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Abstract

In this paper, an n-step, linear and unbranched pathway with Michaelis-Menten
kinetics is solved in a quasi-analytical way. The method, based on the Optimal Control
theory, calculates the optimal enzyme concentrations, while minimizing the operation
time. In the computation of the solution, the Lambert W-Function plays a fundamental
role, due to the presence of a non-linear kinetic model. Our method allows us to obtain
the generalized solution and the sensitivity analysis of the catalytic parameters.
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1 Introduction

This paper presents a method for obtaining the generalized solution of an n-step system
with an unbranched scheme and non-linear kinetic models in an almost exclusively analytical
way. Most of the previous papers use a bilinear (linear in the metabolite concentrations, x;,
and linear in the enzyme concentrations, w;) kinetic model for the solution. For example,
an explicit solution for n = 2, can be found in [1], while, for n = 5, the authors solved the
optimization problem numerically. The solution for n = 3 is obtained quasi-analytically
in [2]. In a previous paper [3], we addressed the minimization of the transition time, and
generalized the works of [1], [2], presenting the quasi-analytical solution for the general
case of n steps, but under the assumption of equal catalytic efficiencies of the enzymes
(ki = 1). Later, in [4], and addressing the minimization of the operation time, we extend
the theoretical analysis of [3], considering unequal catalytic efficiencies, k;.
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There are few works dealing with nonlinear models in z;. Among these, [5] used the
Michaelis-Menten (MM) model [6], though for a particular case (n = 4). In [7], a metabolic
control analysis is used to obtain the optimal behavior both in the setting of an unbranched
linear pathway and one of MM type. A mathematical model of an unbranched reaction
chain obeying MM kinetics is used in [8] for n = 3. Another numerical example with a
three-step pathway and reversible MM kinetics is shown in [9]. Besides these numerically
solved examples, [10] derives analytic equations but for a very simple example, modeling
a single enzyme that follows MM kinetics and operates in the middle of an unbranched
metabolic pathway.

Focusing on the kinetics models, the MM model has proven to be a powerful approach
for describing enzyme processes. Due to difficulties to obtain closed form solutions for this
model, several papers based upon effective scaling and singular perturbation techniques
have been written, giving fairly accurate solutions [11]. A closed form solution to the
MM equation was found, by the first time, in [12], using the Lambert W-function. A
generalization that is still valid when the initial substrate concentration is close to that of
the enzyme was recently presented in [13]. In [14] the Lambert W-function is employed
to estimate the catalytic parameters. In this paper we present both the solution for the
general case of n steps and a sensitivity analysis of the catalytic parameters (the K, and
keqt constants). Using optimal control techniques, a functional that takes into account the
operation time is minimized. We prove that the optimal enzyme concentration profile (in a
quasi-closed form) is of “bang-bang” type.

2 Theoretical Foundations

2.1 Kinetic Model

The kinetics of the Michaelis-Menten (MM) model [6] describes the velocity (rate) of lots of
enzymatic reactions. This model assumes a simple 2-step reaction: step 1 (Binding), when
the enzyme FE interacts with the substrate S to form the enzyme-substrate complex E S
step 2 (Catalysis), decomposition ES to regenerate the free enzyme E and the new product
P.
g kZchat
E+S & [ES]" 3" E+P (1)

k_1 cat.
bind.

The rate equation of the MM kinetic model is:

d[P]  Vmax-[S]  ko.[5]

V = ey p—y
T dt T Ku+[S] Ku+ (S

[E7] (2)

where d[P] /dt or Vj is the initial rate of product generation, Viax is the maximum rate
and [E7] is the total enzyme concentration. The following ratio of rate constants is called
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the MM constant, K,,:
ko1t ke

K,
k1

3)
The MM equation (2) shows how the initial reaction rate Vp depends on the substrate con-
centration, [S]. From (2) follows that K, can also be defined as the substrate concentration
at which the rate Viyax/2 is reached. Several simplifying assumptions are required to derive
the MM equation:

(1) The binding step is fast and the catalytic step is slower.

(2) At an early stage, when the initial velocity (Vp) is measured, [P] ~ 0.

(3)

(4) [S] is constant at early times.

(5) The total enzyme concentration [Fr] is: [Er] = [E] + [ES].

ES reaches steady state immediately, so that [ES] is constant.

2.2 The Lambert W-Function

The Lambert W-function, W (z) is a set of functions which are the branches of the inverse
of the function:

z=f(W)=we" (4)

where W is any complex number. In this paper we focus on real-valued W (z), which is
defined only for z > —1/e and is double-valued on (—1/e,0).

