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Abstract: The paper is devoted to the extension of Brown’s model of enzyme kinetics to the case
with distributed delays. Firstly, we construct a multi-substrate multi-inhibitor model using discrete
and distributed delays. Furthermore, we consider simplified models including one substrate and
one inhibitor, for which an experimental study has been performed. The algorithm of parameter
identifications was developed which was tested on the experimental data of solution conductivity.
Both the model and Kohlrausch’s law parameters are obtained as a result of the optimization
procedure. Comparison of plots constructed with the help of the estimated parameters has shown
that in such case the model with distributed delays is more chemically adequate in comparison with
the discrete one. The methods of generalization of the results to the multi-substrate multi-inhibitor
cases are discussed.

Keywords: electrochemical biosensor; enzyme kinetics; Michaelis-Menten model; Brown’s model;
mass action law; substrate; inhibitor; time delays; parameter identification

1. Introduction

Delayed systems play an important role in chemical kinetics [1,2]. Even for the
complex network of the first order reactions, it can be described by relatively simple system
of delayed differential equations, in which the effects of intermediates are replaced by time
lags [3,4].

The interaction between two chemicals A and B, forming the product C, is not instant
but is during some time interval T > 0. Hence, the law of mass action as the fundamental
law of chemical kinetics should be reformulated schematically as:

A®) + B(t) = C(t+ 1)
leading us to the differential equation with delay:

dc(t)

— =kA(t—T1)B(t—1), (1)

which is called the law of delayed mass action.

Since delay 7 is rather a random variable than a deterministic one and can accept
various values according to some distribution laws, here, we offer a considerably more
advanced model which includes continuously distributed delays (or simply, distributed
delays), which can be described by the differential equation with distributed delay:

Tk [° pe)a+s)B(e+s)as @
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where f(s) is the probability density function of time delay 7. The model (2) can be referred
to as the law of mass action with distributed delay. In practice, we can consider an integral
with limited bounds in (2), using the properties of the distribution of random variables
such as Chebyshev’s inequality, as it will be shown in Section 3.1.

The reactions which are used in electrochemical biosensing come from the reactions
that are catalyzed by an enzyme. They are commonly known as reversible [5] or irre-
versible [6] reactions. The irreversible one-complex Michaelis-Menthen (IRICMM) mecha-
nism is a keystone in modeling enzyme kinetics. Its reaction scheme

k
E+Se==C B
-1

represents a two-step process [7-9], where the enzyme E combines with the substrate S to
form a complex C, which then breaks down into the product P, releasing E in the process.
The mechanism IRICMM is described with the help of ordinary differential equations:

dns
dt
dﬂE

=k_1nc —kyngng,

T (k1 +ko)nc — kyngng,
3)

dn

szC = kinsng — (ko +k_1)nc,
dn

Tf = kznc.

Here, for any substance A, we denote its concentration at instant t as 14 (t).

An application of the delayed mass action law to enzyme kinetics was inspired by
Brown’s model, formulated in [10], where complex C has a lifetime 7 before being decayed.
We call the following reaction scheme:

E(t) +S(t) N E(t+1)+Pt+1)

the irreversible one-complex Brown’s (IR1CB) mechanism, which can be described with
the following system of delayed differential equations:

) e (e)ms (1),
dn;t(t) = —kgnp(t)ng(t) + kyng(t — T)ng(t — 1), @)
dn:;t(t) — kgnp(t — Ong(t— 1),

When comparing mechanisms IRICMM and IR1CB, Roussel, M.R has introduced the
notion of a chemically acceptable model [1]. While evidencing that the model using delayed
mass action law is more adequate, the most significant failure of the lag model was that the
solutions of these equations oscillate around the equilibrium point, which is forbidden by
the law of microscopic reversibility. Oscillatory enzyme reactions are found in a number of
enzymatic systems. Goldbeter, A. investigated the influence of Michaelis-Menten kinetics
on the oscillatory behavior in an enzyme system [11].

Albornoz, J.M. and Parravano, A. have also shown that the models based on de-
layed differential equations (DDE) oscillate at small values of the Michaelis-Menthen
constant, which cannot be seen with the help of ordinary differential equations (ODE) [12].
Piephoff, D.E. et al. has described the conformation of non-equilibrium enzyme kinetics,
where a traditional Michaelis-Menten model is extended to a generalized form, which
includes corrections coming from informational currents within combined cyclic kinetics
loops [13].
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Hinch, R. and Schnell, S. studied the conditions of equivalence of enzyme-substrate
reaction mechanisms involving multiple complexes with a distributed delay system without
complexes [14]. It was shown that the distribution of the delay is determined by the number
of intermediate complexes and the rates of the individual reaction mechanisms.

