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The present work is based on the previously reported purification study of Taqgl endonuclease® and
aimed to simulate the experimentally obtained chromatograms in order to reduce the time and cost in
the design, optimization and scaling up of purification processes. Three different models depending on
equilibrium, rate and plate theories are used in the mathematical description of experimental elution
profiles and the solutions of the model equations are compared. The equilibrium-dispersive theory
provides excellent results in predicting the experimental chromatograms. It is thus recognized that band
dispersion takes place in the column through axial dispersion and nonequilibrium effects. The user-
friendly software written in Visual Basic can be used in the design of purification processes as well as in

the determination of optimal separation conditions for many other enzymes.
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Introduction

Taqgl endonuclease is a thermostable Type II restriction enzyme that recognizes and cleaves the duplex DNA
sequence

!
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YeeeA-—G—-—C—-Teeeh
T

leaving a 3’ hydroxyl on the T and a 5’ phosphate on the C!. It has extensive applications in molecular
biology research and diagnostics.

Several purification procedures for Taql endonuclease have been reported'~%. A short two-step
protocol developed by the sequential use of the cation-anion HPLC system resulted a 24-fold purification

of Taql endonuclease*. A further investigation of the chromatographic media revealed that sodium acetate

*to whom all correspondence should be addressed
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(pH 5.0) and phosphate (pH 7.0) buffers with cation exchange columns and L-histidine (pH 6.0) and Tris

(pH 8.0) buffers with anion exchange columns are appropriate for use as the mobile phases in the HPLC

5. The above mentioned buffer systems result in purification factors of

purification of Taql endonuclease
3.56, 10.02, 6.16 and 3.52, respectively. It is generally accepted that optimization work based on simulation
with mathematical models is cheaper, more comprehensive and more versatile than can be achieved with
repetitive laboratory experiments.

In the present work, the objective was to develop a user-friendly approach and associated software
that could be used for simulating the purification of Taql endonuclease, as well as for observation of the
effects of the experimental parameters on the performance of the developed models. A computer program
written in Visual Basic is used to simulate the experimental chromatograms. The program is based on the
solution of the mass balance equations in a chromatography column. Three different models depending on
equilibrium, equilibrium-dispersive and plate theories are used in predictions. Different numerical methods
in solving the model equations are also compared. The parameters used in the calculations are optimized in

order to obtain the best fitted chromatogram.

Theory of Modeling

All theories of chromatography are based on the numerical solutions of the mass balance equations obtained
from the column under certain fundamental assumptions®:

1. The compressibility of the mobile phase is negligible and the velocity profile is flat (plug flow). The
influence of the compressibility of liquids on the retention times of the components in liquid chromatography
is small. The mobile phase velocity (u) is constant along the column.

2. The axial dispersion coefficient, Dy, is constant. It includes the contributions to the axial dispersion
due to molecular diffusion and to the nonhomogeneity of the flow, i.e. eddy diffusion.

3. The partial molar volumes of sample components are the same in both phases. Thus, the mass
transfers taking place during the adsorption process are made at constant volume.

4. The mobile phase is not adsorbed.

Mass balance for the differential volume can be written as

o(uC) oC dCs 0?C

9. T Ve =Prgz (1)

where Dy, is the axial dispersion coefficient of the compound in the mobile phase and F is the ratio of volumes
of mobile to stationary phases.
In the present work, three general categories of theories proposed for chromatography will be consid-

ered: equilibrium, equilibrium-dispersive and plate.

Equilibrium theory

The equilibrium theory is based on ideal cases with the following assumptions:
1. The column efficiency is infinite.
2. The axial dispersion is negligibly small. Thus, zone spreading effects are ignored.

3. The rate of mass transfer kinetics is infinite.
4. The equilibrium of the protein/enzyme concentration between the mobile and stationary phases is

always established during elution. This assumption allows the elimination of mass transfer kinetics.
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Under these assumptions, Eq. (1) becomes

oC F805 oc _

RAy Rl 2
ar g tug, 70 (2)

which is the basic equation for equilibrium theory.
Although the equilibrium theory is too simplified to describe the actual chromatographic processes,

it does give important information on the movement of the zone of the solute in the column.

