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Reversible inhibition phenomena are analyzed for enzymatic systems involving covalent intermediates,
where the inhibitor can bind to the pure enzyme, the Henri-Michaelis complex or the covalent
intermediate, or to two or three of these enzyme forms. Classical competitive, non-competitive or
un-competitive phenomena can be observed in some cases but unexpected features are also observed.
Complex phenomena sometimes prevail where increased kc./K,, values can be accompanied by
decreased or increased k., values.
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INTRODUCTION

Reversible inhibition phenomena are commonly discussed on the basis of the simple
Henri-Michaelis Scheme!~* (Scheme A):

K k

E+S =———= ES » E+P

K, Ki

El + § === ESI

SCHEME A

*Correspondence.
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If the inhibitor binds to both E and E S, the inhibition is non-competitive, “Pure”
non-competitive inhibition (unchanged K,,) occurs when binding of the substrate
does not affect that of the inhibitor and vice-versa, thatis: K;; = K;2 and K = K,
(Scheme A). If the inhibitor only binds to E or E S, the inhibition is, respectively,
competitive (unchanged Vinax) or un-competitive (unchanged Viyax/Kim).

Numerous enzymatic mechanisms however involve the formation of a covalent
intermediate ES™ (active-site Serine peptidases and esterases, B-lactamases, etc....)
as in Scheme B:

E+S == = Eg -{—» ES* —X o E+P,
P
SCHEME B

The inhibitor can bind to E, ES and/or ES*. This results in a large number of
possible inhibition patterns, with some unexpected effects. These are discussed in
the following contribution.

THEORY

The discussion is based on the rapid equilibrium hypothesis for the formation of ES
and the steps involving the inhibitor, i.e. all the reversible steps. If the steady-state
conditions were applied to the binding of substrate only, the equations would
be more complex in the cases of Models I, II, III and VI. A general treatment
with non-equilibrium binding of Model I would yield exceedingly complicated
equations. However, this latter case might sometimes be diagnosed by monitoring
a time-dependent decrease of the enzyme activity.’

In the absence of inhibitor, the well-known Equations (1-3) derive from
Scheme B:

(kca)o = kaks/(kz + k3) (1)
(Km)o = k3Ks/ (k2 + k3) 2)
(kcat/Km)o = k2/Ks. 3)
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When the inhibitor is present, the general model is represented by Scheme C:

K, P)
E + S=—== ES ES* —5 o S

SRR

El + Se——= ESI—ﬁ ES*I
(Py)

SCHEME C

Table I shows the various possible models based on Scheme C. The complete,
general model I involves the 3 complexes EI, ESI and ES*I, whose dissociation
constants are K;|, K;» and K;3 respectively. Hence, KsK;» = K gK,-l. Various
more simple cases are possible. They are presented in Table 1.

EQUATIONS AND DISCUSSIONS

The complete equations for kca, K, and kca/K,, are given in Appendix 1.
In several cases, the Dixon plots (1/v vs. [I]) are not linear and, although the
Lineweaver-Burk, Hanes and Eadie-Hofstee plots remain linear, the lines do not
converge. By contrast, classical competitive, non-competitive or un-competitive
patterns can also be obtained.

Table II summarizes the characteristics of the various models. Table III details
the co-ordinates of the convergence point P(x, y) when applicable, i.e. when linear
Dixon plots are observed. The complex patterns of Models I and VI can result in
activation phenomena. For the analysis of the 4 typical plots, see Appendix 2.

The following points deserve attention.

1. In models I.a. and Lb., both k¢, and K, can increase with increasing [I], and
kca/ K,y increases if kQK,-l > k2 Ki> (Model La.), or if k; > k> (Model Lb.)
(Figures 1, 2).

