intercepts of the asymptotes, will vary
as a function of the I+ concentration The relationship for the vertical intercept of the
curves 1s shown 1n Eqn 32, but the others have not been given because of their com-
plexity

1 K, yIy — yE;
Vertical intercept of curve = [(I + + ————)
2V, Ki K,
K, Iy — yE¢\2 EK, A) )}
+{(1+ a vl 7c)+4ya(a+)}]

+
A K, K4

(32)

Competitive inhibitron by tight-binding inhbitors with B as the variable substrate
If a tight-binding inhibitor reacts only with the EA4 complex (Scheme I), competitive
mhibition would be expected as the inhibitor and the vanable substrate, B, combine
with the same form of enzyme The initial velocity equation for this reaction mechanism
may be derived from Eqn 31 by setting K7 = co This results in the eimimation of
all terms containing ¢ which, as indicated previously, 1s equal to V,KqK,/V KK
The equation so obtained 1s
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Kia Ky

EKEAy? — (REy(Ky + 4)]y — [kaA( + Ky + Iy — Et)]xy

— [Ko{Ka + A)]x — [Kp?(Kia + 4)]22 = 0 (33)
Using the relationships given mn Eqns. 13 and 16, 1t may be shown that plots of 1/v
against 1/B at different I; concentrations will yield a family of non-rectangular hyper-
bolas that have the same vertical imtercepts (¢f Fig 5) The charactenstics of these
curves are given by Eqns. 34-37.

Tnstral slope of curve = 2 1, 4 2 1+K“’) (34)
nitial slope of curve =
P VK, 'V, ( A 34
Ko+ A
Vertical mtercept of curve = ——— (35)
VA
affd
2K b(K 18 + 4 + )
4K Ey
Slope of asymptote = (30)
A — o)
i
(Ka + A)x + —)
Extrapolated vertical intercept of asymptote = : (37)

kA — a)
KiaKt

where o = + K; + Ity — E

and f = a + [oz2 + —-*—4K1Et(Km * A)]é
A

It 1s apparent that while there 1s a linear relationship between the 1nitial slopes of the

curves and the total inhibitor concentration (Eqn 34), no such simple relationship 1s

obtained with respect to the slopes and extrapolated vertical intercepts of the asymp-

totes (Eqns. 36 and 37)

Uncompetstrve inhibitron by tight-binding inhibstors with B as the variable substrate
When B 1s the variable substrate, the combination of a tight-binding inhibitor with
only the EQ complex of Scheme I will give rise to what has been defined as uncompe-
titive inhibition The rate equation for this type of inhibition may be derived from
Eqn. 31 by setting K; = co This yields Eqn 38

) Kq VyKigKa VyKiq Iy — E Ky Kia
ye = > Yy — + 1)xy
V,Kiq V. Kq4 ViKq K; Vv, K (38)
3
KyKqg Kig K, K,
——————— + 1 — e 4+ 1) =0
RV, KoKy A4 kV Ky K/ A

from which 1t may be determined that plots of 1/v agamst 1/B at different concen-
trations of I; will have the shape of non-rectangular hyperbolas By procedures sumilar
to those outlined above, 1t may be shown that

Kig
Slope of asymptote = ( = + I) (39)
1
Extrapolated vertical intercept of asymptot Kq I+I(K"+) (40)
xtrapolated vertical intercept of as ote = —————— — 1 o
P v ViKwK: v, \ 4 4
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It 15 apparent from Eqn 39 that the slope of the asymptote 1s mndependent of the I;
concentration and that the expression 1s the same as that for the slope of the line in
the absence of intubitor Thus, at lower concentrations of B, all the lines of a double
reciprocal plot will be parallel In this respect, there 1s a similarity in the results
expected with tight-binding and classical uncompetitive inhibitors Eqn 40 indicates
that the extrapolated intercept of the asymptote will vary as a linear function of the
I concentration No simple relationships were found between the concentration of Iy,
on one hand, and the vertical intercepts and initial slopes of the curves, on the other
Therefore, these equations have been omitted

Graphical representation of plots

For the purpose of illustrating the type of curves to be expected for plots of v
agamst Ei, v agamnst Iy and 1/v against [y, 1t was assumed that the reaction occurs by
means of an ordered, sequential mechamsm (Scheme I) Further, it was supposed that
the tight-binding inhibitor reacts with the £4 form of enzyme and thus causes compe-
titive inhibition with respect to substrate, B The velocity equation that describes the
mechanism was denved from Eqn 11 by substituting the appropriate relationships
for N, D and X' (N,/K,) and 1s given 1n the legend to Fig 1

