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Abstract

In this work, theoretical modeling and determination of molar concentration of the native and denatured jack bean urease (EC
3.5.1.5) are presented. A three-reaction kinetic model of thermal inactivation of urease is analyzed using homotopy perturbation method.
The obtained analytical solutions are used to study the kinetics of thermal inactivation of the enzyme as applied in biotechnology. From
the results, it is established that the molar concentration of native enzyme decreases as the time increases while the molar concentration
of the denatured enzyme increases as the time increases. The time taken to reach the maximum value of the molar concentration of native
enzyme is the same as the time taken to reach the minimum value of the molar concentration of the denature enzyme. The molar
concentration of the denatured enzyme reaches the steady state value when reaction time is less than or equal to 5s. Also, the molar
concentration of the denatured enzyme becomes zero when rate constant of dissociation reaction of the native form of the enzyme into a
denatured form, is less than or equal to 0.01 s~". The analytical solutions are verified with numerical solutions using Runge—Kutta with
shooting method and good agreements are established between the solutions. The information given in this theoretical investigation will
assist in the kinetic analysis of the experimental results over handling rate constants and molar concentrations.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of University of Kerbala. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and ammonia. It catalyzes at a rate approximately 10"
times faster than the rate of the non-catalyzed reaction
[I—12]. The hydrolysis of urea is catalyzed by urease

1. Introduction

Functionally, urease (urea  amidohydrolase

E.C.3.5.1.5) is a part of the superfamily of amidohy-
drolases and phosphotriesterases. It is a highly efficient
catalyst for the hydrolysis of urea into carbon dioxide
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to produce ammonia and carbamate and the carbamate
produced is subsequently degraded by spontaneous
hydrolysis to produce another ammonia and carbonic
acid. Urease activity tends to increase the pH of its
environment as it produces ammonia.

Jack bean urease, which is the most widely used
plant urease, is a nickel containing oligomeric enzyme
exhibiting a high degree of specificity to urea [2]. The
importance and the various applications of the urease as
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a good catalyst for hydrolysis of urea have attracted
several research interests [2—21] especially in biotech-
nology and biomedical engineering studies. Also, the
thermostability of jack bean urease has often been a
subject of investigation [22—25]. However, there are
few studies where the temporal loss of enzyme activity
and the kinetic analysis of heat induced decay of
enzyme activity were presented. Moreover, none of
these studies involved consistent evaluation of kinetics
of the urease inactivation. Most of the past studies
described the complex mechanisms of thermal deacti-
vation of enzymes as a “one step — two states” process
where the native (active) form is transformed in the
denaturated (inactive) form by a first order unimolecular
irreversible reaction [24]. This unifying simplification is
of interest for people focusing attention to phenome-
nological rather than mechanistic description of the ki-
netics of heat induced enzyme deactivation. However,
the multitemperature evaluation revealed that an
adequate kinetic model had to incorporate at least three
reaction steps [24]. While the three-step mechanism
model of inactivation of the enzyme has been developed
by Illeova et al. [24], there is no provision of analytical
solutions (except by Ananthi et al., [26]) for the pre-
dictions of model concentrations of the native enzyme,
denature enzyme and temperature for thermal inactiva-
tion of urease. Ananthi et al., [26] applied homotopy
analysis method to develop approximate analytical so-
lutions for the analysis of kinetic and thermal inactiva-
tion of the enzyme. Although, the homotopy analysis
method (HAM) is a reliable and efficient semi-
analytical technique, but it suffers from a number of
limiting assumptions such as the requirements that the
solution ought to conform to the so-called rule of so-
lution expression and the rule of coefficient ergodicity.
Also, the use of HAM in the analysis of linear and
nonlinear equations requires the determination of
auxiliary parameter which will increase the computa-
tional cost and time. Also, the lack of rigorous theories
or proper guidance for choosing initial approximation,
auxiliary linear operators, auxiliary functions, and
auxiliary parameters limit the applications of HAM.
Moreover, such method requires high skill in mathe-
matical analysis and the solution comes with large
number of terms. In practice, analytical solutions with
large number of terms and conditional statements for
the solutions are not convenient for use by designers and
engineers [26]. The determination of Adomian poly-
nomials as carried out in Adomian decomposition
method (ADM), the need for small perturbation
parameter as required in traditional PMs, the rigor of the