Equilibrium-dispersive theory

The equilibrium-dispersive model is valid if mass transfer in a chromatographic column is controlled only
by molecular diffusion across the mobile phase flowing around the packing particles and if the exchange of
solutes between the stationary and mobile phases is very fast. In this model the zone spreading effects are
taken into consideration. The assumptions are as follows:

1. The mobile and stationary phases are always in equilibrium.

2. The contributions of all the non-equilibrium effects can be lumped into an apparent axial dispersion
coefficient (D).

The system of mass balance equations can be rewritten as

oc  _9Cs  aC 92C
e g-s -~ _p, 22
o e Tve T Prae (3)

Guiochon et al.% gave a simple equation for the estimation of Dy, as

HETP)u
Dy = (f) (4)
where u is the mobile phase velocity and HETP is the column height equivalent to a theoretical plate. The

mobile phase velocity can be calculated as

 RvZ

Vo (5)

u

where F'y is the volumetric flowrate, Z is the column length and V, is the void volume which is calculated
as

ﬂdz
4

Vo =Vieand V; = (6)

where d. is the column diameter and € is the void fraction. HETP can be determined experimentally from
analytical chromatograms or it can be calculated by using the general equation given in books on mass

transfer as

Z
HETP = = (7)
Np

where Np is the plate number of the chromatography column.
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As there is no information in the literature on the physical properties of Taql endonuclease, Np is
approximated as 360 using the expression provided by Yamamoto et al.”-® and the properties of BSA, which
has a similar molecular weight of 66 kDa to Taql endonuclease. Using Eqs. (4)-(7), Dy is calculated as
0.0445 cm? /min. This value was kept constant for all the simulations based on the equilibrium-dispersive

model.

Plate theory

The plate model described by Yamamoto et al.” is based on the continuous flow plate theory where the
column is divided into a series of artificial plates, each with complete mixing. The following assumptions

are made:
1. The column consists of a certain number of equivalent theoretical plates, in each of which the ratio

of the volume of the stationary phase to that of the mobile phase is the same.
2. The flow is continuous without mixing between the plates.

3. The equilibrium of solutes between the two phases is instantaneously attained.

The mass balance for n** plate is

Solute Flow Solute Flow | Accumulation in mobile Accumulation in stationary
into n* plate out of n** plate [ — phase of n”* plate phase of n*" plate

Vo dCy | Vi—Vo dCs, -
N, dt N, dt

FyCh1 — FyC, =

By this scheme, zone-spreading effects are represented by the number of theoretical plates, Np.
Np is calculated using the expression suggested by Yamamoto et al.”~® Zone sharpening effects are also
incorporated in the model by considering a change in ionic strength in each plate. The plate theory is an
easy and quick way of simulating the chromatograms in liquid chromatography if the efficiency of the column
is large enough so that its effect on the bandwidth and the band profile can be neglected. This model is not
directly applicable when the protein concentration is so high that the distribution coefficient is dependent

on it as well as on the ionic strength.”

Isotherm equations

The mass balance equations of all theories above include two unknown concentrations: concentration of
protein (enzyme) in the mobile phase, C, and in the stationary phase, Cs. The isotherm equation gives the
relation between these phases at equilibrium.

In linear chromatography, the retained amount of a compound is strictly proportional to its concen-
tration in mobile phase and the fraction of molecules adsorbed is constant. Consequently, the mass transfer
coefficient is constant. Therefore, the slope of the isotherm is assumed to be equal to mass distribution

coefficient, K
Cs=KC (9)

The distribution coefficient, K, is influenced by various factors such as ionic strength of a solution,

protein concentration, pH and types of ion exchangers. One of the popular estimations of K is suggested by
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Yamamoto et al.”® that K is a function of ionic strength (I)
K=AxIP + Kopr (10)

where A and B are empirical constants and K¢ gy is the critical distribution coefficient of the protein at high
ionic strength where electrostatic interaction can be ignored. This estimation gives good results especially
in ion exchange chromatography when the linear gradient elution is applied.

