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Currently, the search for new slow-binding inhibitors of enzymes (SBI) and their identification primary
in vitro studies still attracts much attention in the context of their potential role as putative pharmacological agents
for the treatment of various diseases. In contrast to their classical reversible analogues, SBI exhibit a slow enzyme
binding kinetics, where the equilibrium steady-state is reached not in microseconds, but after longer time intervals.
Such compounds could be promising drugs, because regardless of their pharmacokinetics in the bloodstream,
they have such advantages as high affinity for the target enzyme, long residence time on the target, and therefore,
prolonged action. These pharmacological properties ensure optimized dosage of drugs required to achieve high activity
with less side effects. In this review we have considered mechanisms of SBI interaction with enzyme targets,

the principles of their recognition at the level of in vitro studies and analysis of binding and kinetic parameters.
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INTRODUCTION

There is increasing evidence that
the pharmacological activity of inhibitor drugs depends
not only on affinity to a particular target and duration
of its interaction with this target: how quickly
the drug binds to the target site and how long
it remains there [1, 2]. According to the model proposed
by Copeland [3], the effect of a drug lasts
as long as it is bound to the target and disappears when
the drug-target complex dissociates. Many example
are known when pharmacodynamics persists long
after most of the drug has been eliminated from
the bloodstream [4, 5]. Therefore, in order to search
for and develop new drugs, the parameter
“the drug-target residence time” has been increasingly
used [1] in addition to commonly used thermodynamic,
kinetic and traditional pharmacological parameters:
LDy, (50% lethal dose), 1Cs, (concentration causing
50% inhibition), EDs, (half-effective dose), and
dissociation constant [1]. Every year, the number
of publications, in which the authors propose
to include the kinetics of drug binding to the target
as one of the stages of drug development,
is increasing [6—13]. Incorrect assessment of the ligand
affinity to the target [14—16] has serious consequences
for drug development, including incorrect predictions
of human dosage, confusion in the selection
of candidate molecules for their improvement,
and discrepancies between assessments of ligand
activity in vivo and in vitro.

Among the large number of drugs, reversible
enzyme inhibitors, slow-binding inhibitors (SBI)
are of great interest. Usually, in the case of fast
reversible inhibitors, as well as for substrates,
reversible complexes with the enzyme are formed
within a few microseconds (<50 us). After a short
induction period, a steady state of the system
occurs. In contrast to classical reversible inhibitors,
for SBI the induction period is much longer (>50 ps).
The observed induction time of more than 10 s after
rapid mixing of the enzyme and reagents at a constant
temperature (thermostating) serves as evidence of SBI,
which should be confirmed by refined kinetic analysis
using analytical equipment for studying the kinetics
of fast reactions, for example, the stopped-flow
method [17-19]. However, from a practical viewpoint
(pharmacological significance), SBIs with a longer
retention time (>2 min) are of the greatest interest.

The first works on the kinetics of slow binding
of enzyme inhibitors were published in the second half
of the last century [20-22]. In 1982, Morrison presented
a method for analyzing the kinetic dependencies
of enzymatic reactions in the presence of SBI [23].
According to the PubMed search for the keywords
“slow-binding”, “inhibitors”, and “enzyme”, more
than 500 examples of SBI have been described to date,
About 50 of them were published in the last 5 years.
Interest in such compounds is due to the fact that,
regardless of their pharmacokinetics in the bloodstream,
they have a high affinity for the target enzyme and

© 2025 by the authors. Licensee IBMC, Moscow, Russia. This article is an open access and distributed under the terms and
conditions of the Creative Commons Attribution (CC BY-SA 4.0) license (http://creativecommons.org/licenses/by-sa/4.0/).

81



SLOW-BINDING INHIBITORS OF ENZYMES

a long residence time [24, 25]. Therefore, a search
for and development of new SBI, potential drugs
for the treatment of various diseases, is currently
underway [26-29]. Establishing the mechanisms
of slow inhibition at the stage of development
of in vitro drug evaluation allows predicting a longer
duration of drug action and simultaneously reducing
its dose and side effects [30], thereby predicting
the efficacy and safety of the future drug in vivo [31, 32].

This review is aimed at considering the mechanisms
of SBI binding to enzymes, the principles
of SBI recognition at the stage of in vitro studies.
The review considers examples of tight binding
inhibitors with high affinity and functionality in the same
concentration range with the enzyme ([E] ~ [1]) [30],
which in most cases are irreversible inhibitors.
In the first part of the review, we consider the theoretical
principles of SBI. The second and third parts describe
the methods of SBI recognition, the course of analysis
of kinetic dependencies and the determination
of the parameters and type of enzymatic reaction
mechanisms characterizing SBI. The final part presents
examples of SBI found in the literature.