In continuing the research [14] and applying the mass action law with the distributed
delay (2), we offer the following continuously distributed delay model:

) — e (s 1),
dn;t(t) = —kgng(t)ns(t) + kg /7000 f(s)ng(t+s)ng(t+s)ds, (5)
d?lp(t)

0
- ka /_Oof(s)”E(t+5)ns(f+s)ds,

where f(s) is density function of delay distribution. In the manuscript [15], theoretical
knowledge about kinetics of single molecule associated with the Michaelis—-Menten model
has been given.

This study was motivated by the desire to describe all possible complexes created
during enzyme-substrate interaction with the help of the delay density function. Moreover,
we offer an effective method for its parameter estimation in one special case.

2. Materials and Methods

In this study, the generalized model of enzyme kinetics describing multi-substrate
multi-inhibitor reactions was developed and analyzed. The model is described with the
help of differential equations with distributed time delays. This model was applied to
investigate the chemical kinetics in the cases of enzyme—-substrate and enzyme-substrate—
inhibitor interactions.

2.1. Generalization to the Multidimensional Case of Competitive Inhibition

In the case of multi-substrate mutli-inhibitor reactions (which are of mixed inhibition
type, since they combine the effects of competitive and uncompetitive inhibitions), we
consider M substrates Sy, - - -, Sy, and N inhibitors I, - - -, Iy, acting due to the “mixed”
model. Namely, we assume that the substrates and inhibitors are acting independently due
to the flowchart of the enzymatic network offered in the work [4], which we call hereinafter
multi-substrate mutli-inhibitor enzymatic reactions (MSMIERSs).

In order to generalize the typical Michaelis-Menten model for the case of “multi-
variate competitive inhibition”, we consider for some i, j the enzyme-substrate-inhibitor
(EIS) complex R;; meaning the binding of the enzyme with the substrates Sy, - - -, S, and
inhibitors Iy, - - -, I;. Enzymatic reactions including R;; are presented in Figure 1 and can be
described by the following kinetic reactions:

Xij Yij
Rij-1+Sj == Rij — E+Pj,
L=

Bi
Ri—1j+ 1 T Rij,

Kij+1 Yij+1
Rij+Sj+1 5= Riji1 —— E+Piju1,
i,—j—

Bit1,
Rij+1lit1 B

—i1,f

Rit1,j

where P;; is the corresponding reaction products.
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Figure 1. Flowchart of enzymatic reactions with the respect to EIS-complex R; .
Hence, we obtain the system of lattice ordinary differential equations:
dﬂg N
L=Y {a; ng. —a;nsgng .  }
dt ] i,—j""R;; ijt S R; ;1 57
1=
dn I M
dtl = Z {B-ijnr;; — Bijning, )
j=1
AR, (6)

IR LI (Vij + ai—j)nR,j + Bijning, ,; — Pijnr,

— (ij41ms; ) + Biv1, i, )R, + Poio1jRivej + & —j1Riji,
d?’lpij
ar ViR

i=T,N, j=1M.

Following the ideas of the Brown’s model [10] and introducing time delays needed
for binding enzyme E with the substrate S; through the EIS complex R;; as 7; ; and needed
for binding E with the inhibitor I; through the complex R;; as hl-,j, we obtain the following
system of lattice differential equations with discrete delays:
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dnp,
dtl/ =aijang(t = T)ns,(t = T7),
dng. N
—L=- Z a;jans; (Hne(t),
dn A
th )y (th jane(t —Tij)ng, (= 7j) — Z"‘wld”S t)) @
j=1 i=1
N M
+ 2 ( 2 lBl]dnE<t — hi,j)nl,-(t — hi,j) - 2 lBi,jﬂnIf(t)ﬂE(t))/
i=1 "j=1 =
dTlI. M
3 By i)

j=1

Introducing density functions f; j, g; ; for distributed delays, corresponding to discrete

delays 7;;, hjj, i = 1,N, j = 1, M, respectively, we come to the following generalized model

based on the system of lattice differential equations with distributed delays:

dnpl.]. 0
o =%ijd mei,j(s)ng(t—i—s)nsj(t+s)ds,

d?’ls, N
dit] == 2 a;jans; (Ene(t),
1=

n M N
ddf:];(l_zlazm/ fi( >nE<t+s>ns<t+sds—gaudns@)ms“)) ®)

+

M=

M 0
(Z:lﬂ,], /—oogi'j( )T’ZE(t+S)TLI i’+S Z,Bz,],dnl (t))/
j=

i=1
dnfi_
at

=

Bijany (H)ne(t),

-
Il
-

The models (23) and (24) belong to the classes of lattice differential equations with
delays. The solution of the model (23) requires the setting of initial conditions on [—TM, 0],
where Ty = max;_ty, j:W{Ti,j, hl-,j}. On the other hand, in order to solve system (24) with
the distributed delays, we need initial values for infinite temporal interval. Furthermore,
we will present how to reduce it to the finite one.

The dynamics of such type systems in a general case is studied in [16]. Some of our
previous results were also related to their behavior [17-19]. In the next section, we will
consider one simple case allowing us to develop the method of parameter identification for
the model such as (24).

