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Abstract

Transgenic plant systems have successfully been used to express recombinant proteins,
including rice seed-expressed recombinant human serum albumin (rHSA). The development of
an efficient and integrated rHSA extraction and purification process would allow rHSA to be
used for various medical applications such as replacing lost fluid and restoring blood volume,
modulating inflammatory reactions, stabilizing vaccines, as well as treatment for cirrhosis,
ascites, acute respiratory distress syndrome, etc., without risk of contamination of human
pathogens and viruses. Developing an efficient extraction process is critical as the step
determines recombinant protein concentration and purity, quantity of impurities, and process
volume. Therefore, the effect of pH and time on the extraction and stability of rHSA was
evaluated. The amount of rHSA in clarified extracts increased with pH (from 0.9 mg/g at pH 3.5
to 9.6 mg/g at pH 6.0) but not over time and the total soluble protein in extracts also increased
with pH (from 3.9 mg/g to 19.7 mg/g). Extraction conditions that maximized rHSA purity were
not optimal for rHSA stability as pH 3.5 extraction resulted in high purity (78%) but degraded
over time by 56%. Similar purities were observed in pH 4.0 extracts yet rHSA remained stable.
rHSA degradation was not observed in pH 4.5 and 6.0 extracts but higher native protein
concentrations decreased purity which would increase purification requirements. Strategies such
as pH and temperature adjustment were effective for reducing rHSA degradation in pH 3.5 rice
extracts. Low temperature, pH 3.5 extraction retained high purity (97%) and stability but

required higher energy inputs to maintain the low temperature.

The effect of extraction conditions on subsequent purification using ion exchange

chromatography (IEX) was evaluated using batch adsorption and dynamic binding capacity



studies. Batch adsorption was performed to identify binding conditions that maximize rHSA
adsorption and to evaluate the impact of extraction conditions on adsorption Kinetics using Q
Sepharose™ FastFlow® resin. A residence time of 5 min was determined to be sufficient for
rHSA adsorption. Acetate and citrate (pH adjusted with TRIS), and phosphate buffers were
tested for rHSA binding studies at pH 8.0. Acetate buffer was selected to maintain low
conductivities and implemented during extraction to minimize processing operations and cost.
The rHSA saturation binding capacities in pH 4.0, 4.5, and 6.0 extracts adjusted to pH 8.0 varied
from 69 mg rHSA/mL resin (pH 4.5 extract adjusted to 8.0) to 79 mg rHSA/mL resin (pH 4.0
extracted adjusted to 8.0). Purification studies were then completed at 10% binding capacity to
evaluate resultant rHSA purities and yields by using Blue Sepharose™ High Performance
affinity resin. Purity and yield also varied with extraction pH with pH 4.5 extract providing an

IEX fraction with the most desirable results (>95% purity and 76% yield).
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1. Introduction

Genetic Manipulation of Organisms

The genetic manipulation of organisms is the modification of genetic material through
engineering techniques like transformation or transduction with the intent to improve the
organism or produce a non-native product. This was first accomplished in 1973 when a gene for
frog ribosomal RNA was transferred into Escherichia coli (E.coli) through a plasmid and
successfully expressed the foreign gene in multiple bacterial colonies (Cohen et al., 1973). This
was followed by the integration of retrovirus DNA (Moloney leukemia virus) into early mouse
embryos that developed leukemia to prove that inserted transgenes can be passed on to future
generations (Jaenisch, 1976). Shortly after, the commercial production of products through
transgenic organisms began to rise with the development of the hormone, somatostatin in 1977
(Houghes, 2011), human insulin in 1978 (Crea et al., 1978), and human growth hormone in 1979
(Ayyar, 2011), all expressed in E. coli by the first biotechnology company, Genentech. With
these biotechnological advancements, select yeast, bacteria, and mammalian organisms were
commonly chosen to continue the development of genetic engineering. These traditional
expression systems have been used to produce many recombinant protein products which have
contributed to the large market size of $1.6 billion in 2017 which is expected to exceed $2850
million by 2022 (MarketandMarkets™, 2017). While many recombinant proteins are expressed
for food, chemical, cosmetic, and other industries, most of the market size is comprised of
products for biotechnological industries. Recently, the production of recombinant proteins from
traditional expression systems has expanded focus to plant systems with the first Food and Drug
Administration (FDA) approved recombinant protein from a transgenic plant in 2012. This

product was ELELYSO™ (taliglucerase alfa) from carrot root, a plant cell suspension for the



treatment of type 1 Gaucher’s disease by Protalix BioTherapeutics of Carmiel, Israel (FoX,

2012), which was a landmark in the plant biotechnology field.

Protein Expression Systems

Different expression systems have been successfully used to produce various
recombinant proteins, however, 70% of approved recombinant proteins are currently produced in
Chinese hamster ovary (CHO) cells (Butler and Spearman, 2014). While CHO cells are widely
used, they are expensive to culture and difficult to scale-up compared to other systems (Table
1-1). Yeast, such as Saccharomyces cerevisiae (S. cerevisiae) and Pichia pastoris (P. pastoris),
are the second most commonly used systems to produce recombinant proteins (Butler and
Spearman, 2014) because high yields can be achieved through fermentation and post-
translational modifications of proteins is similar to eukaryotic glycosylation (Vieira Gomes et al.,
2018). Bacteria, like E. coli, is another expression platform used as it is a highly researched and
established as a cell factory with many molecular tools available (Rosano and Ceccarelli, 2014)
to achieve expression levels up to 30% of total cellular protein (Baeshen et al., 2015). However,
bacteria are not capable of performing protein glycosylation, which can be necessary for proteins
with biological activity. Therefore, expressed proteins accumulate within inclusion bodies, which
require additional processing steps to solubilize inclusion bodies followed by protein refolding
(Singh et al., 2015), which can drastically reduce protein yields. Downstream processing costs
can be minimized through the secretion of recombinant proteins into a medium (Darah et al.,
2011), while upstream processing additives can improve yields and do not increase production
costs as raising production titers is mainly limited to the cell line, media optimization, expression
levels, etc. (Gronemeyer et al., 2014). The cost of recombinant protein production using bacteria

is significantly lower than CHO cells and comparable to plant platforms. Protein expression



levels in plant systems have increased throughout the past decade to be comparable or greater
than the expression levels in bacteria and yeast systems while also being able to produce
complex proteins and retain their bioactivity through post-transitional modifications (Streatfield,
2007). Plant systems are classified as a leafy, seed, and bioreactor system, each with advantages
and disadvantages. Overall, plant systems are able to efficiently express recombinant proteins

and are easy to scale from a pilot- to large-scale production process (He et al., 2011).



Table 1-1. Comparison of bacteria, yeast, mammalian cells, and plants for recombinant protein expression.

Bacteria

Yeast

Mammalian cells

Plants

Common cell
host

Escherichia coli

Saccharomyces cerevisiae,
Pichia pastoris

Chinese hamster ovary, chicken
eggs

Nicotiana tabacum, Nicotiana
benthamiana, Oryza sativa, Zea
mays

Select expression
levels

1-1.5 mg MazF/mL (E. Coli);
7.5 mg human interleukin-6/mL
(E. coli); 12.5 mg human I-
glutamate decarboxylase 65/mL
(E. coli)

300 mg recombinant human
chitinase/L/day (P. pastoris);
1.5 g insulin precursor/L (P.
pastoris); 10 mg norovirus
capsid/mL (P. pastoris)

1.5 mg Avidin/egg; 10 g
recombinant antibody and Fc-
fusion protein/ L CHO

114.3 pg human glutamic acid
decarboxylase/g fresh leaf
weight and 2 mg human
antibody/g fresh leaf weight,
>0.37 g Griffithsin/kg fresh leaf
weight (N. benthamiana);1.6%
heat labile enterotoxin B
secreted of TSP (N. benthamiana
culture); 0.366 g human a-1-
antitrypsin/kg brown rice (O.
sativa)

Glycosylation

No

Most

Yes

Yes

Advantages

Rapid expression time, low cost,
easy to scale-up,

Moderate expression time

Short expression time (transient
expression)

Low cost, easy to scale-up, fast
expression time (transient
expression)

Disadvantages

Protein misfolding possible, no
protein secretion, inclusion body
formation, and protein inactivity

N-linked glycan structures differ
from mammalian proteins, and
fermentation required to
improve yields,

High cost, low protein yields,
difficult to scale-up, and long
expression time (stable
expression)

Long expression time (stable
expression), glycosylation
patterns differ from eukaryotes

References

Davis et al., 2000; Kim et al.,
2008; Rosano and Ceccarelli,
2014; Suzuki et al., 2006

Andersen and Krummen, 2002;
Vieira Gomes et al., 2018; Xia
et al., 2007

Hood and Howard, 2014; Huang
et al., 2010; Wurm, 2008

Alam et al., 2018; Avesani et al.,
2014; Larsen and Curtis, 2012;
Zhang et al., 2013; Zischewski et
al., 2016




Downstream Processing of Protein Expression Systems
The recovery of biological products from the various expression systems has been

utilized in the production of pharmaceutical, nutraceutical, and industrial products. The predicted
sales forecast of processed biological products is estimated to be over $300 billion by 2050
(DiMasi et al., 2003), therefore upstream and downstream process development is important.
Upstream processing of biological products is necessary to establish high expression levels
through genetic engineering and desired cell accumulation through optimized growth conditions
using robust and scalable continuous or batch operations (Clincke et al., 2013; Li et al., 2010).
Parameters such as pH, conductivity, nutrients, and temperatures are used to formulate optimal
media conditions for cell growth before transfer to production bioreactors (Gronemeyer et al.,
2014). In plant-based systems, transgenic plants are grown in monitored environmental
conditions that cause high tissue yields with the desired product. Lastly, cells are harvested and
lysed (if product is intracellular) before downstream processing. Upstream processing costs
typically do not increase with scale up while downstream processing costs increase linearly
(Gronemeyer et al., 2014) and comprise 80% to 90% of pharmaceutical manufacturing cost
(Sabalza et al., 2014). Therefore, the development of an efficient and cost-effective downstream

processing is critical.

Downstream processing consists of four main stages:

e Solid-liquid separation/clarification- removal of cells, cell debris, or particulates
e Product isolation- removal of impurities with different properties from desired product

e Purification- removal of impurities with similar biochemical properties to desired product



e Polishing- removal or deactivation of remaining contaminants and product packaging in a

stable liquid or solid form

The selection of unit operations in each stage is dependent on the expression system used and
biochemical properties of the target product. The initial stage varies if the product is produced
inside the cell or excreted, as cell disruption using homogenization, grinding, or milling
(Hopkins, 1991) would be required for an intracellular product but not for an extracellular
product. Traditional systems can produce intracellular or extracellular products, however, plant
systems such as leafy and seed can only produce intracellular products while a bioreactor system
can produce either. Afterwards, solid-liquid separation can occur through filtration,
centrifugation, sedimentation, flocculation, and precipitation (Svarovsky, 2000). Liquid-liquid or
solid-liquid extraction with water, solvent, or buffer to extract the product into a soluble form is
also commonly used. Product isolation can occur using adsorption, membrane filtration, or
precipitation (Harrison et al., 2015) to prepare the product for purification. Since the impurities
in the purification stage typically resemble the product physically and chemically, this stage can
contribute to majority of the downstream processing costs. Therefore, efficient planning is
required to determine if more than one unit operation is required and whether retaining end
product purity and yield is important. This stage can be accomplished through crystallization,
fractional precipitation, and different chromatography methods like ion-exchange, size exclusion,
affinity, reversed phase, and hydrophobic interactions chromatography (Harrison et al., 2015).
Once the product has been isolated and purified, unnecessary liquids are removed, and the solid
product is converted to a crystalline form through drying and crystallization. Figure 1-1
highlights the possible unit operations for an intracellular product (from bacteria, yeast,

mammalian, leafy, seed, and plant bioreactor systems) or extracellular product (from bacteria,



yeast, mammalian, and plant bioreactor systems). The following section highlights plant-based

expression systems, specifically leafy, bioreactor, and seed systems.

Intracellular Products
Bacteria, yeast, mammalian cells, plant leafy, seed, and bioreactor . Extra_cellular Producis .
: ’ s*-'st;.ms - : Bacteria, veast, mammalian cells, and plant bioreactor systems
Cell Harvesting .
Centrifugation, Microfiltration, Ultrafiitration |_' Liquid waste
Bicmass Removal
Cells Centrifugation, Microfiltration, Press filtration, Solid waste

Vacuum filtration

Cell Disruption |

Homogenization, Bead milling, Osmotic shock
Product with impurities and cell waste

Agueous two-phase, Solid-liquid, Organic solvent, |— Liquid or solid waste

‘ Extraction
Expanded bed adsorption, Reverse micelles

Low concentration product with soluble impurities

Concentration
Liquid waste

Ultrafiltration, Evaporation, Reverse Osmosis,
Precipitation, Crystallization, Distillation

High concentration product with soluble impurities

If high product purity required If low product purity required
Purification .
i . ererearn . L Hish purity product Dehydration/Solvent Removal
Ton. e_a'm::]:lzu:tc,e= Hy da.'ophohc mbarachons, L.-'Lﬁi:mt}, Zh PUrIty pr | Freeze drying, Fluid bed drying, drying, Tray
Reversed phase, Size exclusion, Crystallization, drving Sorav deci
Precipitation ying, Spray drying

Figure 1-1. Downstream processing diagram with unit operation for products from bacteria, yeast,
mammalian cells, and plants (adapted from Petrides et al., 1989).