1. THEORETICAL CONSIDERATION
OF SLOW-BINDING INHIBITORS

Figure 1 shows a general scheme of the mechanism
of interaction of an enzyme (E) and a substrate (S)
with formation of a reaction product (P) in the presence
of inhibitors (I), which 1is wusually described
by the Michaelis-Menten model.

The inhibition constant (K;), equal to the inhibitor
concentration, which inhibits 50% of the enzyme and
measured in mol/l, is one of the main parameters
of the enzymatic reaction. The lower the K; value,
the smaller the amount of inhibitor is required
to achieve the effect, i.e. the lower the dose
of the drug, and the fewer side effects are, namely,
the pharmacotoxicological effect on secondary targets.
Therefore, at present, inhibitors that exhibit an effect
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Figure 1. A general scheme of action of classical
reversible inhibitors, where K is a dissociation constant
of the enzyme-substrate complex, K; and K'; are inhibition
constants (dissociation constants of enzyme-inhibitor
complexes), k,, is arate constant of formation of a reaction
product and free enzyme.
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in the nano- and picomolar concentration range
are of the greatest interest. K; depends on the rate
constants of association (k,,) and dissociation (k)
of the enzyme-inhibitor complex (EI) (Equation 1):

k

K= k” (D).

on

where k,, reflects the energy barrier of the enzyme-
inhibitor binding reaction and its value is usually
in the range of 10°-10° M's' and k,; describes
the thermodynamic stability of the EI complex
and is measured in reciprocal seconds s’ [33, 34].
The k,; value changes depending on the mechanism
of action of the enzyme and inhibitor. For example,
one recent study has shown that during the computer
simulation of the kinetic dependences of enzyme
inhibition and subsequent data analysis, a change in k,;
from 100 s' to 0.0001 s', was accompanied
by changes in the type of inhibition from competitive
to noncompetitive inhibition [35].

SBI are characterized by slow binding
to the enzyme and then slow dissociation; therefore,
it is necessary to introduce a number of kinetic
parameters to describe the toxico-pharmacological
characteristics of SBI. As such parameters, the values
inverse to the dissociation rate constant &, are used:
residence time () (equation 2) and half-time
of dissociation of the enzyme-inhibitor complex (z,,,)
(equation 3) [1]:

1
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The 1z parameter can provide a more complete
understanding of the dynamic nature of drug-target
interactions in vivo [36]. In general, i is the “lifetime”
of the drug-target complex, i.e. the time during
which the ligand and target are in a bound state.
The higher this value, the longer the inhibitor is bound
to the target enzyme and the longer the effect
of the drug will be manifested in vivo; this may reduce
the dose and prolong the pharmacological effect [37].

The k,, also plays an important role in determining
the residence time, primarily due to the rebinding
effect [7], which consists in the following
chain of events. In a limited space (in synapses or
in organelles), where the concentration of the inhibitor
on the target will be high, after dissociation
of the EI complex, the inhibitor can bind again
to the same target or to any other target located
nearby [4]. This effect contributes to an increase
in the duration of action of the drug, since it remains
in abound state longer, despite its fast pharmacokinetics.
The rebinding effect will depend not only on the high
concentration of the drug on the target and the limited
space, but also on k,,: the higher the %,,, the faster
the EI complex is formed [38].
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For effective enzyme inhibitors, the K; values
should be as low as possible (in nano/picomolar
concentrations), while the 7, value as high as possible,
up to several minutes. However, at high 7; values,
when the dissociation stage of the EI complex
is very slow, inhibition can be considered as irreversible.
Therefore, kinetic studies of enzyme inhibitors
should be supplemented by molecular docking and
molecular dynamics to understand the molecular
mechanisms of inhibitor binding to the enzyme,
which will allow determining the calculated
parameters and will give an idea of which compounds
need to be studied by experimental methods [39—41].

2. ANALYSIS OF KINETIC DEPENDENCIES AND
DETERMINATION OF ENZYME REACTION
PARAMETERS FOR SLOW-BINDING INHIBITORS

For classical reversible inhibitors, the steady
state in the enzyme-inhibitor-substrate (E-I-S) system
is reached in microseconds. For SBI, such a state
can be reached in several seconds, minutes, and
even hours [2, 42], i.e., the steady state of the system
is reached after some time interval.

For classical inhibitors, at the steady state, a linear
increase in the concentration of the reaction product [P]
is observed over time under conditions of substrate
excess (Fig. 2, line 1); it is described by equation (4):

(4),

where [P] is concentration of the reaction product,
t is time; V is a steady state reaction rate
for a classical inhibitor.

In the case of SBI (Fig. 2, curves 2, 3) the kinetic
dependencies are not linear and they follow exponential
equation (5) [19, 20]:
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Figure 2. Plots of time-dependent increase of a reaction
product concentration in the presence of a classical
inhibitor (line 1) and SBI (curves 2 and 3) without
pre-incubation (curve 2) and with pre-incubation (curve 3).
The plot was built using literature data [23, 30, 48].
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Figure 3. A scheme of the mechanism of enzyme aging
in the presence of inhibitor, where EI' is an irreversibly
modified enzyme-inhibitor complex, P’ is a leaving group.

where [P] is concentration of the reaction product,
t is time; V, is a steady state reaction rate; V; is initial
reaction rate; k,,, is a first order reaction rate constant.