3. Results

As a result of the general model of enzyme kinetics with distributed delays developed
in Section 2.1, we have developed and analyzed models of the enzyme-substrate and
enzyme-substrate—inhibitor complexes numerically and experimentally.

3.1. Enzyme Kinetics for the Case of One Substrate

In the given section, we apply continuously distributed delays for modeling the
enzyme—substrate binding. Pursuing the goal of mapping the processes of combining as
well as possible, here we have chosen to use the gamma distribution of delays T > 0 as:
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0 $ < Tmin,

)

(S - Tmin)me_a(s_Tmin) 8 > Tmin,

f(a,m,rmin,s) = { am+l

I'(m+1)

where a, m, Tin > 0 are the parameters which are determining the corresponding prob-

ability density function. Namely, m determines the shape of the density curve, whereas

a stands for its rate parameter, and T, > 0 is the minimal possible value of the delay.

The distribution was considered earlier in a different context, for example, describing

cell maturation times (See [20], pp. 240-243), where an efficient method of distribution

parameter estimation based on experimental population data was offered. In addition, the

non-symmetricity of gamma distribution fits the processes of chemical kinetics better as
compared with the symmetric normal distribution.

Let ) be the largest value of the delay considered in (5), which is probably achiev-
able. Assuming 7 is a random variable, which is gamma distributed given by f, we can
estimate its confidence interval with confidence level ¢ € (0, 1) with the help of applying
Chebyshev’s inequality to a gamma distribution, resulting in determining the largest value
of T as:

1 1
™™ = E(T) + Var(T) =Ty + me (m+1)

1—c a a?(1—rc) (10)

Finally, assuming that binding a substrate to active or regulatory sites requires certain
random time T < Ty, we reformulate the model in the following manner:

dn;t(t) = —kqng(t)ns(t),
dn;t(t) = —kgng(t)ns(t) +ky 70T (s)nE(t + S)ns(t +s)ds, (11)
dnp(f)

0
T /,TMf(S)nE(t+s)ns(t+s)ds,

The dynamics of (11) are determined by probability rate k; and the function of delay
density f(s).

3.2. Parameter Estimation

Suppose the following initial concentrations are given:
ns(t) =0,t € [~tp,0), n5(0) =nl, np(t) =nd,t € [—1,0 (12)

Letnp(t) =0,t € [—1p,0].

The idea is to use the model (11) and (12) for estimating the time series of the product
with the respect to the enzyme-substrate reaction. In turn, these values correspond to the
initial conditions of ng, ng, and np, which are known from experimental data in advance.
Estimation should include the rate constant and the gamma distribution parameters within
f function in the system given by (11).

In order to adjust the predicted data (product concentration 7np), we need to make
them compatible with the data accessible from the experiment (“expected data”), namely,
specific conductance «, which is related with the molar conductivity A, as follows:

A = = (13)

When analyzing the conductivity characteristics of the considered solution, we may
conclude that it is a strong electrolyte. It follows from the pH value of BSA (4.5-4.8) [21]
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that was primarily added when obtaining the CLEA. Hence, we can use Kohlrausch’s law
for a solution of a strong electrolyte:

Am =AY — K\/np. (14)

Combining (13) and (14), we introduce the denotation for the specific conductance
obtained from (11), (12) as follows:

Kpred<t> = A(r)nnl’,pred(t) - K(”P,pred(t>)3/2' (15)

where the parameters A, and K are estimated.
Hence, the enzyme kinetics model (11) depends on six unknown parameters, namely:

1= { kg a,m, Tpin, A), K } € RE (16)

In principle, this set of parameters can be estimated from a given time series of enzyme—
substrate interaction. Pursuing the goal to find parameter estimates as accurately as we can,
we conducted the experiments with different amounts of the initial dose of the substrate,
namely, ng(0) = ng,i, i=1,1 Basing on our experiment design, we obtain I sets of n
pointwise experimental data in the time series, say {Kexp’,'(t]‘) }i:T,l,j:H' with tq,t,...,t,
being the times of observations. The identification of parameters can be carried out with the
following constrained optimization calculations that are expressed in the following form:

minimize  J(II), I1€ RS } (17)

subject to ¢(I1)>0O, i=1,2

1 n 1/2
](H) = ( 21 < 21 <(Kexp,i(tj) - Kpred,i(tj))2> > > (18)
i=1 \ j=

is the objective function and

Here,

81 (H) = I —Iper > O, (19)

gZ(H) = Hupper —-11>0,
are inequality constraints, where @ € R is a null-vector and Ijowers Tupper are the lower
and upper bounds for the parameter values, respectively.