Plots of v agaanst E at dufferent concentrations of 1,

Fig 11llustrates the type of plot that 1s obtained when a tight-binding inhibitor
causes competitive inhibition with respect to B and when both substrates are present
at fixed concentrations Similar plots would be obtained 1if the inhibitor gave rise to

K, 00l nMm

S0F K, -001nM

(o} 1151 130) /1a5)

(B o 0] ton)

Fig 1 Theoretical plots of mmitial velocity (v) as a function of total enzyme concentration (Et) 1n
the absence and presence of different concentrations of a tight-binding inhibitor The initial
velocity equation

= 0

K, Iy — E¢ k2K, EiA B*
vz—}-kAB[w— - ]v4 -

Ky D KypD
where D = R,3Kyp -+ RKaB + Kp4 + 4B, was obtained by substitution into Eqn 11 of the
appropriate relationships for N and X'(N,/K,) and used to calculate the velocity data together
with the following values for the kinetic parameters K, 15uM, Ky, o5uM, Ky, 50uM, &,
10 gmoles per min per nmole of enzyme, 4, 100 uM, B, 30 pM, K,, oo nM The figures 1n
parentheses above each curve represent the total concentration (nM) of the inhibitor The broken

lines represent the calculated asymptotes to the curves 1n the presence of inhibitor

Fig 2 Theoretical curves for the variation of the velocity as a function of the total concentra-
tion of tight-binding inhibitor at different concentrations of total enzyme The conditions were
as described 1n Fig 1 The figures mn parentheses to the right of each curve represent the total
enzyme concentration (nM) while the broken lines represent the calculated tangents to the
curves at the poimnt where Iy = o
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KINETICS OF TIGHT-BINDING INHIBITORS 279

erther non-competitive or uncompetitive inhibition (Eqn 11) Since the equation for
the asymptote of the curve 1s the same, wrrespective of the nature of the imnhibition
(Eqn. 15), plots of this type offer a potential means of determining the concentration
of enzyme catalytic sites under conditions where one molecule of inhibitor combines
at each active centre However, 1t 1s apparent from Fig 1 that when inhibitor 1s
present, the slope of the curve at higher concentrations of E; does not always represent
the slope of the asymptote Thus, depending on the range of E; concentrations that are
used and the accuracy of the experimental data, significant error can be introduced
into the determination as a result of graphical extrapolation to zero velocity of what
appears to be an asymptote This error, which will be a function of the dissociation
constant for the enzyme-1nhibitor complex and increase as the value for this constant
increases, would undoubtedly be reduced as a result of statistical analysis of the data

Plots of v agawnst I, at different concentrations of E;

The theoretical curves illustrated in Figs 2 and 3 were obtained by using the
equation which describes the competitive inhibition by a tight-binding mhibitor with
respect to B (see legend to Fig 1) But the shape of the curves would be similar if the
mhibition were non-competitive or uncompetitive (Eqn 11) This type of plot has been
used to determine the concentration of enzyme catalytic sites by assuming that the
mitial slope represents the tangent to the curve at the point where Iy = o which 1s then
extrapolated to cut the abscissa® However, extrapolation of the true tangent does not
give an estimate of the concentration of catalytic sites since, as shown mm Eqn 20, 1ts
mtersection point on the abscissa 1s not only a function of the amount of enzyme added,
but also of the values for the kinetic constants, including the dissociation constant(s)
for the enzyme—1nhibitor complex(es), and the substrate concentration(s) This same
equation also indicates that the difference between the estimated and true concen-
tration of the enzyme catalytic sites will reduce as the value(s) for the inhibition

<

20 30
4] (nm)

[L] (oM)

Fig 3 The effect of the magmtude of the K; value for a tight-binding inhibitor on theoretical
plots of velocity as a function of total inhibitor concentration The total enzyme concentration
was 1 o nM while the other conditions were the same as those given in the legend to Fig 1 The
figures 1n parentheses above the curves are K, values expressed as nM The broken lines are the
calculated tangents to the curves at the point where Ity = o