Plant-Based Expression Systems

While plants have been selectively bred for over 11,000 years, the use of genetically
manipulating plant DNA has become a controversial topic in agriculture and medicine. However,

over the past 20 years the number of commercially available products from transgenic plant



systems and modified crops has increased drastically with thirty genetically modified plant types
approved by the International Service for Acquisition of Agri-biotech Applications (ISAAA) as
of October 2018. These transgenic plants encompass over 12% of global cropland (189.8 million
hectares), a 110-fold increase from the initial 1.7 million hectares in 1996 (Brookes and Barfoot,
2018). Initially, the main purposes for use of genetically modified crops were to improve crop
yields, reduce farm costs, increase profit, improve environmental conditions, and increase the
nutritional value (ISAAA, 2017). These were accomplished through genetic alterations for
herbicide resistance, insect resistance, virus resistance, drought tolerance, nutrition, and
longevity (National Academies of Sciences, 2016). The first crop to be genetically altered was
the tobacco plant for antibiotic resistance in 1983 (Bawa and Anilakumar, 2013) and the first
product produced in a genetically modified plant was recombinant human growth hormone from
tobacco and sunflower in 1986 (Barta et al., 1986). However, transgenic food products were not
approved by the FDA for commercial production until 1994 when FLAVR SAVR™, a
genetically modified tomato using an antisense polygatacturonase gene to regulate fruit ripening
(Kramer and Redenbaugh, 1994) was available for purchase. Since then, the use of transgenic

plants for the production of molecules such as therapeutics has been explored.

Transgenic plant systems are used for the expression of different products including
recombinant proteins due to multiple advantages in comparison to prokaryote and other
eukaryote platforms. The cost of processing using plant systems has the potential to be less than
traditional expression platforms as upstream processing costs can be as low as $1.00-$2.00 per
kg of protein (Tusé et al., 2014) and downstream processing costs are either comparable or less
(Yao et al., 2015). For example, Tusé et al., 2014 compared costs for tobacco-expressed cellulase

and demonstrated more than 30% reduction in unit production costs and an 85% reduction in



initial capital investments compared to a fungal fermentation-based system. Scaling up the
processes also requires less funding as existing agricultural bases are already established with
large crop acreage available (Lau and Sun, 2009). The need for altering or increasing
manufacturing facilities and equipment for processing and storage is not as expensive in
comparison to using non-plant systems and contains the highest safety levels, even though
transgenic plants have a high public perception of risk (Goldstein and Thomas, 2004).
Traditional expression systems for recombinant proteins such as CHO cells require $14 to $22
million per 250,000 L batch in media costs (Buyel et al., 2017) while plant-based systems growth
requirements cost around $4.5 million per batch of the same size (Buyel and Fischer, 2012).
Plant systems have become more economically feasible than CHO cells at higher expression
levels such as 2.0 g monoclonal antibody per kg leaf fresh weight (Zischewski et al., 2016). They
are also not limited to gene size and can glycosylate recombinant proteins with a high protein
folding accuracy, yield, and homogeneity due to their protein synthesis similarities with
mammalian cells (Goldstein and Thomas, 2004). Plant and mammalian N-glycan biosynthesis in
the initial endoplasmic reticulum-associated phase is highly similar (Bosch and Schots, 2010) but
differs in the final Golgi apparatus-associated phase to produce sugar (xylose and/or fucose)
residue attached to the core glycan (Lerouge et al., 1998). Plant and mammalian O-glycans can
be structurally different depending on the species and could elicit an immune response in humans
but plant systems remain a strong alternative for expression of therapeutic glycoprotein with
glycosylation optimization (Gomord et al., 2010). A majority of biotherapeutic products are
glycoproteins (Seeberger and Cummings, 2015), therefore, proper glycosylation of proteins is
important as it influences protein folding, solubility, stability, biological activity, and proteolysis

resistance (Gomord et al., 2010). Plant cells do no express pathogenic or viral agents like



mammalian cells (Kuo et al., 2013) or endotoxins like bacterial cells (Wang and Quinn, 2010),
which eliminates risk of contamination and benefits processing costs as those impurities can be

difficult to remove (Goldstein and Thomas, 2004).

While many biopharmaceuticals have the potential to be produced in transgenic plants,
the use of plant-based systems has been slow in comparison to yeast, bacteria, and mammalian
cell culture systems due to commercial regulations and negative public perception (Yuan et al.,
2011). Therefore, many biotechnology companies have focused on recombinant protein
production for non-clinical applications like process reagents, enzymes, and diagnostics (Hood
and Requesens, 2012). However, there are companies that have commercially produced
recombinant proteins using novel expression technologies in seed, leafy, and bioreactor
expression systems such as MagnICON® Transient Expression for leaves (Pogue et al., 2010),
ProCellEx® Stable Expression for cell cultures (Fox, 2012), and ExpressTec Stable Expression

for seed (Alfano et al., 2014), systems.

Leafy Expression Systems

Leafy systems are commonly used for recombinant protein expression due to the high
protein yields (Twyman et al., 2003) and rapid growth cycles that produces large quantities of
biomass for harvest (Daniell et al., 2001). A commonly used leafy expression system is tobacco
due to the established transformation methods and high biomass yields (Abiri et al., 2016). Once
harvested, recombinant proteins have been known to undergo proteolytic degradation and require
immediate treatment of freezing or desiccation to maintain bioactivity (Yao et al., 2015). This is
due to the high physiological activity of the tissue, therefore, it is critical to limit processing time

to maintain protein integrity (Ma et al., 2003). Leafy tissues also have the presence of
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phenolics/pigments and native proteases that can interfere with processing steps by reducing
binding capacity and/or altering recombinant protein bioactivity (Dixon et al., 2018). Conditions
can be modified to improve recombinant protein solubilization during extraction by using
stabilizing additives such as protease inhibitors (Leibly et al., 2012) or minimize proteolytic
degradation by reducing the extraction temperature (Ryan, 2011) which would improve
subsequent purification. Some cases require high ionic strength buffers to improve recombinant
protein solubility during extraction but would impede purification by reducing the binding

capacity and ability to precipitate proteins (Dixon et al., 2018).

Some commercially available biopharmaceuticals produced using leafy tissues include
ZMapp™ from tobacco leaves for Ebola treatment (Qiu et al., 2014), CaroRx® from tobacco
leaves to protect against tooth decay (Wycoff, 2005), and a vaccine for non-Hodgkin’s
Lymphoma that is expressed in Nicotiana benthamiana (N. benthamiana) leaves (Lee and Ko,
2017). Another product expressed in leafy systems include human somatotropin, which has been
successfully produced in transgenic tobacco chloroplasts with protein levels over 100-fold higher
compared to nuclear transgenic systems. The tobacco chloroplast were able to produce
somatotropin and a Bacillus thuringiensis insecticide protein at 7% and 45% of the total plant

protein respectively (Chargelegue et al., 2001).

The Canadian biotechnology company, Medicago, has developed an influenza vaccine
with virus-like particles produced in N. benthamiana (Pillet et al., 2016) using their Proficia®
transient expression technology (Espinosa-Leal et al., 2018). Once clinical trials have been
completed and approved by the FDA, the N. benthamiana influenza vaccine is expected to be
released for commercial use (Loh et al., 2017). The use of a plant leafy tissue expression system

to produce influenza vaccines is novel as common systems include cell-cultures (Soema et al.,
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2015) and embryonated chicken eggs which can illicit an allergic response (Turner et al., 2015).
The potential for other protein-based products expressed in N. benthamiana using Proficia® is
possible due to the versatility of the expression system and rapid plant growth of 5 to 6 weeks
with the vaccine hemagglutinin being produced in 19 days (D’ Aoust et al., 2010) which result in
high tissue yields annually. However, batches may not be consistent due to the variability of

growth conditions unless controlled like in a bioreactor system.

Bioreactor Expression Systems

Bioreactor systems are used to cultivate intracellular and extracellular recombinant
proteins which dictate the necessary unit operations before extraction as previously visible in
Figure 1-1. Bioreactor systems are most similar to traditional expression systems and use culture
media that typically contains components that do not interfere with downstream processing
(Dixon et al., 2018). The need for cell lysis or protein solubilization may also not be necessary as
most recombinant proteins are secreted into the culture media, but commonly at low
concentrations (Dixon et al., 2018). However, intracellular recombinant proteins are directed to
specific cellular compartments such as the cytosol, vacuole, endoplasmic reticulum, or
chloroplast (Tekoah et al., 2015) and, thus, would require cell lysis before extraction. Production
batches tend to be consistent due to the controlled growth conditions which is not always
possible with seed or leafy systems (Xu et al., 2012) as plant growth is dependent on its
environment and nutrients. Bioreactor systems can also possess impurities such as native
proteins and polysaccharides, which can cause antigenic effects and increase cell suspension
viscosity that affects purification steps (Farrell et al., 2015). Native protein solubility can be
minimized by extracting at the isoelectric point of the native proteins followed by membrane

filtration to further reduce the amount of native proteins present (Dixon et al., 2018). However,
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polysaccharides can decrease membrane filtration flux due to their high viscosity (Hellwig et al.,
2004) and cause cells to accumulate on surfaces, requiring additional processing steps to remove
polysaccharides. Plant bioreactors pose as an alternative to traditional expression systems such as
CHO cells as they produce high expression levels of 5 g to 10 g per L in optimal conditions

(Kelley, 2007) but require a high financial investment due to cell media costs of $55 to $90 per L

(Buyel et al., 2017).

Popular cells used in bioreactor systems include tobacco, specifically Nicotiana tabacum
(N. tabacum), and carrot (Hellwig et al., 2004), however other cell suspensions like rice (Huang
and McDonald, 2012) have become more frequently researched. Commercial products produced
in a bioreactor expression system include ELELYSO™ enzyme replacement expressed in carrot
and tobacco cell culture (Fox, 2012) and Protalix (glucocerebrosidase), a treatment for Gaucher’s
disease expressed in in carrot cell culture (Fox, 2012). Other recombinant proteins include the
USDA-approved Newcastle virus vaccine (Miller et al., 2009) and human interleukin-2 and -4

(Hellwig et al., 2004), both expressed in N. tabacum cell suspension.

Seed Expression Systems

While cell cultures and leafy tissue are used frequently, plant seeds have become of
interest for biopharmaceutical production due to their advantages of high expression, stability,
and mass production. Seeds are able to accumulate a high amount of recombinant protein while
minimizing impurities like phenolics (Yao et al., 2015) that can lower purification requirements.
Recombinant proteins from transgenic seeds have been known to be biologically active and
stable for many years at room temperature (Dockal et al., 2000; Oakes et al., 2009; Ramirez et

al., 2001), due to the presence of endogenous protease inhibitors (Ryan, 1990) and are able to
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withstand changes in conditions like pH and temperature, which can reduce storage costs.
Extracting at a lower pH can be beneficial as it reduces the solubility of native proteins, however,
seeds can contain phytic acid which is soluble at a low pH (Dixon et al., 2018). Phytic acid can
impact purification as it can shield the protein charge on a recombinant protein and prevents
adsorption to cation exchange resin, reducing the binding capacity of anion exchange resin or

forming phytate-cation precipitate in columns (Wilken and Nikolov, 2012b).

Commonly used seed-based platforms for recombinant protein expression include corn
and Oryza sativa (O. sativa) rice. For example, ProdiGene used corn to express TrypZean®
(recombinant bovine trypsin) for use in animal cell culture (Krishnan and Woodard, 2014) and
rice seed was used to express VEN 150 for the treatment of human immunodeficiency virus
(HIV)-associated chronic inflammation (Yao et al., 2015). Other recombinant proteins expressed
in seed-based systems include human a-1-antitrypsin expressed in rice seed for inflammation
treatment (Zhang et al., 2013) and human coagulation factor IX expressed in soybean seed

vacuoles for the treatment of factor 1X hemophilia (Cunha et al., 2011).

Transient vs Stable Expression

The method for expressing foreign products varies with seed, leafy, and bioreactor plant
systems as transient or stable expression can be used. Transient expression is when transfected
cells express a transgene but it is not integrated into the genome as the plasmid DNA is
maintained in the nucleus causing the transgene to not be replicated and expressed for a finite
time (Chen et al., 2016). Stable expression uses transfected cells with integrated transgenes in the
genome, thus the gene is replicated and a stably transfected cell line is created (Stepanenko and

Heng, 2017). Transient expression systems are able to produce consistent high protein yields
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unlike stable expression systems due to the absence of the “position effect” (Komarova et al.,
2010). Stable expression is also more complex to perform and can cause a non-target region of
the plasmid to be integrated into the genome and expressed. As such, stable expression is more
compatible with linear DNA while transient expression is more compatible with supercoiled
DNA (Chen et al., 2016). Typically, stable expression is used throughout bacteria, yeast,
mammalian cells, and plant systems, but transient expression is commonly used for mammalian

and plants cells.

Rice Seed as a Host System

The interest in large-scale rice biopharmaceuticals has steadily increased over the past
decades (San Juan, 2018), as such, seed systems have successfully produced multiple
recombinant proteins. These products include human lysozyme (Huang et al., 2002), human
lactoferrin (Nandi et al., 2002), human serum albumin (US8158857B2, 2010), human transferrin
(Zhang et al., 2010), human a-1-antitrypsin (Zhang et al., 2013), vaccine antigens (Daniell et al.,
2005), cholera toxin B vaccine (Kashima et al., 2016), mouse interleukin-4 and -6 (Fujiwara et
al., 2016), griffithsin (Vamvaka, et al., 2016a), BP178 peptide (Montesinos et al., 2017), and
2G12 antibody (Vamvaka, et al., 2016b). This is due to the many advantages rice plant seeds

have to offer including high expression levels of recombinant proteins.

Rice Grain Physiology and Composition

Rice is a monocot plant that requires 30 to 45 days after pollination for seed maturation
(Ou et al., 2014) and undergoes a vegetative and reproductive phase. The grain development of

the reproductive phase dictates potential seed yield (Sehgal et al., 2018) which can be maximized
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in optimal environmental conditions (Nawaz and Faroog, 2017). Oryza sativa is the most
commonly used species of rice for genetic manipulation and recombinant protein production
through its seed endosperm. It is classified as a cereal seed and is comprised of the grain hull
which protects the brown rice. The brown rice contains the embryo, pericarp, seed coat, nucellus,
aleurone layer, and endosperm (Juliano and Tuafio, 2019). The endosperm makes up 80% of the
total seed weight and aids in maintaining seed stability throughout different environmental
conditions (Takaiwa, 2013). The embryo contains the relevant genetic information and is made
of the scutellum, plumule, radicle, and epiblast (Champagne et al., 2004). The brown rice is
enclosed in the lemma and palea to create the grain hull, which is removed by dehusking,

milling, and grinding for processing.