The offered solution of the nonlinear optimization problem (17) is based on the
COBYLA Algorithm 1, which linearly approximates objective function and constraints on
6-simplex C = C(Iy, Iy, ..., II) and optimizes the simplex on each algorithm iteration.
The algorithm transforms problem (17) to the problem without constraints with the help of
the following objective function:

®(IT) := J(IT) + {[max{ —gi(I1),i = 1,2}]". 0)

We denote its linear approximation on the simplex C as ®¢(TT). An implementation of
COBYLA to the problem (17) can be reformulated as the Algorithm 1. Here, stop condition
covers the improvement of objective function, the changes of vertices, and allowed number
of iterations.
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Algorithm 1: COBYLA algorithm implementation to the problem (17).

Input data: Xexp, jgeper, Tupper, Hinit
Result: [opt

1 form the initial simplex Cj,;; with the vertices TTJ"!, T, ... TTin;
2 repeat

3
4

for the current simplex C calculate the values Ci)c(ni),i =0,6;

search the vertex I'l, determined by the equation
dc(11,) = min{dc(11;),i = 0,6};

calculate new vertex as ITje := —0IT, + (1 + 0)% Yi—0g, £p IT;, where
reflection coefficient 6 € (0,1) being chosen as small as possible in order
dc (ITy) not were the least calculated function value so far;

form modified simplex Cyy replacing vertex IT, with ITyer;

search I,y as a solution of the problem of linear optimization

minimize &c,, (I0), } 1)

subject to II &€ Cpep

8 until stop condition;
9 return Hopt;

3.3. Enzyme Kinetics for Enzyme—Substrate—Inhibitor Interaction

Here, we consider the model (6) in case of M = 1, N = 1, that is, we have substrate S;

and inhibitor I;. Based on the multi-substrate multi-inhibitor model, we obtain the system
of lattice ordinary differential equations including enzymes E = Rg ¢ and complexes Ry 1,

R1,0, and Ry 1:
dTls
1
Gr Y0-1MRoy — K0,1715, MRy + &1, 11Ry; — &1,175, 1R,
dﬂ[
1 _
Tp =P-10mRy, — Pron iRy, T 111k, — Prant R,y
di’lR
00
a (700 + 060,70)”1{0,0 - ﬁo,onRO,o
— (w115, + B1on1, )Ry + B-1,0MR, ) + &0,~17Ry;/
dTlR
10
I (71,0 + @1,-0)1R, o + 1,071 MRy — B1,0MR,
— &11M5 MR, + &1,—1MRy;, (22)
anO,l

I —%01Ms MRy, — (Y01 + @0,~1)1Ry; — Bo,17Ry;

+ :Bl,lnh )nRO,l + :Bfl,lan,lf

dTlR
11
I SMANS MRy, — (Y11 +a1,-1)nR,; + B1a7mL Ry, — B1ANR,
d?’lp, .
Yo,
dt =i, Rj;

i=01, j=01, i=j#0.

Following the ideas of Brown’s model [10], and introducing time delays needed for

binding enzyme E with the substrate S; through the ES complex Ry 1 as 7y through the
EIS complex Ry,1 as 11,1, for binding E with the inhibitor I; through the EI complex Rj o



Sensors 2022, 22,980 90f17

as hy 9, and through the EIS complex Ry, as /1,1, we obtain the following system of lattice
differential equations with discrete delays:

dnp
altor1 =ag1,4ne(t — T0,1)ns, (t— T01),

dnp,
dtm =ay1qng(t —T0)ns, (t—T11),

dTls
dtl = — (ap,a +m114)ns, (H)nE(t),

d?’lE
s =ag,1,4ne(t — T0,1)ns, (t — T01) +ay,1,ane(t — T11)ns, (E—T11)

(23)

— (&g,1,4 +a11,4)ns, (t)ne(t)
+ Broant, (t —hio)ne(t —hyo) + B1yang (t—hy)ne(t —hyg)
— (B10,4 + Braa)ng (H)ne(t)
)

t
dn
dtll = — (B1,0d + Br1,a)ny, (H)ne(t)

Introducing density functions fo 1, f1,1, 81,0, and g1,1 for distributed delays, correspond-

ing to discrete delays 19,1, 71,1, h11,0, and hy 1 respectively, we come to the following model
based on the system of differential equations with distributed delays:

dnp,, 0
: :“O,l,d/ fo1(s)ng(t+s)ng, (t +s)ds,

dt —TM,0,1
d?lp 0
Mot [ fa(sne(t+sns, (t+5)ds,
dt m —T™1,1
dTIS
o = (@it aga)ns, (ne(t),

dn 0
E :“O,l,d/ fo1(s)ng(t +s)ng, (t +s)ds

dt —T™M,0,1

(24)

0

+ay1q / T fri(s)ne(t +s)ng, (t +s)ds — (a4 + a1,1,4)ns, (H)ng(t)
— M1

0
+[31,o,d/ g10(8)ny, (t+s)ng(t +s)ds
~hm10

0
+B1,1,d / , g11(8)ny, (t+s)ng(t +s)ds — (Broa + Brra)nn (H)ne(t),
—Ma1

dl’l[
o = (Broa + Pria)nn (H)ne(t),
Following (10), we let:

m; i +1 n
ai,]-

i,jef0,1}, i=j#0,

T™Mij = Tmjij +

where a; ;, m; ;, Ty, j, and b;j, ki j, hy, ; ; are the parameters of the corresponding density
functions f; ; and g; ; as in (9) and c is the confidence level.