Fig 4 Theoretical plots of the reciprocal of the velocity (1/v) as a function of the total concen-
tration of tight-binding inhibitor (I;) at different concentrations of total enzyme The conditions
were as described 1n Fig 1 The figures in parentheses to the right of each curve represent the
total enzyme concentration (nM) while the broken lines represent the calculated asymptotes of
the curves
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constant(s) decreases A further difficulty 1s associated with the drawing, by graphical
methods, of the tangent to the curve Fig 2 demonstrates that, over a particular range
of inhibitor concentrations and with a relatively low K, value, a more accurate de-
termination of the tangent can be made at higher total enzyme concentrations Fig 3
shows that the nature of the plot changes as a function of the value for K, so that for
relatively high K, values, 1t will be virtually impossible to draw a tangent to the curve

The above plots make clear that the concentration of a tight-binding inhibitor
which 1s required to obtain 509%, inhibition of a reaction depends on the concentration
of theenzyme Considering the data of Fig 2,1t may be deduced that the concentrations
of 1; required to achieve this degree of inhibition at enzyme concentrations of 1, 2, 3
and 4 nM are 0 575, 1 075, I 575 and 2 075 nM, respectively Therefore, the practice
of reporting this type of result without stating the concentration of enzyme should be
avoided as 1t does not give any meanngful mnformation about the effectiveness of the
mnhibitor

Plots of 1/v agawnst I at dufferent concentrations of E

The family of concave-up, non-rectangular hyperbolas (Fig 4), which were
obtamed by considering that the tight-binding inhibitor acts competitively 1n relation
tosubstrate, B, areillustrative of the type of curves that would be obtained irrespective
of the nature of the inhibition (Eqn 11) The use of this type of plot to determine the
concentration of enzyme catalytic sites suffers from the same weaknesses as those
described 1n connection with plots of v agamnst Iy However, 1t should be noted that the
equivalent concentration of the enzyme can be determined by averaging the values,
at a particular E; concentration, for the true horizontal mntercept of the tangent to the
curve for a plot of v agamnst I+ (Eqn 20) and the true horizontal intercept of the asymp-
tote of the curve for a plot of 1/v agamnst I; (Eqn 26)

Double recrprocal plots of velocity as a function of the concentration of B at different
1; concentratrons

Although the reaction under consideration mvolves two substrates (4 and B),
erther of which could be varied, only the results to be expected with B as the variable
substrate wiil be discussed 1 the following section From the theoretical curves illus-

Y0 K, O1nM 20F &, Oolnm
8 C

1o

02 03 04 05 01 n2 03 04 05

ol 52 [ g 05 01 |
1 M

1 I‘
e '™ @

Fig 5 Theoretical double reciprocal plots for the competitive inhibition of a reaction by tight-
binding mhibitors which react with the same form of enzyme (EA) as the variable substrate and
which have different inhibition constants The conditions were the same as those described 1n the
legend to Fig 1 except that the enzyme concentration was 1 o nM, the concentration of B was
varied and the velocity data were calculated from Eqn 33 The figures in parentheses represent
the total concentrations of mhibitor, expressed as nM ,while the broken lines represent the cal-
culated asymptotes to the curves
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trated in Fig 5,1t 1s apparent that at an infimite concentration of B, the same maximum
velocity 1s obtained, irrespective of the inhibitor concentration Thus a tight-binding
mhibitor that reacts with the same form of enzyme as the varnable substrate will give
rise to competitive inhibition as judged by the fact that all ines have a common point
of intersection on the vertical ordinate It 1salso apparent that the shape of the curves
1s dependent on the value for the inhibition constant At relatively high values (Fig
5A), the plot approximates to that obtained under conditions where the usual steady-
state assumptions are applicable That 1s, the initial slope and vertical intercept of the
curve are virtvally equal to the slope and extrapolated mtercept of the asymptote,
respectively (Eqns 34-37) Under these circumstances, the slope of the lines is almost
a linear function of the inhibitor concentration (Eqn 34) However, the type of result
obtained 1s dependent on the concentration of enzyme It has been shown that a 1o-fold
increase 1n enzyme concentration not only reduces the degree of inhibition, but also
makes apparent the non-linearity of the plots in the presence of inhibitor as well as
the non-linear relationship between the slopes of the asymptotes to the curves and the
mhibitor concentration

