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Separation of Recombinant p-Glucuronidase from Transgenic Tobacco
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Kristin Coby Ross
Abstract

Biopharmaceutical manufacturing is a rigorous axpkasive process. Due to the
medicinal nature of the product, a high purity leierequired and several expensive
purification steps must be utilized. Cost-effectpreduction and purification is essential
for any biopharmaceutical product to be succesafidl development of the fastest, most
economical, and highest-yielding purification scleesa constant engineering challenge.
Commercial-scale purification schemes currentlyohey around the use of multiple
chromatography steps for the purification of biaphaceutical products.
Chromatography has many shortcomings including togst, limited throughput, and
complex scale up. The goal of this research wagldeelop an alternative, non-
chromatography purification step for the separatimin an acidic model protein,
recombinang-glucuronidase (rGUS), from transgenic tobacco \with yield and purity.

Aqueous two-phase extraction (ATPE) is a powesduhhique for separation and
purification of proteins, and has the potentialréplace an expensive chromatography
step for the initial purification of recombinantopeins. ATPE enables high levels of
target protein recovery and concentration while aeimg large amounts of impurities
from the initial extract. Fractional factorial dgss and response surface methodology
were used to determine an optimized aqueous tweephgstem for the purification of
rGUS from transgenic tobacco. In a 13.4 % (w/w) PIB%0 (w/w) potassium phosphate
system, 74% of the rGUS was recovered in the to@-Réh phase while 90% of the
native tobacco proteins were removed in the in@sphand the bottom phase. A

purification factor of about 20 was achieved irsthrocess.
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Chapter 1

Introduction and Objectives

Biopharmaceutical manufacturing is an expensivecamdplicated process. Using
a transgenic tobacco expression system has thetabteo reduce biopharmaceutical
production costs, but successful implementatioreddp upon the development of cost-
effective purification schemes. Commercial-scaleiffgation schemes currently uses
multiple chromatography steps for the purificatiof biopharmaceutical products.
However, chromatography has many disadvantageduding high cost, limited
throughput, and complex scale up. ATPE has thentiatd¢o replace chromatography for
the initial purification of recombinant proteinooi crude or partially purified extracts.
The goal of this research was to develop an altemanon-chromatography purification
step for the separation of an acidic model protenpmbinan-glucuronidase (rGUS),
from transgenic tobacco with high yield and purity.

To accomplish this goal, the partitioning behavar both GUS and native
tobacco proteins will be studied using statisteadlysis to determine which factors are
significant in their partitioning. Once the sigedint factors are determined, further
statistical analysis will be used to obtain an mpted ATPE conditions for partitioning
of rGUS and transgenic tobacco. The phase ratihefiqueous two-phase system will
then be adjusted to determine the optimum recoeenditions for the separation of
rGUS from transgenic tobacco.

This thesis contains six chapters. Chapter oneagmia short introduction and
the project objectives. Chapter two begins by meing the importance of the
biopharmaceutical industry and the current problemd limitations in the production
and purification of biopharmaceutical products. Amprehensive literature review
follows, detailing ways to improve biopharmaceuticamnufacturing through the use of
plant expression systems and aqueous two-phasactaitr. The advantages and
disadvantages of plant expression systems for reicamt protein production are
discussed, followed by general bioprocessing canatibns and a comprehensive review
of recombinant protein purification by aqueous fase extraction. Specific examples

from the literature were briefly touched upon.



Chapters three and four explain the project ohjestiand experimental methods
used during the course of the project. Chapter foeises on the experimental work
accomplished to meet the project objectives. Thealtg obtained during development of
an optimum aqueous two-phase extraction for thears¢éipn of recombinant3-
glucuronidase from transgenic tobacco are presefited chapter also compares the
results obtained during this work to another paoaifion procedure for purifying
recombinanp-glucuronidase from transgenic tobacco.

Chapter six gives the conclusions for this workva#l as a discussion concerning
implementation of aqueous two-phase extraction ingp commercial-scale
biopharmaceutical purification scheme. Chaptereipands on the implementation of
aqueous two-phase extraction by discussing futuogkwo supplement the work

completed during this project.



Chapter 2

Literature Review

2.1 Production of Biophar maceuticals
2.1.1 Biopharmaceutical Industry Overview

Modern biotechnology is vital for the discovenydadevelopment of novel drugs
to satisfy unmet medical needs. Due to rapid adssirc recombinant DNA technology
and genetic manipulation techniques, biopharmacadbased therapeutics have
emerged as one of the most significant medicalvations in the past three decades.
Biopharmaceuticals are complex macromoleculesdhaahot be directly synthesized or
extracted from a biological host, and therefore tliesmanufactured through the use of
biotechnology. Many of the biopharmaceuticals maotufred today are recombinant
proteins, including monoclonal antibodies, enzynas] hormones. Biopharmaceuticals
have the potential to treat a wide range of dissaseluding cancer, autoimmune
diseases, and inflammatory diseases, and thesmémeis were previously thought to be
impossible and impractical. To date, more than fifsleins of human therapeutic value
have received Food and Drug Administration (FDAprapal [1] and entered the market.
At the same time, the number of biopharmaceuticahganies and biological drug
candidates is rapidly expanding. It is estimatedt tthe biopharmaceutical market
generates more than $50 billion in sales annudllyapd this number will climb higher
with the influx of research and development invesita, acquisitions, and licensing
deals. While the accomplishments of the biopharmsza industry are certainly
impressive and inspiring, they come at an exceptiprhigh price. Drug discovery and
development is a costly and complicated undertakiign more than 99% of the

experimental compounds ultimately failing as treatbregimens [2].

2.1.2 Current Problems and Limitations
2.1.2.1 Expression Systems

The majority of the biopharmaceuticals manufactuthy are produced from
bacterial fermentationEscherichia col), yeast cell culturesSaccharomyces cerevisiae,

Pichia pastoriy, or mammalian cell cultures. These expressiortesys are well-



established and well-characterized, yet still heeme disadvantages inherent to each of
the respective platforms. Due to the prokaryotitureaof bacteria, recombinant protein
production through bacterial fermentation is lirditéo simple proteins where some
posttranslational modifications are absent or uwirtgmt. Biopharmaceutical products
are typically complex proteins in which these mudifions are essential for correct
protein folding and function. Eukaryotic yeast celiltures eliminate this particular
disadvantage, but also add others. Recombinaneiprgroduction through yeast cell
cultures can have a high amount of protein degi@daand a low protein yield.
Mammalian cell cultures are used to produce apprately 70% of manufactured
biopharmaceuticals [1]. This eukaryotic expresssystem offers the highest yield of
functional recombinant protein with correct postsiational modifications. However,
biopharmaceuticals produced through cell cultuneehta be produced in relatively small
guantities due to the highly specialized culturendibtons. Mammalian cells are
susceptible to reduced productivity or death agsalt of slight deviations in culture
conditions [3]. Further limitations of mammalianicaulture expression systems include
expensive infrastructure requirements, low scatgbiland viral or oncogenic
contamination issues [3]. This leads to high overanufacturing costs, depending on

the quantity of the biopharmaceutical produced.

2.1.2.2 Purification Process

Taking an FDA-approved biopharmaceutical produatfthe research laboratory
to the patient is a long and arduous road. Duéeanedicinal nature of the product, all
biopharmaceuticals require a very high level ofitguand manufacturing protocols are
tightly regulated. These requirements make comraksciale recombinant protein
purification rigorous and expensive. Several exjpengurification steps must be utilized
to obtain the stringent purity requirements imposgdthe FDA and the addition of
multiple processing steps results in higher prodosses. Scale of production can vary
greatly depending on the biopharmaceutical prodwatl this also affects the cost of
purification. For example, one dose of a therapetmbrmone is typically a few
micrograms of protein, while one dose of a monaglamntibody treatment may be a

million-fold higher with doses of a gram or morarigequite common [4]. Cost-effective



production and purification is essential for anyogsiarmaceutical product to be
successful, regardless of whether or not it is fectve medicine. Cost is the major
limiting factor in biopharmaceutical manufacturiagd development of the fastest, most
economical, and highest-yielding purification scleeisia constant engineering challenge.
A vast range of purification methods exist for tbeparation of recombinant
proteins from the impurities inherent in their esgsion systems. Commercial-scale
purification schemes currently revolve around tse of various chromatography steps
for the purification of biopharmaceutical producdew purification technologies for
large scale bioprocessing are in high demand duketdiigh cost and other limitations
associated with the use of multiple chromatogragteys. Finding alternative solutions
for both biopharmaceutical production and purifimatschemes can make a positive

impact on cost and can enhance the chance forcassfal biopharmaceutical product.

2.2 Recombinant Protein Production in Plants
2.2.1 Plant Expression Systems

An alternative expression system that could in@efficiency and reduce costs
is a transgenic plant expression system. Plantesgmn systems have proven to be a
proficient means of producing functional therapeugcombinant proteins and holds
promise for the mass production of biopharmacelupcaducts. Leafy crops including
lettuce, alfalfa, and tobacco, cereals includinghcaice, wheat, and barley, legumes
including soybean, pea, and fruits and vegetabilekiding potato, carrot, and tomato
have all been used for biopharmaceutical produddn Transgenic plants have many
advantages when compared with traditional bioreact®aw material can be produced at
low cost on an agricultural scale with the posgigilin certain cases, of using edible
plant material with no need for costly purificatiofransgenic plant expression systems
have reduced capital costs relative to fermentatioethods [6] as well as rapid
production scale up. Plants can also provide isg@&afety from contamination because
plants do not serve as hosts for human pathogedsdannot produce endotoxins.
Transgenic plants have been shown to be capabkeymihesizing a wide range of

recombinant proteins including human growth hormduasion proteins, interferons,



human serum albumin, monoclonal antibodies, antibfsdgments, plasma proteins,
vaccines, and blood substitutes [7].

Potential disadvantages of recombinant proteinyctdn in transgenic plants are
centered around environmental concerns, authentiditplant-produced proteins, and
process development. There are concerns regardengetease of genetically modified
plants into the environment without crossing todwspecies. However, depending upon
the plant species or tissue the protein is targegedontainment may or may not be a
substantial issue. For example, in all crop spe@apression of the transgene in the
chloroplast will result in natural containment gnfunctional chloroplast DNA is not
transmitted through pollen [8]. On the other hapdst-translational modifications of
proteins are often essential for their correct ifaddand function. Though plants can
correctly process mammalian genes, they are un#@bleerform some authentic
mammalian post-translational modifications, suchghgosylations. Usually this does
not lead to a difference in protein activity, boutd lead to problems with efficacy for a
biopharmaceutical product [9]. To combat the glytaison authenticity problems,
several plant lines have been produced which haweahized plant glycosylation
systems [6]. Another issue for recombinant profgwduction by transgenic plants is the
low protein expression level. Though protein exgpi@s levels in transgenic plants are
steadily increasing due to expression vector imgmoents, typical expression levels of
0.01% to 0.1% total soluble protein are currengiyarted for biopharmaceutical products
[10]. This is much less than a protein producediigh level inE. coli which can
accumulate at the level of 20% total soluble prot&]. Moreover, the processing of
large quantities of biomass will be required toanitnecessary amounts of purified
recombinant protein using a plant expression sysWhile this may require substantial
front-end equipment, the overall production costsoaiated with transgenic plants are
expected to be much lower when compared to thdtiadl expression systems [3]. In
summary, plant bioreactors certainly have the p@keto be more cost-effective than
traditional expression systems. Despite this pakrthe absence of efficient methods for
recombinant protein purification has so far limitéd exploitation of plant expression

systems on a commercial scale.



2.2.2 Tobacco Expression System

Synthesis of recombinant proteins in a tobadémdtiana tabacumexpression
system is a particularly well-suited alternativeewhcompared to current commercial-
scale expression systems. The availability of romasmsformation procedures and well-
characterized regulatory elements for the controltransgene expression makes a
tobacco expression system extremely attractive.adob is neither a food nor a feed
crop, so there is a reduced risk of transgenic mahter recombinant proteins
contaminating feed and human food crops [5]. Lag®unts of biomass can be easily
produced; therefore tobacco leaf tissue has beeelyiused as the targeted site for
recombinant protein expression [9]. Tobacco has sed extensively as a model plant
to investigate the feasibility of using transgepiants as bioreactors and to demonstrate
the lower overall cost attributed to biopharmaamals produced by plants [11]. Many
recombinant proteins have been successfully pratiucéobacco includingi-amylase,
chymosin, erythropoietin, growth hormone, enterotd, hepatitis B surface antigef,
interferon, lysozyme, phytase, and xylanase [12].