4. Experimental Study
4.1. Enzyme—Substrate Interaction

Enzyme biosensors consist of enzymes immobilized at the surface of the transducer.
Hence, an immobilization step with the help of Bovine Serum Albumin (BSA) is very
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important as it affects the sensitivity and selectivity of biosensors. Enzyme products may
be electroactive, meaning their activity may be followed by amperometry.

In our study, Acetylcholinesterase (AChE) as an enzyme has been used, since it has
a very high catalytic activity. AChE is often used to design biosensors based on the
inhibition analysis.

Since conductivity (specifically, electrolytic conductivity) is the ability of a substance to
conduct an electric current, in solvents where electrical conductivity is present, particularly
water, ionisation will provide the necessary carriers. The electrical conductivity of a solution
is determined by both the physical characteristics of the carriers and the medium. The
measured conductivity comes from the ions of dissolved substances. The preliminary
measurement has been conducted in aqueous solutions.

The studies were carried out in aqueous solutions using the following substances:
protein—BSA; enzyme—enzyme acetylcholinesterase (AChE); and substrate—Acetylcholine
chloride (AChCI). The substances were purchased from Sigma Aldrich.

To the complex formed with BSA of 2 mg/mL (volume of 4 mL) and enzyme of
2 mg/mL (volume of 0.1 mL) (the complex is known as cross-linked enzyme aggregate
(CLEA) [22]), substrate of 2 mg/mL in different volumes (0.1 mL, 0.3 mL, 0.9 mL, 1.5 mL)
was added. As a result, four samples were obtained:

Sample 1. BSA + enzyme + 0.1 mL of substrate;
Sample 2. BSA + enzyme + 0.3 mL of substrate;
Sample 3. BSA + enzyme + 0.9 mL of substrate;
Sample 4. BSA + enzyme + 1.5 mL of substrate.

The conductivity of the BSA + enzyme + substrate complex was tested by using a
specially constructed measuring setup, during 500 s with signal sampling every 5 s. There
were 100 conductivity measurements made during 500 s.

4.1.1. Experimental Data

As aresult of the experiments, the dependence of the conductivity changes in time was
obtained. In the initial stage (0-249 s), the conductivity of the BSA—enzyme complex was
tested. When the conductivity remained constant, in the 250th second of the measurement,
a substrate of different concentration was added to the BSA—enzyme complex. The addition
of a substrate rapidly changed the conductivity of the resulting complex, which may
indicate a rapid chemical reaction. By comparing the changes in conductivity as a function
of the volume of the substrate added, it can be said that the larger the volume of the
substrate added, the greater the change in conductivity was and the more dynamic the
increase in conductivity was.

4.1.2. Parameter Estimation for the Experimental Study

Algorithm 1 was implemented in R package. For the integration of (11), Julia calling
was used. Initial parameter values together with the parameter bounds are presented in
Table 1. The solution of the optimization problem (17) is displayed in the column I1,,:. The
root mean squared error of the prediction with the obtained model throughout all data
series (i.e., for different initial substrate volumes) is 48.74105. The number of iterations
was 50.

The density function f(s) for estimated parameters is shown on Figure 2. In Figure 3,
the results of integration of (11) and (4) for different initial volumes of substrate which are
based on the values of parameters estimated are shown.
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8 12 16
t, secs

Figure 2. Estimated density of distributed delay f(s) for model (11).
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Figure 3. Cont.
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1000 ~ Conductivity for 1.5 ml of substrate

Kpred distributed
500
Kpred discrete
© Kexp

600

H Sfem

200

250 300 350 400 450 500
time, secs

Figure 3. Plots of expected vs predicted trajectories with the help of (11). Additionally, a comparison

of modeling with the help of Brown’s model (4) with discrete delay is shown: — K pred distributeds

Kpred discrete ~ Kexp-

Table 1. Initial values and bounds for parameter identification based on the Algorithm 1. Column
[,pt contains the solution of (17).

I Mower Hupper Hopt
ky 0.04 1x10710 1 0.04042714
a 1 1x 10710 1000 1.255818
m 20 1x 10710 1000 6.703709
Toin 5 1x107% 1000 4.673685
AY, 6000 1x10°10 1 x 10° 729.2215
K 50 1x 10710 1 x 100 246.2885

4.2. Enzyme—Substrate-Inhibitor Interaction

The second experimental study used butyryl cholinesterase (BuChE) (EC 3.1.1.8, from
Horse Serum) with a specific activity of 13 U/mg solid bovine albumin (fraction V, 98%
purity), butyryl choline chloride (BuChCl) (98% purity), a-chaconine (95% purity) from
potato sprouts, and glutaraldehyde (grade II, 25% aqueous solution), which were purchased
from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). All other reagents were of
analytical grade and were used without any further treatment.

