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NUMERICAL COMPARISON BETWEEN
TWO ENZYME-KINETIC MODELS"

Nadejda Grigorova

Using a guaranteed numerical method we show that two familiar Michaelis-Menten
models used for the same purpose generally produce substantially different solutions.

1. Introduction. The enzyme-substrate metabolic interactions can be effectively
described mathematically by the following system of nonlinear differential equations fur-
ther called Michaelis-Menten system, see e. g. [1, 4, 5]:

ds/dt = —kies+k_1ic

(1) de/dt = kies— (k—1+ka)c
de/dt = —kies+ (k_1+keo)c
dp/dt = kac,

wherein s, e, ¢, p are concentrations of the substrate, enzyme, complex and product,
resp., and the initial conditions are s(0) = sg, ¢(0) = 0, e(0) = eg, p(0) = 0.

Typically, the concentration of the enzyme is much smaller than those of the substrate,
e. g eo/so € [1077,1072]. This makes system (1) stiff, i.e. the substrate variable s
changes near 0 much slower than the enzyme e and complex variable ¢ change. Since
p can be found by direct integration, p(t) = ko fot c(t')dt’', we concentrate on the first
three equations of (1). Adding the second and the third equation of (1), we obtain
de/dt + de/dt = 0. Using the initial conditions for the complex and the enzyme, the
above equation gives: e + ¢ = eq, resp. e = ey — ¢. Thus system (1) reduces to two
equations for s and ¢, namely:
) ds/dt = —kieos+ (kis+k_1)c

dC/dt = kieps — (k:15 +k_1+ k‘g)c

with initial conditions: s(0) = sg, ¢(0) = 0. However, the reduced system (2) cannot be
solved in a closed form, see [5]. On the other hand, another widely used (for the same
purpose) simplified model, further referred to as Michaelis-Menten law, is given by

(3) ds/dt = —Viaws/(s + Kur), s(0) = so,
where Kpy = (k—1 + k2)/k1 is the Michaelis constant and V4, = ka2eg is the maximum
velocity.

2. Problem Formulation. Consider the Michaelis-Menten system (2) and the
Michaelis-Menten law (3). Both models produce solutions for the substrate concentration
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s, and, in practice, the solution of (3) is used as an approximation of the solution s of
(2). In both cases one has to use some numerical method to find these solutions, cf. [5],
hence computational errors are introduced. We would like to know, are the solutions of
the two models substantially different taking into account all errors introduced by the
numerical treatment of the corresponding differential equations? In other words, is the
difference between the two solutions of the order of the numerical error involved? To
illustrate the problem, let us consider a particular case study.

Figure 1. The solutions of Smms and Smm: for data (4)

Numerical example. For the numerical solution of the Michaelis-Menten system
and law we use an Euler method and a uniform mesh with step size h = 0.007. The
following values for the parameters and initial data are assumed:

(4) ki=5,k_1=1, ka=4, 5o =10/3, eg = 1.
For the data (4) the Michaelis-Menten constant is Kps = 1. With these data for the
relative difference:

Smml (t) — Smms (t)
(Smmi(t) + Smms(t))/2
we obtain: 7 ~ 0.28 = 28%, where s, is the substrate concentration obtained from
the Michaelis-Menten system (2), and $,,m; is the substrate concentration satisfying the
Michaelis-Menten law (3).

Figure 1 presents graphically the numerical solutions S,ms(t) and $pmmi(t) to the
Michaelis-Menten system (2) and equation (3), resp. As the computed relative difference
(5) between the numerical solutions is corrupted by errors coming from the numerical
method and roundoff errors, the number r gives us little information about the actual
difference between the two solutions. For instance, from Figure 1 we see that spm; >
Smms, but this may not be true unless we know the computational error.

The use of (3) as an approximation of (2) in more complex systems of enzyme-kinetic
equations, see e. g. [3], may be of considerable interest for the simplification of the
corresponding models. However, this rises again the issue of a guaranteed estimation of
the difference between the original model and the corresponding simplified model. Since
we do not know how to treat this problem analytically, in this work we investigate the
problem numerically (with verification). That is, we solve both problems (2), (3) using a
numerical method with result verification taking into account all possible errors (errors
from input data, truncation errors, roundoff errors).

