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(ABSTRACT)

Tobacco has long been considered as a host to produce large quantities of high-valued
recombinant proteins. However, dealing with large quantities of biomass with a dilute
concentration of product is a challenge for down-stream processing. Aqueous two-phase
extraction (ATPE) has been used in purifying proteins from various sources. It is a protein-
friendly process and can be scaled up easily. ATPE was studied for its applicability to
recombinant protein purification from tobacco using egg white lysozyme as the model protein.
Separate experiments with polyethyleneglycol(PEG)/salt/tobacco extract, and PEG/salt/lysozyme
were carried out to determine the partition behavior of tobacco protein and lysozyme,
respectively. Two level fractional factorial designs were used to study the effects of factors such
as PEG molecular weight, PEG concentration, the concentration of phase forming salt, sodium
chloride concentration, and pH on protein partitioning. The results showed that PEG/sodium
sulfate system was most suitable for lysozyme purification. Detailed experiments were
conducted by spiking lysozyme into the tobacco extract. The conditions with highest selectivity
of lysozyme over native tobacco protein were determined using a response surface design. The
purification factor was further improved by decreasing the phase ratio along the tie line

corresponding to the phase compositions with the highest selectivity. Under selected conditions



the lysozyme yield was predicted to be 87% with a purification factor of 4 and concentration
factor of 14. The binodial curve and tie line corresponding to the optimal condition for lysozyme
recovery for the PEG 3400/sodium sulfate system were developed. The selectivity at the optimal
condition was experimentally determined to be 47 with a lysozyme yield of 79.6 % with a
purification factor of 10 and a concentration factor of 20. From this study, ATPE was shown to

be suitable for initial protein recovery and partial purification from transgenic tobacco.
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CHAPTER 1

INTRODUCTION

Production of recombinant protein for therapeutic use is gaining popularity in
recent years. Sales of drugs of biological origin are projected to increase to
approximately 40% of the pharmaceutical market in the year 2005 [1]. The production of
therapeutic proteins has been made possible by new discoveries in biotechnology. Many
researchers have successfully developed methods to express different types of proteins in
various biological systems, such as microbial, plants, and animals. Introduction of this
new technology necessitates innovation in process development for economic protein
recovery and purification. There is the need to design new, as well as to improve existing

processes associated with downstream processing for product isolation and purification.

1.1 Production of recombinant human proteins with tobacco

Tobacco is widely grown in the southeastern United States, but its production is
declining due to the health issues associated with smoking and related federal regulations
[2]. Using tobacco to produce therapeutic recombinant human proteins is a promising

alternative. Genetic modification of tobacco is easy, and it is suitable for large-scale



production [3]. Each tobacco plant produces thousands of seeds which facilitates the
propagation of the altered plant. Also, the leaf biomass production per acre is much
higher than most other crops, which facilitates scale up. Many recombinant proteins such
as lactoferin, cholera toxin B, and ricin B, have been expressed in tobacco [4, 5, 6].
However, the use of tobacco as host to produce therapeutic proteins on a large scale is
dependent on the development of cost effective and efficient methods to handle huge
amounts of biomass and to purify the expressed proteins. Since the overall cost of a
protein production is mainly determined by the efficiency of the initial recovery and
purification, extraction and initial purification procedures to obtain recombinant proteins

from tobacco need to be developed.

1.2 Aqueous two-phase extraction

Aqueous two-phase extraction (ATPE) has been widely used for protein recovery
and purification [7,8]. In ATPE, two immiscible phases are formed when polymers such
as polyethylene glycol (PEG) are mixed with other polymers, such as dextran, or salts in
particular concentrations. The equilibrium distribution (partitioning) of a protein in ATPE
depends not only on its own surface properties such as charge and hydrophobicity but
also on the physicochemical properties of the two phases [9], which can be manipulated
by adjusting factors such as the polymer molecular weight and concentration, type of

phase forming salt, salt concentration, ionic strength, and pH.



ATPE has the potential to produce a concentrated and purified product in a single
step as compared to the several steps involved in conventional down stream processing,
including recovery, clarification, filtration, concentration, and initial purification. ATPE
is a simple separation process and it offers gentle non-toxic environments for
biomolecules. It is cost effective and can be scaled up easily. Successful pilot-scale
studies of the use of ATPE to recover superoxide dimutase from bovine liver tissue have
been demonstrated [10]. Among the many two-phase systems studied, PEG/dextran/water
and PEG/salt/water systems are most commonly used for protein separation. However
PEG/salt/water two-phase systems have certain advantages over PEG/dextran/water

systems such as lower viscosity and lower cost [11, 12].