Biologically active membranes were formed by cross-linking butyryl cholinesterase
with BSA on the transducer surface in a saturated glutaraldehyde vapour. The mixture
containing 5% (w/v) butyryl cholinesterase, 5% (w/v) BSA, and 10% (w/v) glycerol in
20 mM phosphate buffer (pH 7.2) was deposited on the sensitive surface of one transducer
by the drop method, while the mixture of 10% (w/v) BSA and 10 % (w/v) glycerol in 20 mM
phosphate buffer (pH 7.2) was placed on the surface of a reference transducer. The sensor
chip was then placed in a saturated glutaraldehyde vapor. After a 30 min exposure in
glutaraldehyde, the membranes were dried at room temperature for 15 min.

All measurements were performed in daylight at room temperature in an open glass
vessel filled with a vigorously stirred 5 mM phosphate buffer solution, pH 7.2. The 200 mM
stock solution of BuChCl in deionised H,O, and 2 mM stock solution of the a-chaconine
in 5 mM acetic acid were prepared. The concentrations of substrates and inhibitors were
adjusted by adding defined volumes of the stock solution of proper concentration. The
differential output signal between the measuring and reference lon-Sensitive Field Effect
Transistors (ISFETs) was registered using portable device. After the response measurement
(determination of enzyme inhibition), the initial enzyme activity was restored by washing
out the biosensor enzymatic membrane in the working buffer solution for 10 to 15 min.
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4.3. Numerical Simulation of Enzyme—Substrate—Inhibitor Model

Algorithm 1 was modified for the estimation of the parameters of the model (24). The
optimal values of the parameters were used for the simulation using different initial values
for the inhibitor. The visualization of the simulations results is presented in Figure 4.

Prediction for inhibitor volume 1 mkM Prediction for inhibitor volume 3 mkM

S; S;
25 E 25 E
—FP —FP
2 — 1 2 — 1
E E
2 15 £ 19
2 2
S S
s s
1 1
05 05
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
time, secs time, secs

Prediction for inhibitor volume 5 mkM Prediction for inhibitor volume 10 mkM

—S —S
4 E 8 E
—FP —FP

—1, —1,

volume, ml
volume, ml

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
time, secs time, secs

Figure 4. Numerical simulation with the help of (24) for different initial values of inhibitors.

5. Discussion and Conclusions

While analyzing the models of (11) and (4), with the help of plots on Figures 3 and 5,
we can conclude the following. It is clearly seen that “undesirable” oscillations in the
trajectories are appearing at the smaller initial volumes of the substrate. Then, oscillations
disappear for bigger ones. There are some differences between trajectories of models
with distributed and discrete delay (we mean that the model with discrete delay (4) is
constructed for the mean value of delay T obtained using the density function f(s), i.e.,
for T = 7, + "L 7) observable on the plots. Namely, we see differences in the phases of
oscillations. Using the distributed delay, the oscillation starts later. Moreover, for the bigger
values of initial substrate volume, the oscillations for the distributed delay model disappear
(as it can be seen in case of 1.5 mL of substrate). The amplitudes of the oscillations at
the smaller values nJ are similar, whereas by increasing the initial substrate amount, the
oscillations for distributed delay models are not seen. Hence, when comparing two kinds
of delay models, which both demonstrate oscillations in certain sense, we conclude that (11)
is more chemically adequate for bigger values of the initial substrate dose than the discrete
delay model.

When analyzing the enzyme-substrate-inhibitor model (24), we observe a similar
oscillating behavior when increasing the initial amount of inhibitor. Namely, as it can be
seen in Figure 4, small oscillations in P disappear when we increase "(I)'

In summary, we can conclude that the modeling of the enzyme kinetics based on
dynamic systems with distributed delays can make the usage of the delayed differen-
tial equations more attractive since it shows more adequate chemical behavior, reducing
oscillations when compared with the discrete delays. This is due to more continuous
right-sides of the differential equations with distributed delays in comparison to discrete
ones. On the other hand, such types of models are complicated enough to demonstrate
complex nonlinear behavior, e.g., with the help of using parameters of the density of the
delay distribution.
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One should bear in mind the computational complexity of the respective models. So,
in the case of multi-substrate multi-inhibitor modeling using the model (6), we need to
solve the system of N + M 4 2N M equations. Using the models with delay (23) or (24), the
number of equations determined by the number of phase coordinates is N + M + NM + 1,
which is NM — 1 smaller. In the case of complicated computing, such as multi-iteration
process optimization for the purpose of parameter estimation, this difference in the order
of computational complexity is crucial. Even in the case of Julia computing, numerical
integration of the systems of differential equations is time-consuming when the system
order or accuracy is growing.