There are some shortcomings associated with expgesscombinant proteins in
transgenic tobacco concerning the recovery andigation of a target protein. Tobacco
leaves contain large amounts of native phenolicpmmds and toxic alkaloids that must
be removed during the purification process [13, When the leaf material is processed
by grinding or shearing, these compounds are reteasd can interfere with downstream
processing through the formation of complexes \pitbteins in the aqueous extract [15,
16] or by fouling resin during adsorption processesh as chromatography [17]. Leaf
tissue contains high levels of proteases, whichomantribute to target protein instability
during initial harvest and protein extraction [14fjue to these restrictions, harvested
material has a limited shelf life and must be psseel immediately after harvest [5].
Tobacco extract also contains numerous other mlampounds such as carbohydrates,
nucleic acids, and native proteins that must bmieited during protein purification.
Native tobacco proteins can be categorized intotlna 1 or Fraction 2 proteins based on
electrophoresis [18]. The photosynthetic chlorapkszyme ribulose 1,5-bisphosphate
carboxylase-oxygenase (Rubisco) makes up the majiriFraction 1, and can account

for up to 50% of the total soluble leaf protein 18 molecular weight is approximately



560 kD and consists of eight large subunits antitesgrall subunits of 55 kD and 12.5
kD, respectively [19]. Rubisco is an acidic protésoelectric point is 6.0 for the large
subunits and 5.3 for the small subunits), and eseatserious engineering challenge for

acidic recombinant protein purification from tobacc

2.3 Bioprocessing
2.3.1 Guidelines

For transgenic plants, the cost of downstream g is estimated to be greater
than 80% of the total cost [12]. If the cost foofin purification from a plant bioreactor
is higher than the cost for purification of the gaprotein from mammalian cell culture,
this would offset a key advantage of lower ovecabt associated with the production of
biopharmaceuticals in plants [11]. When designingpst-effective purification scheme,
the most important factor to consider is the ultengoal of the purification process: the
target protein at the final required purity. As rtiened previously, the requisite purity is
usually set by the FDA and it is extremely impottembe able to meet their standards for
the biopharmaceutical product to succeed. Depenutinipe source of the target protein,
purification strategies will vary. The expressiorstem determines the majority of the
impurities that will need to be separated fromttrget protein to obtain the desired final
purity. Plant expression systems can introduce @iercompounds, pigments, and
mucilages into the sample [20] as well as hostgimet and host DNA. Additional
impurities, such as solvents and chromatographyineol leachables can also be
introduced during any of the downstream processtegs. However, one of the largest
impurities encountered through all of the purifioatsteps is water.

All of the impurities mentioned above are procedated impurities and the
majority cannot be avoided. In addition, there aleo product-related impurities to
overcome during purification of the target protedenatured forms, misfolded forms,
fragments, and aggregates of the target proteinradaring production and are hard to
separate from the target protein due to their simghysico-chemical characteristics.
Contaminants such as viruses and bacteria canadigntitiously enter the production

process and must be removed. Elimination of im@sriand contaminants must be very



gentle to conserve the target protein’s nativecttine and in general, near-neutral pH
values and moderate temperature3)(°C) must be maintained [21].

To remove process- and product-related impuritidtee physico-chemical
characteristics of the target protein includingesizharge, isoelectric point (pl),
hydrophobicity, and shape can be exploited. A vasige of methods exist for the
isolation and purification of target proteins basaul these characteristics and new
techniques are continuously developed. Due to theptexity of the mixture of
impurities and target proteins, several purificatgteps are usually needed to obtain the
target protein at the required purity. Commercaals purification schemes revolve
around the use of multiple chromatography steps& dddition of multiple processing
steps results in higher product loss and increagestessing time, which both
subsequently increase cost.

Purification platforms are based on a three steprageh: protein capture,
intermediate purification, and polishing. In thettae step, the target protein is isolated
and concentrated from the crude extract while aksasferring the target protein into the
most stabilizing environment possible. Removal ofme critical impurities and/or
contaminants can also be accomplished during tipuiea step. In the intermediate
purification step, the bulk of the impurities, sugh other proteins and nucleic acids are
removed. During the last polishing step, trace amsof impurities are eliminated along
with substances that are closely related to thgetgrotein (aggregates, misfolded target
proteins). The objective during the polishing stefo achieve the final purity.

The key to successful and efficient protein puafion is to select the most
appropriate techniques, optimize their performawocguit the requirements, and combine
them in a logical way to maximize yield and ministhe number of steps required [22].
Each step in a purification scheme is a compronhiseveen three considerations:
retaining biological activity of the target protemaximizing the degree of purification at
the step, and maximizing recovery of the targetgno The degree of purification and
the recovery are frequently in conflict, and a coompise is typically needed. Specific
activity (SA) is defined as units of target proteictivity per milligram of total soluble

protein:



TargetProteinActivity (U)
TotalSolubleProtein (mg)

SpecificActivity = 1)

Specific activity should increase throughout theification, reaching a maximum value
when the protein is pure. Recovery is defined atswof target protein activity after a
purification step, or for an entire purificationopess, divided by the units of target

protein activity in the initial extract:

Final TargetProtein Activity (U) »
Initial TargetProtein Activity (U)

Recovery(%) = 100 (2)

Recovery decreases with each purification step. Thain objective in protein

purification is to maintain total activity units @mrecovery while steadily increasing
specific activity. Purification factor is the fingpecific activity (SAna) at a given step, or
for an entire purification process, divided by specactivity in the initial extract

(SAinitial):

S'AYinaI

thitial

Purification Factor=

@)

The final purification factor may range from twdddor a well-expressed recombinant
protein to 100,000 fold for a minor protein [22].

2.3.2 Aqueous Two-Phase Extraction

ATPE is a powerful technique for separation andfigation of proteins, as well
as many other biomolecules, including nucleic goidsises, and cells. The characteristic
feature of ATPE is the high water content, whicloviles a gentle, non-toxic
environment for recombinant proteins. Comparedxistiag technology, ATPE has the
capacity to process high biomass loads while ciranting many of the shortcomings
present in early centrifugation and filtration stefhat arise due to high viscosity and
heterogeneous particle size [23]. This technique lba highly selective and, when
properly optimized, offers the possibility of cominig clarification, concentration, and
initial purification into one purification step. Recing the number of steps in a
purification process improves the cost and targetem recovery. ATPE has the
potential to become an alternative to the widelgelsentrifugation, filtration, and

chromatography steps for the initial purificatidir@combinant proteins.
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ATPE utilizes immiscible mixtures of different watsoluble polymers or a single
polymer and a specific salt. When both polymersherpolymer and salt are combined,
two phases will be formed with the first polymemaoating one phase and the second
polymer or salt dominating the other phase. ATPKolves two unit operations:
equilibration and phase separation [24]. Equiliorat comprises mixing of the
components that constitute the aqueous two-phastersyand the material to be
partitioned, followed by dispersion of the phasesobtain equilibrium [24]. This is
followed by phase separation of the two phaseseTion phase separation is the rate-
limiting step in ATPE. Phase separation under gyavaries between a few minutes to a
few hours due to the small difference in the dé&siand the viscosities of the two phases
[25]. Centrifugation at low speed is commonly ugetasten the process [25].

The composition of an aqueous two-phase systenbeaepresented by a phase
diagram with a single binodial curve, illustratedthe polymer-salt system in Figure 1.1.
Points to the right of the binodial curve represahthe mixtures of the polymer and the
salt that create a two-phase system. Points T aaceRalled nodes, and represent the
compositions of the two phases. Connecting nodasdIB is a tie-line. Any point on the
tie-line, such as point M, represents the totalesyscomposition. Different points on the
same tie-line result in two-phase systems with idahphase compositions but different
volumes of the coexisting phases. Compositionshef doexisting phases can only be
changed by the addition of another component ohange in the solvent. This would
result in different nodes and a different tie-liflkeistrated by the other tie-lines above the
binodial curve in Figure 2.1. Point C on the biradiurve is the point where the two
nodes coincide and is called the critical pointsTgoint represents the theoretical case in
which the compositions and the volumes of the i@g phases are equal [23].
Numerous phase diagrams for both two polymer argnper-salt systems have been
reported [23, 26, 27] and are helpful when desigriqueous two-phase systems.

Systems composed of a polymer and a salt have tadem over systems
composed of two polymers. Cost is reduced as pluseng polymers are more
expensive than phase-forming salts [28, 29]. Allse,phases will have a lower viscosity,
which results in faster phase separation [30]. Wh&gng a polymer/salt aqueous two-

phase system, polyethylene glycol (PEG) is almesiusively used as the phase-forming
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polymer [30]. The phase behavior of PEG/salt systeave been reported in detail with
phase-forming salts including potassium phosphatamonium sulfate, magnesium

sulfate, sodium sulfate, and sodium carbonateZ8327].
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Figure 2.1 Phase diagram for polyethlyene glycdapsium phosphate system [31].

Exploitation of ATPE for protein purification usethe unique equilibrium
distribution, or partitioning, of the target prateiand the impurities between the two
phases. Ideally, the differences in partition bébrakbetween the target protein and all
other impurities and unwanted material should bey Varge. In this case, the target
protein would partition to one phase and all of ithpurities would partition to the other
phase, resulting in excellent target protein pcaiiion. Most often this is not the case,
and the difference in partition behavior is nogafor some of the impurities and the
target protein. Many factors affect the partitiaghbvior of the proteins and impurities.
These factors include, but are not limited to, ttype, molecular weight, and

concentration of phase polymers and salts, thedappleconcentration of ions added to the
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two-phase system, temperature, and pH of the tveselsystem. Manipulating these
factors changes the properties of the phases amdhelp to increase differences in
partition behavior between target proteins and imtips. When separating biomolecules
using ATPE, the amounts of soluble material showdt exceed 0.1 wt % of the total
weight of the two-phase system used. For examd®, g@aqueous two-phase system can
accommodate up to 0.01 g total protein. It has b&eswn that when the amount of
material being partitioned exceeds 0.1 wt % oftttal system weight, the material may
affect the properties of the system [23].

Several variables are used to help describe thgaeships between solutes in the
top and bottom phases and can be used when tryingtimize purification of a target
protein. The solute partition coefficient, K, isngeally defined as the ratio of the solute
concentration in the top phase;, @ the solute concentration in the bottom ph@se,

K=o @)
The partition coefficient will be greater than ahéhe solute preferentially partitions to
the top phase and less than one if the soluteneréfally partitions to the bottom phase.
Altering any of the aforementioned factors can iigently change the partition
coefficient. The selectivity of the target protesndefined bya, and it is a ratio of the
partition coefficient of the target proteinpkand the lumped partition coefficient of all

other impurities, K.

a=—-— (5)

Depending on which phase the target protein pamstito, the selectivity will be greater
than one or less than one. The selectivity of getaprotein will be constant for all two-
phase system compositions on the same tie lineeiphase diagram. Due to the constant
selectivity, the purification factor of the recoedrtarget protein can be improved by
varying the phase ratio:

Massof TopPhase
Massof BottomPhase

PhasdRatio=

(6)
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If the selectivity is greater than one, a smalleage ratio will increase the purification
factor of the target protein. However, the recovefryhe target protein will decrease as
the phase ratio decreases. An optimal phase ratiddaprovide a balance between the
purification factor and the recovery.