The removal of the grain hull to expose the endosperm and embryo is beneficial for
processing to eliminate large impurities that could interfere with operations. For example, the
removal of the aleurone layer through fractionation reduced the phytic acid content by 50% to
80% (Coulibaly et al., 2011) to improve purification as phytic acid is negatively charged above a
pH of 1 (Costello et al., 1976). Protein-phytic acid interactions can form which shifts the
isoelectric point and solubility of proteins to interfere with protein extraction (Cheryan and
Rackis, 1980). This was demonstrated in human lysozyme expressed in rice extracts where
phytic acid caused precipitation to occur and clogged the cation exchange chromatography
column, hindering purification methods (Wilken and Nikolov, 2010). For this reason, removal of
the aleurone layer is beneficial and has been implemented by Ventria Bioscience as current
transgenic rice flour extracts do not precipitate in the column during anion exchange

chromatography (Sheshukova and Wilken, 2018).
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Majority of the proteins in rice seed are found in the sub-aleurone layer, the aleurone
layer and embryo contain majority of the lipid content, and starch granules are mainly found in
the endosperm (Azhakanandam et al., 2000). The embryo contains the highest amount of
protease activity involving proteases such as peptidase and proteinase (Horiguchi and Kitagishi,
1976). Oryza sativa seed generally contain 8% total protein with 480 soluble native proteins, out
of which 302 have been identified (Yang et al., 2013). Most of the protein functions are varied or
unknown but 25% of the proteins are used for metabolic processes and 17% are used for immune
defense (Yang et al., 2013). The majority of the proteins have isoelectric points between 5 and 7
with molecular masses between 15 kDa to 95 kDa (Yang et al., 2013). Therefore, impurities such
as native proteins, phytic acid, and proteases are important processing considerations as
additional steps may be necessary to remove or inactivate the impurity like aleurone layer

removal, use of protease inhibitors, or supplementary purification steps.

Benefits of Rice Seed as an Expression System

Rice seed endosperm is an excellent recombinant protein expression system due to its
reduced risk of contamination with other non-transgenic species as rice is self-pollinated and
possesses a cross-pollination frequency of <1% (Rong et al., 2007). The maximum distance rice
pollen grains can travel from the plant is less than 110 meters and the pollen grain has a short
lifespan of five min for possible pollination (Song et al., 2004), further improving the biosafety
of rice as a transgenic platform. Rice is generally regarded as safe (GRAS) for human
consumption with rice products considered to be hypoallergenic for direct oral administration
(Takaiwa et al., 2015) which can reduce future purification costs of therapeutics. As a host
system, rice seed is commonly reported to be advantageous due to recombinant protein stability

(Ryan, 1990) as it contains less impurities such as phenolic compounds and complex protein
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mixtures (Prabhu and Jayadeep, 2015) than leafy tissues and bioreactor systems. Rice seed is
also able to express high amounts of different recombinant proteins (Takaiwa et al., 2007) which
is beneficial for downstream processing costs. Expressed proteins have been shown to possess a
high insensitivity to changes in pH and temperature conditions which are extremely beneficial in
storage and transportation (Takaiwa et al., 2007), as well as be biologically active and properly
folded, establishing the endosperm cell capacity of expressing foreign proteins (Ou et al., 2014).
For example, human serum albumin (HSA) expressed in O. sativa seed was comparable to
plasma derived HSA (pHSA) as it retained its tertiary structure, 17 disulfide bonds, and

biological activity (He et al., 2011).

Recombinant Protein Expression in Rice Seed

The development of rice specific expression systems has aided in expressing recombinant
proteins at high levels. Healthgen Biotechnology Corp. in Wuhuan, China has successfully
developed an expression system called OryzExpress that has produced recombinant human
serum albumin, antitrypsin, protease inhibitors, and IGF-1 (Satya and Sarkar, 2018). Another
system called ExpressTec was developed by Ventria Bioscience and has successfully produced
human leukemia inhibitory factor (Alfano et al., 2014), proinsulin-transferrin fusion protein
(Chen et al., 2018), human lactoferrin (Nandi et al., 2002), human lysozyme (Hennegan et al.,

2005), and HSA (Frahm et al., 2014) for commercial sale.

Small-, pilot-, and large-scale downstream processing examples in Table 1-2, include
many different recombinant proteins expressed in rice seed endosperm. Human interleukin-10
was extracted and purified from O. sativa using extraction and precipitation followed by

different chromatography methods that increased purity but decreased the recovery with each
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step (Fujiwara et al., 2010). As a result, only 4.3% of human interleukin-10 was recovered at
100% purity after the last chromatography step from the initial 96.3% recovery and 65.2% purity
after the first step (Fujiwara et al., 2010). A pilot-scale downstream processing of recombinant
human a-1-antitrypsin from rice seed recovered 0.366 g/kg brown rice (18.9%) with a purity of
97% (Zhang et al., 2013). Oryza sativa recombinant human serum albumin (OsrHSA) expression
was the highest of multiple recombinant proteins from rice seed at 8 g/kg brown rice and had a
high yield (2.75 g/kg brown rice) after three chromatography steps (He et al., 2011). Other
recombinant proteins such as recombinant human granulocyte-macrophage colony stimulating
factor from rice endosperm had high expression levels of 7.5 g/kg brown rice (Ning et al., 2008),

but purification was not performed and thus this example was not used for comparison.

When comparing multiple recombinant proteins from transgenic rice seed as seen in
Table 1-2Error! Reference source not found., the results varied with expression levels ranging
from 0.2 g/kg up to 10 g/kg brown rice and yields ranging from 0.0083 g/kg to 2.75 g/kg brown
rice. The purities of the final product after purification for recombinant human basic fibroblast
growth factor, lactoferrin, and transferrin resulted in >95% purity. Purification of OsrHSA, a-1-
antitrypsin, and human interleukin-10 resulted in >99.45%, >97%, and 100% purities
respectively. Increasing the number of chromatography steps improved product purities but

decreased yields of a-1-antitrypsin and OsrHSA like human interleukin-10.
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Table 1-2. Summary of various downstream processing of recombinant proteins in transgenic rice seed endosperms.

Recombinant  Scale Expression Extraction Buffer used in solid- Purification steps Yield Purity Recovery References
Protein level (g/kg tissue to liquid extraction (9/kg (%) (%)
brown buffer brown
rice) ratio rice)
Human Lab 1.2 1:20 pH 7.4 50 mM Tris- 1. Immobilized metal ion 0.05 100 4.3 Fujiwara et
interleukin-10 HCl and 0.5 M NaCl affinity chromatography al., 2010
with 1% CTAB and 2. Immobilized metal ion
10 mM B- affinity chromatography
mercaptoethanol 3. Anion exchange
chromatography
4. Cation exchange
chromatography
5. Size-exclusion
chromatography
o-1- Pilot 2.2 1:10 pH 7 45 mM 1. Anion exchange 0.366 >97 18.89 Zhang et
antitrypsin phosphate with 1 mM  chromatography al., 2013
B-mercaptoethanol 2. Ceramic hydroxyapatite
chromatography
3. Multimodal anion
exchange chromatography
Human basic  Large 0.19 1:5 pH 7.5 50 mM 1. Affinity chromatography  0.0083 >905 4.49 Anetal.,
fibroblast phosphate and 0.25 3 2013
growth factor M NaCl with 1 mM
EDTA and reduced
L-Glutathione
Human Pilot 5 1:10 pH 7 20 mM sodium 1. Anion exchange NR >95 68 Nandi et
lactoferrin phosphate and 0.3 M chromatography al., 2002
NaCl
Oryza sativa- Large 8 1:10 pH 7.5 25 mM 1. Multimodal cation 2.75  >99.45 55.8 He et al.,
expressed phosphate and 50 exchange chromatography 2011
human serum mM NaCl 2. Anion exchange
albumin chromatography
3. Hydrophobic interactions
chromatography
Transferrin Lab 10 1:10 pH 7.5 25 mM Tris- 1. Anion exchange NR >05 60 Zhang et
HCI chromatography al., 2010

NR- not reported
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Extraction of Recombinant Proteins from Rice Seed

Extraction is a critical operation in downstream processing that can reduce subsequent
purification requirements and costs by using conditions favorable for high product yields and
purity. This is accomplished by maximizing the amount of recombinant protein expressed and
minimizing the amount of native proteins and impurities. Therefore, extraction conditions like
pH, ionic strength, extraction time, and temperature all influence the solubility of proteins
present in transgenic plants. pH has a strong effect on protein extractability from transgenic seed
systems as the amount of total soluble protein (TSP) increases with extraction pH, from a pH of
4.5 (5-6 mg/g flour) to 10 (15-16 mg/g flour), as demonstrated by Wilken and Nikolov (2006).
The effect of pH on extractability is also a function the isoelectric point (pl) of the recombinant
protein as solubility typically decreases when the extraction pH is close to the pl of the target
protein (Malhotra and Coupland, 2004). However, a combination of pH and electrostatic effects
can alter this behavior. For, example, extraction of human lysozyme from transgenic rice was
lower at pH 6.5 than at pH 10 despite the protein having a pl of 10. The negative pH effect on
protein extractability was attributed to ionic interactions between negatively charged rice
constituents and positively charged human lysozyme (Wilken and Nikolov, 2006; Wilken and
Nikolov, 2010). The lower extractability of human lysozyme at pH 6.5 was overcome by
increasing the ionic strength (through addition of sodium chloride), which disrupts the ionic
interactions between the target protein and oppositely-charged plant impurities (Wilken and
Nikolov, 2006). At pHs where ionic interactions are not dominate, increasing sodium chloride
did not improve recombinant protein extractability. Extraction temperature can also effect
solubility and stability of recombinant proteins as increasing temperature improved solubility in

transgenic corn (Shukla et al., 2000). However, increasing the temperature can cause the target
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protein to inactivate and degrade (Shukla et al., 2000). With careful optimization of extraction
conditions, the purity and yield of recombinant proteins after extraction can be improved which
could decrease clarification and purification requirements and significantly reduce processing

costs.

Capture and Purification by Anion Exchange Chromatography

For a purified product to meet pharmaceutical regulations, most if not all of the
impurities must be removed for commercialization. Typical purities of reagents and diagnostic
chemicals is >95% and >99% for pharmaceutical grade drugs (Krishnan and Woodard, 2014).
Minimizing the amount of impurities before purification is important as purification is the most
expensive unit operation of downstream processing (Gronemeyer et al., 2014). In addition,
reducing the number of purification steps is critical to overall process cost and yield. A process
yield of >50 % is a common target for a commercial purification process (Krishnan and
Woodard, 2014). A common method of purification of recombinant proteins is using ion
exchange chromatography due to its robustness, scalability, and high binding capacities
(Lenhoff, 2016). There is also predictability of molecule elution patterns as the adsorption of
protein to resin is dependent on charge. Selecting whether to use cation or anion exchange is
dependent on the pl of the selected protein. Anion exchange is used if the buffer pH conditions

are above the protein pl during purification and vice versa for cation exchange.

Anion exchange chromatography is most compatible with acidic proteins like HSA for
purification, therefore, Q Sepharose™ FastFlow® resin (binding capacity of 120 mg HSA/mL)
was selected for this study. This strong anion exchanger contains a quaternary ammonium that is

fully charged from pH 4 to 10 and is widely used in industrial downstream processes due to its
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ease of scale-up (GE Healthcare, 2016). This positively charged ligand binds to the negatively
charged groups on the protein’s surface through reversible electrostatic interactions. A solution
containing the protein is loaded onto a column containing anion exchange resin to allow selective
protein binding. During this process, all proteins with the opposite charge flow through the
column allowing for the removal of impurities. An elution buffer with counter-ions is then
gradually applied to compete with and displace the captured protein, releasing the protein from

the resin’s charged ligand.

Other resins like DEAE Sepharose™ FastFlow® provide broad selectivity and scale-up
ease like Q Sepharose™ FastFlow® resin with a similar binding capacity of 110 mg HSA/mL
resin. High resolution chromatography resin includes Q Sepharose™ High Performance which
can provide better molecule separation than DEAE and Q Sepharose™ resin but has a lower

binding capacity of 50 mg HSA/mL resin.

Human Serum Albumin

Studies for novel medical therapies have recently focused on recombinant proteins
instead of traditional small molecule drugs. These therapeutic proteins can be highly complex
and exceed 100 kDa (Lagassé et al., 2017), requiring significantly more processing steps to
manufacture and produce than small molecule drugs like ibuprofen (Schellekens, 2009). Since
2011, more than 62 recombinant proteins have been approved for various diseases and
conditions, with almost half of the commercial products being monoclonal antibodies (Lagassé et
al., 2017). The other products were coagulation factors, enzymes, fusion or hormones proteins,
growth factors, and plasma proteins (Lagassé et al., 2017). Of the plasma proteins, recombinant

HSA (rHSA) has not been approved for therapeutic use even though there is a large demand
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worldwide (Yang et al., 2018) and HSA constitutes majority of proteins found in human plasma
(Otagiri and Chuang, 2016). Therefore, studies on rHSA are necessary to meet demands and

improve the therapeutic protein market.

Structure and Properties

Human serum albumin is an acidic protein with a molecular weight of 66.5 kDa, pl of
4.7, and is the most abundant protein in human blood (around 60% of blood plasma). It is known
to be structurally stable due to its large quantity of disulfide bonds and has a 76% similarity with
bovine serum albumin in its sequence identity, a commonly used stable diagnostic protein

(Michnik et. al., 2006).