As the value for K; 1s decreased, with the enzyme at the same concentration as
mm Fig 54, the curves are no longer linear (Figs 5B and 5C) They become concave-
down, non-rectangular hyperbolas whose 1nitial slopes are greater than those of the
asymptotes which, on extrapolation, cut the vertical ordinate at points higher than
the intercept of the curve The same plots illustrate the non-limear relation between the
slope of the asymptotes and the concentration of mhibitor and in addition, draw
attention to the fact that the non-linearity becomes more apparent at lower values of
K;. Two further points of practical interest are the difficulties that can be associated
with the graphical determination of the true slope and true vertical intercept of the
asymptotes and the fact that an inhibitor, which combines with the same enzyme form
as the vanable substrate, can appear to act 1n a non-competitive manner 1f imtial
velocities are determined only at lower concentrations of a substrate

When a tight-binding inhibitor gives rise to non-competitive inhibition, double
reciprocal plots can have the shape of a non-rectangular hyperbola and thus have
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Fig 6 Theoretical double reciprocal plots for the non-competitive inhibition of a reaction by
tight-binding inhibitors which react with two enzyme forms (E4 and EQ) and which have either
the same or different inhibition constants for reaction with the two forms In addition to the
values for the kinetic parameters given mn the legend to Fig 1, the following values were used
Ky, 100 uM, Kjq, 20 0 uM, %', 5 umoles per mun per nmole of enzyme, Ei, 1 o nM, 4, 100 uM
Velocity data were calculated from Eqn 31 The figures in parentheses represent the total con-
centrations of inhibitor, expressed as nM The broken lines represent the calculated asymptotes
to the curves
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features 1n common with those for competitive inhibition However, the former plots
daffer from the latter in that the intersection points of the curves with the vertical
ordinate vary as a function of the mhibitor concentration (Fig 6A, Eqns 31 and 32)
It 15 of interest to note that in the special case where K; = K, the plots are linear
although the slopes and intercepts of the curves are not a linear function of the inhibitor
concentration (Fig 6B) Fig 6C shows that when the value for K 1s less than that for
K, the non-hnearity of the double reciprocal plots 1s less apparent, although the non-
linear relationship between vertical intercepts of the curves (and asymptotes) and the
mhibitor concentration 1s emphasized
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Fig 7 Theoretical double reciprocal plots for the uncompetitive inhibition of a reaction by tight-
binding inhibitors which react with one enzyme form (EQ) and which have different inhibition
constants The conditions were the same as those given 1n the legend to Fig 6, except that the

velocity data were calculated from Eqn 38 The figures in parentheses represent the total con-
centrations of inhibitor

The plots illustrated mn Fig 7 show the poorly defined non-rectangular hyper-
bolas that are obtained, under the chosen conditions, for the uncompetitive inhibition
by a tight-binding imhibitor which 1s assumed to react only with the EQ (Scheme I)
form of enzyme (Eqn 38) While the variation of the vertical intercepts of the curves
with the mhibitor concentration 1s clear, the independence of the slopes of the asymp-
totes on the inhibitor concentration 1s not, even though the variable substrate has been
reduced to concentrations well below 1ts K, value Thus 1t 1s likely that there will be
practical difficulties associated with the detection of parallel asymptotes which 1s
necessary 1n order to distinguish uncompetitive from non-competitive inhibition

DISCUSSION

The work reported 1n the present paper was undertaken with the aim of gaining
a better understanding of the kinetic theory relating to the action of reversible, tight-
binding inhibitors and of clanfying some of the misconceptions that have arisen n
connection with the interpretation of results obtamned with such inhibitors It was
carried out as a prelude to detailed kinetic investigations of the mhibition of dihydro-
folate reductase by analogues of dihydrofolate Steady-state kinetic studies m this
laboratory have shown that each of the reactions catalysed by this enzyme from two
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stramns of S faecium has an ordered, sequential mechamsm for which NADPH (4) must
combine with the enzyme before the addition of dihydrofolate (B) Further, the resulls
obtained with folate, which 1s a classical inhibitor, indicate that there is a corresponding
ordered release of the products so that tetrahydrofolate (P) dissociates before NADP+
(@), and that inhibition can occur as a consequence of the reaction of folate with the
EA and EQ complexes Therefore, the same overall reaction mechanism has been
considered 1n connection with the kinetic effects of tight-binding imhibitors, and the
theoretical curves have been drawn using values for the kinet.c constants which, for
the most part, were of a sumilar magnitude to those obtained for the reactions catalysed
by dihydrofolate reductase In addition, 1t has been assumed that mhibitions which
are competitive, non-competitive or uncompetitive with respect to B can arise as a
result of the combination of the inhibitor with the £4, E4 and EQ, or EQ forms of
enzyme, respectively Of course, 1t 1s possible that the non-competitive inhibition
could occur because of the reaction of an inhibitor with both EA and free enzyme and
that another mechanism could apply to a particular enzyme reaction However, the
elaboration, in the THEORY section, of the procedures used to derive the nitial rate
equations and to determine the characteristics of the various plots, should facilitate
further extension of the kinetic theory for other cases.

