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Models of enzyme inhibition and apparent dissociation constants from kinetic
analysis to study the differential inhibition of aldose reductase
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ABSTRACT
In order to explain the negative slope of appKM=

appkcat versus inhibitor concentration observed in the
study of epigallocatechin gallate acting as an inhibitor of aldose reductase, a kinetic analysis was per-
formed to rationalise the phenomenon. Classical and non-classical models of complete and incomplete
enzyme inhibition were devised and analysed to obtain rate equations suitable for the interpretation of
experimental data. The results obtained from the different approaches were discussed in terms of the
meaning of the emerging kinetic constants. A decrease of appKM=

appkcat versus the inhibitor concentration
was revealed to be a valuable indication of the occurrence of an incomplete inhibition. This indication,
which is univocal in the case of an uncompetitive inhibition, may be especially useful when the residual
activity resulting from inhibition is rather low.
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Introduction

The apparent character of the parameters derived from the kin-
etic analysis of enzymatic reactions is an aspect of kinetic char-
acterisation of enzymes rarely taken into adequate
consideration in the interpretation of experimental data. The
apparent character of the kinetic constants is intrinsically linked
to the kinetic equation emerging from the analysis of the pre-
sumed mechanism satisfying the experimental results.
Specifically, we refer to the inference on the calculated parame-
ters of both the assumptions made in the model and the conse-
quent experimental conditions adopted to fulfil the restrictions
of the model itself. It is known for instance, that KM, an index of
the affinity between the enzyme and the substrate, as usually
determined, may be different from the thermodynamic equilib-
rium dissociation constant of the ES complex because of the
clearly evident kinetic perturbation factor (i.e. kþ2 or, in a more
complicated model, the combination of a number of kinetic
constants). The apparent character of KM may also arise from
physical events, not detectable through the kinetic analysis,
such as for instance the occurrence of a multistep interactive
process between the substrate and the enzyme. Similar consid-
erations apply also to the apparent character of kcat. In fact, the
measured value of this parameter is linked to possible ES
form(s) catalytically competent, rather than to the nominal total
enzyme concentration. In addition, the measured kcat value is
linked to possible reactions, even not productive, which may
divert the ES complex(es) from product generation. To be
clearer, the kcat, intended as the kinetic constant describing the
transformation of the ES complex to products, is generally eval-
uated by dividing the measured Vmax value, in well-defined
assay conditions, by the nominal concentration of the enzyme
present in the assay. This calculation is correct only if the
enzyme present in the assay is fully active and if the maximal

ES concentration ([ES] at Vmax) equals the nominal concentration
of the enzyme. This implies that only one ES form can be gener-
ated and that it is fully competent to generate products. If evi-
dence of this is not given, as it occurs in the majority of kinetic
characterisation of enzymes, we must be aware that the given
value of kcat might not univocally represent the effectiveness of
the evolution of the enzyme-substrate complex to products; in
other words, the kcat is simply an apparent kinetic constant. Just
as an example it is sufficient to consider the pH effect on KM
and Vmax , in which kinetic constants are associated with specific
ionic forms of the enzyme and enzyme-substrate complex. On
these bases, the interpretation of the measured kinetic parame-
ters becomes obviously even more difficult when inhibitors or
activators are inserted into the reaction. Thus, the attempt of
connecting the absolute value of the inhibition constants with
an inhibition model of action and/or with the inhibitor features
may lead to conclusions whose apparent solidity can be eas-
ily subverted.

The problem of possible misleading conclusions in terms of a
real model of the inhibitory action arising from the interpretation
of inhibition constants derived from a kinetic analysis has been
faced by Walsh1. In that study, in which the question of binding
versus efficacy of inhibitors is debated, the possible negative con-
sequences of the use of inappropriate kinetic models in terms of
efficient drug discovery processes have been highlighted. In any
case, once conscious of the apparent character of the constants
derived from kinetic measurements, the inhibition kinetic analysis
remains an informative approach that is worth to be performed.
However, in order to identify the most satisfactory model
according to the physical interactive process, it may be advisable
to substantiate the consistency of the kinetic measurements with
non-kinetic analytic approaches.

The present study deals with aldose reductase (E.C. 1.1.1.21;
AKR1B1), a NADPH-dependent reductase that, since its ability to
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transform glucose within the polyol pathway, is involved in the
onset of a number of pathological states linked to hyperglycaemic
conditions2. Thus, this enzyme is subjected to an intense investi-
gation aiming to inhibit its activity. Since AKR1B1 is also able to
reduce lipid peroxidation derived cytotoxic aldehydes, such as 4-
hydroxy-2-nonenal (HNE), the inhibition of the enzyme may be
causative of a lack or an impairment of its detoxification action. A
new strategy (the “differential inhibition” approach) to inhibit the
enzyme activity when acting on glucose reduction without affect-
ing or with a limited effect on HNE reduction has been proposed3.
Generally talking, the term “differential inhibition” may apply to
multispecific enzymes and refers to the inhibition of the enzym-
atic action on one or more specific substrates, while the trans-
formation of other substrates remains unaffected or affected to a
reduced extent4.

In the present study, different models of enzyme inhibition
were considered to explain the inhibition data observed for
the reduction of two different substrates, i.e. L-idose and HNE,
catalysed by AKR1B1 in the presence of epigallocatechin gallate
(EGCG). This compound was recently shown to inhibit the reduc-
tion of the aforementioned substrates by two different mecha-
nisms, namely a mixed inhibition for L-idose and an
uncompetitive inhibition for HNE5. Here we report that the inhibi-
tory action exerted by EGCG resulted to be incomplete towards
HNE, but not towards L-idose. Possibly because not adequately
furthered, incomplete inhibition reports are not so usual in inhibi-
tory studies6. Nevertheless, as reported for a variety of enzymes,
the phenomenon occurs and may be exerted either by metabo-
lites7–9 or by abiotic molecules10–15.