(5) r = maxy
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In the sequel we shall use a guaranteed interval method, which will allow us to make
a rigorous statement as regard to the comparison of the two solutions discussed above.

3. Numerical Method and Experiments. A simple interval method for the so-
lution of the Michaelis-Menten system and the Michaelis-Menten law, producing bounds
for the solution of the initial value problem for systems of ordinary differential equa-
tion [2] has been implemented in the computer algebra system MATHEMATICA. For
convenience we briefly describe the method for the general IVP of ODE:

() @ = F(s), slto) = 5o € [so, ol

Assume that s = s(t) is the solution of (6) on an interval T' € [to, ] (the method does not
assume uniqueness of the solution). We shall enclose s in an interval [s,s] on T = [to, t],
ie. s(t) < s(t) < 3(t) for any solution s of (6) and for any ¢t € T. Let h > 0 be a step,
defining a mesh t, =t + kh,k=0,1,...,k, kh <T.

We set s(tg) = 89,3(to) = Sp. Assuming that s,5 are already computed at some ty, i.e.
s(tr) < s(tr) < 3(tx) then we compute s, in the interval Ty = [t, tg+1] by means of the
following iteration procedure:

a) for the upper bound 5 we compute for r =0,1,2,...,7:
79 = [0,
a0 = {fs)|s€Z")
Zr 3(ty) V (3 SOV (3 1)
= 3(tr) V (3(tx) + V) V (3(tk) + 7 h),

where the notation a vV Vv = [min{«, 8,7}, max{a, 3,7}] has been used. Using the
computed value g we obtain: 3(t) = 3(ty) + g0 (t — ty), t € T.

b) similarly, for the lower bound s we compute for r =0,1,2,...,r:
AR - [0, 50]
"¢ = {f(s)|se€ 2"}
20t = s(ti) v (s(te) +ph) V (s(t) + ¢ 7h),

and subsequently, s(t) = s(tx) + pP(t — t1,), t € Tj.

Consider equation (3) with initial condition s(tg) = sp, and assume that the initial
value sq of the substrate is not exact, so € [sy, 5o]. Using that the right-hand side of the
Michaelis-Menten law, f(s) = —Vinaes/(s + Kar), is a decreasing function we compute:

—(r) =(r —(7) —(r) 7(r)

P q) = {f(s) s €Z "} = [£(Z712). f(Z" 1)),
here and in the sequel Z[1] denotes the left endpoint of the interval Z and Z[2] is the
right endpoint of Z.

Consider the Michaelis-Menten system (2). We seek to enclose the solution s, ¢ of the
system in bounds [(s, ¢), (5,¢)] on T = [to, t]. We set s(tg) < so < 5(tp) and ¢(tg) < ¢o <
¢(tg) . The interval method requires some (rough) initial bounds for the solution; in our
case we have: 0 < s < 59, 0 < ¢ < eg. Assuming that s, ¢, s, ¢ are already computed for
some t, i.e. s(tx) < s(ti) < S(tk), c(tr) < c(ty) < @(tr), we compute the values of 3, ¢,
s, ¢ on the next time interval Ty, = [tx, tx+1], using the same algorithm as follows:
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Figure 2. Bounds for a) Smmi b) Smms for data (4).

a) for the upper bound 5 and ¢ we compute for r =0,1,2,...,r:
70 = (0,50, ZV = [0, e0)
P = {f1<s,c>|sezl LeeZy)
B3] = {fa(s.0)|seZy ,cezé”}
ZY = s v () + B R) v (S(t) + 757 h)
ZyT = ) v @tn) + 5 h) v (@(t) + 357 h)
5(t) = S(te)+ 72t —tr), t € Tp
oty = olts) +TO(—te), t € Tis
b) for the lower bounds s and we compute for r =0,1,2,...,r:
Z0 = [0,s0), 2" = [0,e0]
a7 = {fi(s,0)|s€z”,cezl}y
B5).37) = {fals,0) |s€ 2 ce 28y
ZUY = s(te) v (s(te) + V)V (s(te) + g7 R)
ZUY = etV (eltn) + PRV (et) + ¢ h)
st) = s(te) +p{P(t—t), t €T
ct) = clty) +pP(t —tr), t € T