Human serum albumin (P02768) is an unglycosylated single peptide chain of 585 amino
acids, three equal domains, and 17 disulfide bounds. The first 24 amino acids are the single
peptide and propeptide which are cleaved post translationally to form the precursor protein of
585 residues. These disulfide bonds are located at residue 77 to 86, 99 to 115, 114 to 193, 192 to
201, 224 to 270, 269 to 277, 289 to 303, 302, to 313, 340 to 385, 384 to 393, 416 to 462, 461 to
472, 485 to 501, 500 to 511, 538 to 583, and 582 to 591 (Saber et al., 1977). It is also composed
of 35 helices and 14 beta strands that form the tertiary structure. The three domains are located at
residues 19 to 210, 211 to 403, and 404 to 601 with six subdomains identified as IA, 1B, lIA, 11B,
1A, and I1IB (Carter et al., 1989). Human serum albumin also has a high affinity for metal ions,
specifically plasma zinc with binding sites at residue 91, 123, 271, and 273 (Lu et al., 2008), all
located in the first two domains. The third domain does not participate in any binding (Dockal et
al., 2000). Human serum albumin also has a high affinity for other ligands such as fatty acids,

cations, and water. Human serum albumin is synthesized in the liver and enables transportation
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of numerous endogenous and exogenous compounds such as amino acids, fatty acids, bile acids,
hormones, toxic metabolites, metals, and drugs (Otagiri and Chuang, 2009). However, it is also
susceptible to conformational changes (Dockal et al., 2000) in its domains in low pH such as 3.5.
The protein unfolds and a helix to beta sheet and helix to coil transition occurs. By pH 2.5, the
protein is expanded to its full extent while maintaining its disulfide bonds. In alkaline solutions
(pH 6 to 9) residues 1 to 387 display a conformational transition which affects the N-terminus
and impacts ligand binding. When comparing rice expressed rHSA and pHSA, they are
structurally equivalent using X-Ray crystallography as all 17 disulfide bonds are visible to

suggest rHSA would be biologically active (He et al., 2011).

Medical Applications

Human serum albumin has a half-life of 19 days and is synthesized in the liver by
hepatocytes and secreted into the blood circulation to make up 60-65% of proteins in blood that
helps maintain 80% of the colloid osmotic pressure of plasma (Otagiri and Chuang, 2009). There
have been theories of a high HSA concentration in blood plasma improving overall health
(Peters, 1996) however, a direct correlation has not been proven. A healthy adult can synthesize
13.8 g daily but requires 360 g total, with only one third present in the bloodstream for blood
donation, causing limitations (Otagiri and Chuang, 2009). Human serum albumin has many
medical applications for the treatment of burns, liver cirrhosis, hypoalbuminemia,
cardiopulmonary bypass, hemorrhagic shock, nephritic syndrome, and hypoproteinemia (He et
al., 2011; Mendez et al., 2005). Human serum albumin has also been evaluated for use as a
carrier of oxygen (Tsuchida et al., 2009), stabilizing agent (Kratz, 2008), peptide fusion platform
(Subramanian et al., 2007), animal-free cell culture supplement and process reagent (Wilken and

Nikolov, 2012a), and as a pharmaceutical excipient to protect the product from aggregation,
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degradation, and adsorption of a pharmaceutical to the storage container (Yamasaki and Anraku,
2016). HSA is also used to bind to warfarin, napraxin, and ibuprofen (Watanabe et al., 2001).
Current commercially available products include nanoscale drug delivery systems, Abraxane and
Albuferon. Abraxane is a 130 nm nanoparticle that attached to Paclitaxel for treatment of breast
cancer (Petrelli et al., 2010) and Albuferon is an interferon a-2b/albumin fusion protein (Kratz,

2008).

Human Serum Albumin Expression in Other Systems

There is a large annual demand of more than of 600 tons of HSA worldwide with China
requiring 420 tons in 2015 (Yang et al., 2018). However, China was only able to produce 75% of
the needed HSA market due to the increasing therapeutic applications of HSA. Limitations arise
because the traditional technique of obtaining HSA through blood donation and plasma
fractionation provides high risk of contamination by human pathogens so additional treatment
steps like heating at 60°C for 10 h in sodium octanoate and N-acetyl-L-tryptophanate is required
(Anraku et al., 2007). Additional screening is necessary to determine if all impurities have been
eliminated, which adds costs to processing. Therefore, alternatives to produce rHSA instead of

pHSA have been explored using different expression systems.

Currently, rHSA has been expressed in multiple bacteria, yeast, and plant systems.
Escherichia coli was the first platform to express rHSA due to its well established molecular and
industrial base but resulted in insoluble rHSA due to protein aggregation and improper protein
folding (Latta et al., 1987). However, this was remedied with a multistep process that optimized
cell growth parameters to enhance rHSA solubility and improve protein folding through the use

of chaperone-assisted folding (Sharma and Chaudhuri, 2017). Transgenic Bacillus subtilis
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expressed soluble rHSA but resulted in incorrect protein folding at the N-terminus (Saunders et

al., 1987).

Many yeast strains have been used to express rHSA with varying yields depending on the
transformation technique. Saccharomyces cerevisiae produced between 0.02 g to 0.334 ¢
rHSA/L media (Baizhi Li et al., 2011; Saunders et al., 1987) and P. pastoris produced 8 gto 12 g
rHSA/L media using a repeated fed-batch culture (Belew et al., 2008) and 1.34 g rHSA/L media
with a cyclic fed-batch culture (Bushell et al., 2003). However, proteolytic degradation due to
acidic proteases can occur when rHSA is secreted into the culture broth with P. pastoris and S.
cerevisiae (Kang et al., 2000; Kobayashi et al., 2000). Therefore new expression systems like
PichiaPink™ have been created to achieve high expression levels (12 g/L) while retaining

stability (Baizhi Li et al., 2011).

Leafy and bioreactor plant systems have also been used to express rHSA at varying levels
with stability. rHSA expressed in tobacco leaf only accounted for 0.02% of TSP due to
proteolytic degradation within tissue (Sijmons et al., 1990) while rHSA accounted for 0.2% of
TSP in potato tubers (Farran et al., 2002). Higher amounts of rHSA were achieved (11.1% of
TSP) with tobacco leaf chloroplasts but the protein suffered proteolytic degradation and required

the formation of inclusion bodies (Fernandez-San Millan et al., 2003).

More success has been achieved using seeds instead of leafy tissue or cell culture with
OsrHSA reaching 10.6% of TSP in O. sativa endosperm cells (He et al., 2011). High expression
of OsrHSA was achieved (8 g/kg brown rice) and after three chromatography steps, recovery of
55.8% and purity of 99.5% was reported. However, rHSA expressed in O. sativa was

biologically active but showed variability in glycation after processing when rHSA from
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different suppliers was tested (Frahm et al., 2014). Oryza sativa-expressed rHSA was also more
thermally stable in comparison to P. pastoris-expressed rHSA (Frahm et al., 2012). Current
products on the market of rHSA include Cellastim™, expressed in transgenic rice seed (Smith et
al., 2015) which has been available since 2006 for cell culture and diagnostic applications, rather

than for pharmaceutical use.

Current methods of downstream processing of rHSA from plant seeds vary but may
include grinding, extraction, clarification, cation exchange chromatography, hydrophobic
interactions chromatography, anion exchange chromatography, followed by ultrafiltration (Chen
et al., 2013). These processes typically include many unit operations to achieve a purity
satisfactory for commercial use. A dose of HSA typically includes 10 g or more per vial with
near 100% purity for clinical use. If impurities are present, a systematic reaction to the impurities
could occur in the patient; therefore, extra procedures are necessary when using pHSA and
rHSA. For a system to express rHSA from rice seed, an expression level of 2.75 g HSA/kg
brown rice is sufficient as a purity of >99% OsrHSA had immunogenicity similarly to pHSA
since liver cirrhosis was successfully treated in rats (He et al., 2011). Therefore, a cost-effective

process that can produce over >99% purity and >2.75 g/kg brown rice of rHSA is needed.

Objectives

The overall goal of the thesis is to develop an integrated and cost-efficient downstream
process of recombinant human serum albumin from transgenic O. sativa seeds. This is
accomplished by analyzing different conditions and rHSA stability during extraction followed by
subsequent purification of select extraction parameters which are compatible with anion

exchange chromatography.
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Analysis of Recombinant Human Serum Albumin Extraction and Degradation in

Transgenic Rice Extracts

To determine extraction conditions favorable to maximize rHSA recovery and minimize
native protein recovery while maintaining rHSA stability, 1) the effect of pH and time on the
solubility of rHSA and native protein was determined by performing extraction kinetics at pH
3.5, 4.0, 4.5, and 6.0 for 60 min, 2) the effect of storage pH on rHSA in extracts was evaluated to
through pH adjustment, 3) the stability of rHSA in pH 3.5 extract was evaluated by the addition
of purified rHSA and adjusting extraction conditions such as temperature to minimize
degradation, and 4) rHSA purity and the ratio of rHSA to native protein for subsequent

purification was evaluated using densitometry.

Purification of Recombinant Human Serum Albumin from Transgenic Rice Through

Adsorption

To develop an integrated downstream process of rHSA extraction and purification, the
purification was evaluated by: 1) determining rHSA adsorption parameters such a buffer,
residence time, and conductivity compatible with extraction conditions, 2) determining the
binding capacity of rHSA in extract with anion exchange resin through consecutive batch
binding to simulate dynamic binding, 3) evaluating the dynamic binding capacity of rHSA in
extract at saturation and rHSA purity and yield at 10% breakthrough, and 4) quantifying anion

exchange chromatography results with affinity chromatography.
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2. Analysis of Recombinant Human Serum Albumin Extraction and
Degradation in Transgenic Rice Extracts

Abstract

Transgenic plant systems have successfully been used to express recombinant proteins,
including rice seed-expressed recombinant human serum albumin (rHSA), without the risk of
contamination of human pathogens. Developing an efficient extraction process is critical as the
step determines recombinant protein concentration and purity, quantity of impurities, and process
volume. This article evaluates the effect of pH and time on the extraction and stability of rHSA.
The amount of rHSA in clarified extract after 60 min of solubilization increased with pH from
0.9 mg/g (pH 3.5) to 9.6 mg/g (pH 6.0), but not over time as 10 min was sufficient for
solubilization. Total soluble protein in extracts also increased with pH from 3.9 mg/g (pH 3.5) to
19.7 mg/g (pH 6.0) in clarified extract. Extraction conditions that maximized rHSA purity were
not optimal for rHSA stability and yield. Extraction at pH 3.5 resulted in high purity (78%),
however, rHSA degraded over time. Similar purities (78%) were observed in pH 4.0 extracts yet
rHSA remained stable. rHSA degradation was not observed in pH 4.5 and 6.0 extracts but higher
native protein concentrations decreased purity. Strategies such as pH and temperature adjustment
were effective for reducing rHSA degradation in pH 3.5 rice extracts. Low temperature pH 3.5
extraction retained high purity (97%) and rHSA stability. While seed-expressed recombinant
proteins are known to be stable for up to 3 years, the degradation of rHSA was notably extensive

(56% within 60 min) when extracted at low pH.

*Reprinted with permission from “Analysis of recombinant human serum albumin extraction and
degradation in transgenic rice extracts” by Kseniya A. Sheshukova and Lisa R. Wilken, 2018.
Biotechnol Prog 34(3):681-691. © 2018 by American Chemical Society.
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Introduction

Human serum albumin (HSA) is an acidic protein with a molecular weight of 66.5 kDa
(He and Carter 1992), an isoelectric point (pl) of 4.7 (He and Carter 1992), and the most
abundant protein in human blood (around 60% of blood plasma) (Huang et al. 2010). HSA is an
unglycosylated single peptide chain of 585 amino acids (He and Carter 1992), three equal
domains, and 17 disulfide bonds (He et al. 2011). HSA is synthesized in the liver and enables
transportation of numerous endogenous and exogenous compounds such as amino acids, fatty
acids, bile acids, hormones, toxic metabolites, metals, and drugs (Otagiri and Chuang,
2009). HSA has many medical applications including the treatment of liver cirrhosis, serious
burns, hemorrhagic shock, nephritic syndrome, and hypoproteinema (He et al. 2011). HSA has
been used as an excipient for vaccines and therapeutic protein drugs (Huang et al. 2010; Marth
and Kleinhappl 2001), and more recently, has been evaluated for use as a carrier of oxygen
(Tsuchida et al., 2009), for nanodelivery of drugs (Cai et al., 2006), as a peptide fusion platform
(Subramanian et al., 2007), and as an animal-free cell culture supplement and process reagent

(Wilken and Nikolov 2012a).

With a high demand of 500 tons of HSA per year worldwide and a limited supply of
human plasma-derived human serum albumin (pHSA) (Fernandez-San Milléan et al., 2003), other
attempts at HSA production through various expression systems have been executed. Production
of recombinant human serum albumin (rHSA) is more desired, compared to pHSA, as it
eliminates the risk of transmitting blood-derived infectious pathogens such as, HIV and hepatitis
(Chamberland et al., 2001), while being structurally equivalent (by X-ray crystallography) and

possessing similar biological activity (He et al. 2011). Some of the expression systems for rHSA
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include Escherichia coli (Latta et al., 1987), Saccharomyces cerevisiae (Sleep et al., 1990),
Kluyveromyces lactis (Fleer et al., 1991), Pichia pastoris (Kobayashi et al., 2000), transgenic
animals (Barash et al., 1993), and transgenic plants (Fernandez-San Millan et al. 2003; Sijmons
et al. 1990; Farran et al. 2002; Huang et al. 2005), Reported expression levels of rHSA include
11.1% of total soluble protein (TSP) by tobacco leaf chloroplasts (Fernandez-San Millan et al.,
2003) and 11.5% of TSP by rice cell culture using a sugar starvation-induced promoter (Huang et
al. 2005). Using rice seed as a production platform for rHSA resulted in commercially
competitive expression levels with rHSA constituting at least 10.0% of the TSP in the transgenic
rice harvested seeds (Huang et al. 2010). Previously high expression levels (greater than 0.5% of
total dry weight) have been reported for other recombinant proteins expressed in transgenic rice

seeds (Huang et al. 2002).