A variety of graphical approaches have been proposed to
disclose and characterise incomplete inhibition16–24. In this
study, the rate equations derived from the classical
approach16,17, considering the inhibitor targeting the free
enzyme or the enzyme-substrate complex were used to fit
experimental rate measurements through non-linear regression
analysis. In this regard, the trend of the appKM/

appkcat versus the
inhibitor concentration is proposed as a useful tool to easily dis-
close the occurrence of an incomplete inhibition. Moreover, the
analysis of both complete and incomplete inhibition was here
performed also through a non-classical approach, in which it is
the substrate that interacts with either the free enzyme or the
enzyme-inhibitor complex.

Materials and methods

Materials

EGCG, NADPH and L-idose were obtained from Carbosynth
(Compton, England). HNE and 3-glutathionyl-4-hydroxynonanal
(GSHNE) were synthesised as described25. All other chemicals were
of a reagent grade.

Assay and purification of human recombinant AKR1B1

The AKR1B1 activity was spectrophotometrically measured follow-
ing the absorbance decrease at 340 nm as previously described26.
AKR1B1 was expressed and purified to electrophoretic homogen-
eity, as previously described27. The purified enzyme preparation
used in the study displayed a specific activity of 5.3 U/mg of pro-
tein. The conversion of rate measurements into appkcat was per-
formed on the basis of an AKR1B1 molecular mass of 34 kDa.

Kinetic parameters analysis

The kinetic parameters appkcat and
appKM were evaluated by non-

linear regression analysis of rate measurements vs. substrate
concentration according to the Michaelis-Menten equation. The
analysis was performed through GraphPad Prism 7.04 software by
a non-linear “Robust Regression” analysis in which each point is
individually weighted through iterative weighing of the smallest
squares28. The same approach was adopted to analyse the
dependence of appkcat , appKM and appKM/

appkcat from [I], making
use of the proper equations (see text).

Results and discussion

The experimental ante fact

In a previous study on the inhibition ability of green tea compo-
nents on AKR1B1 activity5, EGCG resulted to display a differential
inhibitory action on L-idose reduction with respect to HNE reduc-
tion. EGCG displayed an apparent uncompetitive inhibition on
HNE reduction with a K’i (dissociation constant of the EIS ternary
complex) of 116± 11 mM. Ki (dissociation constant of the EI com-
plex), evaluated from the intercept with the abscissa of the sec-
ondary plot of appKM/

appkcat versus [I] was considered as not
detectable being the slope of appKM/

appkcat vs [I] close to zero.
Nevertheless, furthering on the EGCG inhibitory features, a refine-
ment of the rate measurements disclosed a rather peculiar, previ-
ously unrevealed, behaviour of the appKM/

appkcat versus [I] plot. As
shown in Figure 1, a marked unequivocal decrease of the
appKM/

appkcat values with the increase of the inhibitor concentra-
tion can be observed. This trend is difficult to be fitted into the so
far adopted kinetic approach. These data, which in the figure are
provisionally interpolated with a straight line, were indeed stimu-
lating evidence to search for an adequate interpretative kin-
etic model.

Figure 1. The secondary plot of apparent kinetic parameters ratio appKM/
appkcat

versus [I] for the EGCG inhibition on HNE reduction. The dotted line refers to lin-
ear regression analysis fixing the intercept with the y-axis at the appKM/

appkcat
control value. Each value represents the appKM/

appkcat ratio evaluated at the indi-
cated EGCG concentrations. Data were obtained through non-linear regression
analysis of vo vs [S] measurements using the Michaelis Menten equation. Bars
(when not visible are within the symbols size) represent the standard error of the
measurements.
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Kinetic models of enzyme inhibition: the classical approach

Without pretending to present any news on the steady state ana-
lysis of an enzymatic reaction, but only aiming to find a rationale
for the observed data and to better define the question of the
apparent character of the kinetic constants, let’s consider an inhib-
ition process as described in Figure 2. In Figure 2(A) the basic
general model of inhibition of an enzyme29 is shown. For the sake
of simplicity, let’s avoid cooperative phenomena considering a
simple (i.e. Michaelian) enzyme working either in a steady state or
in equilibrium conditions. In the scheme, the possibility that the
ternary complex may evolve into products (i.e. 0� kþ4 � kþ2),
leading to an incomplete inhibition, is considered.

Taking advantage of the microscopic reversibility principle, it is
common practice to represent the inhibitory action as in Panel B (the
“classical approach”), in which the inhibitor is considered to target
either the free enzyme or/and the ES complex. Then, the inhibitor will
be defined, due to the relative values of apparent inhibition constants,
as “competitive”, “mixed non-competitive” or “uncompetitive”30.

Let’s consider for the moment the very frequent condition of a
complete inhibition (i.e. kþ4 ¼ 0). In this case, appVmax ranges from
kþ2[ET] to zero with the increase of the inhibitor concentration,
depending on the factor (1þ [I]=K 0

i)
�1; at the same time, appKM

may either increase, when Ki<K 0
i, or decrease, when Ki>K 0

i, to a
maximum of KM 1þ I½ �=Ki

� �
or to a minimum of KM= 1þ I½ �=K 0

i

� �
,

respectively.

appKM ¼ KM
1þ I½ �

Ki

� �
1þ I½ �

K 0
i

� �
Now, looking at the relative changes between the appKM and

appVmax, going from a mixed inhibition model to an uncompetitive
model, the slope of appKM/

appVmax ¼ f ([I]), will decrease from posi-
tive values to zero. Such a limit, which refers to the uncompetitive
model of inhibition, is the result of the fact that both KM and Vmax

decrease of the same factor 1þ I½ �=K 0
i

� �
:

It is evident that this approach fails in giving a rationale for the
inhibition data reported above (Figure 1), in which appKM/

appVmax

versus [I] decreases. appKM can either increase or decrease with, at
maximum, the same steepness of appVmax. If we (at the moment)
rule out that the inhibitor may induce an increase in the affinity of
the enzyme for the substrate, the explanation of a negative slope
of the appKM/

appVmax ¼ f ([I]) must be searched in the conversion of
the enzyme-substrate complex to products. In other words, the
decrease in appVmax by increasing [I] must be less steep than the
appKM decrease. This situation may occur if the ternary complex is
able to evolve to products, as it occurs for incomplete inhibitors.
Here the decrease of appVmax from kþ2 [maxES]¼ kþ2 [ET]) in the

absence of the inhibitor, will not tend to zero, with the increase of
[I] but to appVmax ¼kþ4 [

maxESI]¼ kþ4 [ET] (See Figure 2(B)).
For the sake of simplicity, let’s consider an incomplete uncom-

petitive inhibition (Ki at least 100 times higher than Ki’) in which
appKM can only decrease when the inhibitor is present. In this case
(see Appendix I), considering the assumption of conversion of EIS
to product, the model must be analysed in steady state conditions
in order to avoid losing the kinetic effect on the appKM changes.
Then, the analytic approach in steady state conditions for both ES
and EIS, will lead to the following rate equation:

v0
ET

¼
K�
i kþ2þkþ4 I½ �
K�
i þ I½ � S½ �

K�
i KMþ

kþ4 I½ �
kþ1

K�
i þ I½ � þ S½ �

(1)

The apparent kinetic constants appkcat , appKM and appKM/
appkcat

are defined as follows:

appkcat ¼ K�
i kþ2 þ kþ4 I½ �
K�
i þ I½ � (2)

appKM ¼
K�
i KM þ kþ4

kþ1
I½ �

K�
i þ I½ � (3)

appKM
appkcat

¼
K�
i KM þ kþ4

kþ1
I½ �

K�
i kþ2 þ kþ4 I½ �

(4)

In these equationsK�
i ¼ k�3þkþ4

kþ3

Equation (1) defines a hyperbola as a function of substrate concentra-
tion, as it occurs for kþ4 ¼ 0. The dependence of the kinetic parame-
ters appkcat and appKM (Equations 2 and 3), upon the inhibitor,
concentration is expected to have an exponential behaviour
approaching an asymptote value >0 (Figure 3). In this regard, it is
worth noting that the inclusion of the kþ4 term (>0) in the K�

i implies
an effect of the incomplete inhibition not only, as expected, on
appVmax, but also on appKM: In fact, instead of tending to zero, when
the inhibitor concentration increases, appKM will asymptotically tend to
kþ4
kþ1

: Thus, it appears from this analysis that the decrease of both
appVmax and

appKM is buffered when EIS is able to evolve to products.
Nevertheless, appKM will tend to a value (kþ4

kþ1
) reasonably much lower

than kþ4, which is the limit value for appVmax, thus giving the rationale
for the decrease of appKM/

appkcat versus [I] (Equation (4), Figure 3(C)).
Independently on the inhibition model, the evaluation of the

incomplete action of an inhibitor is not an easy task, especially when
kþ4 is rather low. Indeed, looking at the significant effect on the
appKM/

appkcat versus [I] exerted by relative small values of kþ4 with
respect to kþ2 (Figure 4), it appears that the experimental observa-
tion of a decrease of appKM/

appkcat versus the inhibitor concentration
becomes a valuable indication that the inhibition is not complete.

Figure 2. Inhibition models of an enzyme (E): a general model of inhibition (Panel A) and an alternative model of inhibition following “the classical approach” (Panel
B). (S): substrate; (I): inhibitor; (ES): enzyme-substrate complex; (EI): enzyme-inhibitor complex; (EIS): enzyme-inhibitor-substrate ternary complex; kþ1, k�1, kþ2, kþ3, k�3,
kþ4 refer to kinetic constants; Ki and K’i refer to EI and EIS dissociation constants, respectively. See text for details.
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This approach will also apply to a mixed inhibition model in
which the appKM changes may occur in both directions, depending
on the relative apparent values of Ki and K

0
i : In this case, how-

ever, it is obvious that the incomplete inhibitory action of the
inhibitor cannot be any more univocally associated with a
decrease of the appKM/

appkcat versus [I].
The rather complex kinetic equation (Equation (5) for a mixed

inhibition model, derived from a steady state assumption for ES
and EIS and an equilibrium assumption for EI (see Appendix II) still
defines a hyperbola as a function of substrate concentration.

v0
ET

¼
K�
i kþ2þkþ4 I½ �
K�
i þ I½ � S½ �

KMK�
i þ

K�
i
Ki
KMþkþ4

kþ1

� �
I½ �þ kþ4

Kikþ1
I½ �2

K�
i þ I½ � þ S½ �

(5)

The apparent kinetic constants appkcat , appKM and appKM/
appkcat

are defined as follows:

appkcat ¼ K�
i kþ2 þ kþ4 I½ �
K�
i þ I½ � (6)

appKM ¼
KMK�

i þ K�
i
Ki
KM þ kþ4

kþ1

� �
I½ � þ kþ4

Kikþ1
I½ �2

K�
i þ I½ � (7)

appKM
appkcat

¼
KMK�

i þ K�
i
Ki
KM þ kþ4

kþ1

� �
I½ � þ kþ4

Kikþ1
I½ �2

K�
i kþ2 þ kþ4 I½ �

(8)

Figure 5 reports the predicted effect of inhibitor concentration
on apparent kinetic parameters.