In the course of complication of the reaction
mechanism, for example, during irreversible chemical
modification of the EI complex, when V', = 0 (Fig. 3),
equation (5) is simplified to equation (6):

Vix (1—e*e)
k

obs

[P]= (6).
As can be seen from Figure 2, typical dependences
of the SBI without preincubation with the enzyme
(when the substrate is in excess), look as follows:
1) asharp increase in the initial velocity V;; 2) a decrease
in the reaction rate to ¥, due to reaching a steady state
of the system; 3) the induction time 7 (lag time) [43, 44],
i.e. the moment of time at which the concentration
of the product at the initial velocity and at the steady
state velocity would be the same. The reciprocal value
of tis equal to k,,, (equation 7) [28]:
.

T:k_

obs

In some cases, enzyme-inhibitor binding takes
a long time [42], so the enzymatic reaction is carried out
with preliminary incubation of the enzyme with SBI
for some time, required for the stable EI complex
formation. During incubation, equilibrium is established
between the enzyme and the inhibitor. As a result
of the slow stage of dissociation of the EI complex,
a small slope is observed in the initial section
of the kinetic dependence 3 (Fig. 2), and the growth
of the reaction product at a steady state occurs
only after some time. In this case, the initial velocity V;
will be lower than the steady state velocity [30].
Some cases are also known in the literature, when
after incubation of the enzyme with the inhibitor,
the initial reaction velocity remained unchanged
compared to the reaction carried out without incubation,
since inhibition occurred only in the presence
of the substrate [45].

The plots of V, V, and k., versus
inhibitor concentration may be used to determine
the type and mechanism of SBI action. As a rule,
the type of any inhibitor is determined graphically
by plotting the 1/V versus inhibitor concentration
(Dixon plot) and [S]/V,, versus inhibitor concentration
(Cornish-Bowden plot) [46].

The type of inhibition can also be determined
plotting k,, versus substrate concentration.
Tian and Tsou showed a relationship between
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the £k,, value and substrate concentration
for competitive, non-competitive, and uncompetitive
types of inhibition [30, 47]. Thus, for a non-competitive
inhibitor, the £, value does not depend on substrate
concentration (Fig. 4, curve 1). For an uncompetitive
inhibitor, the £k,, values will increase with
increasing substrate concentration (Fig. 4, curve 2).
For a competitive SBI, a decrease in k,,, is observed

with increasing substrate concentration (Fig. 4, curve 3).

3. MECHANISMS OF ENZYMATIC
REACTION IN THE PRESENCE
OF SLOW-BINDING INHIBITORS

Three mechanisms of enzymatic reaction occurring
in the presence of slow-binding inhibitors have been
proposed (Fig. 5) [23, 30, 48].
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Figure 4. Plots of k,,, dependence on substrate
concentration for noncompetitive (1), uncompetitive (2)

and competitive (3) types of inhibition [30, 47].

3.1. Mechanism A

Figure 5A shows the scheme of the enzymatic
reaction in the presence of SBI, occurring
by mechanism A. As can be seen, this is a single-step
process, which is characterized by a slow stage
of inhibitor binding to the enzyme, the EI complex
formation and then a slow stage of dissociation of this
complex. For mechanism A, k., = k_; and k,, = k.
The ratio of association (k, ;) and dissociation (k_;) rate
constants, as for classical inhibitors, is equal
to the inhibition constant (K;). The association/
dissociation mechanism of the EI complex is described
by the above equation (1). For mechanism A,
the dependence of k,,, on the inhibitor concentration
will be linear and described by equation (8),
and the initial reaction rate V; does not depend
on the inhibitor concentration (Fig. 6A):

kol

=k, +——
fors = s s,

®).

The dissociation constant of the enzyme-inhibitor
complex (k_;) will be defined as the intercept
on the ordinate axis (Fig. 6A).