derivations of differential transformations or recursive
relation as carried out in differential transformation
method (DTM), the lack of rigorous theories or proper
guidance for choosing initial approximation, auxiliary
linear operators, auxiliary functions, auxiliary parame-
ters, and the requirements of conformity of the solution
to the rule of coefficient ergodicity as done in HAM, the
search Langrange multiplier as carried out in variational
iteration method (VIM), and the challenges associated
with proper construction of the approximating functions
for arbitrary domains or geometry of interest as in
Galerkin weighted residual method (GWRM), least
square method (LSM) and collocation method (CM) are
some of the difficulties that are not experienced in
HPM. Furthermore, in the class of the newly developed
approximate analytical methods, homotopy perturbation
method is considered to relatively simple with fewer
requirements for mathematical rigor or skill. HPM sol-
ves differential equations, difference equation,
differential-difference equations, fractional differential
equation, pantograph equation and integro-differential
equation. It solves nonlinear integral and differential
equations without linearization, discretization, closure,
restrictive assumptions, perturbation, approximations,
round-off error and discretization that could result in
massive numerical computations. It does not require
small parameter in the algebraic or differential equation
as done in the other traditional perturbation methods
(Regular and singular perturbation). It provides excel-
lent approximations to the solution of non-linear equa-
tion with high accuracy. Also, most of the above
methods are limited to small domains. Applying the
methods to large or infinite domain problems are often
carried out with the applications of before-treatment
techniques such as domain transformation techniques,
domain truncation techniques and conversion of the
boundary value problems to initial value problems or
with the use of after-treatment techniques such as Pade-
approximant, basis function, cosine after-treatment
techniques, sine-after-treatment techniques and domain
decomposition techniques. Indisputably, such additional
computations through the before- and after-treatment
techniques increase the computational cost and time.
Furthermore, the search for a particular value that will
satisfy second the boundary condition in DTM, HAM,
ADM, and VIM necessitated the use of software and
such could result in additional computational cost in the
generation of solution to the problem. This drawback in
the other approximation analytical methods is not
experienced in HPM. HPM is a powerful method that
gives acceptable analytical and accurate results with
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convenient convergence and stability [26—31]. There-
fore, in finding approximate analytical solutions to
linear and nonlinear differential equations, HPM has
fast gained ground as it appeared in many engineering
and scientific research papers. Although, the improved
HPM such as optimal homotopy asymptotic method
(OHAM), optimal homotopy perturbation method
(OHPM), homotopy analysis method (HAM), Optimal
homotopy analysis method (OHAM) give higher accu-
rate results than HPM but this comes with increased
computational cost and time. Therefore, in this work,
homotopy perturbation method is applied to the kinetics
analysis of thermal inactivation of enzyme. The devel-
oped analytical solutions are used to study the effects of
the models parameters on the molar concentration of the
native and denatured enzyme.

2. Model formulation

The three — step mechanism of inactivation with a
dissociation reaction of the native form of the enzyme,
N, into a denatured form, D, and with two parallel
association reactions of the native and denatured forms
into irreversible denatured enzymes forms I; and I,
respectively.

ke
NE:‘zD wE L S, (1)
—1
where k_1, k1, ky and k3 represent the rate constants of
individual reactions. The material balances equations
for N, D and temperature are given as follows [24,26]:

dc

d—tN = —kyey + K A — 2R (2a)
dCD o ’ N\ 2

7—2]{4,16‘/\/72(/(71 +k2)CD (2b)
dr

—=K(T-T, 2
= K(T-Ty) (2¢)

Initial conditions are
t:07 C}\/:l7 CD:O7 TB—T:3O (3)

K is coefficient of enthalpy balance given as
4.44 x 10?/s and TB is the bath temperature taken as
55-87.5 C.

Eq. (2a and b) are the kinetic models which are
formulated by the material balances of native form of
the enzyme, N, and the denatured form, D. Eq. (2¢)
represents enthalpy balance equation which describes
the initial heating period.

Let cn;, ¢p, k1, k—1, k2 and k3 by X,Y, a, b, c and d,
respectively, Eq. (2a and b) become

dx
T —aX + bY* — 2dX* (4a)
dy

= 2aX — 2(b+c)Y? (4b)
t=0,X=1,Y=0 (5)

While the exact solution of Eq. (2¢) is given as
T(t) =T —30e™™

3. Method of solution by homotopy perturbation
method

It is very difficult to develop a closed-form solution
for the above non-linear Eq. (19). Therefore, recourse
has to be made to either approximation analytical
method, semi-numerical method or numerical method
of solution. In this work, homotopy perturbation
method is used to solve the equation.