Production of mature transgenic tobacco plants that can be used to investigate
down stream processing methods is very time consuming and difficult. Model
experiments can be used instead to study the partitioning behavior of proteins in tobacco
extract. In model experiments, a model protein with known properties is added to the
native tobacco extract to simulate the protein being extracted from transgenic tobacco.
The partitioning characteristics of both tobacco protein and the model protein can be

studied to provide insight into the use of ATPE.



Phase diagrams for a number of PEG/salt systems have been reported [7, 13]. The
phase diagrams define the PEG and salt concentrations at which two-phase systems will
be formed. They also aid in determining the optimum compositions of a system for the
required level of purification. To select the optimal ATPE conditions for a protein’s

purification, the selectivity of a target protein over the contaminant proteins is utilized.

The selectivity is defined by

a=K,/ K, (1.1)

where Kp = partition coefficient of the target protein, and

K¢ = lumped partition coefficient of proteins other than the target protein.

Since the partition coefficients of proteins are the same on a tie line (See
Sec.2.3.1), the selectivity of a target protein is constant for all phase compositions on any
particular tie line on the phase diagram. The importance of constant selectivity along a
particular tie line is that the purification factor of the recovered protein (the mass ratio of
the recombinant protein to the total protein in the top phase to that prior to separation)

can be improved by varying the phase ratio,

Mass of Top Phase _ DF

Phase Ratio = =
Mass of Bottom Phase ED

(1.2)



where DF and ED are the tie line lengths illustrated in Fig. 1.1. The lower the phase ratio,
the higher will be the purification factor (if the selectivity is greater than one). Increasing
ED can decrease the phase ratio. It must be noted that the yield of the recombinant
protein will decrease as the phase ratio decreases. Hence, an optimum phase ratio chosen
for the purification process would provide a balance between yield and purification

factor.

PEG
Yow/w

Polymer/Salt
Yow/w

Fig. 1.1 Schematic phase diagram of ATPS.
A = two phases, B = one liquid phase, C = critical point, EF= tie line, £ = composition of
the top phase, F = compositions of the bottom phase, and D = total composition.



The scope of this study is to investigate the applicability of ATPE to purify
proteins from transgenic tobacco using statistical design of experiments. Statistical design
of experiments is a very widely used tool for process optimization and control. Factorial
designs are a convenient method to study the effects of a large number of factors and
determine the significant effect the factors may have on the response of interest (protein
partition coefficient in this case). The significant factors and their effects can be studied
with fewer numbers of runs using fractional factorial runs. Statistical design of
experimental procedures have been used to study protein separation by aqueous two-
phase systems [14], and response surface designs have proven to be a very useful tool for

optimization of bio-separation processes [14-16].

Egg white lysozyme was used as a model protein to mimic the presence of a
recombinant protein in tobacco. Lysozyme is a basic protein with an isoelectric point
around 11 and molecular weight of 14400. It was chosen as it is not natively produced in
tobacco and can be quantitatively assayed easily and accurately in the presence of other

proteins.



1.3 Objectives

1. Determine total soluble protein and effect of pH of the extraction buffer on total

soluble protein extracted from leaves of flue-cured tobacco.

2. Study the partition behavior of native tobacco proteins in various two-phase

systems.

3. Study the partition behavior of a model protein, lysozyme, in selected two-phase

systems compared to native tobacco protein.

4. Select most suitable system and determine best conditions for recovery of model

protein, lysozyme, spiked into tobacco extract.

5. Develop phase diagram and tie lines for the selected system, and use the data to

determine the optimal recovery conditions for lysozyme from tobacco.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

Protein recovery and purification are the greatest obstacles to overcome before
any further development can be made to utilize tobacco for recombinant protein
production [3]. The cost of recovery is a major factor influencing the recovery process to
be used. Aqueous two-phase extraction (ATPE) has been widely used for protein
recovery and purification. ATPE has been recognized as an economical and efficient
downstream processing method and offers many advantages such as low process time,
low energy consumption and a biocompatible environment [17]. This chapter deals with
purification of protein expressed in tobacco, aqueous two-phase systems (ATPS), their
properties and research conducted on the use of aqueous two-phase systems for the

recovery of biomolecules such as proteins and enzymes.