3.2. Mechanism B

In the case when the reaction mechanism follows
mechanism B (Fig. 5B), the inhibitor “classically”
binds to the enzyme to form the EI complex,
accompanied by its slow isomerization into another
conformation (E*I). This isomerization may also
be related to the slow transfer of the inhibitor from
the initial binding site to the final one. Thus, the first
inhibition constant (interaction between enzyme E
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Figure 5. The mechanisms A, B, and C of enzymatic reaction in the presence of SBI.
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Figure 6. Plots of k,, dependence on inhibitor concentration for mechanisms A, B, C of enzymatic reaction

in the presence of SBI.

and inhibitor I) is described by equation (1),
but the association/dissociation is rapid, as for classical
inhibitors. The second inhibition constant (K*)),
related to the isomerization of the E*I complex,
is described by equation (9) provided that the inhibitor
is in excess (I>>E). This mechanism is often referred
to as the induced fit model:

LB Kk, o)
COENHED] kgthy '
In such a reaction mechanism, both

the isomerization of EI into E*I (rate constant k. ,) and
the reverse process of transformation of E*I into EI
(rate constant k_,) can be slow stages. In some cases,
when k_,<<k,, (i.e., when the reverse isomerization
of the enzyme into the initial conformation is much
slower than the direct process) k_, is considered
negligible and the process itself is irreversible [49].
For mechanism B, the k,, parameter is described
by equation (10):

k ik,

ko ke s+ko+hy, (10)

For mechanism B, the dependence of £k,
on the inhibitor concentration is convex-hyperbolic
(Fig. 6B) and is approximated by the nonlinear
equation (11). In this case, the intersection
of the dependence with the ordinate axis
gives the £k, wvalue (Fig. 6B). The initial
reaction rate V; will also depend hyperbolically

1
on the inhibitor concentration:

kol
K, (1+[SVK,)+ 1]

3.3. Mechanism C

(11).

kobs TRy

In the case of mechanism C (Fig. 5C), two forms
of the enzyme (E and E*) are in slow equilibrium
with each other (hysteresis behavior of the enzyme),
and only one form of the enzyme binds rapidly
to the inhibitor (however, a more complex model
in which inhibitor binding is slow to both conformations
cannot be ruled out), thus causing isomerization

of the enzyme into a conformation capable of binding
to the inhibitor (E<=>E*). This mechanism is often
referred to as the conformational selection model [23].

For mechanism C k,; = k; The dependence
of k,,, on inhibitor concentration, shown in Figure 6C,
is concave-hyperbolic and is described by equation (12):

k k
kobs = - + -
1+[1VK,  1+[SVK,,

(12).

3.4. Irreversible and Quasi-Irreversible SBI

In most cases, slow inhibition is reversible.
However, when the mechanism becomes more
complex, irreversible steps leading to enzyme
inactivation are also possible (Fig. 3). Conformational
transformations of the EI complex can cause changes
in the stability of the enzyme, for example, reducing
its conformational plasticity with the formation
of a more rigid structure [50, 51].

For example, after reversible slow inhibition,
a covalent step is possible; it results in covalent bond
formation between the inhibitor and the active
center of the enzyme. This is most often observed
for inhibitors that are analogs of the transition state.
Such type of inhibition was shown by Mucha et al.
for metalloaminopeptidases [52]. The study
of the mechanism of slow covalent inhibition
of aminopeptidases by similar inhibitors (amastatin and
bestatin derivatives) [53, 54] has shown that
it corresponds to the mechanism B SBI (Fig. 5B).
The slow isomerization of the EI complex into E*I
is followed by a step that results in the formation
of a covalent bond between E* and 1. Other examples
of transition state inhibitors that cause covalent slow
inhibition have been considered in [17]. For example,
trifluoroketone (TFK; 1-(3-tert-butylphenyl)-2,2,2-
trifluoroethanone), an SBI of human acetylcholinesterase
type B with 7; = 20 min, forms a hemiketal bond
with the active center serine residue upon binding
to the enzyme. Deacylation of the active center serine
residue by water is slow, and the enzyme activity
is restored after 40 min [55]. Irreversible inhibition
of cholinesterases by phosphorylation of the active
center serine may be preceded by slow binding
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stages. For example, cresyl saligenin phosphate,
the active metabolite of tri-ortho-cresyl phosphate,
is an irreversible type C SBI of cholinesterases [56, 57].

3.5. Allosteric Enzymes and SBI

The mechanisms described above are characteristic
of enzymes following Michaelis-Menten kinetics.
However, there are more complex mechanisms.
For example, non-Michaelis-Menten kinetics can appear
due to activation or inhibition of the enzyme
by substrate excess and non-cooperative conformational
changes [58], or due to allosteric effects in oligomeric
enzymes resulting from cooperativity between
subunits. In the first case, to avoid complicated kinetics
at high substrate concentrations [59], it is recommended
to study reversible inhibition at low substrate
concentrations, that is, under conditions in which
the enzyme follows Michaelis-Menten kinetics.
In the second case, for allosteric enzymes that follow
the classical Monod-Wyman-Changeux concerted
model or the sequential Koshland-Nemethy-Filmer
model, allosteric effector binding at binding sites
other than the active center causes competitive or
noncompetitive inhibition [60].