Transgenic plants have become an alternative for microbial and mammalian cell culture
systems for recombinant protein production because they do not carry or spread mammalian
diseases and viruses (Goldstein and Thomas, 2004). Transgenic plants can also possess a high
expression level of recombinant proteins, which can reduce subsequent purification requirements
and create a cost-effective production method (Twyman et al., 2003). Seed-expressed
recombinant proteins are considered to be less susceptible to degradation due to the high protein
content (10% to 40% in comparison with leafy tissues <5% of wet weight) and low protease
content (Boothe et al., 2010), and the presence of endogenous protease inhibitors that prevents
degradation of the recombinant protein throughout processing (Menkhaus et al., 2004; C. A.
Ryan, 1990; Takaiwa et al., 2007). Recombinant proteins expressed in seeds have been known to
be stable at room temperature for years including anti-hepatitis B surface antigen single-chain Fv

antibody fragment expressed in tobacco seed, which was stable and retained full biological
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activity for 1.5 years at room temperature (Dockal et al., 2000). Recombinant hirudin expressed
in canola seed, was stable for 3 years (Ramirez et al., 2001) and recombinant cholera toxin B
subunit maintained immunogenicity and stability for more than 1.5 years at room temperature

in Oryza sativa seed (Nochi et al., 2007). In addition to the seed-specific advantages, rice has a
GRAS (generally regarded as safe) status (Nandi et al., 2002), established production
infrastructure, relatively high protein content, low risk of contamination by human pathogens,
and high expression levels and relatively fast production scale up (Stoger et al., 2005), which are
important considerations for selecting a transgenic host. To utilize these benefits of transgenic
plants, efficient downstream processes for extraction and purification of recombinant proteins

must be developed.

Downstream processing of transgenic plant tissue includes primary recovery and
purification steps. Primary recovery includes fractionation and/or milling, product
extraction/release, and solid-liquid separations. Extraction is a critical recovery step because it
determines the recombinant protein concentration and purity, the type and quantity of impurities
that have to be removed during purification, and volume of extract that must be processed
(Wilken and Nikolov 2012b). Optimization of extraction conditions can improve product
stability throughout processing and reduce the number and cost of purification steps. Variables
typically evaluated for extraction optimization include extraction pH, ionic strength, temperature,

and time.

Several studies have shown that pH has a strong effect on protein extractability from
transgenic seed flour (Azzoni, Farinas, and Miranda 2005; Farina et al. 2002; Wilken and
Nikolov 2006). In general, the amount of TSP extracted increases with extraction pH. For

example, the amount of TSP in transgenic rice extracts (with recombinant human lysozyme)
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increased from 5-6 mg/g flour at pH 4.5 to 7 mg/g at pH 6.5, 8 mg/g at pH 7.5, and 15-16 mg/g
at pH 10 (Wilken and Nikolov 2006). The amount of recombinant protein extracted also varies
greatly with extraction pH and is also a function of the pl of the recombinant protein. For
example, the amount of native protein extracted from transgenic flour increased from 2-3 mg/g
flour at pH 4.5 to 5-6 mg/g flour at pH 6.5, 7-8 mg/g flour at pH 7.5, and 12-13 mg/g flour at
pH 10 (Wilken and Nikolov 2006). However, the amount of human lysozyme extracted
decreased from 3 to 4 mg/g flour at pH 4.5 to 1-2 mg/g flour at pH 6.5 and 0-1 mg/g flour at pH
7.5 (Wilken and Nikolov 2006). However, an increase in solubility of human lysozyme occurred
at pH 10 to 2-3 mg/g flour, despite the pl (10.5) being close to the pH (Huang, Rodriguez, and
Hagie 2003). Extracts prepared from the high-expressing rice flour had recombinant protein
concentrations up to 70% of TSP by careful selection of extraction conditions (Huang,
Rodriguez, and Hagie 2003). The effect of temperature on extraction is another parameter to
consider as recombinant human proinsulin extraction from transgenic corn showed a positive
effect with temperature increase. The protein concentrations achieved for extraction performed at
25°C (18.87 £0.48 mg/L) were 10% less than at a higher temperature of 40°C (20.72 +1.06
mg/L) (Farinas et al., 2007). Other protein extraction studies with transgenic corn show increased
solubility with an increase of temperature. Protein solubility was highest at 50°C (evaluated
temperatures of 20°C to 60°C) and extraction above 60°C showed protein denaturation as well as
an increase in cost to maintain the high temperature (Shukla et al., 2000). Other studies have
shown a correlation between protein extraction and ionic strength, although this relationship is

not as significant as the effect of pH on extractability.

The inherent stability of the recombinant protein is also an important consideration for

selection of processing conditions. HSA is known to be a relatively stable protein due to the high
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disulfide bond frequency (17 disulfide bonds (He et al. 2011b)) and subdomains which provide
structural stabilization (Banach et al., 2016) and the wide temperature range at which HSA
maintains biological activity (Shukla et al., 2000). Thus, HSA has been used as a pharmaceutical
excipient to protect against product degradation and loss by adsorption (Yamasaki and Anraku,
2016). However, HSA is susceptible to changes in its molecular structure by pH and temperature
(Fernandez-San Millan et al., 2003). One study performed on HSA displayed thermal
denaturation of 12% at 65°C and 45% at 75°C (Wetzel et al., 1980). While protein unfolding is
significant at 55°C, the process is reversible at temperatures up to 68°C (Wetzel et al.,

1980). The impact of temperature on HSA provides flexibility in temperature selection during
extraction as HSA is structurally stable up to 50°C (Wetzel et al., 1980). With respect to pH,
HSA is susceptible to conformational changes (Dockal et al., 2000) in its domains at low pH
such as 3.5. The protein unfolds and structural elements are disrupted. As the pH decreases to pH
2.5, the protein expands and more conformational transitions occur but disulfide bonds are
preserved and, thus, the full length structure remains intact (Dockal et al., 2000). In alkaline
solutions (pH 7.0 to 9.0), amino acid residues 1 to 387 display a conformational transition which
affects the N-terminus and impacts ligand binding (Dockal et al., 2000). Therefore, conditions

such as temperature and pH can impact both recombinant protein stability and extractability.

To take advantage of the numerous applications that HSA provides without the risks of
pPHSA, an alternative expression system, such as rice seed, is needed. The use of transgenic rice
for production of rHSA is very promising, but extraction conditions must be investigated for the
development of a cost-effective processing method. We discuss the effect of pH on the amount
of rHSA and TSP extracted from transgenic rice flour and the effect of extract and storage pH on

rHSA stability.
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Materials and Methods

Materials

Transgenic Oryza sativa flour (40% TSP) was provided by InVitria, a division of Ventria
Bioscience (Junction City, KS). The rice was transformed using ExpressTec (Ventria
Bioscience) with a chimeric gene comprising a globulin promoter (SEQ ID NO: 6) with
upregulated activity during rice seed maturation and DNA sequence encoding human serum
albumin (Huang et al. 2010). The rice flour was stored at 4°C throughout the research. Human
serum albumin (>96% purity, rice-derived) and bovine serum albumin (>98% purity) were
purchased from Sigma-Aldrich (St. Louis, MO) and used as analytical standards and for stability

experiments. All other reagents and supplies were purchased from VWR Scientific.

Analytical Methods

Total Protein Quantification

Total soluble protein was determined by Bradford assay (Bradford, 1976) in a microtiter
format, using a Coomassie Plus Assay kit containing Coomassie Plus reagent and bovine serum
albumin (BSA) as standard (Thermo Fisher Scientific, Waltham, MA). Absorbances at 595 nm
were measured by a SpectraMax Pro 384 microplate reader using SoftMaxPro V4.6 software.
Samples were analyzed in triplicate. TSP concentrations in extracts were expressed as milligrams

protein per gram flour.
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Protein Analysis by SDS-PAGE®

The protein profiles of extracts were evaluated by electrophoresis as described by
Laemmli (Laemmli 1970). Samples were loaded on 4%-12% bis-tris gels under reducing
conditions and ran according to the manufacturer's instructions (Thermo Fisher Scientific,
Waltham, MA). Extract samples were prepared for gel electrophoresis immediately after

clarification by centrifugation.

rHSA Quantification

rHSA concentration was determined using ImageJ software (Rasband, 1997) to analyze
relative concentrations on NU-PAGE® gels (Tan et al., 2009). rHSA concentrations of extract
samples were determined by densitometry using purified reference rHSA and a blank.
Concentrations of pure rHSA samples were verified by measuring the absorbance of each sample
at 280 nm (extinction coefficient of 0.549 mL/mg cm). Two concentrations of rice-derived HSA
(>96% purity) were used as standards for comparison of staining intensities to that of rHSA
bands at 66.5 kDa in extract samples. Standard concentrations were within range of rHSA

concentrations observed in extracts.

Statistical Analysis

Statistical analysis of rHSA purity over time was performed on each time sample in
comparison with the initial time point (10 min) using a two-tailed t-test (p <0.05) for each pH. If
the resulting p value was below 0.05, the purity at that time point had significantly decreased in

comparison to the 10 min purity.

37



Experimental Methods

Extraction Kinetics

The effect of pH was determined by investigating the amount of rHSA and total protein
extracted at various pHs. Experiments were performed at pH 3.5, pH 4.0, pH 4.5, and pH 6.0
using 50 mM sodium chloride in 50 mM sodium citrate buffer for pH 3.5, pH 4.0, and pH 4.5
and 50 mM sodium chloride in 50 mM sodium phosphate buffer for pH 6.0. Low pH reduces the
amount of native protein extracted and extracting at least one pH unit below/above the pl is
recommended as extraction at the pl limits protein extractability (S Ozturk and Hu, 2005). The
conductivities of buffers were measured by EC Meter Model 2052 (VWR Scientific) and
reported in mS. Experiments at the four pHs were conducted with transgenic rice flour in
triplicate. For each experiment, 20 g of transgenic rice flour was added to 100 mL of extraction
buffer and mixed continuously for 1 hour on a magnetic stir plate. An extraction sample (1 mL)
was taken every 10 min for 60 min total. The kinetic samples were centrifuged (VWR Micro
2416 microcentrifuge) at 9,100xg for 3 min to separate the suspended solids. After the final 60
min extract sample was taken, the remaining mixture was centrifuged (Thermo Scientific Sorvall
RC 6 Plus Centrifuge) at 10,000xg for 15 min to separate the insoluble solids and then filtered
with a 0.45 um SFCA filter (Thermo Fisher Scientific, Waltham, MA). Gel samples were
immediately prepared after centrifugation (Tan et al., 2009). Extract supernatants were analyzed
for total protein and rHSA content. To determine the amount of protein in the clarified extracts,
TSP was determined by Bradford assay. The concentration of rHSA in clarified extracts was

determined by analyzing protein profiles of extracts using NU-PAGE® gel electrophoresis.

Effect of pH, Temperature, and rHSA Stability

Effect of Storage pH on Stability of rHSA in Extracts
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Stability was tested by evaluating rHSA concentration over time throughout storage of
extracts (as a function of pH). Based on extraction Kkinetics, an extraction time of 20 min was
selected for further analysis of rHSA stability in extracts. pH 3.5 and pH 6.0 extracts were
prepared as described above and stored at the extraction pH or pH adjusted to evaluate rHSA
stability over time. The pH 3.5 extract was either kept at pH 3.5 for storage or adjusted to pH 4.5
with 3 M NaOH and then stored for 120 min. The pH 6.0 extract was maintained at pH 6.0 or
adjusted to pH 3.5 or pH 4.5 with 0.1 M HCI and then stored for 120 min. All extracts were
stored at room temperature (23°C). pH 3.5 stored extract samples were taken every 15 min for 45
min while adjusted pH 4.5 samples were taken every 30 min for 120 min. pH 6.0 stored extracts,
pH 4.5 adjusted extract, and pH 3.5 adjusted extract samples were taken at 120 min. All samples

were prepared immediately for gel analysis.

Stability of Purified rHSA in Buffer

To ensure the rHSA degradation at low pH was not due to pH instability, the stability of
purified rHSA in buffer was evaluated. rHSA stability was tested by measuring the rHSA
concentration of purified rHSA in buffer over time by NU-PAGE® gel electrophoresis. A 1
mg/mL solution of purified rHSA was prepared and mixed in pH 3.5 50 mM sodium citrate with
50 mM sodium chloride buffer (11.87 mS) and time samples were taken every 30 min over 120

min at room temperature of 23°C. All samples were prepared immediately for gel analysis.

Stability of rHSA and BSA Spiking into Transgenic Rice Extracts

rHSA stability was tested by spiking purified rHSA or BSA in clarified extract and
measuring the rHSA or BSA concentration over time. Clarified pH 3.5 extract was stored at
room temperature (23°C) until all expressed rHSA was degraded and then spiked with 6.2 mg of

pure solid rHSA and 6.2 mg of pure solid BSA (0.62 mg/mL). Spiked solutions were mixed until
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solids had solubilized. The amount of rHSA and BSA spiked into extract was consistent with
rHSA concentrations measured in transgenic extracts. Spiked extracts were analyzed for 90 min
with a sample taken every 15 min and immediately prepared for gel analysis. Samples were

analyzed by Bradford TSP microplate assay and NU-PAGE® gel electrophoresis.

Effect of Temperature on rHSA in Extracts

The effect of temperature was tested by evaluating the results of pH 3.5 extracts at
decreased temperature. Extraction kinetics were performed with 20 g of transgenic rice flour
mixed in 100 mL of pH 3.5 50 mM sodium citrate with 50 mM sodium chloride (12.46 mS). The
temperature was reduced by dry ice surrounding the centrifuge bottle, keeping an average
constant temperature of 5°C. Time samples were taken every 10 min over 60 min. After the 60
min extract was taken, the remaining mixture was centrifuged (Thermo Scientific Sorvall RC 6
Plus Centrifuge) and filtered with a 0.45 um SFCA filter (Thermo Fisher Scientific, Waltham,
MA). Samples were immediately prepared for gel analysis and analyzed by Bradford TSP
microplate assay and NU-PAGE® gel electrophoresis. A Western blot was performed with gel
sample preparation of 1:60 ratio of sample in 1x tris-buffered saline. Gel to membrane transfer
occurred using the iBlot® Gel Transfer Device and Mini iBlot®Nitrocellulose Gel Transfer
Stacks (Thermo Fisher Scientific, Waltham, MA) for 7 min. Membrane was carefully transferred
for blocking in 5% milk (SACO® Real Skim Milk) in 1x Tris-Buffered Saline with TWEEN® 20
(TBST) overnight. The blot was then washed with TBST three times for 5 min before incubation
in the primary antibody (rabbit anti-human albumin antibody) using a 1:10,000 dilution for 90
min. The blot was then washed with TBST three times for 5 min before incubation in the
conjugated secondary antibody (goat anti-rabbit IgG—alkaline phosphatase) using a 1:15,000

dilution for 90 min. To develop the blot, the membrane was incubated in a solution of
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SIGMAFAST™ BCIP®/NBT until bands were visible. Distilled water was used to stop

development.