2. In Model Lc., kcy is always < (kcar)o, but keat/ Ky > (kcat/Km)o if K;p >
Ki2. If k3 > ka(1 + [11/K;3), then, kcar = (kcat)o, and K, — Kg(1 +
[11/Ki1)/(1 +[I]/Ki2), the pattern becomes competitive, but I can behave as
anactivator. In the same model, if K;; = K2, kcat/Km = k2/Ks = (kcat/Km)o
and un-competitive inhibition is observed.
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TABLE II Characteristics of three classical plots for each model®

Model L-B Plots® Hanes Plots Dixon Plots Inhibition Type
La. No convergence  No convergence  Non-linear Complex. General situation
Lb. No convergence  No convergence Non-linear Complex
ILc. No convergence  No convergence Non-linear Complex
Ld. Parallel Converge Parallel Un-competitive
ILa. Converge Converge Converge Complex
ILb. Converge Converge Converge Non-competitive
ILa. Converge Converge Converge Complex
IILb. Converge Converge Converge Complex
IVa. Converge Converge Converge Complex
IV.b. Converge Converge Converge Complex
Va. Parallel Converge Parallel Un-competitive
V.b. Parallel Converge Parallel Un-competitive
Vl.a. No convergence  No convergence Non-linear Complex, kcy/Kpincreases vs. [I]
VLb. No convergence  No convergence Non-linear Complex, kca/ K., increases vs. [I]
Vlc. No convergence  No convergence Non-linear Complex, kca/ K, increases vs. [I]
VILd. No convergence  No convergence Non-linear ~ Complex, ko /K, increases vs. [I]
VIl Converge Parailel Converge Competitive
VIl Parallel Converge Parailel Un-competitive
IX Parallel Converge Parallel Un-competitive

“For schemes, see Table I. °L-B = Lineweaver-Burk.

. InModel Ia., an unmodified k., / K, value can be observed if ké K| = kK.

The Lineweaver-Burk and Hanes plots suggest an un-competitive inhibition,
but the Dixon plots are not linear.

. In Model IILa., the non-competitive inhibition can become apparently com-

petitive if ko > k3(1 + [11/K;2) (Figure 3). Similarly, in Model IILb., the
non-competitive inhibition can become apparently “pure” non-competitive or
competitive if k3 >> ks or if k2 > k3 (1 + [7]/K;) respectively.

. In Model IV.a. and IV.b., the non-competitive inhibition becomes apparently

competitive if k3 > ka(1 + [I]/K;3), and in Model IV.b., “pure” non-
competitive if ky > k3.

. InModel VI, kcat /K,y is always > (kcar/ Km0, and kcq can increase or decrease

(VLa., VLb.), oralways decrease (VI.c., VI.d.) with increasing [I] (Figures 4, 5).
With Model VI.c., an apparently “competitive activation” can be obtained if
k3 > kx(1 +[1]/K;3). In that case, kgt — (kcat)o = k2, but the Dixon plot is
not linear and k.a/ K, increases with [I] in a linear fashion.
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FIGURE 1| Hanes plots of Model Lb. with ko = 457!, K, = 0.5 mM, Z = ky/(ks + k3) = 0.86,
L= ki/ky = 05, K; = 10 mM, and [fp) = 0, [/)] = 10 mM, {,] = 20 mM, [/5] = 40 mM,
[13] = 70 mM, [/s] = 100 mM.

[B), s

0 20 40 60 80 100
M, mM
A:[S]=0.05mM. B:[S]=0.1mM. C:[S}=0.2mM

FIGURE 2 Dixon plots pattern of Model Lb. For the values of parameters, see the legend of Figure 1.
The substrate concentrations [S] are given on the figure.

CONCLUSIONS

This analysis discussed a few unexpected features of inhibition phenomena when
the enzyme follows a catalytic pathway involving a covalent intermediate. Complex
phenomena, sometimes involving activation, can be observed, and increased
kcat/ K values can be accompanied by decreased k¢4 values. It becomes difficult to
distinguish between the various models in the absence of additional (e.g. binding)
data. For example, Model 1.d. can be distinguished from Models VHI and IX if
the inhibitor I binds to free enzyme E. A similar experiment would also help
distinguishing between Model I and Model VL.
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[B{Siv, mM*s