In this case, graphical kinetic analysis of slow
binding inhibition can be difficult due to interactions
between spatial and kinetic cooperativity. Various cases
and formal methods for kinetic analysis have been
described by Segel [61]. Theoretical kinetic analysis
of allosteric enzyme SBI has been performed
using type C SBI and the Monod-Wyman-Changeux

model [62]. This approach shows the complexity
of analyzing such cases and the need for very accurate
experimental data. In any case, kinetic analysis
of allosteric enzyme SBI must be accompanied
by molecular modeling (molecular docking and
molecular mechanics) and biophysical methods to study
conformational changes. Therefore, a combination
of different approaches combining kinetic and structural
analysis of enzymes is needed [63—-65].

4. EXAMPLES OF SBI WITH DIFFERENT
TYPES OF MECHANISMS

There are many examples of SBI for different
target enzymes in the literature (Table 1).

4.1. Natural SBI

A natural polypeptide neurotoxin, fasciculin,
isolated from the venom of Dendroaspis angusticeps
(green mamba), is one of the best known examples
of type A SBI, exhibiting high affinity and selectivity
for acetylcholinesterase (AChE). The K; value
for inhibition of AChE from the eel Electrophorus
electricus is 0.33 nM with a residence time
of about 14.5 min [66]. Its affinity for mammalian AChE
is much higher (K; of 0.002 nM for mouse AChE
inhibition) and residence time is much longer [67],
thus explaining why the green mamba venom is very
dangerous. Such potent inhibition is due toxin-induced
blockade of the entrance to the active center
channel of the enzyme. Butyrylcholinesterase (BChE)

Table 1. Examples of SBI: constants, mechanisms, residence time

Target enzyme | Mechanism Inhibitor K;, nM TR, Mmin | Reference
Fasciculin-2 0.33 14.5 [66]
Fasciculin-2 0.0023 227 [67]
AChE A a-Tocopherol ‘1‘288 (gf,'; ! 2 [57]
Huperzine A 40.5 50.5 [70]
B C-547 0.022 20 [78]
BChE C Cresyl saligenin phosphate — — [62]
A 2-Phloroeckol 8200 12.8
Tyrosinase B 2-0-(2,4,6-trihydroxyphenyl)-6,6"-bieckol 5800 — [72]
A Puerol A 107.5 333 [73]
Neuraminidase A Chromenone derivatives 310—460 20-24 [74]
PTPIR A Theaflavanoside IV 0.2 8.3 [76]
A Ugonin J 123.4 14 [77]
LpxC A Pyridone methylsulfone derivatives 0.010-0.274 | 5-124 [83]
A Ixazomib 4.9 7.2
20S proteasome A Bortezomib 1.6 43.8 [85]
A Delanzomib 1.4 138
Plasmin A Macrocycles with a C-terminal benzylamine group | 1.83—16.80 4.4-13.7 [86]
Urease A Cinnamate-based phosphonic acids 509-6040 6.8-24.4 [87]
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has a lower affinity for fasciculin (by eight orders
of magnitude, K; = 0.21 mM). The replacement
of three amino acid residues in the AChE structure
Tyr72Asn,  Tyr124Gln,  Trp286Arg, located
at the peripheral binding site (initial ligand binding site),
with the corresponding amino acid residues,
as in the BChE structure, also resulted in a lower
affinity of fasciculin for the enzyme (K; = 0.23 mM).

a-Tocopherol (vitamin E) is another example
of a reversible type A SBI of the human AChE enzyme
(Fig. 7). Steady-state kinetics analysis performed
by the Ellman method using acetylthiocholine
as substrate showed that a-tocopherol acted as a mixed
type inhibitor of AChE with inhibition constants
K; = 0.49 pM and K'; = 1.6 uM; the residence time
for a-tocopherol was 2 min. Molecular dynamics
simulations confirmed that o-tocopherol formed
multiple nonspecific interactions with the AChE surface
near the gorge entrance, binding to the peripheral side
and then slowly sliding down the gorge to the catalytic
active center without causing significant conformational
changes in the enzyme (Fig. 8) [57]. The results
obtained are consistent with the AChE inhibition
constant of the electric eel (Electrophorus electricus)
by a-tocopherol hemisuccinate [68].

In 1998, Sepci¢ et al. found that the first 20 min
of AChE inhibition by a polymer containing
N-butyl(3-butylpyridinium) monomeric links from
the marine sponge Reniera sarai were characterized
by nonlinear time-dependent kinetics. The authors
suggested that the polymer rapidly formed a reversible
AChE-polymer complex, and then there was a slow
binding of the polymer pyridinium residues at other
AChE binding sites [69].

The alkaloid huperzine is another example
of atype A SBI with respect to human AChE and BChE.
The inhibition constant is K; = 40.5 nM with
half-dissociation time #;, = 35 min and, respectively,
residence time of about 50.5 min and K; = 42 uyM

for human BChE [70].

The alkaloid physostigmine (eserine) is a reversible
type B SBI of BChE (Fig. 7). At the initial stage
of the enzyme-inhibitor interaction there was a rapid
but relatively weak binding of eserine to the active
center of the enzyme with further formation

of the conformational complex EI*. After that,
carbamylation of serine of the enzyme active center
was observed, followed by the slowest stage,
deacylation [71].