Stability of rHSA at Different Temperatures in pH 3.5 Buffer

The stability of rHSA in pH 3.5 buffer was tested at two different temperature conditions
to evaluate stability of rHSA. Extraction kinetics were performed with 6.2 mg pure solid rHSA
in 10 mL of pH 3.5 50 mM sodium citrate buffer with 50 mM sodium chloride (13.13 mS) in two
15 mL conicals. One conical was kept at room temperature (23°C) and the remaining conical was
stored at a constant temperature of 5°C. Samples were taken immediately after solubilization and
then every 30 min for 90 min. Samples were immediately prepared for gel analysis and analyzed

by NU-PAGE® gel electrophoresis and Western blot.

Results and Discussion

Extraction Kinetics

Effect of pH and Time on Extraction of TSP

The average amount of TSP extracted from rice flour is shown in Table 2-1. pH 3.5
extraction resulted in the lowest concentrations of total protein with 2.3 (£0.1) mg TSP/g flour
present in 10 min extract to 3.9 (£0.3) mg TSP/g flour in the final clarified extract. pH 4.0
extracts had 6.7 (x0.6) mg TSP/g flour at 10 min and 6.4 (£1.0) mg TSP/g flour in the clarified
extract. While pH 4.5 had 12.4 (x0.2) mg TSP/g flour at 10 min and 14.2 (x1.4) mg TSP/g flour
in the clarified extract. pH 6.0 extraction resulted in the highest amount of extracted TSP with
16.3 (x1.2) mg/g flour at the first extraction sample to 19.7 (x2.1) mg/g flour in the clarified

extract. TSP in pH 6.0 extracts were six- to eight-fold greater than that in pH 3.5 extracts. The
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increase in TSP with pH is consistent with trends observed for other transgenic rice-derived
proteins (Wilken and Nikolov 2012b; Wilken and Nikolov 2006). The drastic increase in the
amount of TSP extracted at pH 4.5 compared to pH 4.0 was initially surprising for such a small
increase in pH. This increase in TSP and native protein was unexpected as native rice proteins
have isoelectric points in the selected pH which can reduce solubility. The amount of native
protein extracted (at 30 min) increased from 2.3 mg/g to 6.8 mg/g with an increase of extraction
pH from 4.0 to 4.5. Later analysis also showed a significant increase in rHSA solubility with the

same extraction pH increase.

25.0
#pH 3.5 #pH 4.0 spH4.5 upH 6.0

20.0 T T T T

15.0

10.0

Total Soluble Protein (mg/g flour)

5.0
.
0.0 %
10 20 30 40 50 60 Clarified
. . Extract
Time (min)

Table 2-1. Average TSP (mg TSP/g flour) extracted at pH 3.5, pH 4.0, pH 4.5, and pH 6.0 throughout
extraction (0 to 60 min). The final filtrate (Clarified Extract) represents the 60 min extract after the final
centrifugation and dead-end filtration. Error bars indicate standard deviation of triplicate extractions.

A study involving rice expressed human lysozyme showed a significantly lower amount
of extracted TSP at pH 4.5 when compared to rHSA rice extracts at the same conditions (Wilken
and Nikolov 2006). At 30 min, the amount of TSP in rHSA extracts was 13.3 mg/g flour, while

the amount of TSP in human lysozyme extracts was 5.7 mg/g flour. The amount of soluble rice
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protein in rHSA extracts (6.8 mg/g) was almost threefold greater than in human lysozyme
extracts (2.4 mg/g). However, the observation of substantially lower amounts of extracted rice
protein from transgenic flour expressing human lysozyme was due to the reported reduction of
salt-soluble globulins in high-lysozyme-expressing rice seed (Huang, Rodriguez, and Hagie
2003). The same study also showed a fairly steady increase of around 1 to 2 mg TSP/g flour,
unlike the drastic increase in rHSA extracts of approximately 5 mg TSP/g flour per 1 pH unit

increase.

Effect of pH and Time on Extraction of rHSA

The average amount of rHSA extracted from rice flour (in mg rHSA/g flour) is shown in
Table 2-2. pH 3.5 resulted in the lowest concentration of rHSA, which varied from 2.2 (£0.5)
mg/g flour for 10 min extracts to 0.9 (x0.6) mg/g flour for final clarified extracts. The
concentration of rHSA in pH 4.0, pH 4.5, and pH 6.0 extracts remained stable throughout
extraction and resulted in rHSA concentrations of 5.4 (x1.3) mg/g flour, 7.4 (x0.9) mg/qg flour,
and 9.6 (x1.7) mg/g flour, for each respective pH, at 10 min. These results were higher or
comparable to the levels of other recombinant proteins extracted from transgenic rice seed flours.
For example, reported extraction yields of other recombinant proteins expressed in transgenic
rice were 4.4 mg/g flour for human lysosome (Wilken and Nikolov 2012b), 6 mg/g flour for
human lactoferrin (Nandi et al., 2002), and 10 mg/g flour transferrin (D. Zhang et al.,
2010). Table 2-1 also shows that the amount of rHSA extracted did not increase after 20 to 30
min for all pHs evaluated. Thus, increasing the extraction time beyond 20 to 30 min would add

to processing costs without a direct benefit.
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0.0
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Extract

Time (min)

Table 2-2. Average rHSA concentration (mg/g flour) extracted at pH 3.5, pH 4.0, pH 4.5, and pH 6.0
throughout extraction (0 to 60 min). The final filtrate (Clarified Extract) represents the 60 min extract after
the final centrifugation and dead-end filtration. Error bars indicate standard deviation of triplicate
extractions.

The concentration of rHSA decreased as the extraction time increased at pH 3.5, which
indicated that rHSA was being degraded during extraction. A decrease in rHSA concentration
was not observed at pH 4.0, 4.5, and 6.0. The degradation of rHSA during pH 3.5 extraction was
unexpected as recombinant proteins extracted from seeds are typically stable due to the presence
of native protease inhibitors and low metabolic activity in seeds (Wilken and Nikolov
2012b), thus, significant degradation of rice seed-expressed recombinant proteins has yet to be
reported. However, HSA has been reported to be highly susceptible to proteolytic degradation in
other transgenic systems (Fernandez-San Millan et al., 2003; Kang et al., 2000) and
conformational changes are known to occur at pH 3.5 and below (Del Giudice et al., 2017;
Dockal et al., 2000). Thus, further exploration of rHSA stability was warranted. In addition, there

was significant variability in rHSA concentrations calculated using densitometry.

Gel electrophoresis was used to evaluate the protein profiles of the extracts over time.

Degradation of rHSA over time at pH 3.5 is apparent in the gel (Figure 2-1a) and confirmed by
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Western blot (as discussed later). The intensity of the 66.5 kDa molecular weight band (full
length rHSA) decreased over time while the intensity of lower molecular weight bands increased
with time and are likely degradation products. For pH 4.0 extract samples, gel analysis showed a
slight decrease in the intensity and size of molecular weight bands at 66.5 kDa (Figure 2-1b).
However, the calculated TSP (Table 2-1) and rHSA concentrations (Table 2-2) were not
significantly reduced over time (within range of standard deviation). pH 4.5 and pH 6.0 gels
show consistent rHSA band intensity over time at 66.5 kDa and a larger amount of native rice
proteins as demonstrated in Figure 2-1a and Figure 2-1d, respectively. This analysis correlates
with the increase of TSP in pH 4.5 and pH 6.0 (12.4 mg/g and 16.3 mg/g, respectively) from pH

4.0 (6.7 mg/g) at 10 min.
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Figure 2-1. Protein profiles of extracts by NU-PAGE® electrophoresis gel with samples from (a) pH 3.5
extracts (wells 2-8), (b) pH 4.0 extracts (wells 2-8), (c) pH 4.5 extracts (wells 2-8), and (d) pH 6.0 extracts
(wells 2-8), showing protein molecular weight profiles. The final extract (clarified extract) was clarified by
centrifugation and dead-end filtration after the 60 min time period. The arrows show molecular weight
placement of rHSA.

The extraction conditions that maximize recombinant human serum albumin
concentration and minimize the amount of soluble rice protein in the extracts were identified by

calculating the rHSA protein purity (percentage of rHSA in total protein) and ratio of rHSA to
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solubilized native rice protein. Selecting extraction conditions that maximizes these parameters
will reduce purification requirements. rHSA purities (Table 2-3) significantly decreased over
time in pH 3.5 extracts from 79% + 17.2% (10 min) to 26% + 15.6% (clarified extract) but stayed
fairly consistent on average throughout pH 4.0 (71%) and pH 4.5 (53%) extracts. The decrease in
rHSA purity with time in pH 3.5 extracts was due to the decrease in rHSA concentration and not
from a significant increase in TSP with time. This is also apparent in the corresponding gels
(Table 2-1) and rHSA concentration data (Table 2-1). The significant decrease in rHSA purity
with time for pH 6.0 extraction from 65.3% to 51.3% (Table 2-3) can be attributed to the

increase in native protein.

Table 2-3. Effect of pH and extraction time on rHSA protein purity (%6).

pH 10 min 20 min 30 min 40 min 50 min 60 min Clarified Ext.
35 789+172 649+12.1 582+10.5 51.4+6.3 442%+£52  38.4*+8.6 26.0%+15.6
40 78.8+£12.0 71.7+164 67.1+182 662+152 73.8+18.2 70.1+9.2 70.0+4.4
45 56.9+8.8 559+6.0 4734153 50.3+5.9 56.2+9.7 532439 52.5+3.1

6.0 653+1.5 56.7%+24  549*%+£0.2  54.8%+0.5 52.8*%+39  56.1*+2.0 51.3*%+1.1

Errors represent the standard deviations of triplicate experiments. An asterisk (*) designates that the purity is
significantly different within the pH group in comparison with each 10 min time sample (p <0.05).

Extraction conditions that maximize rHSA concentration and minimize the amount of
soluble rice protein in the extracts were identified by calculating the ratio of extracted rHSA to
solubilized native rice protein (Table 2-3). This rHSA to native protein ratio, along with rHSA
extractability should be considered when identifying optimal extraction conditions for high-
expressing plants. A high ratio signifies a high purity which is beneficial for reducing cost in
subsequent downstream processing, however, the amount of rHSA extracted should be
considered. The ratio was calculated by dividing the rHSA concentration by the native rice
protein concentration, which was found by subtracting the rHSA concentration from the total

soluble protein concentration. The highest ratios were observed in 10 min extracts at pH 3.5
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(ratio of 5.6) and pH 4.0 (ratio of 4.3). The ratio was much lower for the 10 min extract at pH 4.5
(1.5) and 6.0 (1.4) which was likely due to the drastic increase in TSP at pH 4.5 and pH 6.0
compared to pH 4.0 with less than proportional increase in rHSA. pH 4.0 extract contained the
highest ratio over time, ending with 2.4 at the clarified extract compared to pH 3.5 (0.3), pH 4.5
(1.2), and pH 6.0 (0.9). The rHSA to native rice protein concentration ratio for the final clarified
extracts decreased over time for all pH levels, but most significantly for pH 3.5 extraction (from
5.6 to 0.3). Due to the unique degradation behavior observed at pH 3.5, we further explored the
impact of pH on rHSA stability in buffer and in extract to ensure conformational changes or

bottle adsorption was not the cause.

Table 2-4. Effect of pH and extraction time on the rHSA to native rice protein concentration ratio.

pH 10 min 20 min 30 min 40 min 50 min 60 min Clarified Ext.
3.5 5.6 2.2 15 1.1 0.8 0.6 0.3
4.0 4.3 2.6 2.0 1.9 2.7 2.4 2.4
4.5 1.5 1.4 1.0 1.1 1.4 1.3 1.2
6.0 1.4 11 1.0 1.0 0.9 0.6 0.9

Effect of pH on rHSA stability

Effect of Storage pH on Stability of rHSA in Extracts

Two experiments were run at pH 3.5 and pH 6.0 to evaluate the effect of extract and
storage pH on rHSA stability. The pH 3.5 extract was either stored at the extraction pH or
adjusted to pH 4.5. The pH 6.0 extract was either stored at the extraction pH or adjusted to pH
4.5 or 3.5. All extracts were maintained at room temperature (23°C) for 120 min. As shown in
Figure 2-2, rHSA extracted and stored in the transgenic rice extract at pH 3.5 was degraded over
time (as indicated by the decrease in rHSA band intensity over time and the increase of band

intensities of lower molecular weight degradation products). However, rHSA in pH 3.5 extract
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adjusted to pH 4.5 was stable as indicated by a consistent band intensity at 66.5 kDa throughout

storage.

le3.5 Adjustedlto pH 4.5

[ Clarified \f )
MW Ext 15 30 45 0 30 60 90 120 min

188
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49
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18
14

Wells

*25 pL/well

Figure 2-2. Protein profiles of extracts by NU-PAGE® electrophoresis gel with samples from extraction
maintained at pH 3.5 (wells 2-5) and adjusted to pH 4.5 (wells 6-10). The arrow shows molecular weight
placement of rHSA at 66.5 kDa.

The results of either maintaining the extract at pH 6.0, adjusting it to pH 4.5, or to pH 3.5
are shown in Figure 2-3. For these cases, rHSA was stable as indicated by consistent band
intensity at 66.5 kDa (full-length rHSA) throughout storage at all investigated pHs. Thus,

degradation of rHSA cannot be attributed to low pH only.
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Figure 2-3. Protein profiles of extracts by NU-PAGE® electrophoresis gel with samples from extraction
maintained at pH 6.0 (well 2) and adjusted to pH 4.5 (well 3) and pH 3.5 (well 4) at 120 min. The arrow shows
molecular weight placement of rHSA at 66.5 kDa.