Algorithm 1 can be extended to the parameter estimation of M-substrate N-inhibitor
model (24). In such a case, the parameters to be estimated are reaction rates «; ; 4, B; j 4, three
parameters for each density f; ;(s) and g;(s), i = 1,N,j=1,M, A%, and K. That is, we
obtain 5N M + 2 parameters at the whole, which leads to the corresponding computational
complexity. The convergence of such an algorithm is also essential, which is closely dealt
with in the search of the initial approximation. We think that in some special cases, the
approach presented in Section 3.2 could be applied for experimental data as well.

The usage of delay models for enzyme kinetics is of importance in the multi-substrate
multi-inhibitor cases, as they demonstrate more complex qualitative behavior than the
models without delay; for example, outbreaks can repeat in the delayed model, whereas
we do not observe this in the case without delay. In the future, we will try to evidence this
using experimental data.

Here, we only mention that the application of the delayed models is also preferable
from the viewpoint of availability of experimental data. Namely, a typical Michaelis—
Menten model is based on the formation of multiple complexes. Their concentrations
cannot be assessed from a research point of view. In fact, we measure the product of the
reaction through the conductivity of the solution. By using time delays, we do not consider
concentrations, but we consider the appearance and disappearance of complexes without
having to give concentrations. Moreover, delays can be identified with the help of the
algorithm offered above.

In the given work, the study of an enzyme kinetics is based on the chemical response
using conductivity. The problem is that in modeling, with the help of mass action law, the
exact value of the concentration of the substance is required, whereas the experimental
results offer the conductivity. As a rule, they use concentration-conductivity dependencies
as linear ones, although it has been shown by Kohlrausch’s studies that the relationships
are more complex. In this paper, the assumption for strong electrolytes is used, allowing us
to apply the corresponding modification of Kohlrausch law, for which parameters AY, and
K were experimental with the help of Algorithm 1. In the future, on the basis of the scheme
presented in the paper concerning chemical reactions, we plan to carry out experiments that
would take into account conductivity tests depending on many substances, applied one
after another and also applied simultaneously. Therefore, the effect of time delays in multi-
substrate multi-inhibitor enzyme kinetics modeling is still an open problem, requiring the
development of many techniques to apply real experimental data, which offers further
possibilities to explore it.
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IRICMM  Irreversible one-complex Michaelis-Menthen

IR1CB Irreversible one-complex Brown’s
MSMIER  Multi-substrate mutli-inhibitor enzymatic reaction
ESI Enzyme-substrate-inhibitor
References
1. Roussel, M.R. The Use of Delay Differential Equations in Chemical Kinetics. J. Phys. Chem. 1996, 100, 8323-8330. [CrossRef]
2. Cornish-Bowden, A. The origins of enzyme kinetics. FEBS Lett. 2013, 587, 2725-2730. [CrossRef] [PubMed]
3.  Epstein, LR. Differential delay equations in chemical kinetics: Some simple linear model systems. J. Chem. Phys. 1990,
92,1702-1712. [CrossRef]
4. Cao, J. Michaelis-Menten Equation and Detailed Balance in Enzymatic Networks. J. Phys. Chem. B 2011, 115, 5493-5498.
[CrossRef] [PubMed]
5. English, B.P; Min, W,; van Oijen, A.M.; Lee, K.T; Luo, G.; Sun, H.; Cherayil, B.J.; Kou, S.C.; Xie, X.S. Ever-fluctuating single
enzyme molecules: Michaelis-Menten equation revisited. Nat. Chem. Biol. 2005, 2, 87-94. [CrossRef] [PubMed]
6. Palsson, B. On the Dynamics of the Irreversible Michaelis-Menten Reaction Mechanism. Chem. Eng. Sci. 1987, 42, 447-458.
[CrossRef]
7. Keener, ],; Sneyd, J. (Eds.) Mathematical Physiology; Springer: New York, NY, USA, 2009. [CrossRef]
8. Schnell, S. Validity of the Michaelis-Menten equation - steady-state or reactant stationary assumption: That is the question. FEBS
J. 2013, 281, 464—472. [CrossRef] [PubMed]
9.  Ristenpart, W.D.; Wan, ].; Stone, H.A. Enzymatic Reactions in Microfluidic Devices: Michaelis-Menten Kinetics. Anal. Chem. 2008,
80, 3270-3276. [CrossRef] [PubMed]
10. Brown, A.J. XXXVI.—Enzyme action. J. Chem. Soc. Trans. 1902, 81, 373-388. [CrossRef]
11.  Goldbeter, A. Oscillatory enzyme reactions and Michaelis-Menten kinetics. FEBS Lett. 2013, 587, 2778-2784. [CrossRef] [PubMed]
12.  Albornoz, ] M.; Parravano, A. Modeling a Simple Enzyme Reaction with Delay and Discretization. arXiv 2007, arXiv:0712.0391.
13.  Piephoff, D.E.; Wu, J.; Cao, J]. Conformational Nonequilibrium Enzyme Kinetics: Generalized Michaelis-Menten Equation. J.
Phys. Chem. Lett. 2017, 8, 3619-3623. [CrossRef] [PubMed]
14. Hinch, R.; Schnell, S. Mechanism Equivalence in Enzyme-Substrate Reactions: Distributed Differential Delay in Enzyme Kinetics.
J. Math. Chem. 2004, 35, 253-264. [CrossRef]
15. Kou, S.C.; Cherayil, B.J.; Min, W.; English, B.P.; Xie, X.S. Single-Molecule Michaelis-Menten Equations. J. Phys. Chem. B 2005,
109, 19068-19081. [CrossRef] [PubMed]
16. Chow, S.N.; Mallet-Paret, J.; Van Vleck, E.S. Dynamics of lattice differential equations. Int. J. Bifurc. Chaos 1996, 6, 1605-1621.
[CrossRef]
17.  Martsenyuk, V.; Klos-Witkowska, A.; Sverstiuk, A. Stability, bifurcation and transition to chaos in a model of immunosensor
based on lattice differential equations with delay. Electron. |. Qual. Theory Differ. Equ. 2018, 2018, 1-31. [CrossRef]
18. Martsenyuk, V.; Veselska, O. On Nonlinear Reaction-Diffusion Model with Time Delay on Hexagonal Lattice. Symmetry 2019,
11, 758. [CrossRef]
19. Martsenyuk, V.; Klos-Witkowska, A.; Sverstiuk, A. Stability Investigation of Biosensor Model Based on Finite Lattice Difference
Equations; Springer International Publishing: Berlin, Germany, 2020; pp. 297-321. [CrossRef]
20. Beuter, A.; Glass, L.; Mackey, M.C.; Titcombe, M.S. (Eds.) Nonlinear Dynamics in Physiology and Medicine; Springer: New York, NY,