3.1. The basic idea of homotopy perturbation method

In order to establish the basic idea behind homotopy
perturbation method as given by He [27—34], consider
a system of nonlinear differential equations given as

A(U)—f(r)=0, reQ (6)

With the boundary conditions

B(u,g—;) =0, rerl (7)

where A is a general differential operator, B is a
boundary operator, f(r) a known analytical function and
I' is the boundary of the domain Q. It should be noted
that the general differential operator A containing un-
known function f{r) has the same spatial and temporal
independent variables as known analytical function.

The operator A can be divided into two parts, which
are L and N, where L is a linear operator, N is a non-
linear operator. Eq. (6) can be therefore rewritten as
follows

L(u) +N(u) —f(r) =0 (8)

By the homotopy technique, a homotopy
U(r,p) : @ x [0,1]=R can be constructed, which
satisfies
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H(U,p) = (1-p)[L(U) - L(U,)] ©)
+plA(U) —f(r)] =0, pE€[0,1]
Or

H(U,p) =L(U)—L(U,) +pL(U,)

1 pIN() — ()] =0 (10
In the above Egs. (9) and (10), p€][0,1] is an
embedding parameter, u, is an initial approximation of
equation of Eq. (6), which satisfies the boundary
conditions.
Also, from Egs. (9) and (10), we will have

H(U,0) = L(U) — L(U,) =0 (11)
H(U,0)=A(U) —f(r) =0 (12)

The changing process of p from zero to unity is just
that of U(r,p) from u,(r) to u(r). This is referred to
homotopy in topology. Using the embedding parameter
p as a small parameter, the solution of Egs. (9) and (10)
can be assumed to be written as a power series in p as
given in Eq. (13)

U=U,+pU, +p*U,+... (13)

It should be pointed out that of all the values of p
between 0 and 1, p = [ produces the best result.
Therefore, setting p = 1, results in the approximation
solution of Eq. (6)
u=limU=U,+U,+U,+... (14)

p—1

The basic idea expressed above is a combination of
homotopy and perturbation method. Hence, the method

(1-p)

is called homotopy perturbation method (HPM), which
has eliminated the limitations of the traditional
perturbation methods. On the other hand, this tech-
nique can have full advantages of the traditional
perturbation techniques. The series Eq. (14) is
convergent for most cases.

3.2. Application of the homotopy perturbation
method to the present problem

According to homotopy perturbation method
(HPM), one can construct an homotopy for Eq. (4a and
b) as

X dx)]  [dX , ]
(1=p) |G =g | +P g T aX —bY* +24x¢| =0
(15a)
[dY  dy,] [dY »
1-— —_—— — —2aX+2(b Y| =
(1) - B2 40| G~ 20 + 20+ 12| =0

(15b)

The perturbation expressions of X and Y are
X =Xo+pX, +p*Xo +p°Xs + p* Xy +p X5 + p°Xs
+p' X+ p"Xs +p"Xo +p"Xi0 + ..
(16a)
Y=Yo+pYi+p Y +p’Ys+p*Ys+p°Ys +p°Ys
+0 Y5+ p s+ p Yo +p Y1+ ..
(16b)

Substituting Eq. (16a and b) into Eq. (15a and b)
and the initial conditions in Eq. (5), we have

d(Xo +pX, +p°Xo + P’Xs + p*Xs + P°Xs + p°Xo + p' X7 + p*Xs +P°Xo + p'"X10 + ...)  dxo

dt

rd(Xo +pXi +p’Xo +p°Xs + p* Xy + p°Xs +p°Xe +p'Xq + p*Xs + ' Xo +p' K10+ ...) 7]

dr

dt

+p

+a(Xo +pXi +p*Xao +p°Xs + p*Xy + p°Xs + p°Xs + ' X7 + p*Xs + p°Xo +p""X10 + ...
—b(Yo+pYy + Yo+ pPYs 4+ p*Ya+ p°Ys + Yo + 7Yy 4 Yy + Yo +p Y0 + )

L+2d (X0 + pXy +p*Xa + P'Xs + p*Xa + p°Xs + X + X0 + P Xs + X0 + p"Xip + ..) "

(17a)
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d(Yo +pY] +p2Y2 +p3Y3 +[)4Y4 +[)5Y5 +p6Y6+p7Y7 +p8Yg +p9Y9 +plOY|0+...) _dﬂ

(1-p) o

dt

d(Yo+pY1 +p*Ya+p Vs +p* Yo+ p°Ys +p°Ys 4+ p'Ys + p*Ys +p Yo +p'*Vig + ...)

dt

PN —2a(Xo + pXi + X + p*Xs + p*Xa + p°Xs + pOXo + p' Xy + p*Xs + p*Xo +p' X0 + ...