In nonlinear chromatography, the phase equilibrium isotherms are not linear, i.e. the concentration
of a component in the stationary phase at equilibrium is not proportional to its concentration in the mobile
phase. The nonlinear isotherms in ion exchange chromatography are usually favorable, i.e. K is a decreasing

function of concentration, and expressed by the Langmuir equation.

aC
Cs =4= 130 (D
Computational

The main partial differential equations to be solved are Eq. (2) for the equilibrium theory, Eq. (3) for the
equilibrium-dispersive theory and Eq. (8) for the plate theory; all are combined with isotherm Egs. (9)
o (11). The computer program is written in Visual Basic. Different numerical calculation procedures, i.e.
orthogonal collocation method and some special cases of finite difference approximation method (Crank-
Nicholson, Lax-Wendroff and Propagation through Grid), are used in solving the governing differential
equations. In these calculations, the chromatography column is divided into slices of width, Az, time is
given in multiples of At and they are defined as grid spacing in space and time, respectively'®. Thus,
space and time are discretized. When choosing the correct grid spacing in the explicit methods, the general
stability criterion of the modulus being less than 0.5 is used for the relative choice of these parameters.
The ordinary differential equations in the plate models are solved by the Runge-Kutta-Gill method. All the

models and the numerical solution methods are summarized in Table 1.

Table 1. Models and related mathematical equations.

Theory Isotherm Method
Equilibrium Linear, constant K Crank Nicholson
Equilibrium Linear, constant K Lax-Wendroff

Equilibrium Linear, constant K Propagation through Grid
Equilibrium Linear, variable K(I) Propagation through Grid

Equilibrium Nonlinear, Langmuir  Propagation through Grid
Eq.-Dispersive Linear, constant K Lax-Wendroff
Eq.-Dispersive  Linear, constant K Orthogonal Collocation

Eq.-Dispersive  Linear, variable K(I) Lax-Wendroff
Eq.-Dispersive  Nonlinear, Langmuir  Orthogonal Collocation

Plate Linear, constant K Runge-Kutta-Gill
Plate Linear, variable K(I) Runge-Kutta-Gill
Plate Nonlinear, Langmuir Runge-Kutta-Gill

The agreement between the experimental data and the simulations are tested by statistical analysis.

The residual is defined as the sum of the squares (SSR) of the differences between experimental and calculated
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data and is given by

Nd
SSR = Y (Cor—Chy? (12)

m=1

where m is observation number and Ny is total number of observations. The estimated variance of the error

(= population variance) is calculated by the SSR at its minimum divided by its degrees of freedom
0® ~ 52 = (SSR)min/(m — p) (13)

where p is the number of parameters and s?is the variance. The standard error (= the estimated standard

deviation) is calculated by taking the square root of the estimated variance of the error.

Results and Discussion

An experimental study® on the optimization of the mobile phase conditions for the purification of Taqgl
endonuclease revealed that sodium acetate (pH 5.0) and phosphate (pH 7.0) buffers with cation exchange
columns and L-histidine (pH 6.0) and Tris (pH 8.0) buffers with anion exchange columns resulted in
satisfactory separations. Among these chromatographic media, the anion exchange system gave better results
in which over 80% of the injected Taql endonuclease was recovered in elution. The Taql endonuclease activity
was mostly obtained in fractions collected between 32-36 min and at 0.21-0.28 M NaCl gradient when sodium
acetate, L-histidine and Tris buffers were used. The present work is based on this previously reported study®
and aimed to simulate the experimentally obtained chromatograms in order to reduce the time and cost in

the design, optimization and scaling up of purification processes.