The function fi(s,c) = —k1egs + (ki1s + k—1)c is a decreasing function of s (for ¢ < e,
which is always satisfied) and increasing function of c¢. For the function fa(s,c) = k1egs—

(k1s 4+ k_1+ k2)c we have the opposite, it is a increasing function of s (since ¢ < eg) and

"), g

decreasing function of ¢, therefore we calculate the corresponding intervals .q; ] as

follows:
P @) = [
P, 471 = A
P = 121,257 [2), f2
0, a7 = [f2(27111, 287 12)). £
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Figure 3. Comparison of the solutions S;mi and Smms-

Figure 2a) presents the numerical solution of the Michaelis-Menten law using the
above interval method for the data for the data (4); thereby the initial condition is taken
to be s¢ € [3.3,3.4]. The exact solution lies between the two curves on Figure 2a).

Figure 2b) presents graphically the numerical solution of the Michaelis-Menten system
for k1 = 5,k_1 = 1,ka = 4,50 = 10/3,e9 = 1; the following parameters of the interval
method are used: step size h = 0.007, number of corrections » = 5. The (true) solutions
of the Michaelis-Menten system are enclosed between the computed solutions s(t) <
s(t) <3(¢), c(t) < c(t) <e(t), t € Ty, only the pair (s,3) is presented on the figures.

Figure 3 presents graphically the numerical solutions $,,ms and Sy, of the Michaelis-
Menten system, resp. law. Both solutions are computed using the interval method
(however, the bounds for $,,,; are too narrow to be seen on the figure). Clearly, the two
solutions are substantially distinct from each other. For these examples the same values
for the parameters as on Figure 2 are used.

Conclusion. An interval method for the guaranteed solution of the IVP for ODE
has been implemented in MATHEMATICA. The method has been used to compare
numerically the solutions of the Michaelis-Menten system (2) and the Michaelis-Menten
law (3) often used as an approximation of (1). Our numerical experiments have shown
that the two solutions are substantially distinct to each other. Our algorithm allows us
to observe how the difference between the two solutions varies with changes in the input
parameters. Thus it has been observed, that when K is small the difference between the
two solutions is big, and when K j; increases the difference decreases. As in practice Ky
is small, we should be careful when using the solution of the Michaelis-Menten law (3) as
an approximation of the system (2). A quantitative measure for the relative difference
between the two solution is given by the variable (5).

REFERENCES

[1] J. KEENER, J. SNEYED. Mathematical Physiology, Springer (1998).

[2] S. MARKOV, R. ANGELOV. An interval method for systems of ODE. In: Interval Mathe-
matics 1985, Lecture Notes in Computer Science 212, ed. K. Nickel, Springer, Berlin, 1986,
103-108.

[3] S. MARKOV. Mathematical modeling of dieting. Mathematics and Education of Mathemat-
ics, 29 (2000), 119-127 (in Bulgarian).

336



[4] L. M1cHAELIS, M. MENTEN. Die Kinetik der Invertinwirkung, Biochem. 49 (1913), 333-369.
[5] J. MURRAY. Mathematical Biology, Springer, 1993.

Nadejda Grigorova

Bulgarian Academy of Sciences

Institute of Mathematics and Informatics
Acad. G. Bonchev Str., Bl. 8

1113 Sofia, Bulgaria

e-mail: nadejdag@iph.bio.bas.bg

YUNCJIEHO CPABHABAHE HA JIBA MOJEJIA OT EH3VUMHA
KNHETUKA

Hanexaa I'puroposa

C momornrra Ha rapaHTHpaH YUCJIEH METOJ € II0KAa3aHO, Ye J[Ba U3BECTHH MOJesa Ha
Muxaennc-MenTen, n3Moa3Banu 3a €IHU U CHIIU IIEJIM, JTABAT PA3IUIHI PEITEHUsI.
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