(17b)

+2(b+¢) (Yo +pYi + P Yo + P Ys + p*Ya 4 pYs + Y6 + 'Yy + 9"+ 07Yo + 9"V +..)

The initial conditions are
X(0) = Xo(0) +pXi(0) + p*X3(0) + p*X3(0)
+p*X4(0) + p°X5(0) + p°X6(0) + p"X7(0)
+P°X3(0) +p’Xo(0) +p'*X10(0) + ...

1
(18a)

Y(0) = ¥,(0) + pY1(0) +p*Y2(0) + p’¥3(0)
+p*Y4(0) +p Y5(0) +p°Y6(0) +p'Y5(0)
+p8Y5(0) + p°Y5(0) + p Y1 (0) +... =0
(18b)

On expanding the Eq. (17a and b) and collecting all
terms with the same order of p together, the resulting
equation appears in form of polynomial in p. On
equating each coefficient of the resulting polynomial in
p to zero, we arrived at a set of differential equations
and the corresponding initial conditions.

For X
dX, dx
p":d—t‘)—jzo (19a)
17).¢
p' :d—tl+axo —bY2 4+2dX2 =0 (19b)
ax
P d—: + aX, — 2bY,Y, +4dXeX, =0 (19¢)
3 dX3 2 2
14 ZW+GX2 *2bYOY2 *bYl +4dX0X2+2dX1 :0
(19d)
dax.
4 4
— X5 — 2bY, Y, — 2bY,Y
p o7 +aXs 112 0l3 (19)
-+ 4dXOX2 + 4dX()X3 == 0
11).¢
5 5 2
— X4 — 2bY Y5 — 2bY Y, — bY.
P +aXy 113 0Y4 2 (19¢)

+4dXoX, +4dX, X3 +2dX3 =0

dX

6 6

i —— 4 aXs —2bY, Y, — 2bY,Ys — 2bY,Y-
p di aAs 144 045 2143 (19g)
+ 4dX1X4 + 4dXOX5 + 4dX2X3 = 0

dx
P 7; +aXe — 2bY\Ys — 2bYoYs — 2bY, Y, — bY?
+ 4dX, X5 + 4dXoXs + 4dX, X4 + 4dX; =0

(19h)
dX
p8 . d_:+ax7 — 2bY1Y6 — 2bY0Y7 — 2bY2Y5
— 2bY3Y, +4dX, X + 4dXo X7 + 4dX,Xs (19)
dX
P 7: + aXg — 2bY, Y, — 2bY, Yy — 2bY, Y,
—2bY3Ys — 2be +4dX, X7 + 4dXoXs (19)

+4dX, X + 4dX3 X5 +2dX: =0
Initial conditions are
Xo(0) =1, X1(0) = X,(0) = X3(0) = X4(0) = X5(0)
=X5(0) = X7(0) =X3(0) = X4(0) =0

(20)

For Y
P %—‘%‘):0 (21a)
p: ddltl—ZaXO—Z(b—&—c)Yg:O (21b)
P %—2aX1—4(b+c)YOY1:O (21c)

ay.
P =2 —4(b+ )Yl = 2(b+ )Y =0

(21d)



192 M.G. Sobamowo, O.A. Adeleye / Karbala International Journal of Modern Science 4 (2018) 187—199

dy.
p4: d—:fZaX374(b+C)Y0Y3*4(b+C)Y1Y2:0
(21e)
dy.
pS; 7;—2(1&—4(b+C)YoY4—4(b+C)Y1Y3
—2(b+¢)Y; =0
(21f)
dy,
i d—:—ZaXs —4(b+c)YoYs —4(b+ )N Y,
—4(b+c)V,Y3=0
(21g)
dy:
p7: d—;—zaX6—4(b+C)YOY6_4(b+c)Y1Y5
—4(b+ Yy =2(b+c)¥; =0
(21h)
dy,
8. 7;— 2aX; —4(b+c)YoY; —4(b+c)Y1Ys
—4(b+c)Y»Ys —4(b+c)Y3Y, =0
(21i)

dyY.
p9: d—tg—zan;—4(b+C)YOY8—4(b+C)Y1Y7

The initial conditions are
= Y5(0) = ¥7(0) = Y5(0) = ¥5(0)