Due to the advantages cited above, ATPE has besth fos the purification of
many recombinant proteins from bacterial and yeaptession hosts. Table 2.1 lists 14
proteins purified using ATPE, the expression ha&idy and the recovery and purification
factors obtained. ATPE offered recovery values@%%r greater for 11 of the 14 target
proteins and the purification factor varies fror@5l— 17 [28, 32, 33, 34, 35, 36]. ATPE
has also been used to purify recombinant proteore fnammalian cell culture, although
it is not as well-studied as with bacterial or yezal culture. Murine 1IgG was separated
from a serum free, crude, concentrated hybridorfiacgkture supernatant using a system
composed of 15% PEG 1450, 14% potassium phospdrade] 2% NaCl at pH 5.5 where
virtually all IgG partitioned to the top phase ahé contaminants to the bottom phase
[37]. Addition of 14% potassium phosphate partiédrnthe 1gGs into the bottom salt
phase and the contaminants were reduced 18 faddtireg in 80% pure IgG and a
purification factor of 5.9 [37]. Another aqueousotphase system composed of 12%
PEG, 10% phosphate, and 15% NaCl at pH 6 was usgairify human monoclonal
antibodies from a Chinese hamster ovary (CHO) catngged cell culture supernatant
with an 88% recovery in the polymer-rich top phasd a purification factor of 4.3 [31].
The same aqueous two-phase system was also sutigesséd to purify antibodies from
a hybridoma cell culture supernatant with 90% recp\and a purification factor of 4.1
[38].
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Table 2.1 Recombinant proteins purified using AT#PE the recovery and purification
factors obtained for each [28, 32, 33, 34, 35, 36].

Protein Recovery (%) Purification Factor

Fumarate Hydratase 83 75

(Brevibacterium ammoniagerjes '
Fumarate Hydratase

(Escherichia coli 93 3.4

Aspartate-Ammonia-Lyase 96 6.6
(Escherichia col '

Isoleucyl-tRNA-Synthetase 93 23
(Escherichia coli ]

Penicillin Amidase 90 8.2

(Escherichia coli
Human Insulin-Like Growth Factor-I
and Il Fusion Protein 90 2
(Escherichia coli
Penicillin Acylase
(Escherichia coli
Glucose-6-Phosphate-Dehydrogenase
(Leuconostoc 9p
L-2-Hydroxyisocaproate-
Dehydrogenase 93 17
(Lactobacillus casi
Leucine Dehydrogenase

85 5.7

94 1.3

(Bacillus sphaericus 98 2.4
a-Amylase
(Bacillus subtilig 80 2
Elastase
(Bacillus subtilig 89.9 1.7
Endo-Polygalacturonase 95 108
(Kluyveromyces marxianys .
Alcohol Dehydrogenase 96 e

(Saccharomyces cerevisjae

ATPE has been used to purify recombinant protems fplant expression hosts at
the laboratory scale. ATPE was successful in pugfyegg white lysozyme, porcine
pancreatic ribonuclease A, and equine heart cytmoar C from transgenic corn
endosperm and corn germ using a PEG/sodium sudfatiem with recovery of nearly

100% of the target proteins and average purificatfactors of 9 [39]. Spiking
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experiments in which egg white lysozyme was addetbbacco extract to simulate a
transgenic system have also demonstrated the igéress of ATPE. The egg white
lysozyme was successfully separated from tobactmaxin a PEG/sodium sulfate
system with a 79% recovery and purification faciblO [40]. ATPE was shown to be
effective in the initial recovery, purification, drstabilization of Ricin B from tobacco
hairy root culture [41]. Human anti-human immunaodehcy virus monoclonal antibody
(MADb) 2F5 was shown to be successfully separatau transgenic tobacco extract using
a PEG/potassium phosphate system with 95% recarety3-4-fold purification [27]. In
addition, this system permitted the removal of plderived phenolics and toxic
alkaloids. Overall, there are very few publishegomts describing ATPE for recombinant
protein purification from plant expression systems.

It is important to note that phase separation irtunes of two polymers or of a
single polymer and a salt is not clearly understaodl the mechanism controlling
aqueous two-phase partitioning is largely unknowherefore, when designing an
agueous two-phase system, the best choice ofipartbnditions for the separation of

target proteins remains mostly trial-and-error [23]

2.3.2.1 Comparison of Aqueous Two-Phase Extraei@hChromatography

On a large scale, separation of proteins usingneatography is not an easily
applied method, despite being extremely effectime aimple on a laboratory scale.
Chromatographic methods like column chromatograpbry high-pressure liquid
chromatography are highly specific, but can hamdly small amounts of feed at a time.
Chromatography scale up is complex, and limitatgunsh as discontinuity in the process,
slow protein diffusion, and large pressure dropthesystem are seen [28]. Compared to
chromatography, an aqueous two-phase system catiehlanger volumes and a higher
biomass load [23, 24]. If optimized correctly, ATRBn be a highly selective process
[24]. Aqueous two-phase systems have no solid pliase=fore, thorough mixing of the
two phases is possible and interphase mass trdansp@pid. An ATPE can easily be
scaled up without an appreciable change in theraatuefficiency of the process [28]. It
has been demonstrated that scale-up is feasiblerdportional linear increase of the
amount of ingredients [42, 43, 44]. ATPE is anttgd to be scalable using PEG/salt
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systems due to lower viscosity, lower costs, astl Saparation time [24, 25]. Scale up of
extractions in aqueous two-phase systems has bessibfe through the use of

conventional extraction equipment used in chemiwadistry [24]. ATPE uses the same
principles as liquid—liquid extraction, a well-knovehemical process. Therefore, similar
commercially-available equipment may be used fotimgi and phase separation [31]. A
two-stage extraction process can be used to faditipn the target protein to the top
polymer-rich phase and after separating the phasescond ATPE is performed to
partition the target protein to the bottom phadee Top polymer phase may be recycled
in large-scale processes to lower costs, and furive, ATPE is suitable for continuous
operation [24, 31, 45, 46]. The large-scale appboaof ATPS is mainly limited by the

theoretical understanding of phase equilibrium jarodein partitioning.

2.4 B-Glucuronidase as a Model Protein

Beta-glucuronidase (GUS) is an enzyme that catalythe hydrolysis ofi-
glucuronides [47]. GUS is a homo-tetrameric enzymeé has an isoelectric point around
pH 5.5 [48]. The molecular mass of each monomeapzoximately 68.2 kDa [48, 49].
To examine the feasibility of using ATPE in recomdnit protein purification, GUS can
be used as a model protein to simulate biopharnigeéwexpression, production, and
purification. GUS is an ideal model acidic protéiecause it has well-known properties
and its enzymatic activity is easily quantified ngsia standard assay procedure over a
broad pH range, with most GUS activity occurringween pH 5.0 and pH 7.8 [47]. The
enzyme is very stable when exposed to various ioaiitions and detergents and is
mostly resistant to protease degradation and tHedmgradation [47]. Plant extracts
containing GUS may be stored at -70 °C for prol@hgeriods of time and at 4 °C for a
few days without losing significant activity [S0Iso, GUS is not endogenous in higher

plant species [47] and therefore the likelihoodatkground activity is very small.

2.5 Summary
Biopharmaceutical-based therapeutics have emergedorse of the most
significant medical innovations in the last threscaldes. Treatments are now available

for many conditions and diseases, such as canakraatoimmune diseases, which
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previously had very few therapeutic options. Prdéduc of an FDA-approved
biopharmaceutical product is a rigorous and diffipuocess. Biopharmaceuticals require
a very high purity and several expensive purifmatsteps must be utilized to obtain the
stringent purity requirements set by the FDA. Gsfétctive recombinant protein
production and purification is vital for successhibpharmaceutical manufacturing.
Deviating from the traditional biopharmaceuticalpeession systems and purification
schemes by using alternative procedures can makesdive impact on cost. An
alternative expression system that could incredfieiemcy and reduce costs is a
transgenic plant expression system. Plant expmessystems have proven to be an
efficient means of producing functional therapeufoteins and hold promise for the
production of biopharmaceuticals. Non-chromatogyalphsed purification schemes can
significantly reduce the cost of downstream proicgssCombining a tobacco expression
system and an aqueous two-phase extraction puidiicgrocess has the potential to
improve the cost of biopharmaceutical production dyminating the need for an
expensive mammalian cell culture expression sys&md initial purification using

chromatography.
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Chapter 3

Experimental

3.1 Materials

Non-transgenidNicotiana tabacuntv. Xanthi seeds were kindly provided by Dr.
Carol Wilkinson. Transgenic tobacco seeds contginime recombinant GUS gene
regulated by Super P promoter were kindly providsdDr. Luis Fabricio-Medina
Bolivar (Arkansas State University) and were oradiyn developed by Dr. Stanton B.
Gelvin (Purdue University) [1]. Polyethylene glyd®lEG), molecular weight 3350, was
purchased from Integra (Renton, WA, USA). PEG, ma@ weight 8000, was
purchased from Promega (Madison, WI, USA). Ammonautfate, potassium phosphate
monobasic and dibasic, sodium phosphate monobasia#asic, sodium sulfate, and
sodium chloride were purchased from Fisher Scien{ittsburgh, PA, USA). Beta-
glucurondiase fronk. coli, poly(vinylpolypyrrolidone) (PVPP), high moleculareight
(>1,000,000), 2-mercaptoethanol, ethylenediamitradeetic acid (EDTA), p-
nitrophenylp-D-glucuronide (PNPG), phytagel, and p-nitrophei®NP) were purchased
from Sigma (St. Louis, MO, USA). Bio-Rad Proteinsay and Bio-Safe Coomassie stain
were purchased from Bio-Rad Laboratories (Herclds, USA). Bovine serum albumin
was purchased from Pierce (Rockford, IL, USA). ithreitol (DTT), kanamycin, and
Murashige and Skoog basal salts and vitamins wbtaireed from Bioworld (Dublin,
OH, USA). Greiner 96-well clear, flat bottom mictages were purchased from USA
Scientific (Ocala, FL, USA). All sodium dodecyl fate polyacrylamide gel
electrophoresis (SDS PAGE) products including 4-1BBTris Novex mini gels and
NUuPAGE LDS (lithium dodecyl sulfate) sample buffed;(N- morpholino)propane
sulfonic acid (MOPS) SDS running buffer (50 mM MQP® mM Tris, 0.1% SDS, 1
mM EDTA, pH 7.7), and antioxidant were purchasearrinvitrogen (Carlsbad, CA,
USA). Microcon centrifugal filter devices were phased from Millipore (Bedford, MA,
USA).
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3.2 Nicotiana tabacum Plant Generation

Transgenic and non-transgenic tobacco seeds wespanad according to
published protocol [2]. Seeds were placed asepticalplastic boxes (11.4 cm x 8.6 cm
x 10.2 cm) containing modified Murashige and Sk@od/S) media [3] and allowed to
germinate. Media was supplemented with 200 mg/Lakarcin for transgenic plants.
Plants were grown in a temperature controlled @3 ihcubator and were used for
experiments after approximately two months whenplaats were large enough to fill
the plastic boxes. Leaf size varied from approxetyab cm to 10 cm. Plants were
propagated after the leaves were used for expetanéfter one month of growth, the
propagated plants were large enough to fill thestmaboxes and were used for
experiments. This propagation process was repepgxibdically. After the first
propagation of transgenic plants, all plants wemva on mMS media with 100 mg/L
kanamycin.

3.3 Protein Extraction

Fresh tobacco leaves were excised from each piaptepare the extracts. Leaf
tissue was weighed and placed in a 50 mL conida.tlce-cold buffer was added to
each tube at a ratio of 5 mL buffer:1 g leaf tissliee extraction buffer consisted of 50
mM sodium phosphate + 10 mM BME + 1mM EDTA at ptbi7pH 8 depending on
ATPE conditions. The samples were homogenized usinBowerGen 700 (Fisher
Scientific, Pittsburgh, PA, USA) until no large peamnlates remained. Immediately after
homogenization, 2% (w/v) pre-hydrated PVPP was dddeghe sample. The extract was
mixed using a Genie 2 Fisher Vortex (Fisher SdientPittsburgh, PA, USA) and
allowed to sit at room temperature for 15 minufgser centrifugation at 4 °C and 17,000
x g for 20 minutes, the supernatant was removediliaced through a 0.23m syringe
filter. The rGUS expression level in the transggaants ranged from 100 to 380 units of

rGUS activity per milligram of total soluble protei
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3.4 Analytical methods
3.4.1 Bio-Rad Protein Assay

Protein concentration was determined by the Bio-Radein assay with bovine
serum albumin (BSA) as the standard. The Bio-Radyas a dye-binding assay in which
a color change of the dye occurs in response tousrconcentrations of protein [4]. The
dye binds to basic and aromatic amino acid resifdiesAll assays were carried out in
96-well clear, flat bottom Greiner microtiter platand performed in duplicates. Tgh
of sample or standard was added to each emptyfellelved by 200uL of prepared Bio-
Rad reagent as specified by the manufacturer ostdindard assay and 1,@0of sample
or standard was added to each empty well followedd® uL of prepared Bio-Rad
reagent as specified by the manufacturer for thaassay. The samples were allowed to
incubate at room temperature for 5 minutes. Abswéaneasurements were read at 595
nm on a Bio-Tek Synergy microplate reader (Bio-Tedtruments, Inc., Winooski, VT,
USA).