In derving imtial velocity equations to account for the kinetic effects of tight-
binding inhibitors, 1t cannot be assumed that the concentration of inhibitor remains
constant as 1s done when the usual steady-state assumptions are made As a direct
consequence of the low dissociation constant for this type of inhibitor, inhibition will
occur when 1t 1s added at concentrations comparable to that of the enzyme. Thus
allowance must be made for the reduction in the concentration of free inhibitor as a
result of 1ts reaction with various enzyme forms The equations so obtained have forms
different from those which describe the various types of inhibition under the usual
steady-state conditions Irrespective of whether allowance 1s made for competitive,
non-competitive or uncompetitive mhibition, they are quadratic with squared and
linear terms 1n v which represents the true steady-state imtial velocity In this con-
nection, 1t should be emphasized that the equations given are valid only when the
establishment of the equilibria for the reactions of a particular enzyme form with the
variable substrate and inhibitor are fast compared with the time taken to determine
the velocity The inhibition constant, being a ratio of the unimolecular and bimolecular
rate constants for the reaction of an enzyme form with inhibitor, gives no mdication of
the absolute magnitude of the rate constants. These values could be such as to preclude
the rapid establishment of steady-state equilibria between inhibitor, substrate and
the enzyme forms with which they react and hence invalidate the mterpretation of
velocity data on the basis of the postulates outlined above If true steady-state initial
velocities are not measured then for the situation in which an inhibitor combines with
the same form of enzyme as does the variable substrate, the data would suggest non-
competitive, rather than competitive inhibition Similar results would be obtained 1f,
for mnstance, an EATI complex formed from EA and I were to undergo an 1somerization
reaction which for all practical purposes was 1irreversible These conclusions draw
attention to the necessity of carrymg out prehmmary experiments in order to establish
that one of the fundamental premises on which the theory 1s based 1s, 1n fact, correct

The 1mitial rate equations have also been derived on the assumptions that only
one molecule of mhibitor reacts at each catalytic site and that the complex so formed
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can be regarded as a dead-end one that can only dissociate back to the reactants from
which 1t was formed But 1t should be borne 1n mind that the reaction of an inhibitor
with an EQ complex may form an EQJ complex from which Q 1s released at a slower
rate than from an EQ complex (Scheme I) Such a reaction would introduce additional
terms 1nto the 1mtial velocity equations given here

Under conditions where the aforementioned requirements are satisfied, the
mitial velocity equations are vald wrrespective of the magmtude of the dissociation
constant Indeed, 1t has been shown in the case of competitive inhibition that when the
dissociation constant for the mhibitor 1s high relative to the enzyme concentration,
regular linear double reciprocal plots can be obtained (¢f Fig 5A) Thus there would
appear to be little merit in endeavouring to define zones of behaviour, according to
the affimity of a reactant for an enzyme form, as proposed by GoLDSTEIN? and STRAUSS
AND GOLDSTEIN? The initial velocity equations given (Eqns 11, 31, 33, 38), allow for
the full range of results that can be obtained with inhibitors exhibiting a wide spectrum
of dissociation constants It 1s for this same reason that 1t 1s not possible to give a
precise definition for a tight-binding ihibitor In this connection, 1t should be noted
that studies with this type of mhibitor differ from those with classical inhibitors 1n
that the results obtained are dependent on the concentration of enzyme