Adding the condition W > —1, we get a single-valued function Wy(x) which is the
principal branch of the W-function. In this case, Wy(0) = 0 and Wy(—1/e) = —1. For W <
—1, one gets the lower branch, denoted W_;(x), which is decreasing from W_;(—1/e) = —1
to Wfl(O*) = —OQ.

We refer the reader to [15] for a survey on existing results on this function. For example,
by implicit differentiation, one proves easily that all branches of W satisfy:

awo W@
o Wy FEOTY ©)

In [12], a closed solution to the equation (2) is given:

1S] (t) = KW [[SO] exp (

. —Vinaxt + [50])]

. 0

which we are going to use extensively in this work for an n-step system with an unbranched
scheme.
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2.3 Pontryagin’s Minimum Principle

We provide a summary of Optimal Control Theory in this section. More specifically, we
state Pontryagin’s Minimum Principle (PMP). An optimal control problem, in the multidi-
mensional case, with free end-time ¢; and free end state x(¢¢) can be stated as the following
equation:

min J = [ F(x(t),u(t), 0)dt + Blt ;. x(ts)] (7)
tyu(t) 0
subject to:
a:z(t) = fi(x(t),u(t),t); 1‘2(0) = Z50, 1= 1, ey N (8)
u(t) e U(t), 0<t<t; (9)

with x(t) = (z1(t),...,zn(t)) € R™ the state vector, and u(t)= (u1(t),...,un(t)) € R™ the
control vector. The optimal t% is unknown and to be determined. The following hypotheses
are assumed: (i) F' and f = (fi(t), ..., fn(t)) are continuous. (ii) F' and f have partial first
derivatives with respect to continuous ¢ and x. They may not have a continuous derivative
in u. (iii) The control variable, u(t), may not be continuous, it only needs to be piecewise
continuous. (iv) The state variable, x(t), is continuous, but its derivative only needs to
be piecewise continuous (x(¢) admits corner points). And (v) B has continuous partial
first derivatives. The set of admissible controls, U, is often compact and convex. The
Hamiltonian is defined as:

H(x(t),u(t), A(t),t) = F(x(t),u(t),t) + Mt)f(x(t),u(t),t) (10)

where \(t) = (A1(t), ..., An(t)) is the costate vector. The following theorem [16] establishes
the necessary conditions for optimality for the problem being addressed here:

Theorem 1. Pontryagin’s Minimum Principle (PMP)

Let u*(t) be the optimal piecewise control path, and x*(t), the optimal associated state
path, defined in the interval [0,t¢]. There is a continuous function, N*(t), which has piece-
wise continuous first derivatives, such that for each t € [0,ty], the following conditions are
verified, for each 1 =1,...,n:
OGN (0.0 OBl ()

O:Ui AR 8:@
yur(t), A*(t), ) < H(x*(t),u(t), \*(t),1); u(t) € U(t)
Jilx® (), u*(¢),£); z7(0) = wig
OBt} x*(t})]
Oty

PN
(i) H(x*
(i) @¥(t)

7

(iv)  HE*(t}),a*(t7), A" (7). 15) +

—~
~
~—

(11)

=0
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The solution may not be interior so that minimizing the Hamiltonian does not necessarily
imply 0H/0u = 0. If the dynamic function, f, and the integrand, F', have no explicit time-
dependence, the problem is said to be autonomous. In this case, H; = 0, which implies that
the Hamiltonian is constant throughout said solution:

H(x*(t),u*(t),\"(t)) = const. (12)
When the control u appears linearly in F(x(t),u(t),t) and in f(x(t), u(t),t), then:
H(x(t),u(t), A1), 1) = v(x(t), A(t), 1) — p(x(t), A(t), t)u (13)

As we shall eventually see, in our specific case the optimality condition (ii) leads to the
minimization of a linear function of n variables of the following type:

n
inH =mind — > g 14
min glelg}{ ;muz} (14)

where the functions p; = —90H/0u; are called the switching functions. Minimizing H with
respect to u; leads to:

Ui max if 6H/8u1 <0

u; (t) =< using if OH/Ou; =0 (15)

Ui min if BH/aul >0
If u; switches between its upper and lower limits only at isolated points in time, then the
optimal control is said to be a bang-bang type control. Those times are called the switching
times. If OH/Ou; = 0 for every t in some open subinterval, then the original problem is
called a singular control problem and the corresponding trajectory, a singular arc using.