3.4.2 GUS Activity Assay

The GUS activity assay used was a continuous speuitometric assay [5]
based on the method developed by Jefferson andoiV[B]. This assay utilizes the
ability of GUS to hydrolyze p-nitrophenyB-D-glucuronide (PNPG) to release
chromophore p-nitrophenol (PNP). GUS activity ipmssed as unit/mL [6] with one
unit of GUS activity defined as the amount neededilierate 1 nmol PNP/minute at
room temperature and pH 7.0. A standard curve weseldped using various
concentrations of PNP solubilized in 50 mM NaPphgt 7.0 and pH 8.0 according to
published protocol [7]. All assays were carried aut96-well microtiter plates and
performed in triplicates. Four microliters of samphas added to each empty well,
followed by 176 mL of 50 mM NaPi + 10 mM BME and 26L of 10 mM PNPG
solubilized in 50 mM NaPi. Kinetic absorbance measwents were read at 405 nm every
50 s for a total of 8 min on a microplate readdre Tesults from control experiments
(data and results presented in Appendix A) indotateat the GUS activity was not
significantly affected (£ 10%) by the varying contations of PEG, ammonium sulfate,

potassium phosphate, or sodium sulfate encounteredghout this report.
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3.4.3 Sodium Dodecyl Sulfate Polyacrylamide Gettedphoresis

Samples were reduced and run on 4-12% Bis-TrisvgetisMOPS as the running
buffer. Thirteen microliters of sample was mixedhws mL LDS sample buffer and 2
mL of 500 mM DTT. The samples were vortexed anddwat 70 °C for 10 min in a
water bath. The gels were run for 50-60 minute®0& V. After running, the gels were
washed with deionized (DI) water and stained witlo-8afe Coomassie stain or
SilverXpress silver staining kit. The gels wererstad with a Bio-Rad ChemiDoc XRS
imager and analyzed using Quantity One Software.

3.5 Aqueous Two-Phase Extraction
3.5.1 Development of Aqueous Two-Phase System

PEG/ammonium sulfate, PEG/potassium phosphate, RIB@/sodium sulfate
systems were investigated to study the partitiomihgative tobacco proteins, GUS, and
rGUS. A stock solution of 40% (w/w) PEG in deiordzerater was prepared and 30%
(w/w) stock solutions were also prepared for edudisp-forming salt. Ammonium sulfate
and sodium sulfate stock solutions were preparé®imM sodium phosphate buffer and
were titrated to the appropriate pH based on aguém-phase system conditions.
Potassium phosphate stock solution was prepareld Both monobasic and dibasic
potassium phosphate in 50 mM sodium phosphate thuaffel was titrated to the
appropriate pH if necessary. Systems of 2 g (tatelght) containing the required
amounts of PEG, phase-forming salt (ammonium sylfgiotassium phosphate, or
sodium sulfate), sodium chloride, and tobacco ext@us, or transgenic tobacco extract
(50 uL) were prepared from the appropriate stock sohstidodium phosphate buffer (50
mM) was used to balance the total system weigt# ¢p The systems were thoroughly
mixed by vortexing, then centrifuged at 1180y at room temperature for 10 minutes to
accelerate the phase separation. The centrifuget@émyg were allowed to stand for 30
minutes at room temperature. The bottom phase vpastgd out and both phases were
weighed. The density of the top and bottom phaseestimated by measuring the mass
of 200 uL of each phase. When necessary, the total proetmgentration in each phase
was determined by the Bio-Rad assayd the GUS or rGUS protein concentration was

determined by the GUS activity assay.
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3.5.2 Fractional Factorial Design

Statistical design of experiments is a procedurglfanning experiments that will
yield valid and objective conclusions. When usingPA&, there are many factors which
effect the partitioning of proteins, some of whitlay be critical and others which may
have little or no effect. Screening experiments ameefficient way of determining the
important factors in protein partitioning and is excellent first step when the ultimate
goal is to maximize protein purification using ATPEhe primary purpose of the
experiment is to select, or screen out, the fewontgmt main effects from the many less
important ones [8]. There are five important fastevhich affect the partitioning of
proteins when using ATPE to separate GUS from gams tobacco extract: polymer
type, polymer concentration, phase-forming saltceotration, pH, and the ionic strength
of the aqueous two-phase system. Low and highdedfethe factors were 3400 and 8000
MW for PEG molecular weight, 10 % (w/w) and 15 % for PEG concentration, 13
% (w/w) and 18 % (w/w) for potassium phosphate eoti@tion, 0.1 M and 1.2 M for
ionic strength, and 7 and 8 for system pH. Theltefe PEG concentration and phase-
forming salt concentration were selected to entheiea two-phase system would result
when the polymer and phase-forming salt were mixdds was accomplished using
published phase diagrams available for each oftlinee systems [9, 10, 11]. lonic
strength levels were selected based on a literatwiew of ATPE [12, 13, 14]. The pH
range was selected because rGUS extraction fronsgemic tobacco is maximized at
neutral to basic pH values [6, 7] and GUS enzymetiivity can be accurately assayed
from pH 7 to 8 [5, 6]. A broader pH range from pHoGoH 8 was originally tested using
transgenic tobacco plants (data and results predentAppendix B) but the enzymatic
activity of rGUS was very low and hard to quanatypH 6 compared to pH 7 and pH 8.
As a result, it was difficult to evaluate data beéw the different pH values. The low
enzymatic activity of rGUS at pH 6 could be atttdnl to insufficient rGUS extraction
from the tobacco plant or possible inaccuracy ed\@JS enzymatic assay at pH 6.

Because there were several factors to be testidctéonal factorial design, was
used to save time and resources. A fractional feattdesign uses only a portion of the
factor combinations required for a complete faetiodiesign and significant factors can be

revealed when the portion of factor combinationch®sen correctly, just as with a
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complete factorial desigrifo choose the correct factor combinations, a twelle’2
fractional factorial experiment was produced ushgdesign generator:

F =ABCD (1)
A, B, C, D, and F represent the five factors usethe design: PEG molecular weight,
PEG concentration, phase-forming salt concentratiomic strength, and pH,
respectively. The design generator determines lias atructure for the experiments.
When the estimate for the effect of a factor inelsidhe influence of one or more other
factors, the effects are aliased. For examplédefdstimate of factor A actually estimates
A + BCDF, then the main effect A is aliased witle th-way interaction BCDF [8]. A
main effect is defined as the effect of a factotlmresponse variable which is measured
without regard to other factors in the analysisagihg causes no difficulty in estimating
effects when the effects are aliased with highdeomteractions. This is because higher
order interactions are typically non-existent agigmificant [8]. Assuming higher order
interactions are insignificant is what enables actional factorial design to be used to
determine significant factors. The design deterohibg the generating equation for a %2
fractional factorial experiment with five factorasa resolution of five. Resolution five
designs can estimate all main effects and two-watgraction effects. Two-way
interaction effects occur when the effect of onetdais dependent on the level of one
other factor [8]. The alias structure is shown able 3.1. Any design generator can be
replaced by its negative counterpart to producesguivalent, but different fractional
factorial design [8].
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Table 3.1 Alias structure generated for a ¥ fraetidactorial design with 5 factors.

Alias Structure
| + ABCDF
A + BCDF
B + ACDF
C + ABDF
D + ABCF
F+ ABCD
AB + CDF
AC + BDF

AD + BCF
AF + BCD
BC + ADF
BD + ACF
BF + ACD
CD + ABF
CF + ABD

DF + ABC

Screening experiments were performed for tobacod @WS separately in
PEG/ammonium sulfate, PEG/potassium phosphateP&@fsodium sulfate systems. A
two level, Y2 fractional factorial design was usedstudy the effect of these five factors
on the separation of GUS from transgenic tobacdmeix The response variable in all
the screening experiments was the partition cdefftc The factor combinations were
generated by JMP statistical software (SAS Ingtitot. Cary, NC, USA) for a two-level,
resolution five, ¥ fractional factorial experimemte factor combinantions are shown in
Table 3.2. IMP and SAS statistical software (SASitite Inc. Cary, NC, USA) were

used in the screening experiments for data analysis
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Table 3.2 Factor combinations for PEG/Ammonium &elf PEG/Potassium Phosphate,
and PEG/Sodium Sulfate systems used to studyipaitity of native tobacco proteins
and GUS.

System PEG PEG Conc. Salt Conc. lonic oH
Order MW (Yow/w) (Yow/w) Strength (M)
1 8000 10 13 0.1 7
2 3400 15 13 0.1 7
3 3400 10 18 0.1 7
4 8000 15 18 0.1 7
5 3400 10 13 1.2 7
6 8000 15 13 1.2 7
7 8000 10 18 1.2 7
8 3400 15 18 1.2 7
9 3400 10 13 0.1 8
10 8000 15 13 0.1 8
11 8000 10 18 0.1 8
12 3400 15 18 0.1 8
13 8000 10 13 1.2 8
14 3400 15 13 1.2 8
15 3400 10 18 1.2 8
16 8000 15 18 1.2 8

3.5.3 Response Surface Method Design

After the significant factors were determined, #hdsctors were used in a
response surface method (RSM) design to incread& n@covery and purification in the
PEG phase from transgenic tobacco. RSM designs acaomplish many different
objectives including hitting a target, maximizing minimizing a response, reducing
variation, making a process robust, or seekingnabooation of these objectives [8]. The
objective for these experiments is to maximizerdgsponse. The response variable used
in all RSM experiments is the selectivity of thel& By maximizing the selectivity of
rGUS, rGUS recovery and purification from transgetdbacco should be increased as
well. Maximizing the selectivity of rGUS can be a@led by experimenting with
multiple inputs to achieve a better output [8]. B experiment is able to produce a set

of optimized factor levels which will generate ttiaximum selectivity by adjusting the
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levels of the two significant factors. A centralngoosite design (CCD) was selected as
the RSM to maximize the selectivity of rGUS. A CCbntains an imbedded factorial or
fractional factorial design with center points astdr points that allow estimation of
curvature [8]. A CCD always contains twice as matay points as there are factors in the
design. If the distance from the center of the glesipace to a factorial point is +1 for
each factor, the distance from the center of tlsggdespace to a star point ia with jo| >

1 [8]. Therefore, the star points represent new & high values for each factor in the
design. The value ok depends on certain properties of the selected @udDon the
number of factors involved. Also, the number ofteemoint runs required in the design
depends on the type of CCD selected for the design.

A face-centered CCD was preferred as the RSM ftimizing the selectivity of
rGUS. Face-centered CCDs do not require usingsianrts outside the low and high
levels (i.e.¢| = 1). Using this type of CCD is required in thistance because the factor
levels for PEG concentration were selected to enthat a two-phase system would be
formed and exceeding those bounds would be dettahek two-level CCD with center
points cannot estimate individual pure quadratieat$, but it can detect them effectively
assuming the design is properly constructed. A -tasgered CCD can provide
reasonably high quality predictions over the entiesign space but give poor precision
for estimating pure quadratic coefficients due He teduced design space used. Five
center point runs are required for a face-cent@€® with two factors and are used to
provide a measure of process stability and inhevangbility. The number of center
points required for the CCD ensures that the desaguniform precision [8].

The significant factors determined by the two-le¥é fractional factorial
screening design for partitioning of GUS and natoteacco proteins in a PEG/potassium
phosphate system were used in a RSM design to nmxithe response variable.
Transgenic tobacco was used in all RSM experimdiiis. factor combinations used in
the RSM experiments were generated by JMP staissicftware (SAS Institute Inc.
Cary, NC, USA) for a face-centered CCD experim&he phase conditions are shown in
Table 3.3. JMP statistical software (SAS Institute. Cary, NC, USA) was used in the

screening experiments for data analysis.
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Table 3.3 Factor combinations for PEG/Potassiunspiate system used to study the

partitioning of rGUS in transgenic tobacco extract.