2.2 Purification of recombinant proteins expressed in tobacco

Many recombinant proteins have been expressed in tobacco. A few examples are
cationic peanut peroxidase [4], cholera toxin B subunit [5], insect chitinase [18], human

lactoferrin [19], and lactate dehydrogenase [20].

Some researchers have tried to purify recombinant protein from tobacco leaves
using chromatographic techniques. In the purification of cationic peanut peroxidase
(CPRX) expressed in transgenic tobacco, histidine tags were added at its C-terminal to
aid purification by single step metal affinity chromatography [18]. A similar technique
was used to purify the enzyme lactate dehydrogenase [19]. In this study, metal affinity
precipitation using chelating molecules like ethylene glycol-bis (f —aminoethyl ether) N,
N, N’, N'-tetra acetic acid (EGTA) charged with zinc or nickel ions was compared to
affinity chromatography. This work also claims that affinity precipitation can be scaled
up easily compared to chromatography, although the purification and yield may be
slightly lower [19]. Both methods still involve adding genes to attach histidines to one
end of the enzyme and use of expensive chemicals for purification, such as EGTA, Ni*'-

NTA resin, imidazole, and etc.

Cholera toxin B (CTB) expressed in tobacco was purified by a single step

immunoaffinity chromatography using rabbit anti-CT IgG coupled with CNBrp



Sepharose 4B packed column [5]. Insect chitinase was purified by initial chromatography
using anion exchange column followed by cation exchange chromatography for final
purification [20]. However, purification methods based on chromatographic procedures
for production of proteins on a large scale directly from crude extract are often less

attractive due to high costs and column fouling [19].

2.3 Aqueous two-phase systems

The production of recombinant proteins and enzymes requires the development of
an adequate separation technology at reasonable cost. Reducing the cost of protein
purification has always been a challenge facing bioseparation scientists. For the past half
century, researchers have been looking into liquid-liquid extraction systems for protein
recovery and purification. Normally liquid-liquid extraction involves the use of organic
solvents that are not suitable for protein recovery as proteins are either insoluble in
organic solvents or denatured [21]. Liquid-liquid binary phases can also be formed using
two polymers or polymer/salt solutions. Beijerinck first described this phenomenon in
1896 [7], when he observed the formation of two-phases after mixing agar with soluble
starch or gelatin. These binary systems are called aqueous two-phase system and were
first applied to recover biomolecules in 1956 by Albertsson [22]. Albertsson showed that
microorganisms, cell walls, chloroplasts, chloroplast vesicles and other biological

molecules partitioned selectively between the phases of an aqueous two-phase system

10



composed of either two polymers (PEG and Dextran) or a polymer and a salt (PEG and
potassium phosphate). He further studied the effect of different polymers, their
concentration and molecular weight, and developed phase diagrams for several systems.
He developed procedures for the isolation of cell walls from Chlorella and Aerobacter.
This work formed the basis for later applications to viruses, cells and cell organelles [22].
He also showed that the partition of proteins between the phases was reversible and that
the partition coefficient could be adjusted by varying the salt composition of the two-

phase system.

Both polymer/polymer and polymer/salt aqueous two-phase systems have
advantages over conventional extraction using organic solvents. Aqueous two-phase
systems provide an excellent environment for cells, cell organelles and biologically active
proteins as they contain a large proportion of water in both phases. The interfacial tension
for aqueous systems is low when compared to liquid-liquid extraction systems containing
organic solvents, and that allows one phase to disperse into the other and thus create a
high interfacial contact area for efficient mass transfer. The polymers are also known to
have a stabilizing influence on the biological activity and structure of proteins and
enzymes [7, 8]. The basis of separation is the selective distribution of substances between
the two-phases. Small molecules are evenly distributed between the phases, but the
partitioning of macromolecules is variable [7, 8]. A number of investigators have tried to

study and explain the physical interactions influencing two-phase systems and model the

11



factors affecting protein partitioning [7, 13, 23]. However, the prediction of partition
coefficients of proteins is still very difficult. The difficulties arise due to the complex and
interrelated interactions between polymers, salts, buffers, water and protein present.
Therefore, development of separation processes using aqueous two-phase systems relies
upon extensive experimentation, which could be significantly simplified by using

factorial experimental design methods [24].