Cresyl saligenin phosphate (CSP)
Figure 7. Structures of SBI acting on AChE and BChE.

Tri-o-cresyl phosphate (TOCP)
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Figure 8. Free energy profile of a-tocopherol binding to human AChE. US (Umbrella sampling) and
REMD-US (Replica exchange molecular dynamics) are molecular dynamics methods. PMF is Potential mean force.
& is a distance between the chromanol ring of o-tocopherol and the active center of AChE enzyme [57]

(with permission from Elsevier).

A group from Korea [72] investigated several
florotannins isolated from the marine brown algae
Ecklonia cava (family Laminariaceae) for their
inhibitory activity against tyrosinase (EC 1.14.18.1),
a key metalloenzyme responsible for the processes
associated with the production of melanin
to protect the skin from ultraviolet radiation and
reactive oxygen species, and neuromelanin
associated with the processes of neurodegeneration
and Parkinson's disease. The authors found that
two compounds with ICs, values below 10 uM belonged
to type A and B SBI with the following inhibition
constant for 2-floroecol (K; = 8.2+1.1 uM, residence
time of 12.8 min) and 2-0O-(2,4,6-trihydroxyphenyl)-
6,6'-biecol (K; = 5.840.8 pM). It was confirmed
by molecular modeling method that these molecules
bound to His85 and Asn260 of the tyrosinase active
center. The study of phenolic compounds isolated
from methanol extracts of Amorpha fruticosa roots
by the same group showed that one of the components,
puerol A, acted as a reversible, competitive SBI
with a dissociation rate constant of 0.003 min"' and,
accordingly, a residence time of 333 min [73].

Chromenone derivatives isolated from methanol
extracts of the root part of Flemingia philippinensis,
including two novel compounds philipin D and
philipin E, exhibited properties of reversible
competitive type A SBI of bacterial neuraminidase.
This enzyme plays a key role in the pathogenesis
of several microbial diseases, inflammatory
cytokine release, sepsis, and biofilm development.
The inhibition constants for philipin D and philipin E
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were 0.46+0.07 pM and 0.31+£0.02 uM, and
the residence times were 24 min and 20 min,
respectively [74]. The data were validated
by molecular modeling. Another group performed
in-depth analysis including molecular docking and
molecular dynamics, indicating that neuraminidase
inhibitors, xanthones containing geranyl and prenyl
groups isolated from the root bark of Cratoxylum
cochinchinense, had high affinity and low inhibition
constants (ICs, ranged from 0.38-38.9 uM).
The residence time of the leader compound
was 49 min [75].

Overexpression of one of the key enzymes,
protein tyrosine phosphatase (1BPTP1B), leads
to insulin resistance and ultimately to hyperglycemia
and metabolic disorders, which are important
pathogenic causes of diabetes mellitus and obesity.
Theaflavanoside IV (ICs, = 8.7£1.1 uM) and caffeine
(IC5y=37.9+£3.5 uM), isolated from the methanol extract
of Camellia sinensis seed shells, inhibited PTPIB,
as did wursolic acid (ICs5, = 22.4+1.9 uM),
a competitive inhibitor of this enzyme that exhibited
mixed type inhibitory effect. The dissociation rate
constant and residence time of theaflavanoside IV
were 0.002 min' and 8.3 min, respectively [76].
The flavonoid ugonin J, isolated from the ethyl acetate
extract of Helminthostachys zeylanica roots,
had the highest affinity for tyrosine phosphatase 1B and
exhibited the properties of a competitive SBI with
a longer residence time (7 = 14 min, k,;= 0.0705 min™),
in addition, this flavonoid also effectively inhibited
a-glucosidase [77].
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4.2. Synthetic SBI

The alkylammonium derivative of 6-methyluracil,
working title C-547 (Fig. 7), being developed
as a pharmacological agent drug for the treatment
of myasthenia, is an example of an SBI that
interacts with human AChE via mechanism B.
The authors showed [78] that the formation
of the initial EI complex was characterized
by an inhibition constant of K; = 0.14 nM, and then,
during the induced fit stage, the final complex
was formed with K*; = 0.022 nM. Molecular modeling
confirmed that, due to conformational changes
in the enzyme compound C-547 could cross the narrow
“bottleneck” of the AChE active site channel with
subsequent formation of the final complex (Fig. 9).
The calculated k,; value was 0.05 min”, and
7z was 20 min. However, with respect to human BChE,
C-547 acted as a classical reversible mixed-type
inhibitor with K; = 1.77 uM and K;' = 3.17 uM.
Further studies showed that at a dose of 0.01 mg/kg
C-547 protected mice poisoned with paraoxon
(2xLDs) for 96 h [79].