System

PEG

PEG Conc.

KPi Conc.

lonic Strength

Order | MW (%owiw) (%wiw) M) PH
1 3400 10 18 0.1 8
2 3400 10 18 0.65 8
3 3400 10 18 1.2 8
4 3400 125 18 0.1 8
5 3400 125 18 0.65 8
6 3400 125 18 0.65 8
7 3400 125 18 0.65 8
8 3400 125 18 0.65 8
9 3400 125 18 0.65 8
10 3400 125 18 12 8
11 3400 15 18 0.1 8
12 3400 15 18 0.65 8
13 3400 15 18 1.2 8

33




References

. Ni, M. D. Cui, J. Einstein, S. Narasimhulu, C. Eergara, and S. B. Gelvin (1995)
Strength and tissue specificity of chimeric prom®erived from the octopine
and mannopine synthase genekant J. 7, 661-676.

. Neve, M.D., H.V. Houdt, H.-M. Bruyns, M.V. Montag#. Depicker (1998)
Recombinant proteins from plants: production anolason of clinically useful
compoundsC. Cunningham, A.J.R. Porter (Editors) Humana $réstawa, NJ,
pg 203.

. Murashige, T., F. Skoog, (1962 revised medium for rapid growth and
bioassays with tobacco tissue culturBlysiol Plant 15, 473-497.

. Bio-Rad Laboratories (2008jio-Rad Protein Assay-24.

5. Aich S., L.T. Delbaere, R. Chen, (20@@9ntinuous spectrophotometric assay for

S-glucuronidaseBioTechniques 30 pg 846.

. Jefferson, R.A. and K. J. Wilson (199&)Glucuronidase as a Gene Fusion
Marker in Agricultural Molecular Biologyn Plant Molecular Biology ManualS.
Gelvin, R. Schilperoort, and D.P. Verma (Editordiwer Academic Publishers,
The Netherlands 1-33.

. Holler, C. and C. Zhang (200&)urification of an acidic recombinant protein
from transgenic tobaccdiotechnol Bioeng 99(4), 902-9.

. NIST/SEMATECH e-Handbook of Statistical Methods  @3D
http://www.itl.nist.gov/div898/handbook/

. Zaslavsky, B. Y. (1995Aqueous Two-Phase Partitioninilarcel Dekker, Inc.,
New York 7584, 221-285, 447-498, 643-645, 648—680-662.

10.Albertsson, P. A. (1986partition of Cell Particles and Macromolecules®2

Edition. John Wiley & Sons Inc., New York 261-287.

11.Snyder, S. M., K. D. Cole, and D. C. Sziag (19%hase Compositions,

Viscosities, and Densities for Aqueous Two-PhassteBy Composed of
Polyethylene Glycol and Various Salts at 25 J@hem Eng Data 37, 268-274.

12.Gu, Z., and C. E. Glatz (200 Aqueous Two-Phase Extraction for Protein

Recovery from Corn Extract3.Chromatogr B 845(1), 38-50.



35

13.Balasubramaniam, D., C. Wilkinson, K. Van Cott, &dzZhang (2003Yobacco
Protein Separation by Aqueous Two-Phase Extractlo@hromatogr A 989(1)
119-129.

14.Zhang, C., F. Medina-Bolivarb, S. Buswell, and CCramer (2005Purification
and Stabilization of Ricin B from Tobacco Hairy Rdoulture Medium by
Aqueous Two-Phase ExtractiahBiotechnol 117(1), 39-48.



Chapter 4

Results and Discussion

4.1 Analysis of Screening Experiments

Three systems, PEG/ammonium sulfate, PEG/potassphosphate, and
PEG/sodium sulfate, were studied to determine anogpiate agqueous two-phase system
for purifying rGUS from native tobacco proteins.elminary experiments and a
literature review demonstrated that rGUS partitiomghe top, PEG-rich phase in the
three PEG/salt systems. Therefore, purification a@omplished by partitioning rGUS
into the top PEG phase and the tobacco proteinkheobottom salt phase. The best
PEG/salt system will have the largest partitionfocient for GUS (> 1) and the lowest
partition coefficient for native tobacco proteirsX). In all screening experiments, non-
recombinant GUS and non-transgenic tobacco were sesgarately to characterize their
partitioning in PEG/salt system. To meet this geateening experiments consisting of a
two-level, resolution five, ¥ fractional factoridlesign were performed to determine
which salt would provide the best separation of Gtd# tobacco proteins, and to help
elucidate which factors were significant in GUS aative tobacco protein partitioning in
ATPE. A fractional factorial design selects onlypartion of the factor combinations
required for a complete factorial design to saweetiand resources by assuming that
higher order interactions are insignificant. Sigiaht factors can be revealed when the
portion of factor combinations is chosen correcjlyst as with a complete factorial
design. Five factors important in protein partitioning wesereened, including PEG
molecular weight, PEG concentration, phase-forngalj concentration, ionic strength,
and system pH. Low and high levels for each ofeHastors were 3400 and 8000 MW,
10 % (w/w) and 15 % (w/w), 13 % (w/w) and 18 % (W/@.1 M and 1.2 M, and pH 7
and pH 8, respectively. The response variable & @¢kperiments was the partition
coefficient for GUS or native tobacco proteins ahé response was maximized or
minimized accordingly. Three replicates of the fi@tal factorial screening experiments
were conducted for each PEG/salt system.

It was determined that the PEG/ammonium sulfatdesysand PEG/sodium

sulfate system did not partition native tobaccagqire to the bottom phase as efficiently
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as the PEG/potassium phosphate system. As showahile 4.1, 4.2, 4.3, and 4.4, both
systems favored partitioning of the tobacco praend GUS to the top phase, resulting
in large partition coefficients (> 1) for both, whiis undesirable. The averageo#cco
was 6.3 £1.7 and the averageuJ$§ was 216.4 + 20.0 for the PEG/ammonium sulfate
system and the averagekaccowas 22.6 = 5.5 and the averagesKwas 81.6 + 10.4 for
the PEG/sodium sulfate system. The partition coeffits and the standard deviations for
native tobacco proteins and for GUS in the PEGA=otem phosphate system are shown
in Table 4.5 and 4.6. In this system, the partitoefficients for GUS are large, average
Keus was 221.0 = 17.9, and the partition coefficierds tobacco proteins are small,
average Kobacco Was 0.56 £ 0.21, which is desirable. The broadyeaof Ksys and
Krobaccovalues in all of the aqueous two-phase systerdsiesto the planned variation in
the factor combinations [8] and indicates that sosystems are more capable of
partitioning GUS to the top phase and tobacco prst® the bottom phase. Due to the
overall high ksys and low Kmpacco Values obtained, PEG/potassium phosphate was
selected as the best aqueous two-phase systemirfbcgiion of rGUS from transgenic
tobacco. Full statistical analysis is reportedtfee PEG/potassium phosphate system. The
statistical analysis consisted of standard leasargs analysis by SAS (Version 9.1). In a
PEG/potassium phosphate ATPE, the PEG concentraignificantly affected the
partitioning of GUS (P = 0.011), and the PEG cohegion and ionic strength of the
system significantly affected the partitioning @ftive tobacco proteins (P = 0.006 and P
= 0.001, respectively) as shown by analysis ofarare (ANOVA) at a significance level
of 0.05. ANOVA is detailed in Table 4.7 for GUS andlable 4.8 for tobacco proteins.
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Table 4.1 Average partition coefficients (K) andrgtard deviations for native tobacco
proteins in the PEG/ammonium sulfate system.

System| PEG | PEG Conc.| Salt Conc. lonic H |k Standard
Order | MW | (%w/w) (Yow/w) Strength (M) P Tobacco | Daviation
1 8000 10 13 0.1 7 2.8 0.51
2 3400 15 13 0.1 7 8.8 1.02
3 3400 10 18 0.1 7 3.7 0.78
4 8000 15 18 0.1 7 4.2 1.01
5 3400 10 13 1.2 7 1.6 1.09
6 8000 15 13 1.2 7 9.9 2.31
7 8000 10 18 1.2 7 3.4 0.63
8 3400 15 18 1.2 7 16.7 4.84
9 3400 10 13 0.1 8 1.6 1.22
10 8000 15 13 0.1 8 12.9 2.67
11 8000 10 18 0.1 8 4.1 1.65
12 3400 15 18 0.1 8 10.1 3.99
13 8000 10 13 1.2 8 1.7 0.65
14 3400 15 13 1.2 8 3.9 0.81
15 3400 10 18 1.2 8 3.5 1.23
16 8000 15 18 1.2 8 115 2.52

Table 4.2 Average partition coefficients (K) andrstard deviations for GUS in the
PEG/ammonium sulfate system.

System| PEG | PEG Conc.| Salt Conc. lonic H K Standard

Order | MW |  (%w/w) %wiw) | Strength (M)| P GUS | Deviation
1 8000 10 13 0.1 7 214.3 17.68
2 3400 15 13 0.1 7 164.5 15.06
3 3400 10 18 0.1 7 442.1 33.64
4 8000 15 18 0.1 7 2.5 0.72
5 3400 10 13 1.2 7 294.8 22.61
6 8000 15 13 1.2 7 140.8 26.01
7 8000 10 18 1.2 7 322.3 36.64
8 3400 15 18 1.2 7 219.2 27.01
9 3400 10 13 0.1 8 249.5 8.16
10 8000 15 13 0.1 8 176.6 13.92
11 8000 10 18 0.1 8 293.5 24.88
12 3400 15 18 0.1 8 108.8 4.97
13 8000 10 13 1.2 8 372.3 29.06
14 3400 15 13 1.2 8 85.3 12.64
15 3400 10 18 1.2 8 289.1 37.7
16 8000 15 18 1.2 8 87 9.07
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Table 4.3 Average partition coefficients (K) andrgtard deviations for native tobacco
proteins in the PEG/sodium sulfate system.

System| PEG | PEG Conc.| Salt Conc. lonic H |k Standard
Order | MW | (%w/w) (Yow/w) Strength (M) P Tobacco | Daviation
1 8000 10 13 0.1 7 44.9 8.37
2 3400 15 13 0.1 7 6.7 2.39
3 3400 10 18 0.1 7 7.5 14
4 8000 15 18 0.1 7 12.4 3.62
5 3400 10 13 1.2 7 4.8 1.22
6 8000 15 13 1.2 7 6.6 0.98
7 8000 10 18 1.2 7 1.4 0.87
8 3400 15 18 1.2 7 17 4.04
9 3400 10 13 0.1 8 13.3 2.93
10 8000 15 13 0.1 8 19.1 6.44
11 8000 10 18 0.1 8 112.9 16.81
12 3400 15 18 0.1 8 4.6 2.84
13 8000 10 13 1.2 8 16.2 1.39
14 3400 15 13 1.2 8 54 3.08
15 3400 10 18 1.2 8 32.5 11.43
16 8000 15 18 1.2 8 57 19.97

Table 4.4 Average partition coefficients (K) andrstard deviations for GUS in the

PEG/sodium sulfate system.

System| PEG | PEG Conc.| Salt Conc. lonic H K Standard
Order | MW |  (%w/w) %wiw) | Strength (M)| P GUS | Deviation
1 8000 10 13 0.1 7 41.1 8.92
2 3400 15 13 0.1 7 137.5 20.73
3 3400 10 18 0.1 7 24.8 6.99
4 8000 15 18 0.1 7 244 29.4
5 3400 10 13 1.2 7 14.6 4,51
6 8000 15 13 1.2 7 75.1 9.27
7 8000 10 18 1.2 7 10 2.21
8 3400 15 18 1.2 7 10.6 0.89
9 3400 10 13 0.1 8 226.4 22.37
10 8000 15 13 0.1 8 59.2 8.09
11 8000 10 18 0.1 8 230.2 18.76
12 3400 15 18 0.1 8 82.9 10.26
13 8000 10 13 1.2 8 38.9 5.02
14 3400 15 13 1.2 8 13.3 1.95
15 3400 10 18 1.2 8 52.1 7.39
16 8000 15 18 1.2 8 442 9.38
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Table 4.5 Average partition coefficients (K) andrgtard deviations for native tobacco
proteins in the PEG/potassium phosphate system.