¥5(0)
0 (22)

Solving the above Egs. (19a—j) and (21a—j) with
the initial conditions in Egs. (20) and (22), we have

Xo=x=1 Yo=y,=0
X, =—(a+2d)t, Y =2at

2d 4d)r?
X2 = (a + )(Za + )t 5 Y2 = —a(a + 2d)t2

X; =—(—a +8a’h — 14a’d — 4ad® — 484°) 7,

Y; = (a2 — 8ab — 8ac + 6ad + 8(12)t3

W N —

1
Xy = 5 (a* = 32a°b + 30a°d — 80a’bd + 200a°?

+480ad’ +384d")1*
(17a)

1
Y, = —Ea(cf —32a%b — 24a*c + 14a*d — 48abd

_ 2 3\ 4
—4(b+)VaYs—4(b+C)YsYs —2(b+ )Y =0 48acd + 48ad’ + 484 )¢
21j) (180)
voo b —a® +88a*b — 2564°h* — 2564 be — 62a*d + 624a°bd — 720a°d* + 9284 bd* 5 (19a)
> 7120\ —3124%d° — 576ad" — 384d°
Yo — ia a* — 88a’b + 2564%b* — 56a’c 4+ 512a*bc + 256a°c* + 30a*d — 368a*bd — 288a*cd s (20b)
3760\ +200a2d? — 352abd? — 352acd® + 480ad’® + 384d*
a® —208a°b + 217a*b* 4+ 1856a*be + 126a°d — 313a*bd + 4224°b*d + 422a°bed
X =25 2408ad* — 11744a°bd® +16800a°d> — 12672a*bd® + 53760a*d* + 8064ad’ 1 (21a)

+46080d°
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a® —208a*b +2176a°b* — 120a*c + 3776a°be + 1600a°c* + 62a*d — 1824a°bd
)%:—aﬁa +3200a%b%*d — 1200a° cd + 6400a*bed + 32004 c*d + 720a° d* — 4448a*bd* 1
—3520a%cd® 4+ 3120a°d® — 3200abd® — 3200acd® + 5760ad* + 38404°

193

(22b)

—d’ +456a°b — 1152a°b* + 17408a*b> — 8704a’be + 34816a*b*c + 174084 bc?
X — 1 —254a°d 4 12960a’bd — 60416a*b>d — 50816a*bed — 7728a°d* + 916484*bd> 7
775040 | —67840a°b2d* — 67840a bed? — 816484 d® + 234752a°bd’ — 403200a°d*

1994244*bd* — 1021440a*d® — 1290240ad® — 6451204’

a® — 456a°b + 11520a*b* — 17408a°b* — 2484’ ¢ + 18048a*bc — 522244’ b*c
| +6848a*c? — 52224a°bc* — 17408a°c + 126a°d — 74564*bd + 430084’ b*d
Y; =——a| —4320a*cd + 76032a*bed + 330240’ c2d + 2408a* d* — 346244 bd* + 386564 b*d* |t
—22880a’cd® + 77312a*bed® + 386564 d* + 16800a°d® — 606724 bd?
—48000a%cd® + 53760ad* — 35072abd* — 35072acd* + 80640ad’ + 460804°

a® —960a’b +49152a°b* — 253954°b* + 33792a°be — 4577284’ b*¢
—203776a°bc* 4 510a’d — 48048a°bd + 516864a°b*d — 4423684 b>d
X — 1 +378624a°bed — 8847364 b cd — 4423684 be*d + 24200a°d* — 570432a° bd?

T 40320 | +1459968a*b2d* + 12172804 bed® + 372960a°d® — 260121a*bd® + 11924484 b*d°
+1192448a3bed® + 2669184a*d* — 5064704a>bd* + 10160640a°d° — 3550208a%bd’
+21288960a%d® + 23224320ad” + 10321920d®

a’ —960a°h + 49152a°b* — 2539524 b — 504a°c + 7142’ be — 6942724 b*¢
+25088a°c* — 626688a*bc? — 186368a*c® + 254a°d — 27408a°bd + 3525124 b*d
—372736a°b*d — 14448a° cd + 562432a*bed — 1118208a°bed + 2195204 cd
1 —1118208a°bc*d — 3727364° A d + 7728a°d* — 2148484*bd” + 7595524’ b*d”
720160 | —123200a*cd® + 13544960 bed® + 59494403 A d> + 816484 d> — 6827524 bd®
+512512a°b*d® — 448000a° cd® + 10250244 bed® + 51251242 cd® + 4032004°d*
—935936a’bd* — 736512a%cd* + 1021440a°d’ — 451584abd’ — 451584acd’
+1290240ad® + 6451204’