Both experiments demonstrated that rHSA was stable in transgenic rice flour extract if
pH 3.5 extract was adjusted to pH 4.5 or 6.0 for storage or if pH 6.0 extract was maintained at
pH 6.0 or adjusted to a pH of 3.5 to 4.5. For these cases, TSP and rHSA concentrations remained
constant during storage, which indicates that the cause of degradation is not due to pH instability
alone. These experiments seem to suggest a difference in extracted components (such as a
protease) or activity of the component (if protease) between pH 3.5 and pH 6.0, which causes the

degradation in rHSA at low pH.

Stability of Purified rHSA in Buffer

To further confirm that the rice extract was responsible for rHSA degradation and not pH
instability of rHSA or adsorption to polyethylene and polypropylene copolymer bottles used for

extraction, the stability of purified rHSA was evaluated in buffer of the same pH and ionic
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strength (pH 3.5 50 mM sodium citrate buffer with 50 mM sodium chloride) as the pH 3.5
extraction buffer. This experiment showed that rHSA in only pH 3.5 buffer was not degraded or
adsorbed as shown by the stable band intensity over time in Figure 2-4 and consistent TSP (about
12 ug per well) and rHSA concentrations over 120 min at room temperature (23°C). This
suggests rHSA instability in pH 3.5 extracts was not due to pH sensitivity of rHSA or adsorption
to polyethylene and polypropylene copolymer bottles but rather caused by a rice impurity co-

extracted with rHSA.
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Figure 2-4. Protein profiles of extracts by NU-PAGE® electrophoresis gel with samples from pure rHSA in
pH 3.5 buffer (wells 2-6). The arrow shows molecular weight placement of rHSA at 66.5 kDa. Gels were
loaded on a volume basis.

Stability of rHSA and BSA Spiked into Transgenic Rice Extracts

Spiking of purified rHSA and BSA (commonly used as a standard for its known stability

(Bradford, 1976)), which share 76% amino acid sequence homology (Huang, Kim, and Dass
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2004), in room temperature pH 3.5 extracts demonstrated continuous degradation of rHSA and
BSA, which was similar to behavior observed in pH 3.5 extracts. When rHSA was spiked into
pH 3.5 extracts, the TSP per well was 20.8 pg at 15 min to 20.3 pg at 45 min. The amount of
full-length rHSA detected in the gel was reduced over time. Gel electrophoresis showed further
analysis of TSP was unnecessary, as degradation was visible from decreasing band intensity at
66.5 kDa in both gels (Figure 2-5). This clarifies the assumption of degradation related to pH 3.5
extracts alone as rHSA and BSA continued to degrade in pH 3.5 extracts after spiking and was
not due to pH sensitivity of rHSA, as proven by Figure 2-4 earlier. To improve rHSA storage

stability in pH 3.5 extract, we evaluated the impact of decreasing temperature during extraction.
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Figure 2-5. Protein profiles of extracts by NU-PAGE® electrophoresis gel with (a) samples from the spiking
of pure HSA in pH 3.5 extracts (wells 2-8) and (b) samples from the spiking of pure BSA in pH 3.5 extracts
(wells 2-8). The arrows show molecular weight placement of rHSA and BSA.
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Effect of Temperature on rHSA in Extracts

To evaluate the feasibility of extracting rHSA at a lower temperature (5°C), the amount
of full-length rHSA and TSP extracted over time at pH 3.5 was measured. Maintaining a low
temperature of 5°C throughout extraction at pH 3.5 resulted in stability of full length rHSA, as
indicated by the bands at 66.5 kDa in a Western blot (results not shown). The resulting rHSA
concentrations at 10 min (2.0 mg/g flour) and in the clarified extract (2.1 mg/g flour) are similar
to the rHSA concentration of pH 3.5 at room temperature at 10 min (2.2 mg/g flour). Because
lower temperature typically reduces protein extractability (Farinas et al., 2007; Shukla et al.,

2000), the amount of TSP and rHSA was evaluated and compared to that at room temperature.

TSP in the pH 3.5 low temperature extracts was higher by 0.5 mg/g (10 min) to 1.0 mg/g
(clarified extract) than TSP in pH 3.5 extracts at room temperature. The total soluble protein
concentration was 2.1 (£0.1) mg/g flour at 10 min, 2.6 (x0.1) mg/g flour at 30 min, and 3.0
(20.3) mg/qg flour in the clarified extract compared to the room temperature concentrations of 2.6
(20.04) mg/g flour at 10 min, 3.2 (x0.2) mg/g flour at 30 min, and 3.9 (x£0.3) mg/g flour in the

clarified extract (Figure 2-6).
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Figure 2-6. Average TSP (mg TSP/g flour) extracted at pH 3.5 low temperature (LT) and pH 3.5 room
temperature (RT) throughout extraction (0 to 60 min). The final filtrate (Clarified Extract) represents the 60
min extract after the final centrifugation and dead-end filtration. The error bars indicate standard deviation
of triplicate extractions.

The rHSA concentration in pH 3.5 extracts at a low temperature throughout extraction was very
similar to the initial concentration of pH 3.5 extract at room temperature. At room temperature,
rHSA concentration decreased over time while the low temperature extract maintained a stable
rHSA concentration. Thus, decreasing the temperature during extraction resulted in increased
stability of rHSA which may be attributed to inactive protease(s) or reduction in protease
solubility or activity at the lower temperature. Further studies using room temperature extraction
and then adjusting the extract to 5°C would provide additional insight into the cause of rHSA

degradation in pH 3.5 extracts.

Purity of rHSA at a temperature of 5°C decreased over time due to the increase in native
protein; however, the initial and final purities (96.1% to 71.5%) of the extracts (Table 1) were

the highest compared to the other conditions (Table 2-5). The decrease in purity of the low
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temperature pH 3.5 extracts can be attributed to the increase in TSP as the rHSA concentration

remained constant.

Table 2-5. Effect of temperature and extraction time on rHSA protein purity (%6).

Clarified
Ext.
LT (5°C) 96.1+182 83.1+14.0 83.8+144 809+142 750+123 673+17.1 71.5+13.7
RT (23°C) 789+17.2 649+12.1 582+10.5 51.4+6.3 442+52 384+£86 26.0+£15.6

pH 3.5 10 min 20 min 30 min 40 min 50 min 60 min

The ratio of rHSA to native protein (Table 1) was used to compare extraction conditions
and to identify favorable conditions that may reduce further processing and purification costs.
The ratio of the pH 3.5 low temperature extract at 10 min was fivefold higher (24.4) compared to
the other conditions due to the high initial purity as well as the small amount of native protein
(0.08 mg/g flour) compared to rHSA (1.98 mg/g flour). Although a decrease in the ratio is
evident, this is due to the increase in native protein (0.08 mg/g flour to 0.43 mg/g flour) as the
rHSA concentration remained constant, similarly to the purity. The final ratio of the clarified
extract (2.5) is comparable to the pH 4.0 ratio of 2.4 which suggests extraction conditions at pH
3.5 low temperature and pH 4.0 at room temperature (Table 2-6) are more desirable than
extracting at pH 3.5, 4.5, or 6.0 at room temperature. Ten min extraction at pH 4.0 is more
suitable for downstream processing due to the stability of rHSA at room temperature (would not
require temperature control), high initial purity, and higher rHSA concentration than low

temperature pH 3.5 extraction.

Table 2-6. Effect of temperature and extraction time on the rHSA to native rice protein concentration ratio.

pH 3.5 10 min 20 min 30 min 40 min 50 min 60 min Clarified Ext.
LT (5°C) 24.4 4.9 5.2 4.2 3.0 2.1 2.5
RT (23°C) 5.6 2.2 15 1.1 0.8 0.6 0.3
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Stability of rHSA at Lower Temperatures in pH 3.5 Buffer

Pure rHSA stability was tested in pH 3.5 buffer at a low temperature (5°C) to verify that
decreasing the temperature did not affect rHSA. rHSA in the pH 3.5 buffer was determined to be
stable based off the consistent band intensities at 66.5 kDa over time in the NU-
PAGE®electrophoresis gel (Figure 2-7). The Western blot also demonstrated stability in the

bands over time at 66.5 kDa (Figure 2-8).
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Figure 2-7. Protein profiles of samples by NU-PAGE® electrophoresis gel with samples from room
temperature extraction at 23°C (wells 2-5) and samples from pure rHSA in pH 3.5 buffer at 5°C (wells 7-10).
The arrow shows molecular weight placement of rHSA at 66.5 kD
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Figure 2-8. Protein profiles of extracts by Western blot with samples from room temperature extraction at
23°C (wells 2-5) and samples from pure rHSA in pH 3.5 buffer at 5°C (wells 7-10). The arrow shows
molecular weight placement of rHSA at 66.5 kDa.

Both NU-PAGE® electrophoresis gel and Western blot showed pure rHSA stability at
reduced temperatures in pH 3.5 buffer. These results further indicate that the instability of rHSA
could be due to protease activity and the reduced temperature may have decreased activities of

the proteases.

Conclusions

Extracting at pH 4.0 50 mM sodium citrate with 50 mM sodium chloride for 10 min at
room temperature was most favorable for maximizing rHSA concentration and achieving the
highest ratio of rHSA to native protein. This study demonstrates the degradation of rHSA in pH
3.5 extract but not higher pH extracts. Results indicate this is not due to the effect of pH and time
on stability or rHSA stability alone since pure rHSA is stable in pH 3.5 buffer (stable
concentration and presence of rHSA band) but degrades if pure rHSA or BSA is spiked into pH

3.5 extract. While 60% of the rHSA extracted at 10 min degraded after the 60 min extraction and
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clarification, rHSA did not degrade during pH 4.0, 4.5, or 6.0 extractions. However, degradation
did not occur in pH 3.5 extracts if the extraction temperature was reduced to 5°C. In addition,

rHSA purity levels were initially as high as 79% for pH 3.5 and pH 4.0 at room temperature.

The expression levels demonstrated by this study are very high compared to the reported
11.1% from transgenic chloroplasts (Daniell et al., 2005; Fernandez-San Millan et al.,
2003). rHSA constituted up to 10.0% of total protein (Huang et al. 2010), but by modifying the
extraction conditions, we were able to extract rHSA as 79% of TSP at room temperature and
96% of TSP at a reduced temperature. Thus, examining extraction conditions is necessary. Purity
levels this high could facilitate cost effective purification for numerous applications. However,
the amount of extracted rHSA combined with purity and stability should be considered for
purification. An extraction pH of 4.5 or 6.0 provides more rHSA for purification although the
lower purity can increase the number of purification steps. Less rHSA is extracted at lower pH
conditions (pH 3.5 at low temperature and pH 4.0) but the high purity can reduce the costs by
requiring less purification steps. Downstream processing with pH 3.5 room temperature extract is
not desired due to the instability of rHSA. The results observed in this study contradicts
experimental observations in transgenic rice (Nochi et al., 2007), corn (Menkhaus et al.,
2004), canola (Menkhaus et al., 2004) seeds as well as current literature which indicates that
seed-based expression is primarily desirable due to the inherent stability of a recombinant
protein. Despite this observation, the expression level is one of the highest reported and the

degradation of rHSA was controlled by simple pH or temperature adjustment.

Expressing a recombinant protein to such levels could potentially impact expression of
proteases or make recombinant proteins more susceptible but further research would be required.

Future work should include analyzing protease activity in extracts and the biological activity of
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rHSA. The conformational stability of rHSA in extracts at pH 3.5 should also be analyzed using
fluorescence spectroscopy and/or CD-spectroscopy and further characterization of the clarified
extract using mass spectrometry is necessary. To our knowledge, degradation of a recombinant

protein in rice seed extract has not been reported and thus warrants further investigation.
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3. Purification of Recombinant Human Serum Albumin from
Transgenic Rice Extracts Through Adsorption

Abstract

Transgenic plant systems have successfully been used to express a variety of recombinant
proteins, including rice seed-expressed recombinant human serum albumin (rHSA). The
development of an efficient and integrated rHSA extraction and purification process would allow
rHSA to be used for various medical applications such as a stabilizer in vaccinations without the
risk of contamination of pathogens and viruses. Extraction is a critical step that determines
recombinant protein concentration and purity and the type and quantity of impurities that must be
removed during purification. Previous studies indicated that pH 3.5 extraction resulted in high
purity (79%) but rHSA was unstable and degraded over time. Extraction at pH 4.5 and 6.0
provided stable rHSA yields but higher native rice protein concentrations, which would increase
purification requirements. To develop an integrated process, the effects of extraction conditions
on subsequent purification using ion exchange chromatography must be evaluated. The impact of
extraction conditions on purification efficiency was evaluated through adsorption kinetics with
pure rHSA. Once suitable conditions for rHSA binding were identified, adsorption of rHSA from
transgenic rice extracts was evaluated. Anion exchange chromatography with Q Sepharose ™
FastFlow® resin was selected because rHSA has an isoelectric point of 4.7. Acetate and citrate
buffers (pH adjusted with TRIS) and phosphate buffers were tested for rHSA binding studies at
pH 8.0. Acetate buffer resulted in the lowest conductivity after pH adjustment, which increased
the binding capacity of rHSA and was selected to minimize processing operations and cost. The
rHSA saturation binding capacities in pH 4.0, 4.5, and 6.0 extracts adjusted to pH 8.0 varied

from 69 mg rHSA/mL resin (pH 4.5 extract adjusted to 8.0) to 79 mg rHSA/mL resin (pH 4.0
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extracted adjusted to 8.0). Purification studies were then completed at 10% binding capacity to
evaluate resultant rHSA purities and yields. Purity and yield after anion exchange
chromatography varied with extraction pH with pH 4.5 extract (adjusted to pH 8.0) resulting in
the most desirable purity and yield (>95% purity and 76% yield). Purification results of rHSA

were analyzed for the development of an integrated, cost-efficient downstream process.

Introduction

Genetically modified organisms (GMO’s) have become a major success in the
agricultural and biological fields, specifically plants which offer the utilization of a host without
risk of spreading or carrying human diseases (Goldstein and Thomas, 2004). Many GMO’s have
been used in the production of compounds for pharmaceutical purposes as well as production of
food for human consumption. Transgenic plants have become an alternative to traditional
systems for recombinant protein expression due to the exclusion of possible mammalian
pathogen and virus contamination as well as the high expression level of recombinant proteins
which reduce purification requirements and create a more cost-effective method (Twyman et al.,
2003). Rice is a relatively popular choice for a seed-based transgenic plant host due to its
generally regarded as safe status (Nandi et al., 2002), established production infrastructure,
relatively high protein content, low risk of contamination by human pathogens, low phenolic
concentrations, and the presence of endogenous protease inhibitors that prevent degradation of

recombinant proteins throughout processing (Wilken and Nikolov, 2006).