System| PEG | PEG Conc.| Salt Conc. lonic H |k Standard
Order | MW | (%w/w) (Yow/w) Strength (M) P Tobacco | Daviation
1 8000 10 13 0.1 7 0.31 0.08
2 3400 15 13 0.1 7 0.37 0.12
3 3400 10 18 0.1 7 0.81 0.34
4 8000 15 18 0.1 7 0.35 0.16
5 3400 10 13 1.2 7 0.91 0.23
6 8000 15 13 1.2 7 0.57 0.21
7 8000 10 18 1.2 7 0.78 0.36
8 3400 15 18 1.2 7 0.55 0.2
9 3400 10 13 0.1 8 0.36 0.04
10 8000 15 13 0.1 8 0.46 0.2
11 8000 10 18 0.1 8 0.41 0.18
12 3400 15 18 0.1 8 0.52 0.14
13 8000 10 13 1.2 8 0.82 0.22
14 3400 15 13 1.2 8 0.71 0.26
15 3400 10 18 1.2 8 0.74 0.15
16 8000 15 18 1.2 8 0.23 0.12

Table 4.6 Average partition coefficients (K) andrstard deviations for GUS in the
PEG/potassium phosphate system.

System| PEG | PEG Conc.| Salt Conc. lonic H K Standard
Order | MW |  (%w/w) %wiw) | Strength (M)| P GUS | Deviation
1 8000 10 13 0.1 7 1.3 0.74
2 3400 15 13 0.1 7 358.8 19.23
3 3400 10 18 0.1 7 326.9 23.83
4 8000 15 18 0.1 7 169.5 24.61
5 3400 10 13 1.2 7 135.2 25.35
6 8000 15 13 1.2 7 62.2 5.48
7 8000 10 18 1.2 7 168.7 12.16
8 3400 15 18 1.2 7 152.6 17.55
9 3400 10 13 0.1 8 367.7 24.03
10 8000 15 13 0.1 8 226.8 26.13
11 8000 10 18 0.1 8 257.7 24.18
12 3400 15 18 0.1 8 335.5 23.4
13 8000 10 13 1.2 8 140 16.15
14 3400 15 13 1.2 8 318.1 19.77
15 3400 10 18 1.2 8 411.6 15.11
16 8000 15 18 1.2 8 103.2 8.98
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Table 4.7 ANOVA table for two-level, ¥ fractionadtorial screening experiments for
GUS in PEG/potassium phosphate aqueous two-phasatsyA is PEG molecular
weight, B is PEG concentration, C is potassium phate concentration, D is ionic
strength, and F is pH. The factor shown in boldGRIBncentration significantly affected
GUS partitioning at a significance level of 0.05.

Source| DF | Sum of Squares F Ratio P Value
A 1 37641.6 1.03 0.326
B 1 301944.7 8.25 0.011
C 1 17077.7 0.47 0.504
D 1 73176.7 2.00 0.176
F 1 154424.2 4.22 0.057

A*B 1 91959.3 2.51 0.132
A*C 1 142510.1 3.89 0.066
A*D 1 41824.0 1.14 0.301
A*F 1 11814.0 0.32 0.578
B*C 1 26814.5 0.73 0.405
B*D 1 11300.2 0.31 0.586
B*F 1 67216.4 1.84 0.194
C*D 1 27176.8 0.74 0.402
C*F 1 56042.6 1.53 0.234
D*F 1 26224.9 0.72 0.410

Table 4.8 ANOVA table for two-level, ¥ fractionadtorial screening experiments for
native tobacco proteins in PEG/potassium phospmieous two-phase system. A is
PEG molecular weight, B is PEG concentration, @atassium phosphate concentration,
D is ionic strength, and F is pH. The factors shawbold, PEG concentration and ionic
strength, significantly affected protein partitingiat a significance level of 0.05.

Source| DF | Sum of Squares F Ratio P Value
A 1 0.09768 3.77 0.070
B 1 0.37101 8.75 0.006
C 1 0.00317 0.07 0.786
D 1 0.54145 12.77 0.001
F 1 0.02679 0.63 0.433

A*B 1 0.00031 0.01 0.932
A*C 1 0.08201 1.93 0.174
A*D 1 0.00003 0.00 0.980
A*F 1 0.00864 0.20 0.655
B*C 1 0.12322 2.91 0.098
B*D 1 0.12350 4.12 0.053
B*F 1 0.05824 1.37 0.250
C*D 1 0.08315 4.07 0.068
C*F 1 0.11741 2.77 0.106
D*F 1 0.00946 0.22 0.640
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4.2 Response Surface M ethod Experiments
4.2.1 Interphase Studies

When first performing the initial response surfanethod (RSM) experiments
with transgenic tobacco, there was an unexpectemme that was not detected from the
screening experiments using GUS and the non-tramsdgebacco separately. After
adding the transgenic tobacco extract to the aquéoa-phase system and letting the
system equilibrate and the phases separate, #rphiise between the top PEG phase and
the bottom potassium phosphate phase appearedysigbudy and green. Also, all the
native tobacco protein and rGUS could not be rema/én the top and bottom phases
unless the interphase was mixed with the top pbabettom phase. Both of these events
lead to the conclusion that the green plant pigméttlorophyll), and more importantly,
some of the rGUS and tobacco proteins were partitgp to the interphase. This
phenomenon may be accredited to the salting-owgcstf which cause proteins to
partition to the interphase. For PEG/salt systesaliing-out effects occur with increasing
tie-line length, shifting proteins from the saltggie into the PEG-rich phase [8]. Then, if
protein solubility in the PEG phase is low, thetpnas tend to partition to the interphase
[8]. (However, solubility and salting-out limits eardependent on the properties of
individual proteins and a differential responsexpected when a combination of proteins
is used [9, 10]. For example, partition curves watedied forp-galactosidase and four
other samples op-galactosidase fused to small proteins in PEG/paias phosphate
systems, and it was determined that at longerirteedengths, the proteins were less
soluble in the phosphate phase and were adsorbte ahterphase [11].) For all the
conditions studied in the RSM design, the averagevery for rGUS activity in the top
phase, interphase, and bottom phase was 70% +9%2%pand 14% +4% respectively.
The average recovery of native tobacco proteirteertop phase, interphase, and bottom
phase was 8% +3%, 75% +11%, and 16% 5% respegtiPebtein denaturation at the
interphase was most likely not occurring as anease in rGUS activity could be
measured once the interphase was mixed with ditieetop or bottom phase. Because an
average of only 9% of the rGUS was lost at therpitase, the removal of 75% of the
native tobacco proteins at the interphase was deresd desirable and no further research

was completed at shorter tie-lines to eliminate plaetitioning of the proteins to the
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interphase. Protein partitioning to the interphaisggests that instead of an aqueous two-
phase system, an aqueous three-phase system gsussd. While this is not incorrect,
the convention in the published literature statest ta system with only two phase-
forming components is an aqueous two-phase systhais.convention will be used for
the remainder of this research.

For all RSM experiments, the interphase was noethiwith either the top phase
or the bottom phase when determining partition fodehts and selectivity values.
Transgenic tobacco protein and rGUS partitioninthenRSM experiments differed from
the non-transgenic tobacco protein and non-reccanbirGUS partitioning in the
screening experiments. In the screening experimémese was no GUS partitioning to
the interphase and hardly any partitioning to tb&édm phase, as indicated by the high
Ksus obtained (data shown in Table 4.3). In the RSMeexpents, rGUS patrtitioning to
the interphase occurred as well as partitioninghto bottom phase. This causegsis
values to be lower than thesKs values in the screening experiments. Also, theoritgj
of the native tobacco proteins partitioned to thettdim phase in the screening
experiments, shown by the lowrdtaccovalues obtained (data shown in Table 4.3). In the
RSM experiments, the majority of the transgenicatmo proteins partitioned to the
interphase and was consequently excluded in thétipar coefficient calculations,
resulting in Kopacco Values that were higher than in the screening éxgets. It is
important to point out that even though the mayoot rGUS was partitioned to the top
phase just as the screening experiments predidtednan-recombinant GUS, the major
differences in partitioning of the tobacco protesuggest that studying GUS and tobacco
proteins separately in the PEG/potassium phosmtateous two-phase system may not
be the most accurate way to determine their pamtitg behavior when the ultimate goal
is to use transgenic tobacco. The differences enpidrtitioning behavior of rGUS and
transgenic tobacco proteins could be due to sliiffierences in the physico-chemical
characteristics between transgenic tobacco protdsnon-transgenic tobacco proteins
and rGUS and non-recombinant GUS. Further expetatien would be needed to
determine the exact reason the proteins partiticeedifferently. Nevertheless, in order
to use ATPE for recombinant protein separation frimipacco, transgenic tobacco, if

possible, should be used in the process developsiwge.

43



4.2.2 Response Surface Method Analysis

Once the significant factors that affect the resgoof interest are known, a
number of additional objectives can be accomplishedising an RSM design. These
objectives include hitting a target, maximizing minimizing a response, reducing
variation, making a process robust, or seekingnabooation of these objectives [8]. The
significant factors determined by the two-levelfgctional factorial screening design for
partitioning of GUS and native tobacco proteinsiPEG/potassium phosphate system
were used in a RSM design to maximize the respwasable. The response variable
used in all RSM experiments is the selectivity leé tGUS and transgenic tobacco was
used in all RSM experiments. Increasing rGUS regpaad purification from transgenic
tobacco by maximizing the selectivity of rGUS isettoverall desired outcome.
Maximizing the selectivity or rGUS can be achieu®d experimenting with multiple
inputs to achieve a better output [8]. By adjustimg levels of the two significant factors,
PEG concentration and ionic strength, a RSM exparinis able to produce a set of
optimized factor levels which will generate the nmmaxm selectivity. A face-centered
CCD was selected as the RSM to maximize the seigcof rGUS to ensure that the
high and low factor levels were not exceeded. Eemter point runs are required for this
type of design to guarantee uniform precision.

The PEG MW, potassium phosphate concentrationspahdere determined to
be insignificant (P > 0.05) in the partitioning GUS in the PEG/potassium phosphate
during the screening experiments. Therefore, theldeof these factors were selected
based on which level, high or low, consistentlyuftesl in the highest partition
coefficients for GUS during the screening experitaeiihe levels selected were 3400 for
PEG molecular weight, 18% (w/w) for potassium plnagp concentration, and pH 8. Six
replicates of the entire RSM experiment were cotetlicThe average selectivity values
and standard deviations obtained during RSM experimare shown in Table 4.9. The
selectivities were all above 1, which is desirdblerGUS partitioning. However, there is
a large variation for some of the factor combinagiomost notably in the selectivity
values for a few of the center points. The variattould be due to unanticipated errors

introduced during experimentation. The total systeeight was only 2 mL and small
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errors in measuring the correct amount of PEG, gsadan phosphate, and NaCl could
have occurred and negatively affected the reprduitgi of rGUS selectivty. Also, for
each RSM experiment, a different transgenic plaas wsed. Each plant had a different
level of rGUS expression, varying from approximat&d0 to 380 units of rGUS activity
per milligram of total soluble protein. The diffaes in the expression levels may have
caused the variation in rGUS selectivity. In aduhifithere could have been inaccuracies
associated with the rGUS activity assay or the Bamt assay when protein activity and
concentration were low in either of the phasedisizal analysis was performed by JMP
(Version 7) using the selectivity values in Tabl®.4JIMP offers standard response
surface methodology that helps find the optimapoese within the specified ranges of
the factors [12]. A response surface design is ldapaf fitting a second order prediction

equation for the response. The mathematical mapiedteon used is as follows
Y = b0 +blxl +b2X2 +b12xlX2 + b11X2 -'-bZZX2 (1)
Standard least squares regression analysis wasiceddo fit the response function with

the experimental data. The value dffer the model (R=0.42) showed that 42% of the
variability in the response could be explainedHmsymodel, as follows:

Y =783+19.7x, + 338X, + 248x X, —27.8x* - 851x* 2
The large percentage of variability not explaingdtiie model is not unexpected due to
the large variation in selectivity for the centesimis and some of the other factor
combinations. In order to check the statisticahgigance of the second-order model
equation, ANOVA was performed and the data is shawiTable 4.10. The P-value
obtained (P = 0.481) at a significance level of50ifdicates that the response surface
model is not better than the sample mean (mearctsete = 61.6) when predicting
selectivity of rGUS. Again, this result is expectdde to the R value of 0.418.
Nevertheless, the signs bf; andby, were negative as shown in Equation (2); therefore
the parabola will open downward and have a maxirpomt. The response surface plot
generated by JMP is shown in Figure 4.1. The mawxinselectivity was obtained at a
PEG concentration of 13.4 % (w/w) and an ionicrggth of 0.789 M. The predicted

selectivity at these factor levels was 82.4.
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Table 4.9 Average selectivities)(and standard deviations for rGUS in PEG/potassium
phosphate system used in statistical analysis WM Rxperiments.