3 Statement of the Problem and Optimal Solution

We are going to focus on unbranched metabolic pathways with MM kinetics as described
below. Consider the following unbranched metabolic pathway composed of n irreversible
reactions converting substrate x; into product p:

PTL I e e (16)

where z1(t) is the substrate concentration at time ¢, p(¢) the concentration of the final
product at time ¢, x;(t) (i = 2,...,n) the concentration of each intermediate compound at
time ¢, and w;(t) (¢ = 1,...,n) the concentration at time ¢ of the enzyme catalyzing the
i-th reaction. For the sake of simplicity, we use normalized quantities: the w; are divided
by the maximum total enzyme concentration, and the z; and p are divided by z1(0). Using
(2) we get:

kia:i (t)

vi(@i(t), ui(t) = mui(t) (17)
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where v; is the rate of the i-th reaction (i = 1,...,n), and the dynamical model for the
pathway shown in (16) is given by conservation of mass:

ZL‘z(t) = Uifl(l‘ifl(t), ui,l(t)) — ’L)Z'($i(t), ui(t)); (Z = 1, ey n) (18)

So, the reactions in (16) can then be modeled by the set of differential equations:

(. ki1x1
TG =—————1u z1(0) =1
! K1 + 31 1(0)
. k1x1 koxo 0) =0
T = Uy — u T =
T Km+m - Kpaptas o 2 (19)
. kn_12n1 knxn
Tp=—"""————"Up_1— —Uy, Tp(0)=0
\ " Kmn—l + Tp1 el Kmn + " n( )
with x;(t) > 0. Due to normalization, we have z1(0) = 1, and:
z1(t) +xo(t) + ... +a,(t) +p(t) =1, Vt >0 (20)

Our goal is to convert transform z; into product p as fast as possible. Thus, we shall
minimize the operation time, which is defined in terms of the concentration of the final
product, p(ts), with ¢; as the final time. In the case of an exhaustible initial substrate, x,
from (20), and imposing p(ty) = Cf (0 < Cy < 1), we obtain:

l‘l(tf)+$2(tf)+...+l‘n(tf):1—Cf (21)

So that the optimization problem may thus be defined as the following control problem
(Pr):

ty
(Pr): Tc, = min / dt = min ty
UL, Un J ULy Uy, 22)
subject to:  (19),(21), and: (
Ut)={ueR"|u; >0,...up, >0; ug +...+u, <1}
Using PMP, we get the following solution to (Pr):
Theorem 2. Optimal Solution
The optimal i-enzyme profile is of bang-bang type and satisfies:
" 1 for te [ti—hti) .
u; (t) = ;i=1,...,n 23
Z( ) { 0 fO’f’ t §é [tifl,ti) ( )

where {tg,t1,t2,....,tn} are the switching times, with to = 0 and t, = ty. If we denote by
xj;(t) the optimal j-th metabolite concentration in the i-th interval [t;—1,t;], i = 1,...,n,
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with x10(to) = 1, then the optimal solution is:

| x5 (t) | for |
z10(t0) z10(tg) —L(t—to)
Ky W }(Oimloe Km1 e Kmi 1 (24)
x10(to) — 11(t) 2
0 3,...,m
| X5i(t) [ for [
j;(t5) 1,....i—1
zii—1(i—1) Ky
KW <xiié(t2:1)el<mi€_}<mi(t_til)> i (25)
Tii—1(tim1) — x4(t) 1+1
0 1+2,...,n
’ Xjn(t) ‘ for ‘ j ‘
xjn(tj) 1,....n—1 (26)
xnnfl(tnfl) znn—l(tn—l) —_kn (t—tnfl)
KmnW Te Kmn e Kmn n

4 Conclusions

We have presented in this paper for the first time the quasi-analytical solution of an n-
step linear unbranched pathway with Michaelis-Menten kinetics. As objective function we
minimize the operation time, defined by specifying the final concentration of the product.
Traditionally, kinetics with non-linear equations, like Michaelis-Menten, have only been
solved approximately. The closed-form formulae of Theorem 2 allow finding the solution
for problems of arbitrary dimension, with the only already stated limitation of solving the
nonlinear system. With the proposed iterative method of progressively finding the solution
for increasing values of n, we have verified that the solution of the system poses no special
difficulty from the numerical point of view. The reason is that on each step n, the starting
seeds for unknowns 1,...,n — 1 can be estimated to high precision taking those of the
previous step and the value of the new unknown can also be easily estimated. All the
issues related to convergence of numerical processes, frequent in other methods, are thus
prevented.
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