The theoretical analyses presented hereimn indicate that irrespective of the form(s)
of enzyme with which one molecule of inhibitor reacts, plots of mitial velocity as a
function of increasing amounts of the enzyme solution at different concentrations of a
tight-binding inhibitor offers a means of determining the concentration of the enzyme
(or catalytic sites), provided that the asymptote of the curve is clearly defined (Eqn 15,
Fig 1) Thisis not true for plots of velocity against the concentration of tight-binding
mhibitor with varymng amounts of enzyme unless the dissociation constant for the
mhibitor 1s virtually zero The higher 1s the dissociation constant for any fixed enzyme
concentration, the greater will be the interval between the intersection point on the
abscissa and that which corresponds to the true concentration of catalytic sites
(Eqn 2o, Figs 2 and 3) Dafficulties are likely to be encountered in regard to the
drawing of the tangent to the curve at the point where Iy = o (Figs 2 and 3) But if
this can be done, the reaction mechanism 1s known and values are available for certamn
kinetic parameters, then both the slope and extrapolated intercept of the tangent
(Eqns 19 and 20) may be used for the calculation of the dissociation constant and
concentration of catalytic sites for what has been referred to as competitive and un-
competitive inhibitions If the inhibitor acts 1 a non-competitive manner, data from
at least two curves must be obtained for the determination of the two K, values An
alternative method for determiming directly the equivalent concentration of an en-
zyme, with I; as the independent variable, 1s to use the same set of experimental data
for plots of v against I and 1/v agamnst Iy and to average the values for the horizontal
intercepts of the curves (Eqns 2o and 26) It 1s of importance to note that plots of
velocity agaimnst mnhibitor concentration do not enable any conclusions to be reached
about the type of inhibition Thus the study of the inhibition as a function of substrate
concentration becomes mandatory

The theoretical curves 1llustrated in the form of double reciprocal plots indicate
that 1t should be possible to distingwish competitive from non-competitive and un-
competitive inhibition (Figs 5-7) But to do so, 1t 1s necessary to use relatively high
substrate concentrations and problems could arise because of substrate imhibition,
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limited solubility of the substrate or non-specific effects due to an increase 1n 10nic
strength However, 1t 1s not true, as claimed by WERKHEISER!?, that under steady-
state conditions a competitive tight-binding mhibitor will give rise to a double reci-
procal plot which 1s characteristic of non-competitive inhibition This conclusion was
reached because of a misreading of the report by GOLDSTEIN3 It 15 clear (Figs 5B
and 5C) that erroneous conclusions could be reached 1f the inhibition were to be studied
only over a limited range of lower substrate concentrations which would not permit
detection of the downward curvature of the plot There would appear to be no easy
means of distinguishing between non-competitive and uncompetitive inhibition (Figs
6 and 7) unless 1t were possible to determine velocities at substrate concentrations,
well below and above 1ts K, value It appears that 1t will be necessary to make a least
squares fit of the data to the approprate velocity equations and to deduce the type of
mhibition from the analysis that gives the lower vaniance The use of such a technmique
would require accurate experimental data

The equations describing the three types of inhibition by a tight-binding inhi-
bitor with respect to B are too complex for direct analysis because of the number of
kinetic parameters that each contains (Eqns 31, 33 and 38) However, from studies in
the absence of inhibitor, of the initial velocity of the reaction m each direction as a
function of the concentration of substrates, 1t 1s possible to determine values for the
kinetic constants associated with the substrates® These data would also yield values
for the rate constants, 2 and &', associated with the maximum velocities of the reaction
n the forward and reverse directions (¢f Eqns 27 and 2q), provided that a well charac-
terised, pure enzyme was used For investigations with an impure enzyme preparation,
the concentration of enzyme catalytic sites would have to be determined, as previously
indicated (Eqn 15, Fig 1), and used to calculate values for & and &2’ Substitution of
the values for the kinetic and rate constants into the appropriate rate equation would
bring about a marked simplfication. It should then be possible, by the use of a least
squares fitting procedure, to determine 1if the experimental data are consistent with a
particular hypothesis and to obtain true values for one or both imhibition constants
It 1s proposed that values for the inhibition constants be determined by statistical
analysis of the velocity data because accurate values are unlikely to be obtained by
graphical methods! Indeed, such analysis should be performed with all data that
give non-linear plots In connection with the determination of true values for the
mhibition constants from non-competitive and uncompetitive imnhibitions, attention
should be drawn to the fact that these calculations require a knowledge of the values
for K,q, Kqand V, (Eqns 31 and 38) The latter two values can be obtained only 1f the
equilibrium of a particular reaction does not markedly favour the formation of pro-
ducts®

It 1s apparent from the above discussion that many difficulties are associated
with studies of the effects of tight-binding intibitors on enzyme catalysed reactions
which are carried out with the aims of elucidating the mechanism of the inhibition
and determining true inhibition constants These difficulties have not always been
appreciated and 1t 1s to be hoped that an awareness of them will prove to be of value
with respect to future developments in this area of enzyme inhibition
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