System| PEG | PEG Conc.| KPi Conc. lonic Standard

Order | MW | (@ww) | @ww) |Strength (M)l PP | @ | Deviation

1 3400 10 18 0.1 8 41.5 4.43

2 3400 10 18 0.65 8 20.8 3.78

3 3400 10 18 1.2 8 13.1 3.53

4 3400 12.5 18 0.1 8 50.3 4.42

5 3400 12.5 18 0.65 8 63.4 5.97
6 3400 12.5 18 0.65 8| 48.7 11.9
7 3400 12.5 18 0.65 8| 79.4 27.6
8 3400 12.5 18 0.65 8| 112.3 73.1
9 3400 12.5 18 0.65 8| 59.9 8.96
10 3400 12.5 18 1.2 8| 117.3 79.8
11 3400 15 18 0.1 8| 51.9 5.97
12 3400 15 18 0.65 8| 108.2 48.9
13 3400 15 18 1.2 8| 335 7.13

Table 4.10 ANOVA table for face-centered CCD maaghg PEG/potassium phosphate
aqueous two-phase system.

Source| DH Sum of SquaresMean Square F Ratio Prob > F
Model 5738.783 1147.76 1.0006 0.4810
Error 8029.169 1147.02

C. Total| 12 13767.952
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Figure 4.1 Response surface plot for a PEG/potassibiosphate aqueous two-phase
system.

4.3 Optimum Aqueous Two-Phase System Confirmation
4.3.1 Confirmation of Response Surface Method Besul

Six experiments were carried out at the factor Ievietermined by the RSM
experiments to confirm the predicted model andcseiéy. The overall system weight
was kept at 2 g and the amount of transgenic tabegtract added remained at g,
just as in the screening experiments and the RSdérarents. The average selectivity
obtained was 70.8 6. This is lower than the ptedicselectivity of 82.4 and is most
likely a result of model inaccuracy. As stated jpoasly, model inaccuracy could be due
to unanticipated errors introduced during experitaggon. The average recovery for
rGUS activity obtained for the top phase, interghasd bottom phase was 74% +8%,
10% +2%, and 12% +3% respectively. The averagectabarotein recovery for the top
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phase, interphase, and bottom phase was 3% +1%, 68080, and 25% 6%
respectively. The average purification factor wast2.

Due to the minimal optimization performed, the mmaxim selectivity value may
not be the absolute maximum [8]. Instead, the marinselectivity value most likely lies
within certain boundaries of the design space atdbe predicted maximum selectivity
[8]. To improve the model retrospectively, furtheatistical analysis was performed
using selectivity values in which the outliers Haekn removed. Selectivity values that
were outside the range of +2 standard deviatioosrat the mean were eliminated. The
average selectivity values and standard deviatiotisthe outliers removed are shown in
Table 4.11. Standard response surface methodol@gy performed by JMP to fit the
second order prediction equation for the respofi$® value of R for the model
(R?=0.71) illustrates that 71% of the variability imetresponse could be explained by the
model, as follows:

Y =63.7+14.6x, — 515x, + 25x,X, —18.0x” — 901x* 3)

This model explains more of the variability in s#ieity values than the model
developed previously. To check the statistical iiggnce of the second-order model
equation, ANOVA was performed and the data is shawifable 4.12. The P-value
obtained (P = 0.0731) at a significance level @50indicates that the sample mean is
only marginally better than the response surfacdeh@mean selectivity = 51.2) when
predicting selectivity of rGUS. The signs bf; and by, were negative as shown in
Equation (3) meaning the parabola will open dowmlhard have a maximum point. The
predicted maximum selectivity was 67.2 and can lit@ined at a PEG concentration of
13.5 % (w/w) and an ionic strength of 0.52 M. Thaximum selectivity predicted using
this response surface model is very close to tleethaty obtained during the first RSM

analysis.
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Table 4.11 Average selectivities) @nd standard deviations for rGUS in PEG/potassium
phosphate system used in revised statistical asdlysRSM experiments.

System| PEG | PEG Conc.| KPi Conc. lonic Standard
Order MW (Yow/w) (%w/w) | Strength (M) PH * Deviation
1 3400 10 18 0.1 8| 415 4.43
2 3400 10 18 0.65 8| 20.8 3.78
3 3400 10 18 1.2 8| 131 3.53
4 3400 12.5 18 0.1 8| 50.3 4.42
5 3400 12.5 18 0.65 8| 63.4 5.97
6 3400 12.5 18 0.65 8| 529 5.64
7 3400 12.5 18 0.65 8| 68.3 6.02
8 3400 12.5 18 0.65 8| 675 8.40
9 3400 12.5 18 0.65 8| 59.9 8.96
10 3400 12.5 18 1.2 8| 66.4 9.46
11 3400 15 18 0.1 8 51.9 5.97
12 3400 15 18 0.65 8| 77.9 7.53
13 3400 15 18 1.2 8| 335 7.13

Table 4.12 ANOVA table for face-centered CCD exmpemts in PEG/potassium
phosphate aqueous two-phase system.

Source | DH Sum of SquaresMean Square F Ratio Prob > F
Model | 5 3171.3312 634.266 3.3514 0.0731

Error 7 1324.7857 189.255
C. Total| 12 4496.1169
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Figure 4.2 Revised response surface plot for a p&&ssium phosphate aqueous two-
phase system.

4.3.2 Phase Ratio Experiments

In theory, selectivity relative to individual peshs should not change along a
particular tie-line. Therefore, target protein reexy and the purification factor can be
manipulated by adjusting the phase ratio. The rexgouf the target protein will decrease
as the phase ratio decreases while the purificdsictor will increase with a decrease in
phase ratio. A published tie-line was not availdblethe PEG and potassium phosphate
compositions of 13.4% (w/w) PEG and 18% (w/w) psias phosphate. Consequently,
the tie-line was estimated using a published plésgram under the assumption that all
the tie-lines are parallel [1]. Figure 4.3 shows fublished tie lines [1] available for a

PEG/potassium phosphate agueous two-phase systetheaastimated tie-line generated
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from the optimized PEG and potassium phosphate ositigns. An experiment was
performed to observe the effect of manipulating pphase ratio on rGUS recovery and
purification factor. The conditions determined Ihne tRSM statistical analysis gave a
phase ratio of 0.379. Two experiments were conduatg@hase ratios above a phase ratio
of 0.379 and three experiments were conducted balpWvase ratio of 0.379. Table 4.13
shows the phase ratios used, the concentratiof®EGF and potassium phosphate, the
recoveries for rGUS in the top phase, and the ipatibn factors obtained in the
experiment. The recovery of rGUS improved as thasphratio increased and the
purification factor increased as the phase ratioresed, as expected. However, the
increase in both recoveries was only a few peragrile the purification factor decreased
to from 20 to 8. The purification factor increasiedm 20 to 29 when the phase ratio
decreased to 0.064, but the recovery suffered @wdedsed from 74% to 43%. The
increase in recovery was not dramatic enough toramarreducing the degree of
purification. Also, the increase in purificationctar was not enough to warrant the 31%
loss of rGUS recovery. Consequently, the agueowospirase system developed through
the screening and RSM experiments, which had aepfe® of 0.379, rGUS recovery of
74%, and purification factor of 20 was maintainedthe optimum system for rGUS

purification from transgenic tobacco.
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Figure 4.3 Phase diagram for PEG/potassium phosgligaH 8 with the published tie-
lines (A, B, C, and D) and estimated tie-line (Ek} [1].

Table 4.13 rGUS recovery and purification factosateral different phase ratios. The
system generated by the screening design and RSigindie shown in bold.

Phase | PEG Conc. (% Salt Conc. (% rGUS Recovery | Purification
Ratio w/w) w/w) (top phase only) Factor
0.649 25.8 11 7% 8
0.514 19.6 14.5 76% 11
0.379 13.4 18 74% 20
0.256 9.87 20 65% 22
0.153 6.32 22 51% 27
0.064 2.77 24 43% 29
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4.3.3 SDS-PAGE Results

SDS-PAGE was also used to confirm the results @f@US purification using a
13.4% (w/w) PEG/18% (w/w) potassium phosphate syst€he aqueous two-phase
system used was the same as in the RSM confirmstighes. The purification of rGUS
from transgenic tobacco extract by ATPE can be smémy SDS-PAGE in Figure 4.4.
Lane 2 shows the initial transgenic tobacco extrabile lane 3 shows the top phase and
lane 4 shows the top phase with the interphasednixelhe bottom phase is not shown
due to difficulties experienced during SDS-PAGE jakhcan most likely be attributed to
the high potassium phosphate concentration prdgetite bottom phase. One of the
strongest bands shown in the top phase in langh®uagh very faint, is the rGUS band,
located at approximately 68 kDa and marked by thewain Figure 4.4. There are also
faint bands corresponding to where the large analldRubisco subunits are located at
approximately 55 and 15 kDa, and faint bands féreothative tobacco proteins. As
shown in lane 4, which is the top phase mixed it interphase, the majority of the
interphase contains Rubisco protein, with notaldeds occurring at approximately 55
and 15 kDa, which make up a large percentage ofenptoteins seen in the initial rGUS
extract. The interphase also contained some rGU&hws shown by the increased band
intensity, and other native tobacco proteins.

Purification of rGUS from transgenic tobacco hasrbpreviously studied using a
three-step procedure of polyelectrolyte precipitati using polyethyleneimine,
hydrophobic interaction chromatography, and hydapatite chromatography [6]. The
precipitation step resulted in recovering more tB8#o of the initial rGUS activity, but
failed to eliminate Rubisco [6]. Total rGUS recoydrom the optimized hydrophobic
interaction chromatography step was nearly 80%hefinitial rGUS activity but, once
again, this step did not provide good separatiorsefS from Rubisco [6]. The third and
final step chosen in the purification scheme waslrtiyyapatite chromatography.
Hydroxyapatite chromatography provided good separaif rGUS and Rubisco, but the
final recovery for rGUS was only 40% of the initr@US activity [6]. This purification
scheme depicts the serious engineering challengesed by removing Rubisco during

purification of an acidic target protein. While Rsidp can be removed using multiple
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processing steps, it is at the expense of rGUSvesgo Using ATPE, it is possible to
remove a large percentage of Rubisco in just owegssing step while retaining and
more than of 70% of initial rGUS activity, as showy SDS-PAGE. These results
indicate that ATPE has the potential to be an déawelinitial purification step for

separation of acidic recombinant proteins fromsggmic tobacco.
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Figure 4.4 SDS-PAGE showing native tobacco protaimsRubisco protein removal
from transgenic tobacco extract and rGUS recovetiié top phase during ATPE. Gel
was stained with SilverXpress silver stain. Lanbrbad-range molecular marker; Lane
2: transgenic tobacco extract, diluted 10X; Lantf:phase, diluted 10X, rGUS band
marked with arrow; Lane 4: top phase mixed witeiphase, diluted 10X; Lane 5: blank;
Lane 6: Sigma GUS froff. coli. The relative sizes of the molecular marker, rGaI®]
the large and small subunits of Rubisco are marked.
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Chapter 5
Conclusions

Cost-effective recombinant protein production andrification is vital for
successful biopharmaceutical manufacturing. Usinglant expression system could
reduce biopharmaceutical production costs, but essfal implementation hinges on
efficient and cost-effective recombinant protein rifiwation. Commercial-scale
purification schemes currently revolve around tBe of multiple chromatography steps
for the purification of biopharmaceutical produchs.a biopharmaceutical purification
strategy, an initial purification step is useddolate, concentrate, and stabilize the target
product from crude or partially purified extracf.[Initial purification is often achieved
using ion exchange or affinity chromatography. Exthange chromatography is less
expensive than affinity chromatography, but lacke thigh selectivity that affinity
chromatography offers. For example, Protein A #ffichromatography is a commonly
used initial purification step in monoclonal antilyo manufacturing because it can
selectively and efficiently bind antibodies in cdmpsolutions and removes >99.5% of
impurities in a single step with a high yield of9%872]. The largest pitfall with this
technique is the high cost of the Protein A resulich can be up to 10 times as
expensive as conventional chromatographic supp8ytdon exchange chromatography
is a cheaper alternative used for the capture afational antibodies but is not nearly as
effective, removing only 79% of impurities in a gi@ step with a yield of 96% [2]. In
addition to high cost, chromatography has othewHeaks including limited throughput,
and a complex scale up process.