Modeling studies

The simulations of the experimental chromatograms are performed by different methods depending on the
theory, isotherm and calculation procedure chosen. The aim of using various methods for the simulation
of the chromatograms is not only to construct a model for Taql endonuclease elution, but to construct a
general model that can be applicable for many restriction enzymes.

In order to simulate each chromatogram containing active Taql endonuclease, a user-friendly program
was written in Visual Basic. The program is based on the algorithm given in Figure 1. The computer
program asks the user to enter the values for column length (z), column diameter (dc), flow rate of mobile
phase (F), concentration of the injected sample (Cyp), grid spacing in length (Az), grid spacing in time
(At) and mass distribution coefficient (K) or the Langmuir parameters. The first four are the experimental
parameters and, therefore, their experimental values are used. The next two mathematical parameters, Az
and At, are space and time increments, and are changed in order to obtain the best-fitted chromatogram.
All the parameters are listed in Table 2. In addition, the experimentally obtained active fractions that
met the peaks on the HPLC outputs are assumed to contain Taql endonuclease only, whereas the fractions

belonging to other peaks are assumed to contain other intracellular proteins.
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Table 2. Experimental (Tris buffer) and theoretical parameters

Co (Tris buffer) 10.9917 mg/ml
Experimental F 1 cm? /min
Parameters Z 10 cm
de 1 cm
K (Tris buffer) 1.3 mg/ml
a (Langmuir par.) 1.3
b (Langmuir par.) 0.5
ts 20 min
tg 80 min
o 0.1 M
I 1M
5 0.4
Np 360
Theoretical D, 0.0445cm? /min
Parameters A 49x107°
B -7.51
Kerr 0.44-0.60
Ksarr 0.9

All of the theories were found to underestimate the retention time of the peaks because of the
assumptions used in the models as well as because of the time and volume lags during the experiments
with gradient elution. The same situation has been reported by Carta et al.''. Therefore, an additional
parameter called “time-lag” is included in the computer program, which can easily be adjusted by the
program user. An increase in time-lag parameter causes the peak to shift to the right. It should be noted
that the value of time-lag is not used in any model for the calculation of the chromatogram, therefore the
shape of the peaks (height and width) is independent of it. This parameter is only helpful in precisely

adjusting the retention time.

Comparison of equilibrium, equilibrium-dispersive and plate theories

Three different approaches have been used to simulate the elution profiles in the ion exchange chromatogra-
phy column. Figures 2 a-c show the experimental data and the simulated chromatograms belonging to the
HPLC system with anion exchange column and Tris buffer (pH 8.0) as the mobile phase.

The predictions obtained using the equilibrium theory, which completely neglects the influence of the
mass transfer kinetics and of axial dispersion on the band profiles, are presented in Figure 2a. The agreement
with experimental results is found to be poor with all the numerical methods used. It is reported that when
the column efficiency is low and the sample size is low to moderate, this ideal model should be avoided since
in these cases the contributions of the mass transfer kinetics and the axial dispersion to the band profiles
becomes significant compared to the influence of a linear isotherm®.

The combination of kinetics and thermodynamics is then illustrated by several numerical solutions
of another simple model, i.e. the equilibrium-dispersive model. The equilibrium dispersive model assumes
that all contributions due to nonequilibrium can be lumped into an apparent axial dispersion term. Axial
dispersion in a chromatography column is mainly caused by two factors: (1) molecular diffusion along a
column length and (2) nonuniformity of linear velocity in the mobile phase (eddy diffusion). As the column

diameter used in the present study is more than 100 times the particle diameter, a practically uniform velocity
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profile should be obtained across the cross section of the column. However, the experimental asymmetric

elution curve with a tail may be ascribed to a diffusion coefficient in stationary phase that is much lower

Choose the theory:

than the molecular diffusion coefficient.

- Equilibrium
- Eq.Dispersive
- Plate

)

Choose the isotherm:

- Linear - Nonlinear
Constant K Langmuir
Variable K(I)

)

Choose Mathematical Methog
&
Get the parameters

v

Calculate the enzyme concentration

using appropriate equations

)

Plot the results

!