It is clearly evident in Figure 5 the effect of the K�
i /Ki the ratio

on the dependence of appKM and of appKM/
appkcat on inhibitor

concentration. Thus, while a decrease of appKM/
appkcat versus [I] is

a univocal indication of an incomplete inhibition phenomenon,
the incomplete inhibition cannot be ruled out when an increase
of appKM/

appkcat versus [I] is observed.
To conclude, once verified the occurrence of an incomplete

inhibition, the above classical approach may give the rationale
even for the experimental observation of a decrease of
appKM/

appkcat versus [I] as reported for EGCG in Figure 1.
However, as shown, when the inhibition is not complete (i.e.
0<kþ4<kþ2), we must expect an exponential trend (either an
increase or a decrease) of 1/appkcat, 1/

appKM or appKM/
appkcat as a

function of [I]. Thus, the possible apparent linearity of experi-
mental plots (i.e. 1/appkcat, 1/appKM or appKM/

appkcat versus [I])
may be part of an overall exponential function. In any case, the
analysis of experimental data must be performed through non-
linear regression.

Kinetic models of enzyme inhibition: the non-classical approach

As mentioned in the introduction, serious problems may be
encountered in attempting to correlate the apparent inhibitory
constants, with a physical interactive model. In fact, a different
legitimate model of action, absolutely equivalent to the classic
approach, is the one reported in Figure 6, in which the equilib-
rium generating ESI is omitted, based on the microscopic revers-
ibility principle.

Here, the interaction of the inhibitor with the enzyme is
described through a unique event, and it is the substrate that
interacts either with the free enzyme or with the inhibitor-
enzyme (EI) complex. It is evident that the interpretation of the

Figure 3. Incomplete uncompetitive inhibition. (Panel A) represents the dependence of appkcat on the increase of [I] according to Equation (2); (Panel B) represents the
dependence of appkM on the increase of [I] according to Equation (3); (Panel C) represents the dependence of appKM/

appkcat on the increase of [I] according to Equation (4).

Figure 4. Predicted effect of the inhibitor concentration on the apparent kinetic parameters. The dependence of 1/appkcat (Panel A) and
appKM/

appkcat (Panel B) on the inhibi-
tor concentration for different incomplete uncompetitive inhibition situations is reported, according to Equations (2 and 4), respectively. The following arbitrary values were
fixed: kþ2 ¼ 1, kþ1 ¼ 100, KM ¼ 0.5 and K�i ¼ 0.001. Curves 1–6 refer to kþ4 values of zero (complete inhibition), 0.02, 0.05, 0.1, 0.15 and 0.2, respectively.
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same experimental data v0 ¼ f ([S], [I]) will lead, now, to a com-
pletely different conclusion with respect to the clas-
sical approach.

The apparently simplest non-classical model is the case of a
complete inhibition, which refers to the scheme of Figure 6 in
which kþ4 ¼ 0. In this case (see Appendix III), from a steady state
condition for ES and an equilibrium condition for both EI and EIS,
the following kinetic equation will be obtained:

v0
ET

¼

kþ2

1þ I½ �KM
K
0
M
Ki

S½ �

KM 1þ I½ �
Ki

� �
1þ I½ �KM

K
0
M
Ki

þ S½ �
(9)

In Equation (9), K
0
M represents the dissociation constant for the

ternary complex EIS, i:e: K
0
M ¼ k�3=kþ3

� �
:

The apparent kinetic constants are defined as follows:

appKM ¼
kM 1þ I½ �

Ki

� �
1þ I½ �kM

KiK
0
M

(10)

appkcat ¼ KiK
0
Mkþ2

KiK
0
M þ kM I½ � (11)

appKM
appkcat

¼ KM
kþ2

þ KM
Kikþ2

I½ � (12)

The dependence of the kinetic parameters (Equations 10–12),
upon the inhibitor concentration, is reported in Figure 7; here is
supposed that K’M>KM. It is evident that a different affinity of the
substrate for E and EI will not affect the progressive decline of
appkcat to zero, so that appKM=

appkcat will increase with the increase
of [I] (Figure 7(B, C)).

When an incomplete inhibition for the non-classical inhibition
model is considered (i.e. 0<kþ4 <kþ2) (Figure 6), the analysis

Figure 5. Predicted effect of the inhibitor concentration on the apparent kinetic parameters. The dependence of 1/appkcat (Panels A and D), appKM (Panels B and E) and
appKM/

appkcat (Panels C and F) on the inhibitor concentration for different incomplete mixed inhibition situations is reported, according to Equations (6–8), respectively.
The following arbitrary values were fixed: kþ2 ¼ 1, kþ1 ¼ 100, KM ¼ 0.5. Curves 1–6 refer to kþ4 values of zero (complete inhibition), 0.02, 0.05, 0.1, 0.15 and 0.2,
respectively. (Panels A–C) refer to K�i and Ki values of 0.001 and 0.01, respectively. (Panels D–F) refer to K�i and Ki values of 0.01 and 0.001 respectively. In (Panels B
and E), curves 1–6 are essentially superimposable. Having imposed a reasonable rather low value of kþ2/kþ1 (0.01), kþ4/kþ1 will be negligible making the curves of
appKM versus [I] at different kþ4 are essentially superimposable.

Figure 6. Inhibition model of an enzyme (E) following “the non-classical
approach”. (S): substrate; (I): inhibitor; (ES): enzyme-substrate complex; (EI):
enzyme-inhibitor complex; (EIS): ternary enzyme-inhibitor-substrate complex; kþ1,
k�1, kþ2, kþ3, k�3, kþ4 are kinetic constants; Ki is the EI complex dissociation con-
stant. See text for details.
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performed considering the steady state for both branches of prod-
uct formation and the inhibitor binding at equilibrium, leads to
the following kinetic equation (see Appendix IV).

v0
ET

¼

kþ2K
0
MKiþkþ4KM I½ �

KM I½ �þK 0
MKi

S½ �
KMK

0
M Kiþ I½ �ð Þ

K 0
MKiþKM I½ � þ S½ �

(13)

in which KM ¼ k�1þkþ2
kþ1

, K
0
M ¼ k�3þkþ4

kþ3
and Ki ¼ E½ � I½ �

EI½ �
The apparent kinetic parameters are defined as follows:

appKM ¼ KiKMK
0
M þ KMK

0
M I½ �

K 0
MKi þ KM I½ � (14)

appkcat ¼
kþ2K

0
MKi þ kþ4KM I½ �

K 0
MKiþ KM I½ � (15)

appKM
appkcat

¼ KiKMK
0
M þ KMK

0
M I½ �

kþ2K
0
MKi þ kþ4KM I½ � (16)

The dependence of the kinetic parameters (Equations
(14)–(16)), upon the inhibitor concentration, is reported in Figure
8. Also in this case K’M>KM is assumed.