In order to reduce the dose of drugs and expand
the therapeutic safety window of existing drugs
a group of Chinese researchers is developing
new-generation AChE inhibitors for the treatment
of Alzheimer's disease. For this purpose they
synthesized 44 new donepezil derivatives containing
a fluorine atom in the structure. In the case
of the most active compounds the dissociation

constants of the enzyme-inhibitor complex varied
within 0.004768-0.01764 s, which corresponded
to a residence time of about 1-3.5 min. Preclinical
studies of fluoropezil (DC20) have shown that this
compound can be used as a new generation
AChE inhibitor with an established mechanism,
high selectivity for the pharmacological target and
a wide therapeutic safety window [80]. Clinical trials
of fluoropezil are currently underway [81].

In order to expand the therapeutic window
of the developed inhibitors of the metalloenzyme
UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine
deacetylase (LpxC), new pyridone sulfonamide based
compounds were synthesized and the structure-kinetic
relationship was studied [82]. These compounds
demonstrated inhibitory activity against LpxC
with different residence times on the target [83].
LpxC is known to be involved in the biosynthesis
of lipid A, an important component of the cell
wall of gram-negative bacteria. At present, none
of the LpxC inhibitors have passed clinical trials.
The development of a new compound with
a residence time of up to 124 min and post-antibiotic
effect values of 4 h opened prospects for the creation
of new inhibitors with an increased residence
time on the target, leading to an extension
of the post-antibiotic effect after the elimination phase,
i.e. a better therapeutic window. Conformational
changes in the enzyme upon inhibitor binding represent
the slow stage.

Figure 9. Molecular modeling of AChE inhibition
from Elsevier).

7"EZAZ

in the presence of compound C-547 [2] (with permission
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The development of histone deacetylase (HDAC)
inhibitors has led to the creation of several drugs
for the cancer treatment [19]. However, their therapeutic
efficacy is limited due to poor selectivity and
side effects on physiological functions. In addition,
HDAC has been shown to be a target in the regulation
of the immune response, in the development
of neuropathies and Alzheimer's disease. Recently,
it has been shown that 1,3,4-oxydiazoles form
HDAC-inhibitor complexes with a long residence
time [84] and exhibit high selectivity for this target [51].
The resulting SBI are substrate analogs and form
a tightly bound complex with the enzyme.

In 2018, Hasinoff and Patel analyzed
the kinetic parameters of known anticancer drugs
for the treatment of multiple myeloma, 20S proteasome
inhibitors, based on boronic acids and epoxy ketones
and studied myocyte damage and side effects
associated with cardiotoxicity. It was found that
Ixazomib (K; =4.9 nM), Bortezomib (K; = 1.6 nM), and
Delanzomib (K; = 1.4 nM) acted as 20S proteasome SBI
with the residence time of 7.2 min, 43.8 min, and
more than 138 min, respectively [85].

Increased activity of plasmin, a trypsin-like
serine protease, which plays a key role in fibrinolysis,
can cause blood clotting disorders. In 2023,
Wiedemeyer et al. synthesized a series of highly active
and selective macrocyclic plasmin inhibitors with
inhibition constants in the range of 1.83-16.80 nM
and residence times of 4.4-13.7 min. The binding
mechanisms of the macrocycles are explained by their
high selectivity as plasmin inhibitors [86].

Inhibitors containing phosphonate/phosphinate
groups have affinity for metallohydrolases,
including metalloproteases, and other hydrolases,
such as wurease. The development of urease
inhibitors is driven by their use in the treatment
of various pathogens associated with infections
caused by urease-dependent microorganisms, such
as ulcers induced by Helicobacter pylori or chronic
urinary tract infections induced by Proteus species.
The search for inhibitors with high affinity
for bacterial ureases is focused on the synthesis
of several groups of active compounds based
on phosphonates/phosphinates. Cinnamic acid-based
phosphonic acids are Sporosarcina pasteurii urease SBI
with inhibition constants of 0.509-6.040 uM and
residence times of 6.8-24.4 min [87]. The most active
urease SBI were catechol-based phosphonates or
(2-carboxyethyl)phosphinates [88], with following
inhibition parameters of the studied inhibitors:
K;*=0.13 uM and 7, = 205 min.