Figure 1. Calculation strategy

The results of the equilibrium-dispersive models with different isotherms and numerical solution
methods are presented in Figure 2b. If the equilibrium-dispersive theory with variable distribution coefficient,
K(T), is used in predicting the experimental chromatogram, a highly dispersed profile is obtained. The Lax-
Wendroff approach with constant K (eq-dispersive theory), on the other hand, resulted in a sharp front
and a dispersed tailing, which indicates the effect of apparent dispersion term on the band profile and that
the resistance to mass transfer in the column is significant. In addition, the shape of this simulated band
profile indicates that the injected sample is overloaded. However, the protein capacity of the anion exchange
column was given as 320 mg protein by the manufacturer. A 1 ml injection of the sample contained 9-11
mg protein, i.e 3-4% loading, only. Therefore, the overloaded profile with concentration discontinuity is not
correct. The experimental elution data with an asymmetric chromatogram indicates a nonlinear isotherm.

Among all the theories, the equilibrium dispersive model combined with a nonlinear isotherm results in a
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perfect fit to the experimental data as in Figure 2b. The estimated variance of the error is 0.0044. This
model further assumes that the apparent dispersion coefficients of solutes remain constant independent of
the concentration of sample components. As concentrations in nonlinear chromatography remain low, this

is a reasonable assumption in most cases®.
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Figure 2. Comparison of experimental and simulated chromatograms in Tris buffer using (a) equilibrium theory,

(b) equilibrium-dispersive theory and (c) plate theory.

Figure 2c¢ shows the chromatograms obtained with the plate models. The plate theory results in
symmetrical peaks over time and all the calculated chromatograms are narrower than the experimentally
obtained elution profiles. This indicates that zone-spreading effects play an important role and the assump-
tion of infinite column efficiency (i.e. infinite number of theoretical plates) is not valid. Np calculated as
360 plates is also too far from accepting this assumption. The equation for Np estimation includes many
experimental parameters that have to be known according to the column and the enzyme of interest. Since
there are no such physical and chemical property data available for Taql endonuclease in the literature, the
values provided by Yamamoto et al.” for BSA and DEAE column were used, which might have caused the
deviation. This model is not applicable to cases in which the effect of mass transport is significant, i.e.

highly asymmetric elution curves due to low stationary phase diffusion coefficients”.

Validation of the model

In order to validate the equilibrium dispersive model, it is applied to another anion exchange system with
20 mM L-histidine as the mobile phase. The pH of the buffer is 6.0. The Langmuir parameters, a and b, are
changed to 0.7 and 1.5, respectively. The model equations are solved by the orthogonal collocation (OC)

numerical method. The agreement with the experimental data is excellent (Fig. 3). The estimated variance
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of error is 0.017. The model is further tested on the cation exchange system with the 50 mM Na acetate
buffer (pH 5.0) as the mobile phase. Figure 4 shows a perfect fit of experimental and simulated elution

profiles. The estimated variance of error is 0.00349.
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Figure 3. Comparison of experimental and simulated chromatogram in L-histidine buffer using equilibrium-
dispersive theory.
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Figure 4. Comparison of experimental and simulated chromatogram in Na-acetate buffer using equilibrium-
dispersive theory.

Conclusion

The main diffuculty in modeling the chromatographic purification process of Taql endonuclease is the lack
of data in the literature about the physical and chemical properties of this restriction enzyme. This limits
the use of various methods and calculation procedures and also restricts full investigation of the effects
of the parameters. Nevertheless, the developed computer program is very satisfactory in predicting the
experimental chromatograms of Taql endonuclease obtained with HPLC purification. This user-friendly
software can be used in the design of purification processes as well as in the determination of optimal
separation conditions for many other enzymes. The integration of experimental results with computer
modeling reduces the number of highly expensive experiments and consequently enables the researcher to

accelerate the development of chromatographic separation processes.
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