This approach predicts that the substrate binds to EI, leading
to a ternary complex that is susceptible to transformation to prod-
ucts. Here, except for the parameters related to the not inhibited
reaction (i.e. [I]¼ 0), and for the definition of the kinetic parameter
kþ4, which defines the ability of EIS to generate products, the
meaning of axis intercepts and asymptotic values of the graphs is
completely different from those emerging from the classical
approach. It is worth noting that, for the non-classic kinetic model,
the limit values of appKM (i.e. KM and K’M) represent intrinsic fea-
tures of the substrate when interacting with two different enzyme
forms (i.e. E and EI), whose relative abundance is the consequence
only of the efficiency of the inhibitor in binding the free enzyme.

Having imposed kþ4<kþ2 and K’M>KM it will be difficult to
envisage a decrease of appKM/

appkcat versus [I]. However, a
decrease may occur either when kþ4/kþ2 > K’M/KM or, more intri-
guingly, admitting a positive effect of the inhibitor on the binding
of the substrate (i.e. K’M < KM).

Kinetic analysis of AKR1B1 inhibition by EGCG

The above considerations offer a rationale for a more adequate fit-
ting of the results shown in Figure 1, obtained when EGCG was

tested as an inhibitor of the AKR1B1-dependent reduction of HNE.
Here, the original experimental points are reported in Figure 9(A).
The resulting appKM and appkcat values, obtained at different EGCG
concentrations, were analysed through nonlinear regression using
Equations (6 and 7), respectively (Figure 9(B, C)). To evaluate the
apparent dissociation constant of EIS (Ki�) and the kinetic constant
of the ternary complex (kþ4), a kcat value of 78min�1

(78 ± 4min�1) for HNE reduction in the absence of the inhibitor
was inserted in Equation (6), as kþ2. To determine the ES dissoci-
ation constant (Ki), whose value was imposed being >0, a value of
51 mM (51 ± 5mM) for the KM for the substrate HNE in the absence
of EGCG was used. Once verified the expected extremely low val-
ues of kþ4/k–1, Equations (7 and 8) could be simplified assuming
this ratio equals to zero. Finally, since Ki value resulted far exceed-
ing the Ki� value of 124± 19 mM (Ki/Ki�>100), the appKM/

appkcat ver-
sus [I] data were interpolated by Equation (4) as an uncompetitive
inhibition. The insertion of the above Ki� value in Equation (4), in
which no restrictions were imposed to kþ4, gives rise to the curve
fitting of the experimental data shown in Figure 9(D), to be com-
pared with that used in Figure 1. The curve fitting allowed to
obtain a kþ4 value of 17 ± 2min�1. In conclusion, these data,
besides confirming the uncompetitive action of EGCG on the
AKR1B1-dependent HNE reduction (Ki’ ¼ 116 ± 11 lM)5, disclose
the occurrence of an incomplete inhibition. This phenomenon is
characterised by a kþ4 of 12 ± 2min�1, as the average of values
emerging from appKM/

appkcat versus [I] (Equation (4)) and 1/appkcat
versus [I] (Equation (2)) plots. Thus, the inhibition of EGCG leads
to residual activity of approximately 15% of the reaction rate
measured in the absence of the inhibitor.

This analysis was applied also to the inhibition by EGCG on L-idose
reduction, considering a kþ2 of 195min�1 (195±6min�1) and a KM of
4.26mM (4.26±0.35mM) measured in the absence of the inhibitor. In
this case (Figure 10), a classical behaviour as a mixed type of com-
plete inhibition was verified, with a kþ4 of 1.7±0.5min�1 (i.e. less
than 1% of kþ2) and Ki� and Ki values of 75±2mM and 330±26mM,
respectively. These values were in line with previous characterisation
(61±9mM and 425±64mM for Ki’ and Ki, respectively)

5.
In light of the above mechanistic considerations, while the

inhibition by EGCG on L-idose reduction is confirmed to fit a clas-
sical mixed type of complete inhibition, a rationale for the data
observed for the same inhibitor on HNE reduction can be envis-
aged. In fact, the decrease of appKM/

appkcat versus [I] appears as
the result of the combined effect of an incomplete and uncom-
petitive inhibition. As predicted by the above kinetic models, in
fact, both conditions are required to observe the phenomenon. It

Figure 7. Non-classical approach for complete inhibition. (Panel A) represents the dependence of appKM on the increase of [I] according to Equation (10); (Panel B) rep-
resents the dependence of 1/appkcat on the increase of [I] according to Equation (11); Panel C represents the dependence of appKM/

appkcat on the increase of [I] accord-
ing to Equation (12).
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emerges from the study that a negative trend of appKM/
appkcat

with the increase of the inhibitor, concentration is an indication
that an incomplete inhibition is occurring. This may be useful,
especially when the residual activity upon inhibition is rather low.
In these cases, the identification of the incompleteness of the
inhibitory process may not result in an easy task due to the low
reliability of rate measurements at high inhibitor concentrations.

Concerning the non-classical model analysis (Figure 6) of the
above inhibitory data, rate measurements in the presence of HNE
(Figure 9(A)) or L-idose (Figure 10(A)) at different inhibitor concen-
trations were analysed through regression analysis of Equations
(9) and (13), respectively. Being the inhibition of L-idose reduction
an apparently complete phenomenon, the emerging values of
1/appkcat,

appKM and appKM/
appkcat at different [I], were interpolated

through Equations (10)–(12), respectively. The best fitting of the

data through the above equations (Figure 11(A–C)) is compatible
with an inhibition constant Ki of 385± 18mM and a K’M of
831 ± 12 mM, accounting for an apparent increase of affinity of the
substrate for the EI complex of approximately 5 folds.