[S}, mM

FIGURE 3A Hanes plots of Model III. (for Model 1V, similar plots are obtained). The convergence
points P(x, y) are in Quadrants 2 or 3, depending on the relative values of Z, K;; and K,,. When
Ki1 = K;; (Model 1Lb.), P(x,y) is in Quadrant 3. The parameter values are: keyy = 4 s,
K = 0.5 mM, Z = 0.86, (see the legend of Figure 1), K;y = K;; = 10 mM [/3) = 0, [/;] = 20 mM,
[1;] = 40 mM, [I53] = 60 mM.
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0014
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0.010
(]
0.006

0.002

0 0.2 04 0.6 0.8 1
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FIGURE 3B Hanes plots of Model IILb. when k» > ki(1 + [1]/K;). The parameter values are:
keat =505, Ky =0.12mM, Z > 0.98(Z = ky/ (k2 + k3)), K; = 10 mM. The [7] values are 0, 2.5,
5.0, 7.5 and 10.0 mM ([ /o] to [14]) respectively.

APPENDIX 1

Inhibition Type and Complete Expressions of the Kinetic Parameters (keat, K
and key /Ky ) in Various Models and Sub-models

Scheme C represents the general case. For identification of the different models, see
Table I. In the following expressions, (kcat)o, (Km)o and (kcar/ K)o are the values
in the absence of inhibitor. The “Classical (non-/un-)competitive inhibition” means
that the equations have the same forms as those derived from Scheme A.
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3 9
®
0.6/
4 flo]
it 4}— ]
=75 -50 =25 [4] 25
1/{S], 1/mM

FIGURE 4 Lineweaver-Burk plots for Model V1.d. For the parameter values, see the legend of Figure 1.
[Ih] =0, [1}] = 10 mM, [2] = 20 mM, [/3] = 30 mM, [/4] = 40 mM, (/5] = 50 mM. All crossing
points are in Quadrant 1.

= 4.5
S
)
Z A
A |
B
C
1.5
[ 20 40 60 80 100

M, mM
A:[S]=005mM, B:[(S]=0.1mM. C: [S]=0.2mM

FIGURE 5 Dixon plots for Model V1.d. For the values of parameters, see the legend of Figure 1. The
substrate concentrations [S] are given in the figure.

Model I. The Inhibitor Binds to All Three Enzyme Forms (E, ES and ES*),
and ESI Can Yield ES*I (Scheme C).

Model L.a. (generalsituation) K;| # Ki # Ki3, k), # k2

_ kak2(1 + A[I1/K;2)
ko(1 + A[11/Ki2)(1 + [11/Ki3) + ka(1 + [T1/Ki2)

kcal

(Al-1)
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k3 Ks(1 + [11/Ki1)

m

" (0 +AT)/K2) (A + U/Ki) + kall + [11/Ki2)

(Al-2)
ko(1+AlI1/Ki2) 14 A[I1/Ki2
keat/Km = = -
e/ Ks( +U/KnD) ~ 1+ 1/Kn (kcat/ Km)o (A1-3)
where A = k) / k>
Modell.b.K;) = Ky = Kj3 = Ki. &, #k
ke = ky(kz + k5[11/K;)
(k2 + k[ 11/ Ki)(1 + 11/ K;) + k3(1 + [I1/K;)
1+ A[I)/K;
= ?[[I]]/LK,-O“ (kcat)o (Al-9)
m= k2 +ké[1]/K,' s =a1(Kn)o (A1-5)
ky + k3[1/K; 1+ A[11/K;
kear/Km = 2 = .
e = R+ /KD~ T yE, G/ (ALO)
ka + k3
h = =k
where o ol TAI/K) 5 and A =k, / ks
Modell.c. Ky # Kip # Kis, k5 =k
koks
keae = = .
R K ke (A1
_ kiKs(1 +[11/K;)) _ 1+111/Kin K
" T A+ UK Gl + /K + k) 1+ 1)K ™ g",,f?_g)
ky 1+[1]/Kin  1+[I1/Ki2
keat/ Ky = —= = .
o = K " T /Ky = T /R /K (A1)
where a = kaks
ka(1 +[11/Ki3) + k3
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Modell.d. K;y = Kiz = Ki3 = Ki, k) = ka (un-competitive inhibition)

koks
keat = =a;(k Al-10
T (1 + T1/K) + k3 o1 (kear)o ( )
k3Ks
K, = =a1(K Al-11
" U+ YKy k1 (Kmdo (AL-11)
kCat/Km =k2/Ks = (kcat/Km)O (Al1-12)
ky + k3
where o) =

ka(1+[11/K:) + k3

Model IL. The Inhibitor Binds to the Three Enzyme Forms, but ESI Does Not
Yield ES*I (k; = 0)