USA, 2003. [CrossRef]


https://github.com/marceniuk/R-electrochemical-biosensor
https://github.com/marceniuk/R-electrochemical-biosensor
http://doi.org/10.1021/jp9600672
http://dx.doi.org/10.1016/j.febslet.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23791665
http://dx.doi.org/10.1063/1.458052
http://dx.doi.org/10.1021/jp110924w
http://www.ncbi.nlm.nih.gov/pubmed/21466190
http://dx.doi.org/10.1038/nchembio759
http://www.ncbi.nlm.nih.gov/pubmed/16415859
http://dx.doi.org/10.1016/0009-2509(87)80007-6
http://dx.doi.org/10.1007/978-0-387-75847-3
http://dx.doi.org/10.1111/febs.12564
http://www.ncbi.nlm.nih.gov/pubmed/24245583
http://dx.doi.org/10.1021/ac702469u
http://www.ncbi.nlm.nih.gov/pubmed/18355085
http://dx.doi.org/10.1039/CT9028100373
http://dx.doi.org/10.1016/j.febslet.2013.07.031
http://www.ncbi.nlm.nih.gov/pubmed/23892075
http://dx.doi.org/10.1021/acs.jpclett.7b01210
http://www.ncbi.nlm.nih.gov/pubmed/28737397
http://dx.doi.org/10.1023/B:JOMC.0000033258.42803.60
http://dx.doi.org/10.1021/jp051490q
http://www.ncbi.nlm.nih.gov/pubmed/16853459
http://dx.doi.org/10.1142/S0218127496000977
http://dx.doi.org/10.14232/ejqtde.2018.1.27
http://dx.doi.org/10.3390/sym11060758
http://dx.doi.org/10.1007/978-3-030-35502-9_13
http://dx.doi.org/10.1007/978-0-387-21640-9

Sensors 2022, 22,980 17 of 17

21. Raghuwanshi, V.S.; Yu, B.; Browne, C.; Garnier, G. Reversible pH Responsive Bovine Serum Albumin Hydrogel Sponge Nanolayer.
Front. Bioeng. Biotechnol. 2020, 8, 573. [CrossRef] [PubMed]

22.  Shah, S.; Sharma, A.; Gupta, M.N. Preparation of cross-linked enzyme aggregates by using bovine serum albumin as a proteic
feeder. Anal. Biochem. 2006, 351, 207-213. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fbioe.2020.00573
http://www.ncbi.nlm.nih.gov/pubmed/32582681
http://dx.doi.org/10.1016/j.ab.2006.01.028
http://www.ncbi.nlm.nih.gov/pubmed/16500610

	Introduction
	Materials and Methods
	Generalization to the Multidimensional Case of Competitive Inhibition

	Results
	Enzyme Kinetics for the Case of One Substrate
	Parameter Estimation
	Enzyme Kinetics for Enzyme–Substrate–Inhibitor Interaction

	Experimental Study
	Enzyme–Substrate Interaction
	Experimental Data
	Parameter Estimation for the Experimental Study

	Enzyme–Substrate–Inhibitor Interaction
	Numerical Simulation of Enzyme–Substrate–Inhibitor Model

	Discussion and Conclusions
	References