—a’ +19764%b — 1858564’ b* + 21954564°h> — 2031616a°b* — 1186564’ be
+3634176a°b*c — 60948484’ h> ¢ + 1477120a°bhc* — 60948484’ b>c? — 20316164’ bc?
—1022a%d + 1666084’ bd — 3449856a°b*d + 9785344a°h>d — 2258688a°bed

1 +17512448a°b*cd + 77271040’ bcd — 746404" d* + 31143364°bd?
= 362880 —182161924° > d* + 9615360a*b>d* — 130992644’ bed® + 193207204 b2 cd®

+9615360a*bc*d® — 1637040a°d® + 224793604’ bd® — 35897854* b d*

—29738496a*bed’® — 16329600a°d* 4 75234816a*bd* — 232550404 b*d*
—23255040a°bed* — 87655680a*d’ + 1180989444’ bd® — 2709504004 d°
+70469632a%bd® — 483840000a°d” — 46448640ad® — 185794560d°

Xo

7

(23a)

(24b)

(25a)

(26b)

(27a)
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a® — 19764’ b + 185856a°h* — 2195456a°b* + 2031616a*b* — 10164" ¢ 4+ 255360a°be
—5575680a°b*c + 81264644 b* c + 8486a°c* — 46535684’ bc? + 121896964 b*c?
—1273344a° ¢ + 8126464a*bc® +2031616a*c* + 510a’d — 94416a°bd + 2282496a°b*d
—7753728a*b’d — 46368a°cd + 33454084’ bed — 214200324 b*cd + 12011524°c2d
—19578880a*bc*d — 5912576a* 3 d + 24200a°d* — 11691844 bd® + 89049604 b*d*
—6731776a°b>d* — 598752a° cd® + 14323456a*bed® — 20195328a° b cd® + 5661184a* c*d?
—20195328a°b*d® — 6731776a° 3 d? + 3729604 d® — 5961216a*bd> + 139207684°b>d°
—3360000a*cd® 4+ 249205764 bed® + 10999808 c*d® + 26691844 d* — 143938564 bd*
+7606272a°b*d* — 932915243 cd* + 152125444 bed* + 76062724 d* + 10160640a°d°
—16194560a%bd’® — 126443524 cd’ + 21288960a°d® — 6690816abd® — 6690816acd®
+23224320ad” + 103219204°

a'® — 4016a°b + 652416a°b> — 147292164’ b + 45285376a°b* + 3930244 be
—22726656a’b>c + 125829120a°h>c — 85888004’ be? + 115802112a°b*¢?
+35258368a°bc® + 2046a°d — 552994 bd + 198700804 b*d — 125067264a°bd
+74579968a°b*d + 1186137a’ bed — 203614208a°hcd + 2237399044’ b’ cd
—81081344a°bc*d + 2237399040’ b>c*d + 745799684’ b’ d + 2280084 d>
—15631008a’bd® + 173158656a°b*d*> — 300335104a°b>d* + 1101422084 bed®
—534751232a°b*cd® — 2344161284’ b*cd® — 234416128a° b d* + 6996000a’d” | 1'°
—167505024a°bd® + 6116674564’ b*d> — 213356544a*b>d® + 4342543364’ bed®
—426713088a*bcd® — 213356544a* b d® + 94744320a°d* — 8567470084°bd*
+930398208a*b>d* + 7669739524 bed* + 6892300804’ d® — 22587361284 bd’
+500871168a*b*d® + 500871168a’bed® + 2948520960a*d® — 296892211243 bd®
+7664025600a°d” — 1542111232a%*bd” + 11921817600a%d® + 10218700800ad’
+37158912004"°

@ — 40164 + 6524164’ b* — 14729216a°b + 45285376a°b* — 2040a"c + 8595844’ be

—7111680a°c® 4 144965632a°bc? + 332267524 c* 4 1022a*d — 3118084’ bd
+12859776a°b*d — 94658560a°b>d + 6645350a*b*d — 1452004 cd + 17574144a°bed
—2433413124°b*cd + 265814016a*b>cd + 5905536a°c*d — 2062858244’ bc*d
+398721024a*b>c>d — 576030724° *d + 2658140164 bc’d + 664535044 c*d
+74640a’ d* — 5849376a°bd* + 80992512a°b*d* — 1902673924*b>d* — 2735040a° cd*
+118961920a°bed® — 528789504a* b cd® + 430863364’ >d® — 4867768324*bc*d?