Modelll.a. K;1 # Ki» # Ki3

kak3
kca = — kca AL
t ko(1 + [11/K;3) + k3(1 + [11/K:2) Bkcat)o ( )
k3Ks(1 +[11/K;1)
Km = = (1 I Ki Km
BT 11/K) + ks + 7K T 1B( ()Xz-z)

keat/Km = (k2/Ks)/(1 + [I1/Ki1) = (kcar/ Km)o/(1 + [11/Ki1)
(A2-3)

ky + k3
ko(1 + [11/Ki3) + ks(1 + {I1/K;2)

where f =

ModelIl.b. Ky = Ki» = Ki3 = K (classical non-competitive inhibition)

kaks
keat = = (kca 1 11/K; A2-4
= o T r Ky~ keado/ A+ U/KD - (A24)
_ k3Ks _
" etk Kmbo (A2-5)
keat/ K = (k2/K)/(L+ 11/K:) = (keat/ Kmdo/(1 + [11/Ki1)
(A2-6)
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Model II1. The Inhibitor Only Binds to the Free Enzyme E and the Henri-

Michaelis Complex ES (K;j3— 00, k; = 0)
Modellll.a. K;) # K;»

bt = Tl 4 [T1/Kr) — ke

_ k3Ks(1 +[I1/Ki1)

"k + k(1 + [11/Ki2)
keat/Km = (k2/Ks)/(1 + [11/Ki1) = (keat/Km)o/(1 + [11/ K1)

ky + k3
ka2 + k3(1 + [I1/Ki2)

= (1+[1]/Ki1)yi (Km)o

where y; =

ModelIl1.b. K;; = K;»
~ ok 3
T+ k(1K)

_ kaKs(1 +[11/Ki)
ky + ks(1 +[11/K;)

keat/Km = (k2/Ks)/(1 + [11/Ki) = (keat/ Km)o/(1 + [11/K})

ka + k3
ka + k3(1 +[11/K;)

kcat

V2 (kcat)O

=1+ [11/K:)y2(Km)o

m

where yy =

(A3-1)

(A3-2)

(A3-3)

(A3-4)

(A3-5)

(A3-6)

Model IV. The Inhibitor Only Binds to the Free Enzyme E and the Covalent

Intermediate ES* (K;2 = 00, K5 — 00, k) = 0)
ModellVa. K # K;3

_ kaks

k(1 + [11/Ki3) + k3

_ kKs(1+[11/K;y)
k(1 +[11/Ki3) + k3

keat/Km = (k2/Ks)/(1 + [11/Kir) = (kcar/ Km)o/(1 + [11/Ki1)

ky + k3
ka(1 4+ [11/Ki3) + k3

cat = a3 (keat)o

= (1 +[11/Ki1)az2(Km)o

m

where o) =

(A4-1)

(A4-2)

(A4-3)
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ModellIV.h. K;y = K;3

keat = o(+ U1/K) + ks = a3(kca)o (A4-4)
 kKs(+ /KD | _

"= O+ UK T (1 + [I1/K)e3s(Kmdo (A4-5)

keat/Km = (ka/Ks)/(1 + [I1/Ki) = (kear/Kmdo/(1 + [1]1/K}) (A4-6)

ky+ k3
ka(1 + [I1/K;) + k3

where a3 =

Maodel V. The Inhibitor Only Binds to the Henri-Michaelis Complex ES and
the Covalent Intermediate ES*. ESI Does Not Yield ES*I (K;; = 00, k; = 0)