In the case of HNE reduction, for which an incomplete inhibition
apparently occurs, a kþ4 value of 12±4min�1, as derived from the
classic analysis, was used. Here, 1/appkcat,

appKM and appKM/
appkcat

were derived from Equation (13) at different [I]. The secondary plots
of the obtained data as a function of [I], (Figure 12(A–C)) were
interpolated through Equations (14)–(16), respectively.

In this case, an acceptable, even though not optimal, fitting of
the data, including the decline of appKM/

appkcat versus [I] was
observed. However, the values of the kinetic parameters emerging
from this interpolation were, unfortunately, corrupted by very high
uncertainty determination (Ki ¼4,626± 25,000 and K’M ¼ 0.9 ±4) to

Figure 8. Non-classical approach for incomplete inhibition. (Panel A) represents the dependence of appKM on the increase of [I] according to Equation (14); (Panel B)
represents the dependence of 1/appkcat on the increase of [I] according to Equation (15); (Panel C) represents the dependence of appKM/

appkcat on the increase of [I]
according to Equation (16).

Figure 9. Kinetic analysis by the classical approach of EGCG inhibition of the AKR1B1-dependent reduction of HNE. (Panel A) Hanes-Wolff representation of rate meas-
urements of HNE reduction in the presence of the indicated concentrations of EGCG. Bars (when not visible are within the symbols size) represent the standard devia-
tions of the means from at least three independent measurements. (Panels B–D) secondary plots of apparent kinetic parameters at different [I] derived from the non-
linear regression Michaelis-Menten analysis of primary kinetic data. Bars (when not visible are within the symbols size) represent the standard error of the measure-
ments. The parameters appKM, 1/

appkcat and
appKM/

appkcat versus [I] were interpolated by non-linear regression analysis according to Equations (4), (6) and (7), respect-
ively. See the text for details.

Figure 10. Kinetic analysis by the classical approach of EGCG inhibition of the AKR1B1-dependent reduction of L-idose. (Panel A) Hanes-Wolff representation of rate
measurements of L-idose reduction in the presence of the indicated concentrations of EGCG. Bars (when not visible are within the symbols size) represent the standard
deviations of the means from at least three independent measurements. (Panels B–D) secondary plots of apparent kinetic parameters at different [I] coming from the
non-linear regression Michaelis-Menten analysis of primary kinetic data. Bars (when not visible are within the symbols size) represent the standard error of the meas-
urements. The parameters appKM,

appkcat and
appKM/

appkcat versus [I] were interpolated by non-linear regression analysis through Equations (4), (6) and (7), respectively.
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be worthy of further consideration. It is hard to envisage whether
such an unsatisfactory result derives from a different possible error
propagation in the latter analysis or/and from the strong restric-
tions required by the model to be applicable. In fact, admitting
valid the emerging high Ki value (which, incidentally, is in line with
the uncompetitive action resulting from the classical analysis), a
marked increase in the affinity of the HNE for the EI complex, with
respect to the free enzyme, of approximately 50 folds would be
required in order to fit the model. To support this interpretation
and to confirm the model, an improvement of kinetic measure-
ments and/or the availability of experimental data from a non-kin-
etic approach would be necessary.

The possibility to select between the two models, thus going
inside the mechanism, necessarily requires the extension of the
inhibition study to measurements not related to the steady state kin-
etic analysis. Thus, for instance, the evaluation of binding constants
coming from fast kinetic approaches, spectroscopic and/or calorimet-
ric measurements, or computational analysis might be considered.

In conclusion, the view of a differential inhibition as the result
of a different targeting of an inhibitor depending on the substrate
undergoing transformation can be changed, through the non-clas-
sic model approach, towards a kinetic equivalent view, which
implies that different substrates differently target the EI complex.
In any case, specifically referring to aldose reductase, the incom-
plete inhibition discovered for EGCG, which exclusively targets
HNE reduction, discloses a new aspect to be furthered in search-
ing for differential inhibitors, molecules that should preferentially
inhibit the deleterious glucose reduction while preserving the
reduction of toxic aldehydes.
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Appendix I

Incomplete uncompetitive inhibition

Referring to Figure 2(B), the analysis is performed by assuming that

Ki � ðK 0
i ¼

k�3

kþ3
Þ

with kþ3 and k�3 as the kinetic constants of EIS formation and dis-
sociation to ES, respectively. The model is analysed by assuming
both ES and EIS are in steady state conditions.

It follows a general kinetic equation as:

v0 ¼ kþ2 ES½ � þ kþ4 EIS½ � (A.1)

and an enzyme mass balance equation as:

ET ¼ E½ � þ ES½ � þ EIS½ � (A.2)

The steady state conditions for both ES and EIS will be:

kþ1 E½ � S½ � þ k�3 EIS½ � ¼ kþ2 þ k�1ð Þ ES½ � þ kþ3 I½ � ES½ � (A.3)

kþ3 I½ � ES½ � ¼ k�3 þ kþ4ð Þ EIS½ � (A.4)

From (A.4):

EIS½ � ¼ I½ � ES½ �
K�
i

(A.5)

in which K�
i ¼ k�3þkþ4

kþ3

� �
Replacing EIS½ � in (A.3) and resolving for E½ �

E½ � ¼ K�
i kþ2 þ k�1 þ kþ3 I½ �
� �

�k�3 I½ �
K�
i kþ1 S½ �

ES½ � (A.6)

Replacing EIS½ � and E½ � (A.5) and (A.6) into the mass balance
Equation (A.2):