Thus, from the examples considered above,
it is clear that interest in SBI is due to the fact that they
exhibit long residence times. Over the past few years,
this parameter has become an indispensable indicator
of compound effectiveness at the early stage of drug
development and discovery [4, 37, 89].
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CONCLUSIONS

The concept proposed by Copeland and
presented in this review confirms the importance
of the monitoring and optimization of drug-target
kinetics in vitro for drug discovery. Parameters
such as residence time, inhibition constant,
association and dissociation rate constants determine
the efficacy of the drug application in vivo.
Drugs with fast pharmacokinetics but long residence
time will have a prolonged effect, allowing dosing
distribution and achieving high efficacy with fewer
side effects. Therefore, SBI are of great pharmacologic
interest. However, we should not forget Paracelsus'
aphorism “Everything is poison, everything is medicine;
both are determined by the dose”. Therapeutic
interest in such compounds is always a compromise
between binding affinity and ligand-receptor
binding kinetics. Ligands with high affinity and
tightly bound inhibitors with very low K; (Ki~[E])
but very long residence times can be characterized
by high toxicity. In particular, the high toxicity
may be related to the location of the target a limited
space (e.g. confined to synapses, in mitochondria)
where, after dissociation of the ligand-target complex,
their re-binding contributes to a much longer residence
time of the ligand on the target.
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HUHI'MBUTOPBI MEJJJIEHHOI'O CBA3BIBAHUA ®EPMEHTOB:
KWHETUYECKHUE XAPAKTEPUCTUKH U ®PAPMAKOJOTMYECKHA MTHTEPEC

3.M. Hlaiixymounoea', T.H. Ilawuposa®’, Il. Maccon'*

'Kazanckuii (IIpuBomkckuil) henepanbHbIl yHHBEPCHUTET,
420008, Kasanb, yi1. Kpemniesckas, 18; *a51. moura: pym.masson@free.fr
*MuctutyT opranndeckoil u pusuueckoit xumun nmenn A.E. ApOy3osa, ®UIL] Kazaunckuit Hayunslit nentp PAH,
420088, Kazanb, yi1. Akagemuka ApOy3oBa, 8

B Hacrosmiee BpeMs akTyaJeH MOWCK HOBBIX MHTMOMTOPOB MEUICHHOTO cBsi3biBaHus (pepmenToB (MMC) —
MOTEHIMABHBIX JIEKAPCTBEHHBIX BEMIECTB ISl JICUCHHS Pa3IMYHBIX 3a00/IeBaHMM — M HX paclo3HaBaHHUE
Ha 3Tarne in vitro uccnenosanuil. UMC, B oTIHUYHNE OT UX KJIACCHYECKUX OOPAaTHMBIX aHAJIOTOB, MPOSIBISIIOT KUHETUKY
MEIUICHHOTO CBSI3bIBaHUSI C (EPMEHTOM, B XOJ€ KOTOPOH CTalMOHAPHOE COCTOSIHHE B CHUCTEME JIOCTHUTaeTCs
HE 3a MHKDPOCEKYHJbI, a B TeUeHHEe OoJiee MPONOKUTENFHOr0 BpeMeHH. [10J00HbIe COeAMHEHUS MOIyT OBITh
MEpPCIIEKTUBHBIMU JICKAPCTBAMH, TaK KaK BHE 3aBUCHMOCTH OT MX (PapMaKOKMHETHKH B KPOBOTOKE OHH 00JIafaroT
TaKUMH IPEUMYIIECTBAaMH, KaK BbICOKas a(GUHHOCTb K MHIICHU-(QEpPMEHTY, JIUTEIbHOE BpeMs YIepXKaHus,
MIPOJIOHTUPOBaHHOE JelicTBue. Takue (apMaKoJIOTHYECKHE CBOWCTBA OOECIICUMBAIOT MPABHUIBHYIO TO3UPOBKY
JIEKapCTB JUTS JOCTHXEHUSI X BBICOKON aKTUBHOCTH ¢ MEHBIINMHU T0O004YHBIMH 3 dexTamu. Llens HacTosmmero od3opa
3aKJII0YaeTCsl B pACCMOTPEHUH MexaHn3MoB B3aumozelictBust UMC ¢ depmentamu, npuHiunoB pacnosHasanus IMC
Ha JTare in vitro KAHETHYeCKUX UCCIIeJOBaHUH U (apMaKoJIOTn4eCcKoil 3HAUMMOCTH.

Tonuwiii mexcm cmamuvu HA PYCCKOM 3bIKe docmynel Ha cavime xcypuana (hitp://pbmce.ibme.msk.ru).

KiaroueBnle cjioBa: I/IHFI/I6I/ITOpr MCIJICHHOI'O CBsA3bIBAHUA, (bCpMCHTaTl/IBHaH KHMHCTHKA, KOHCTaHTa I/IHFI/I6I/IpOBaHI/Iﬂ;
BpeMs YACPI)KaAHUA

®unancupoBanue. Pabora BrIoNHeHa 3a c4€éT cpeacTB cyOcuawu, BBIIEICHHOM B paMKax
rocynapcTBeHHON nonnepxku Kaszanckoro (IIpuBosmKckoro) (emepanbHOrO yHHBEPCHTETAa B LENAX IOBBIIICHUS

€ro KOHKYPEHTOCIIOCOOHOCTH CpPEely BEMyIUX MUPOBBIX HaydHO-00pa3oBaTeabHbIX neHTpoB ([Iproputet 2030).
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