Model V.a. Ki3 # K;3 (un-competitive inhibition)

kok3
o = = Blkea AS5-1
t ko(Y + U]/ Ki3) + k3(1 + [I1/K2) B(keatdo ( )
k3K
o = = B(Km AS5-2
ka(1 + [11/Ki3) + k3(1 + [{]/Ki2) B(Km)o (A5-2)
keat/Km = k2/Ks = (kcat/Km)o (AS-3)
where 8 = k2 + k3

ko(1 + [11/Ki3) + ka(1 + [11/Ki2)

Model V.b. K;2 = K3 (classical un-competitive inhibition)

kaks

cat = = (kea 1 Il/K; AS-4

keat = e AT K — Geado/ (L + 1/ (A5-4)
k3K

K, = = (Km 1 I1/K; AS-5

kcat/Km = kZ/KS = (kcat/Km)O (A5-6)
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Model VI. The Inhibitor Only Binds to the Henri-Michaelis Complex ES and
the Covalent Intermediate ES*, ESI Yields ES*I (K;; = 00, k; # 0)

ModelVi.a. K2 # Kis, k, # k2

kaks (1 + A[11/K;2)

kca = A6'1
S AT KD+ KD + e + 1Ky AeD
= ksKs (A6-2)
"7 k(1 + A/ Ki2) (A + 1/ Ki3) + ks(1 + [11/Ki2)
kcat/Km = k2(1 + A-[”/Kiz)/KS = (1 + )\-[I]/Ki2)(kcat/Km)0 (A6'3)
where A = k}/ k>
Model VLb. K;» = K;3, k& # ka
. ka(kz + k,[11/K:) _leMVK
T e+ QUK A+ UK~ T+ UK e
k3K
K, = - = = K 14+ [11/K;
(e + VK + k(1 + (7K 1 Kmo/ TV (,,36_5)
kear/ Ky = ka(1 + MIV/Ki)/Ks = (1 + AT/ K;) (kear/ Ko (A6-6)
where a; = k2 1 ks and » = K}/ ks

k2(1 + ALI/ Ki) + k3

Model VI.c. Kjs # K3, % =k

kaks
kca = = ca i
S A K Tl 22k (e
k3Ks 1
= = Km 1 1 Ki
k(L + U1/K3) + k3~ 1+ 1/Kn @2(mlo/(1 +1 ]/(Aé)-S)
keat/Km = (1 + [11/Ki2)ka/Kg = (1 + [I1/K;2) (kcar/ K)o (A6-9)
ky+ k3
where o =

ko(1 4+ [11/Ki3) + k3
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ModelV1d.Ki» = Ki3 = K,',lc:! =k

kcat = k2(1 n [1]/K,') i k3 = a3(kcat)0 (A6'10)
_ k3K . 1
" k(+ /KD ks 1+ []/K;
= a3(Km)o/(1 + [11/K}) (A6-11)

keat/Km = (1 + [11/Kidk2/Ks = (1 + [11/Ki) (keat/ Km)o
(A6-12)

kr + k3

h =
W s = A+ UKD + k3

Model VII. The Inhibitor Only Binds to the Free Enzyme E. (classical
competitive inhibition)

kcal = k2k3/(k2 + k3) = (kcat)O (A7'1)
m=0+[1/K)k3Ks/(ka + k3) = (1 + [I1/Ki}(Km)o (A7-2)
keat/ Km = ko /(Ks(1 + [I1/K)) = (kcat/Km)o/ (1 + [11/K;) (A7-3)

Model VIIL The Inhibitor Only Binds to the Henri-Michaelis Complex ES.
(un-competitive inhibition)

_ kak3
" ka + k(1 + [11/K))

_ k3Ks
" ko + k(1 + [11/K:)

kea/Km = k2/Ks = (kcat/ K)o (A8-3)

kcat

= ya(keat)o (A8-1)