ET ¼ K�
i kþ2 þ k�1 þ kþ3 I½ �
� �

�k�3 I½ � þ K�
i kþ1 S½ � þ kþ1 S½ � I½ �

K�
i kþ1 S½ �

( )
ES½ �

(A.7)

Replacing EIS½ � (A.5) in the rate Equation (A.1) and then nor-
malising for ET (A.7)

v0
ET

¼ K�
i kþ2 þ kþ4 I½ �

� �
kþ1 S½ �

K�
i kþ2 þ k�1 þ kþ3 I½ �
� �

� k�3 I½ � þ K�
i þ I½ �� �

kþ1 S½ �
(A.8)

Dividing numerator and denominator by K�
i þ I½ �� �

kþ1

v0
ET

¼
K�
i kþ2þkþ4 I½ �
K�
i þ I½ � S½ �

K�
i kþ2þk�1ð Þþkþ4 I½ �

K�
i þ I½ �ð Þkþ1

þ S½ �

and dividing the denominator by kþ1 the final kinetic equation is
obtained:

v0
ET

¼
K�
i kþ2þkþ4 I½ �
K�
i þ I½ � S½ �

K�
i KMþ

kþ4 I½ �
kþ1

K�
i þ I½ � þ S½ �

(A.9)

where KM ¼ kþ2þk�1ð Þ
kþ1
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Appendix II

Incomplete mixed inhibition

Referring to Figure 2(B), the analysis is performed by assuming EI
at equilibrium

Ki ¼ I½ � E½ �
EI½ � (A.10)

and both ES and EIS in steady state conditions. It follows a general
kinetic equation as:

v0 ¼ kþ2 ES½ � þ kþ4 EIS½ �
and an enzyme mass balance equation as:

ET ¼ E½ � þ ES½ � þ EIS½ � þ EI½ �
The steady state conditions for both ES and EIS will be:

kþ1 E½ � S½ � þ k�3 EIS½ � ¼ kþ2 þ k�1ð Þ ES½ � þ kþ3 I½ � ES½ � (A.11)

kþ3 I½ � ES½ � ¼ k�3 þ kþ4ð Þ EIS½ � (A.12)

From A.12

EIS½ � ¼ I½ � ES½ �
K�
i

where K�
i ¼ k�3 þ kþ4

kþ3

� �
(A.13)

Replacing EIS½ � in A.11 and resolving for E½ � :
kþ1 E½ � S½ � þ k�3

I½ � ES½ �
K�
i

¼ kþ2 þ k�1 þ kþ3 I½ �
� �

ES½ �

E½ � ¼ K�
i kþ2 þ k�1 þ kþ3 I½ �
� �

�k�3 I½ �
K�
i kþ1 S½ �

ES½ � (A.14)

Being EI considered at equilibrium (A.10):

EI½ � ¼ I½ � E½ �
Ki

Thus, replacing E½ � from A.14 and then dividing numerator and
denominator by I½ � :

EI½ � ¼
I½ � K�

i kþ2 þ k�1 þ kþ3 I½ �
� �

� k�3 I½ �
n o

KiK�
i kþ1 S½ �

ES½ �

EI½ � ¼ k�1 þ kþ2ð ÞK�
i

KiK�
i kþ1 S½ �
I½ �

þ kþ3K�
i � k�3ð Þ I½ �

KiK�
i kþ1 S½ �
I½ �

8<
:

9=
; ES½ � (A.15)

being

kþ3K�
i � k�3 ¼ kþ3

k�3 þ kþ4

kþ3
� k�3 ¼ kþ4

Replacing in A.15 and dividing numerator and denominator of the
second term by kþ1 we will have:

EI½ � ¼ KM
Ki S½ �
I½ �

þ
kþ4
kþ1

I½ �
KiK�

i S½ �
I½ �

8><
>:

9>=
>; ES½ � (A.16)

in which KM ¼ k�1þkþ2
kþ1

Through simple algebra we will have EI½ � as a function of ES½ �

EI½ � ¼
K�
i KM I½ � þ kþ4

kþ1
I½ �2

KiK�
i S½ � ES½ � (A.17)

Replacing [EIS], [E] and [EI] from A.13, A.13, and A.17, respect-
ively, into the mass balance equation:

ET ¼ K�
i kþ2 þ k�1 þ kþ3 I½ �
� �

�k�3 I½ �
K�
i kþ1 S½ �

ES½ � þ ES½ � þ I½ �
K�
i
ES½ �

þ
K�
i KM þ kþ4

kþ1
I½ �2

KiK�
i S½ � ES½ �

Proceeding through simple algebra

ET ¼
KMKiK�

i þ Ki
kþ4
kþ1

I½ � þ KiK�
i S½ � þ Ki S½ � I½ � þ K�

i KM I½ � þ kþ4
kþ1

I½ �2

KiK�
i S½ � ES½ �

(A.18)

Replacing [EIS] (A.13), into the general kinetic equation and
normalising for the enzyme equation balance of A.18:

v0
ET

¼
kþ2 þ kþ4

I½ �
K�
i

� �
ES½ �

KMKiK�
i þKi

kþ4
kþ1

I½ �þKiK�
i S½ �þKi S½ � I½ �þK�

i KM I½ �þkþ4
kþ1

I½ �2

KiK�
i S½ � ES½ �

Through simple algebra:

v0
ET

¼ K�
i kþ2 þ kþ4 I½ �

� �
Ki S½ �

KMKiK�
i þ K�

i KM I½ � þ Ki
kþ4
kþ1

I½ � þ kþ4
kþ1

I½ �2 þ K�
i þ I½ �� �

Ki S½ �
Dividing numerator and denominator byðKiK�

i þ Ki I½ �Þ

v0
ET

¼
KiK�

i kþ2þKikþ4 I½ �
KiK�

i þKi I½ � S½ �

KMKiK�
i þ K�

i KMþKi
kþ4
kþ1

� �
I½ �þkþ4

kþ1
I½ �2

KiK�
i þKi I½ � þ S½ �

Dividing numerator and denominator by Ki: we obtained the
kinetic equation, which is still a hyperbola with respect to sub-
strate concentration.

v0
ET

¼
K�
i kþ2þkþ4 I½ �
K�
i þ I½ � S½ �

KMK�
i þ

K�
i
Ki
KMþkþ4

kþ1

� �
I½ �þ kþ4

Ki kþ1
I½ �2

K�
i þ I½ � þ S½ �

(A.19)

Appendix III

Complete non-classical inhibition

Referring to Figure 6, the analysis is performed by assuming that
kþ4 ¼ 0, both EI and EIS at equilibrium and ES in steady
state condition.