18144007 | —1482547204* Cd? + 1637040a5d® — 44722560a°bd® + 2213268484 b2 d°

—122990592a°b*d® — 22243200a° cd® + 356894208a*bed® — 3689717764 b cd®
+141726720a* c*d® — 368971776a°bc*d® — 1229905924 > d® + 163296004° d*
—168035328a*bd* + 2739179524 b*d* — 928005124 cd* + 4909670404’ bed*
+217049088a°c*d* + 87655680a*d® — 3267307524’ bd’ + 126173184a*b*d°
—208631808ccd’® + 252346368a*bed’ + 126173184ac*d’ + 2709504004 d°
—311339008a’bd® — 2408693764 cd® + 483840000a*d” — 112214016abd’
—112214016acd” + 464486400ad® + 185794560d°

—35260416a°h*c + 169082880a’h’c +274368a’c* — 27681280a’bc* + 235536384a’b*c?

~

(28b)

(29a)

(29b)
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From the definition, the solutions in HPM domain
are

X =Xo+pXi + 0" X0+ p’Xs +p*Xa +p°Xs + p°Xs
+p'X7 4+ p*Xs +p°Xo +p""Xio + ...

(30)
And
Y=Yo+pYi+p Yo +pYs+p*Ya+p’Ys +p°Ys
+177Y7 +178Yg —|—p9Y9 +p10Y10 4+ ...
(31)

Setting p = 1, results in the approximation solutions
of Egs. (30) and (31) as

x=IlimX
p—1

=X+ X1 + X+ X+ X0+ X5+ X + X7+ X5+ Xo
+X10+...
(32)

and

y=IlimY
p—1

:YQ+Y1+Y2+Y3+Y4+Y5+Y6+Y7+Y8+Y9
+Y10+...
(33)

Hence, the solutions can therefore be written as
x=Xo+ X1+ X+ X+ X+ X+ X+ X7+ Xs + Xy
+Xi0+ ...
(32)

and
y=Y+V+hHh+V+Y+Ys+Ys+Y:+Ys+ 1
+Yio+...
(33)
Eq. (32) and (33) form the approximate analytical
solutions of concentrations of native and denatured

enzyme. The analytical solutions are simulated and the
results are shown below.

4. Results and discussion
Tables 1 and 2 show the comparison between the re-

sults of HPM and NM. The obtained results of velocity
distributions using HPM as compared with the numerical

Table 1
Comparison of results.

The results of HPM and Numerical methods for X(z) for

a=1, b =0.01, ¢ = 0.001, d=0.05
X(t)

X HPM NUM Error of HPM
0.00 1.000000 1.000000 0.000000
0.10 0.896320 0.896320 0.000000
0.20 0.804239 0.804239 0.000000
0.30 0.722362 0.722362 0.000000
0.40 0.649479 0.649479 0.000000
0.50 0.584542 0.584542 0.000000
0.60 0.526638 0.526637 0.000001
0.70 0.474968 0.474965 0.000003
0.80 0.428836 0.428824 0.000012
0.90 0.387641 0.387599 0.000042
1.00 0.350878 0.350748 0.000130
Table 2

Comparison of results.

The results of HPM and Numerical methods for X(¢) for

a=1, b =0.01, ¢ = 0.001, d = 0.05
Y1)

X HPM NUM Error of HPM
0.00 0.000000 0.000000 0.000000
0.10 0.189399 0.189399 0.000000
0.20 0.359101 0.359101 0.000000
0.30 0.511178 0.511178 0.000000
0.40 0.647477 0.647477 0.000000
0.50 0.769644 0.769644 0.000000
0.60 0.879150 0.879150 0.000000
0.70 0.977312 0.977311 0.000001
0.80 1.065300 1.065300 0.000000
0.90 1.144180 1.144170 0.000010
1.00 1.214880 1.214840 0.000040

procedure using Runge-Kutta method coupled with
shooting method are in good agreements. The high ac-
curacy of HPM gives high confidence about validity of
the method in providing solutions to the problem.

Fig. 1 shows variation of the molar concentration of
native and denatured enzyme with time when
koy=1, k43 =0.01, k =0.001, k3=0.05.
As depicted in the figure, the molar concentration of
native enzyme decreases as the time increases while
the molar concentration of the denatured enzyme in-
creases as the time increases. The time taken to reach
the maximum value of the molar concentration of
native enzyme is the same as the time taken to reach
the minimum value of the molar concentration of the
denature enzyme. The steady values of molar con-
centrations of native and denatured enzyme depend
upon the rate constants.
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Fig. 1. Molar concentrations of native and denatured enzyme when
koi=1, ki =001, k =0.001, k3=0.05.