ATPE has the potential to combine the advantageboti affinity and ion
exchange chromatography and become a highly sedetdiss expensive option for initial
purification in large-scale biopharmaceutical aggiions. In comparison to
chromatography purification techniques, ATPE candfta large volumes and a high
biomass load [4, 5, 6]. ATPE is anticipated to bsilg scalable using PEG/salts systems
due to lower viscosity, lower costs, and fast safpam time [7, 8, 9]. Scale up of
extractions in aqueous two-phase systems has bessibfe through the use of

conventional extraction equipment used in chemiwdlistry [4] and by a proportional
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linear increase of the amount of phase-forming camepts [10, 11, 12]. In practical
implementation of large-scale ATPE, the crude samphd the phase-forming
components are added together, the pH is adjusted, mixing occurs to reach
equilibrium [5]. Typically, mixing is accomplishagsing a stirred vessel with baffles or
using static mixers in large-scale processes [2G¢g to the low interfacial tension of the
system, an extremely low energy input is requirE8].[ The approach to equilibrium is
fast €30 seconds) when turbulent mixing is provided Fter equilibration, the phases
separate into a top and bottom phase. Phase sepazah be done under unit gravity or
by centrifugation to speed up the process. Cegtitfon is recommended if the viscosity
is high or the density difference between the phasw [8]. Optimal feed rates up to 3
L/min with residence times of about 16 seconds hasen reported using small disk
stack separators [8].

Two extraction steps are been commonly used tdypproteins from a crude
sample when using ATPE. In the first extractiorrgéa particulates and the bulk of
nucleic acids, polysaccharides, and expression fragéeins are collected in the lower
phase while the target protein is partitioned ® tbp phase. Both phases are separated
and the addition of a fresh bottom phase creatsscand ATPE in which the target
protein is partitioned to the new bottom phaserdilitration or diafiltration is used in
large-scale processing to remove the target prdteim the secondary bottom phase,
yielding a target protein concentrate and a sdittiem as waste or recyclable permeate
[5, 6, 8]. In some instances, the secondary bofibase containing the target protein may
be applied directly to a chromatography support Mternatively, the target proteins
may be purified using a single ATPE. The targetgins can be partitioned to the bottom
phase in the first extraction step when a partipllyified sample with no particulates is
used. Target proteins can also be recovered dir&otin the top polymer-rich phase by
ultrafiltration with no need for a second extrantio

ATPE is typically performed in batch mode, but oft# may be more cost-
effective to use a continuous process [5]. Sevaualications have shown that ATPE is
suitable for continuous operation [14, 15, 16]. &wrent, cross-current, and
countercurrent flow are three possibilities for twomous processing [5]. The

countercurrent method has been investigated expatatly in pilot scale [15, 16], and is
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expected be the most efficient because of a higiedd and lower consumption of
chemicals [14]. Except for the highest value prasluanplementation of ATPE will
require recycling of phase components to lower ¢baimand waste disposal costs.
Recycling of potassium phosphate by crystallizatré °C has been described from
solid-free process streams [8] and the successtytling of PEG has been demonstrated
[17]. Figure 5.1 shows a general flow diagram foe tecovery of PEG and salt from a
two-stage ATPE. The salt is recovered from thet frsd second ATPE while PEG is
recovered from the second ATPE [18]. By recyclihg phase components, the material
balance of the phase-forming components introdunéa the process stream can be
closed by more than 90% [5], yielding a cost-effectand environmentally acceptable

process.
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Figure 5.1 General flow diagram for the recoveryREG and salt from a two-stage
ATPE [18].
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Despite its advantages over standard chromatogregadiniques, aqueous two-
phase extraction has not yet been applied to Iscgee manufacturing of
biopharmaceuticals. Due to the complexity of prBdg the partitioning of each protein
in an aqueous two-phase system, experimentatidnbeirequired to select the correct
aqueous two-phase system and phase conditionsed3roevelopment can often be the
rate-limiting step when introducing biological dregndidates into clinical trials [19].
Developing an ATPE method is wholly empirical, ahts might increase the time and
resources needed for process development.

In this research, an ATPE was developed at a l&lryracale to separate an
acidic model protein, rGUS, from transgenic tobactbe majority of native tobacco
proteins are acidic and purification of acidic nedmnant proteins expressed in tobacco
has been shown to be challenging [20]. Using ditraal factorial design followed by a
RSM design, a minimally optimized aqueous two-phagstem was determined to
consist of PEG with a molecular weight of 3400 ancbncentration of 13.4 % (w/w), a
potassium phosphate concentration of 18 % (w/w)ioait strength of 0.789 M, and a
system pH of 8. This aqueous two-phase system gedva recovery of 74% of rGUS in
the top phase and a removal of 94% of native tabacoteins in the interphase and the
bottom phase. ATPE enabled high levels of recoaeny concentration of rGUS while
removing large amounts of native tobacco proteiomfthe initial extract, most notably
Rubisco. Further statistical optimization concludédht a system of PEG with a
molecular weight of 3400 and a concentration ob%3.(w/w), a potassium phosphate
concentration of 18% (w/w), an ionic strength d2M, and a system pH of 8 could be
more accurate in determining the maximum rGUS siglgcpredicted by the statistical
model. This aqueous two-phase system has the mitémtbe applied to other acidic
recombinant proteins produced by transgenic tobaccbto reduce time and resources

needed during process development.
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Chapter 6
FutureWork

Large-scale application of ATPE has been hindenge t the complexity of
predicting the protein partitioning in an aqueoue-phase system. Developing an ATPE
method is wholly empirical, and an increased amaifntime and resources could be
needed for process development compared to weallestuchromatography techniques.
An attempt to lessen the extent of experimentatieeded during process development
was made by studying ATPE for purification of amdazmodel protein from transgenic
tobacco. Study of ATPE was aided by fractional deiet designs and response surface
methodology. An ATPE npurification step could be gdtally applicable for the
purification of other acidic recombinant proteingpeessed in tobacco. However, the
process should be carried out with one or moreahdherapeutic acidic recombinant
proteins expressed in transgenic tobacco to véhniéyprocess. Additional optimization
would most likely be needed depending on the pmopeirification scheme and overall
purity required.

Increasing the number of recombinant proteinsistudn ATPE will help to
reduce the amount of trial and error that is neargs&hen designing an aqueous two-
phase system. Further experimentation with rGUSdoeous two-phase extractions
could reveal the exact physico-chemical propestieieh define its partitioning behavior.
If those properties are known, one might be ablerédlict the partitioning of other acidic
recombinant proteins with similar physico-chemciahracteristics. The ability to predict
protein partitioning in aqueous two-phase systemslavgreatly increase the chances for
ATPE to be integrated into a biopharmaceuticalfation strategy.

As described previously, it is anticipated thathbtvansgenic tobacco production
and ATPE are scalable for commercial biopharmacautmanufacturing. However,
additional experiments would need to be performedaopilot scale to determine the
effectiveness of this particular application. Whaléminating approximately 70% of the
native tobacco proteins at the interphase is caewérat a laboratory scale, it could
potentially hinder the process on a large scale ifkerfacial tension in aqueous two-

phase systems is very low, which results in fastsprseparation with a low energy input.
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If volume of the aqueous two-phase system and l8sradded to the agqueous two-phase
system are both increased, the majority of thedobgroteins will most likely partition
to the interphase just as in the laboratory-scajgeements. This might increase the
interfacial tension and make interphase transpuet rate-limiting step in ATPE. A
change in the selectivity of rGUS could occur du¢he presence of the interphase. Pilot
scale experiments could determine whether or notepr partitioning to the interphase
will limit the ATPE on a larger scale. Further enpgentation and optimization using the
agueous two-phase system could identify phase tonsiwhich partition the native
tobacco proteins to the bottom phase, instead thfedanterphase.

Commercial-scale economic evaluation of the ovgnaltess would be beneficial
in determining the estimated production costs aasmt with using ATPE for the
purification of acidic recombinant proteins fromarisgenic tobacco. In addition, methods
must be developed to process the transgenic weatierial collected from each step in
the purification process to eliminate contaminatssues. With further experimentation,
process development, and process optimization, ATB&d prove to be valuable

addition to a biopharmaceutical manufacturing saem
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Appendix A
Experimental Conditions

Appendix A presents the results of control experita used to study the
enzymatic activity of rGUS under the different esipental conditions used throughout
this project. The data from three experiments usBfp (w/w) ammonium sulfate,
potassium phosphate, and sodium sulfate, 18% (vafwinonium sulfate, potassium
phosphate, and sodium sulfate, and 10% (w/w) PE@Go#&tcular weights of 3400 and
8000, and 15 % (w/w) PEG at molecular weights @®B4dnd 8000 is presented in Table
A.1l. The weight percentages for these experimentg selected to correspond with the
low and high levels used during all other experitagrerformed throughout this project.
A standard t-test was used to determine that aelhtbans from each experimental
condition were not statistically significantly défient from the control mean at a
significance level of 0.05. The means, standardadiew, and p values are listed in Table
A.l.
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Table A.1 Conditions, mean enzymatic activity, dtaa deviation, and p values obtained
during control experiments.

Condition | Replicate AC(tG/)'ty Me?S /Qit)w'ty Stand(zlaJr/dm?)e viatior P Value
Ammonium 1 385.88
Sulfate 13% 2 374.39 380.50 5.78 0.433
(wiw) 3 381.22
Potassium 1 392.63
Phosphate 2 375.34 382.70 8.93 0.631
13% (w/w) 3 380.12
Sodium 1 392.04
Sulfate 13% 2 378.74 384.22 6.95 0.738
(wiw) 3 381.87
Ammonium 1 386.23
Sulfate 18% 2 372.99 380.61 6.84 0.453
(wiw) 3 382.62
Potassium 1 382.74
Phosphate 2 381.08 381.54 1.05 0.712
18% (w/w) 3 380.8
Sodium 1 390.67
Sulfate 18% 2 379.14 381.45 8.31 0.532
(wiw) 3 374.55
1 383.94
fOEO/?(st/r\?v? 2 373.49 382.92 8.97 0.618
3 391.34
1 386.63
foEo/? (?vc/)\?v? 2 374.81 380.78 5.91 0.463
3 380.9
1 387.32
fSEO/?(st/r\?v? 2 374.75 381.15 6.29 0.501
3 381.39
1 389.73
fSEO/? (?vc/)\?v? 2 374.41 382.02 7.66 0.57
3 381.92
1 382.54
Control 2 377.38 381.14 3.30 N/A
3 383.51
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Appendix B

Preliminary Experiments

Appendix B presents the results of initial aqueus-phase extractions
performed using to test the enzymatic activity®USS in the range of pH 6 to pH 8. Four
identical experiments were performed with a 109%MWWPEG/13% (w/w) potassium
phosphate aqueous two-phase system at pH 6, pitl hta 8. As shown in Table B.1,
the enzymatic activity of rGUS was very hard tormjifg at pH 6 compared to pH 7 and
pH 8. The enzymatic activity should have been coalga due to the three systems
being identical except for the pH of the systeme @kcision was made after the results
of these experiments were analyzed that the pHeraegd during all aqueous two-phase
extractions would be pH 7 to pH 8 where the enzigrativity of rGUS could be easily

guantified and compared.

Table B.1 Results from preliminary experiments @erfed to test the enzymatic activity
of rGUS in an aqueous two-phase system at pH &,@fd pH 8.

pH 6 Activity pH 7 Activity pH 8 Activity
(U/mL) (U/mL) (U/mL)
Top Phase 2.43 27.79 27.32
Bottom Phase 1.19 1.48 2.03
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