It follows a general kinetic equation as:

v0 ¼ kþ2 ES½ �
and an enzyme mass balance equation as:

ET ¼ E½ � þ ES½ � þ EIS½ � þ EI½ �
From the steady state condition for ES:

kþ1 E½ � S½ � ¼ kþ2 þ k�1ð Þ ES½ �
and from the equilibrium conditions for EI and EIS
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Ki ¼ I½ � E½ �
EI½ � K

0
S ¼

k�3

kþ3
¼ S½ � EI½ �

EIS½ �
the concentrations of the different components can be expressed
as a function of [ES]:

E½ � ¼ kþ2 þ k�1ð Þ ES½ �
kþ1 S½ �

(A.20)

EI½ � ¼ I½ � E½ �
Ki

¼ I½ � kþ2 þ k�1ð Þ ES½ �
Kikþ1 S½ �

(A.21)

EIS½ � ¼ S½ � EI½ �
K 0
S

¼ S½ � I½ � kþ2 þ k�1ð Þ ES½ �
K 0
SKikþ1 S½ �

(A.22)

Replacing [E], [EI] and [EIS] from A.20, A.21, and A.22, respect-
ively, into the mass balance equation:

ET ¼ KM
S½ � þ 1þ I½ �KM

Ki S½ �
þ S½ � I½ �KM

K 0
SKi S½ �

 !
ES½ � (A.23)

in which KM ¼ k�1þkþ2
kþ1

normalising the general kinetic equation for
the enzyme equation balance of A.23:

v0
ET

¼ kþ2 ES½ �
KM
S½ � þ 1þ I½ �KM

Ki S½ � þ
S½ � I½ �KM
K 0
SKi S½ �

� �
ES½ �

proceeding through simple algebra we will reach:

v0
ET

¼
kþ2K

0
SKi

K 0
SKiþ I½ �KM S½ �

KM K 0
SKiþ I½ �K 0

Sð Þ
K 0
SKiþ I½ �KM þ S½ �

Dividing numerator and denominator by K
0
SKi, we obtained

the kinetic equation, which is still a hyperbola with respect to sub-
strate concentration.

v0
ET

¼

kþ2

1þ I½ �KM
K
0
S
Ki

S½ �

KM 1þ I½ �
Ki

� �
1þ I½ �kM

K
0
S
Ki

þ S½ �
(A.24)

Appendix IV

Incomplete non classical inhibition

Referring to Figure 6, the analysis is performed by assuming EI at
equilibrium:

Ki ¼ E½ � I½ �
EI½ � (A.25)

and both ES and EIS in steady state conditions.

It follows a general kinetic equation as:

v0 ¼ kþ2 ES½ � þ kþ4 EIS½ �
and an enzyme mass balance equation as:

ET ¼ E½ � þ ES½ � þ EIS½ � þ EI½ �
The steady state conditions for both ES and EIS will be:

kþ1 E½ � S½ � ¼ kþ2 þ k�1ð Þ ES½ � (A.26)

kþ3 EI½ � S½ � ¼ kþ4 þ k�3ð Þ EIS½ � (A.27)

From A.25 and A.26 it follows

EI½ � ¼ E½ � I½ �
Ki

¼ KM I½ � ES½ �
Ki S½ �

(A.28)

E½ � ¼ kþ2 þ k�1ð Þ ES½ �
kþ1 S½ �

¼ KM ES½ �
S½ � (A.29)

In which:

KM ¼ k�1 þ kþ2

kþ1
K

0
M ¼ k�3 þ kþ4

kþ3

From A.27 it follows:

EIS½ � ¼ kþ3 EI½ � S½ �
kþ4 þ k�3ð Þ ¼ EI½ � S½ �

K 0
M

¼ KM I½ � ES½ �
K 0

MKi
(A.30)

From A.28, A.29 and A.30, the mass balance equation for the
enzyme will be:

ET½ � ¼ KM ES½ �
S½ � þ ES½ � þ KM I½ � ES½ �

Ki S½ �
þ KM I½ � ES½ �

K 0
MKi

(A.31)

By replacing EIS½ � in the general kinetic equation with A.30,
and normalising for A.31, it follows:

v0
ET

¼ kþ2K
0
MKi ES½ � þ kþ4KM I½ � ES½ �

K 0
MKi

KM ES½ �
S½ � þ ES½ � þ KM I½ � ES½ �

Ki S½ � þ KM I½ � ES½ �
K 0

MKi

� �

Simplifying and proceeding through simple algebra:
v0
ET

¼ kþ2K
0
MKi þ kþ4KM I½ �

KMK
0
MKiþKMK

0
M I½ �þ K 0

MKiþKM I½ �ð Þ S½ �
S½ �

� �

Multiplying numerator and denominator by [S] and dividing
numerator and denominator by K

0
MKi þ KM I½ �

� �
, we obtained the

kinetic equation for the incomplete non classical inhibition model
in the usual hyperbolic form.

v0
ET

¼
kþ2K

0
MKi þ kþ4KM I½ �
K 0

MKiþKM I½ � S½ �
KMK

0
M Kiþ I½ �ð Þ

K 0
MKiþKM I½ � þ S½ �

(A.32)
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