Aqueous two-phase extraction involves two unit operations, equilibration and
phase separation. Equilibration involves the mixing of the components that form the two-
phase system and dispersion of the phases to obtain equilibrium between the two-phases.
This process is generally very rapid. The phase separation under gravity is slower than in
water-organic solvent systems and varies from a few minutes to a few hours. The main
reason for this is the small difference in densities and viscosities between the two phases.

However, the process can be enhanced by centrifugation at low speeds [8].

2.3.1 Phase Diagram

Each two-phase system has a unique phase diagram under a particular set of

conditions such as pH and temperature. The phase diagram provides information about 1)

concentration of phase forming components required to form a two-phase, ii) the

12



concentration of phase components in the top and bottom phases, and iii) the ratio of

phase volumes.

The diagram consists of the binodial curve and tie lines (Fig. 1.1). The binodial
curve divides a region into component concentrations that will form two immiscible
phases from those that will form one phase. The tie line connects two nodes on the
binodial, which represent the final concentration of phase components in the top and
bottom phases. Coordinates for all the potential systems that will have the same
compositions for the top and bottom phases will lie on a tie line, but moving along the tie
line coordinates specifies systems having the different total compositions and volume
ratios. The point on the binodial at which the composition and volume of both phases are
almost equal is called the critical point [25]. Phase diagram data is required for the design
of ATPS extraction processes and development of models that predict partitioning of

biomolecules [24].

Binodial curve

Developing the binodial curve is necessary for choosing system parameters for

preliminary partition experiments. Phase diagrams for PEG/dextran and PEG/salt systems

for various PEG molecular weights have already been published by [7, 13, 26]. One of

13



the following methods is generally used to develop the binodial curve for a

polymer/polymer or polymer/salt systems.

1. Cloud point method [7]: A few grams of concentrated polymer solution are
weighed into a test tube. A solution of known concentration of the second
polymer or salt is added drop-by-drop to the test tube and mixed. The solution is
clear at first, but after a certain amount of the second solution (polymer or salt) is
added, one further drop makes the mixture turbid and the mixture separates into
two phases. The mass of the mixture is noted and the composition of the two-
phase system is determined. Adding a few drops of water makes the mixture clear
again and the above procedure is repeated over a whole range of concentrations

starting from both the solutions of the two-phase system.

2. Turbidometric titration method [25]: A series of systems of known total
compositions and mass are prepared. These are then diluted with water or
appropriate solvent, the mixture eventually becomes clear and a single phase is

formed. The phase composition at the point of transition is calculated and plotted.

The above methods are relatively inaccurate when working with

polydisperse polymers such as dextran/methylcellulose system [7] as they

produce a gradual increase/decrease in turbidity rather than a sharp change.

14



Tie line
The tie line length has units of %w/w, same as the component concentrations. The

length of the tie line is related to the mass of the phases by the equation

V.p, _ DF
V,p, ED

(2.1)

Where V and p are the volumes and densities of the top (¢) and bottom (b) phases and DF
and DE are the lengths of the tie line as shown in Fig. 1.1 [25]. Tie lines are commonly
parallel, and hence the slope of the tie line can be used to construct other tie lines.
Analysis of phase compositions, and the determination of amount of polymer and salt in
each phase is carried out by using methods such as size exclusion chromatography,
gravimetric analysis, refractive index measurement, optical rotation and conductivity

measurements [7, 26].

2.3.2 Partition coefficient

The partition coefficient is defined as
K=—" (2.2)

where, ¢, and ¢, are the equilibrium concentration of the protein in the top and bottom

phases. The partition coefficient of a protein is constant for all the systems on a particular

15



tie line provided there is no association or disassociation of oligomeric proteins in any of
the phases. The partitioning is affected by a number of factors discussed below. Suitable
conditions to obtain a particular partition coefficient have to be experimentally

determined [21].

2.3.3 Factors that affect partitioning in ATPE

The properties of any two-phase system depend on the type and concentration of
polymer and salt, the temperature and the presence of other salts and other low molecular

weight substances such as detergents, sugars and pH.

1. Polymers

Polyethylene glycol and dextran are the most commonly used polymers. Both
polymers are non-toxic and have been thoroughly tested for food and pharmaceutical
applications. This is of importance, as any substance to be used in recovery of
therapeutic proteins needs to be tested and proved safe for use. A number of other
polymers have been studied, and phase diagrams for dextran/polyethylene glycol,
dextran/ficoll, polyethylene glycol/ficoll, polyethylene glycol/salt systems have been
widely reported in literature [7, 26]. For industrial applications, highly purified
dextran is expensive and the m