= y2(Km)o (A8-2)

m

k2 + k3

h =
e = e v U + /KD
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Model IX. The Inhibitor Only Binds to the Covalent Intermediate ES*.
(un-competitive inhibition)

kaks
o= = a3k A9-1
= AT UK 1k~ 2 keado (A9-D)
k3K
) = (K A9-2
" k(1 + UK + ks a3(Km)o (A9-2)
Keu/ Km = k2/K's = (kea/ Km)o (A9-3)
k2 + k3
where a3 =

k2(1+ [11/K;) + ks

APPENDIX 2

Lineweaver-Burk, Hanes, Eadie-Hofstee Equations and Dixon Plots in the
Various Models

In the general situation (Scheme C, Model 1.a.), the expressions of these four typical
plots are shown below, where (kcat)o, (K)o and (kcat/ K)o or (Kp, [ keat)o are the
values in the absence of inhibitor. The constants Z and A are k3 /(k> 4 k3) and k; / k>
respectively, [Eq] is the total enzyme concentration. Note that the classical Dixon
plotis 1/v vs. [1]. Using 1/v only results in the replacement of (kca)o by (Vinax)o
in the right-hand term.

Lineweaver-Burk Plot ([Ep]/v vs. 1/[S])

g 21+ ) 1+ ) +a-2(1+ §)

i2

v (kcat)O (1 + )»%‘})
Ul
Km) 1 + K 1
+(2m) « o (A10
(kcat o |1 +k-%1- [S] )
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Hanes Plot ([S1([Eo]/v) vs. [S])

wﬂm_(&)*l+%
0

v Keat 1+
z(t+r Y+ W) +a-2)(1+ U
+ ( K,g) ( K‘3) ( K’Z) * [S]
(kear)o (1 + A%) (Al1)
Eadie-Hofstee Plot (v/[Eo] vs. (v/[Eo])/[S])
vo_ (1 + A[1]/Ki2)(kcar)o (A12)
[Eol Z({1 +AlI]/Ki2)(1 +[I]/Ki3) + (1 — Z)(1 + [I]/Ki2)
(I +[11/Ki1)(Km)o v

T ZA+AN/K) (A + U1/Kn) + (- 2)A + (11/K2)  [SIEo]

Dixon Plot ([Egl/v vs. [I])

(ol _ ZA+UYKi)  1-Z 1+U)/Kz

v (keat)o keado .~ 1+ ALI1/K:2
(Kn/kca)o 1+[11/Kin
TS 1Ak (A1)

These complex expressions can be simplified as mentioned in Table I for the
other models (see also Appendix 1). It is easy to see that, for all models, the
Lineweaver-Burk, Hanes and Eadie-Hofstee plots are always linear, but the Dixon
plots are not linear if A # O(k, # 0, that is, in Models I and VI). An exception is
Model L.d., where, since A = 1(k; = k2) and K;; = K;2(= K;3) = K;, the Dixon
plot reduces to a straight line although A # 0.

Acknowledgements

This work was supported, in part, by the Belgian government in frame of a Péle
d’Attraction Interuniversitaire (PAI 19), an Action Concertée with the Belgian
government (convention 89/94-130) and the Fonds de la Recherche Scientifique
Medicale (contract 3.4537.88)

RIGHTS

i,



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by HINARI on 12/17/11
For personal use only.

264 G.-H. ZHAOQ and J.-M. FRERE
References

(1] Maeda, I, Shimohigashi, Y., Nakamura, 1., Sakamoto, H., Kawano, K. and Ohno, M. (1993).
Biochem. Biophys. Res. Commun., 193, 428-433,

[2] Boudier, C. and Bieth, J.G. (1994). Biochem. J., 303, 61-68.

[3] Solo, C.G-D., Garcia-Cénovas, F.,, Havsteen, B.H., Valero, E. and Varén, R. (1994). Biochem. J.,

303 435-440.

Ponasik, J.A., Strickland, C., Faerman, C., Savvides, S., Karplus, P.A. and Ganem, B. (1995).

Biochem. J., 311, 371-375.

[5] De Meester, E, Joris, B., Backinger, G., Bourguignon-Bellefroid, C. and Frére, J.M. (1987).
Biochem. Pharmacol., 36, 2393-2403.

[4

—_

RIGHTS

i,