Fig. 2 show the effects of dissociation native rate
constant (k_;) on molar concentration of denatured
enzyme while Fig. 3 depict the effects of dissociation
native rate constant (k_;) on molar concentration of
native enzyme when k&, =0.01, k, =0.001,
ks = 0.001.

‘
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Fig. 2. Effects of dissociation native rate constant (k_;) on molar
concentration of denatured enzyme.
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Fig. 3. Effects of dissociation native rate constant (k_;) on mmolar
concentration of native enzyme when k;; =0.01, k; =0.001,
k3 = 0.001.

From these figures, it is found that, the value of
molar concentration of the denatured enzyme initially
increases and reaches the steady state value when ¢ >5.
Also, the molar concentration of the denatured enzyme
increases when 5 increases and the molar concentration
becomes zero when 5., ; < 0.01 s™'. Fig. 4 presents the
effects of dissociation native rate constant (ki) on
molar concentration of native enzyme when
k-1 =0.88, k,=0.001, k3= 0.00028 while
Fig. 5 shows the effects of dissociation native rate
constant (k_;) on molar concentration of denatured
enzyme when ky; = 0.1, k&, = 0.00026, k3 = 0.001.
Effects of dissociation native rate constant (k_;) on
molar concentration of native enzyme when
ky1=1, k =0.1, k3 =0.001 are shown in Fig. 6.

Fig. 7 show the temperature history of the enzyme
when k_; =1, kb =0.1, k3 =0.001. Also, effects
of bath temperature on the temperature history are
depicted in the figure. The temperature of the enzyme
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Fig. 4. Effects of dissociation native rate constant (k.;) on molar
concentration of native enzyme when
k-1 =0.88, ky=0.001, k3 =0.00028.
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Fig. 5. Effects of dissociation native rate constant (k_;) on molar
concentration of denatured enzyme when ki =0.1, k=
0.00026, k3 =0.001.
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Fig. 6. Effects of dissociation native rate constant (k_;) on molar
concentration of native enzyme when k_; =1, k;,=0.1,
k3 = 0.001.

decreases linearly with time. It could be seen that as
the bath temperature, 55 increases, as the temperature
of the enzyme increase.

Fig. 8 shows the comparison of the experimental data
with the results predicted by HPM as applied in our work.
Also, this result validates the earlier results in Fig. 1 of
the earlier work carried out by Illeova et al. [24].

5. Conclusion

In this work, approximate analytical solutions for
the analysis of kinetic model of thermal inactivation of
the jack bean urease (E.C.3.5.1.5) have been developed
using homotopy perturbation method. From the results,
it was established that the molar concentration of

o
a
T

Temperature (°C)
(42
o

35
—S— Measured
—+— Predicted
30 L I I I I I I
0 20 40 60 80 100 120 140 160

Time (s)

Fig. 8. Comparison between the experimental and model results at
Tg = 70 °C.

native enzyme decreases as the time increases while
the molar concentration of the denatured enzyme in-
creases as the time increases. The time taken to reach
the maximum value of the molar concentration of
native enzyme is the same as the time taken to reach
the minimum value of the molar concentration of the
denature enzyme. The molar concentration of the de-
natured enzyme reaches the steady state value when
reaction time is less than or equal to 5s. Also, the molar
concentration of the denatured enzyme becomes zero
when rate constant of dissociation reaction of the
native form of the enzyme into a denatured form, is
less than or equal to 0.01 s—'. The analytical solutions
were verified with numerical solution using
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Fig. 7. Temperature variation with time of the enzyme when k_; =1, k&, =0.1, k3 =0.001.
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Runge—Kutta with shooting method and good agree-
ments were established. The information given in this
theoretical investigation will assist in the Kinetic
analysis of the experimental results over handling rate
constants and molar concentrations.

Nomenclature

cN molar concentration of the native enzyme form
(mole/cm)

cp molar concentration of the denatured enzyme

form (mole/cm)

ko, ki, kzl, ks rate constants of individual reaction
(s

k'_1, k', k's modified rate constants (s~ ")

K coefficient in the enthalpy balance (s)

Tg bath temperature (K)

T temperature (K)

t time (s)
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