Multiple recombinant proteins have been expressed in transgenic rice seed such as
recombinant human serum albumin (rHSA), a 66.5 kDa acidic protein comprised of 585 amino

acids. With an isoelectric point (pl) of 4.7, this protein comprises majority of human blood
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plasma and is synthesized in the liver. Human serum albumin (HSA) enables the transportation
of endogenous and exogenous compounds such as hormones, fatty acids, amino acids, and
metals (Otagiri and Chuang, 2009). With the many functions of HSA, the protein has been used
in medical applications as an excipient for vaccines and therapeutic drugs (Marth and
Kleinhappl, 2001), blood volume expander, and treatment for liver cirrhosis, hemorrhagic shock,
burns, and hypoproteinemia (He et al., 2011), carrier of oxygen (Tsuchida et al., 2009), and

nanodelivery of drugs (Cai et al., 2006).

To utilize the benefits of recombinant proteins such as HSA from transgenic plants, an
efficient downstream process that includes primary recovery and purification steps must be
developed. Extraction is a critical step of primary recovery that can reduce the number and cost
of subsequent purification steps. This is done by determining the recombinant protein
concentration and purity, type and quantity of impurities, and volume of extract to be processed
(Wilken and Nikolov, 2012a). Our previous extraction studies evaluated the effect of pH and
time on rHSA extraction and stability of rHSA in transgenic rice extracts. These extraction
studies showed that the amount of rHSA extracted was highest at pH 6.0 (compared to pH 3.5,
4.0, and 4.5) but co-extraction of native rice protein resulted in a lower HSA purity in clarified
extract than at pH 3.5 and 4.0. Due to high expression levels of rHSA, 2.2 (£0.5) mg rHSA per g
flour was extracted at pH 3.5 with 78% purity, 5.4 (£1.3) mg/g at pH 4.0 with 78% purity, 7.4
(£0.9) mg/g at pH 4.5 and 57% purity, and 9.6 (x1.7) mg/g at pH 6 with 65% purity (all in 50
mM buffer with 50 mM sodium chloride). pH 3.5 extracts were unstable due to rHSA
degradation over time and thus, resulted in pH 3.5 being unsuitable for further ion exchange
adsorption studies even though this condition maximized rHSA purity and minimized native

protein concentrations more effectively than at other pHs (Sheshukova and Wilken, 2018).
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Stability studies showed rHSA degradation was not due to pH instability but possible protease
activity at low pH. Decreasing the extraction temperature improved stability and prevented
degradation of pH 3.5 extracts. However, reducing the temperature adds an additional cost to
processing and is not feasible. pH 4.5 and 6.0 resulted in rHSA stability, but did not minimize
native rice protein as total soluble protein (TSP) concentrations increased with pH. (Sheshukova
and Wilken, 2018). Although higher pH conditions resulted in lower rHSA purities than at pH
3.5, extraction at pH 4.0, 4.5, or 6.0 are potential suitable conditions for generating an integrated

process for extraction and purification.

There are many chromatographic methods for protein purification such as hydrophobic
interaction, ion-exchange, size exclusion, and affinity chromatography. lon-exchange
chromatography is used to concentrate, separate, and purify substances (Jungbauer and Hahn,
2009) through electrostatic attraction between the solute and charged groups of the resin. lon-
exchange resin is selected based on its wide availability, low cost, and durability (Wilken and
Nikolov, 2012a) and the physiochemical properties (isoelectric point, hydrophobicity, molecular
weight, etc.) of the target protein. This method can give high resolution of macromolecules and
is a less expensive alternative to other methods previously used for rHSA purification such as
affinity chromatography and hydrophobic interaction chromatography. Recombinant HSA was
purified to >95% purity with a 48% recovery from transgenic tobacco suspension culture using
Capto™ Blue as an affinity medium (Sun et al., 2011). Another study resulted in a 99% rHSA
purity from Pichia pastoris broths after hydrophobic interaction chromatography (Dong et al.,
2012). The salt requirement for hydrophobic interaction chromatography (HIC) would increase

purification costs as an additional buffer exchange for salt removal following purification would
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be required. For these reasons, an alternative chromatography method such as ion-exchange is

desired.

lon-exchange allows for pH adjustment of solution for adsorption instead and elutes
solutes by changing pH or ionic strength through use of a salt gradient (Doran, 2013).
Purification of plant-derived recombinant proteins is primarily done through adsorption
chromatography and acidic proteins such as rHSA can be captured by anion-exchange
chromatography to achieve high purities and concentrations which is common in the
biotechnology industry (Wilken and Nikolov, 2012a). Binding conditions affect protein charge
including pH, ionic strength, and presence of oppositely charged molecules, which can impact the
binding capacity of any protein including rHSA. The determination of protein binding capacity is
critical as it dictates the amount of resin required for adsorption. A low binding capacity would
require a larger column volume of resin and increase process cost. Selection of buffer is also
dependent on the isoelectric point of the protein as it is recommended that buffer pH must be at
least one pH unit above or below the pl to have sufficient charge difference between the protein
and resin. In general, a protein will carry a net negative charge when the pH is greater than the pl
and thus, will be suited for anion exchange chromatography. A net positive charge results when
the pH is below the pl, allowing the protein to bind to cation exchange chromatography resin.
Simple anions should be used for buffers in anion exchange chromatography such as chlorine or
acetate and simple cations for cation exchange chromatography such as sodium or potassium
(Harrison et al., 2015). Buffers should also be selected with a pKa value close to the selected pH
for adsorption which is dependent on the protein pl (Jungbauer and Hahn, 2009). Increasing the

ionic strength can cause proteins to aggregate, undergo a conformational change, and cause non-

64



specific binding. However, it can also improve protein solubility by reducing the zeta potential

and reduce binding of proteins with a low affinity to the resin, ultimately enhancing separation.

Selection of extraction conditions most compatible with subsequent adsorption to ion
exchange resin is critical in reducing the number of steps and process costs. Studies recommend
a buffer with low ionic strength to increase protein-to-resin binding by minimizing interference
of buffer ions. Extraction buffers often include sodium chloride which can enhance extraction of
the recombinant protein, but can also reduce protein binding capacity. Concentrations between
10 mM to 100 mM of buffer (conductivity of 1 mS/cm to 5 mS/cm) are chosen to improve
binding during the flow through phase of chromatography (Jungbauer and Hahn, 2009) which
are commonly used in charge based adsorption. Maintaining a constant pH throughout binding is

critical as a pH shift can reduce the binding affinity and impact the adsorption behavior.

Once extraction and purification conditions are optimized, investigation for the
development of a cost-effective processing method must be conducted. With a high demand of
500 tons of HSA per year worldwide and a limited supply of HSA primarily from collected
human plasma (Fernandez-San Millan et al., 2003). An alternative expression system, such as
rice seed, can take advantage of minimized risks of plasma-derived HSA that include human
immunodeficiency virus and hepatitis (Chamberland et al., 2001). The objectives of this study
were to determine suitable conditions for anion exchange adsorption and purification of rHSA
which are compatible with extraction by: 1) evaluating adsorption Kkinetics to determine an
appropriate binding buffer and ionic strength, 2) continuingly challenging the resin with extract
through consecutive batch binding to simulate dynamic binding for determining residence time
and binding capacity, and 3) evaluating the dynamic binding capacity of rHSA at saturation and

then evaluating purification parameters such as yield and purity at 10% breakthrough.
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Materials & Methods

Materials
Transgenic rice flour and pure rHSA were provided by Ventria Bioscience (Junction
City, KS). The rice flour was stored at 4°C throughout the research. Human serum albumin
(>96% purity, rice-derived) and bovine serum albumin (>98% purity) were purchased from
Sigma-Aldrich (St. Louis, MO) and used as analytical standards. All other reagents and supplies

were purchased from VWR Scientific and GE Healthcare Life Sciences.

Analytical Methods

Total Protein Quantification

Total soluble protein (TSP) was determined by Bradford assay (Bradford, 1976) in a
microtiter format, using a Coomassie Plus Assay kit containing Coomassie Plus reagent and
bovine serum albumin (BSA) as standard (Thermo Scientific, Rochester, NY). Absorbances at
595 nm were measured by a SpectraMax Pro 384 microplate reader using SoftMaxPro V4.6
software. Samples were analyzed in triplicate and diluted as necessary to be within the linear

range of the standard curve.

Protein Analysis by NU-PAGE®

The protein profiles of extracts and chromatography fractions were evaluated by
electrophoresis as described by Laemmli (1970). Samples were loaded on 4-12% bis-tris gels
under reducing conditions and ran according to the manufacturer’s instructions (Life
Technologies, Carlsbad, CA). Clarified extracts pH adjusted for adsorption, supernatants after
adsorption (as a function of time), and elution samples were prepared for gel electrophoresis

immediately after clarification by centrifugation.
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Experimental Methods

Buffer Selection through Consecutive Batch Binding

Selection of buffer conditions to maximize adsorption of rHSA on the strong ion
exchange resin, Q Sepharose™ FastFlow® was determined through completion of resin
adsorption kinetics. Buffers (25 mM sodium citrate or 25 mM sodium acetate with 25 mM
sodium chloride) were adjusted from 4.5 to pH 8.0 using 25 mM
tris(hydroxymethyl)aminomethane (TRIS) for an integrated process compatible with rHSA
extraction conditions. 25 mM sodium phosphate was created at the same ionic strength and pH
adjusted to 8.0 with sodium hydroxide for buffer comparison and to maintain pH 6.0 sodium
phosphate extraction conditions. The conductivities of buffers were measured by EC Meter
Model 2052 (VWR Scientific) and reported in mS/cm. Each buffer was used to equilibrate 1 mL
of Q Sepharose™ FastFlow® resin (GE Healthcare Life Sciences, United Kingdom) by mixing
10 mL of buffer with the resin on a rotator as visible in Figure 3-1. After mixing, the solution
was centrifuged at 5,000 x g for 5 min and then buffer removed by transfer pipette. New buffer
was added and the process was repeated four times to ensure adequate equilibration of the resin.
Ten mL of purified rHSA (0.6 mg/mL) was pH adjusted to 8.0 with 25 mM TRIS (pH 4.5 citrate
and acetate buffer) and sodium hydroxide (pH 6.0 phosphate buffer) before added to the
equilibrated resin and mixed continuously for 5 min. The selected. The selected rHSA
concentration was based on the approximate concentration of rHSA in transgenic rice extracts
and the binding time was determined through previous adsorption kinetics where a sample was
taken every 2 min for a total of 10 min of contact with the ion exchange resin. The selected times
were based on potential residence times for rHSA adsorption in a packed chromatography

column. A 5 min residence time resulted in adequate rHSA adsorption to resin. After 5 min, the
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sample was centrifuged (VWR® Micro 2416 microcentrifuge) at 9,100 x g for 1 min to separate
the resin from binding buffer and a sample of the supernatant was taken. This process was
repeated a total of five times to simulate dynamic binding of pure rHSA to a chromatography
column after which the resin was washed with 10 mL of equilibration buffer and eluted with 5

mL of 0.5 M sodium chloride and 5 mL 1 M sodium chloride.

Equilibrate
Resin

Mix and Extract
Sample

10 mL solutlonl1 mL resin .

1 mL sample
For 5 min L

Micro-
Centrifuge

Spin sample

-~ Extract supernatants

Total of 5 flow-through
samples

Elute and

Regenerate
Resin

5 min Buffer wash 5 mL eluatel‘i mLresin  Regenerated resin
5 min elution with NaCl with NaOH

Figure 3-1. Process diagram of consecutive batch binding to simulate dynamic binding of pure rHSA in
citrate, acetate, and phosphate buffer.

TSP of the supernatant samples was determined by Bradford assay (Bradford, 1976) in a
microtiter format, using a Coomassie Plus Assay kit containing Coomassie Plus reagent and BSA
as a standard (Thermo Scientific, Rochester, NY). The amount of rHSA bound was analyzed
through Bradford microplate assay by subtracting the unbound analyzed mass (TSP

concentration multiplied by loaded volume) from the initial loaded mass (TSP concentration
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multiplied by loaded volume) and reporting in mg rHSA per mL resin. The percentage of rHSA

bound was calculated by dividing the mass of bound protein by the initial loaded mass.

Conductivity and Protein Load Effects on rHSA Adsorption

For further ion exchange adsorption studies, pH adjusted acetate buffer was selected
based on initial buffer screening results. To evaluate if dilution of the purified rHSA solution
would increase adsorption, rHSA load solution was diluted with water (to evaluate conductivity
effect) or binding buffer (to evaluate rHSA concentration effect). Resins were equilibrated as
indicated above using the corresponding buffers (prepared same as the load solution with rHSA).
Ten mL of purified rHSA (6 mg at 2.2 mS/cm), purified rHSA diluted two-fold with 25 mM
sodium acetate and 25 mM sodium chloride buffer adjusted to pH 8.0 (3 mg at 4.2 mS/cm), and
purified rHSA diluted two-fold with water (6 mg at 4.2 mS/cm) were used with equilibrated resin
for adsorption kinetics. Samples were taken at 2 min and 8 min (minimum and maximum times)
and resin and solution was separated by centrifugation at 9,100 x g for 1 min, and the supernatant
was removed for analysis. The resin was then washed with 10 mL of equilibrium buffer for 5
min to evaluate rHSA concentration in the interstitial space. Bound rHSA was eluted by adding 1
mL of 1 M sodium chloride in pH 8.0 buffer and mixing for 10 min. Eluant was obtained through
solid-liquid separation by centrifuge. Process was repeated with 1 mL of 1.5 M sodium chloride

in pH 8.0 buffer. Samples were analyzed by Bradford TSP microplate assay.

Adsorption Kinetics of rHSA in Transgenic Rice Extracts

Once suitable conditions for adsorption of purified rHSA were identified, adsorption of
rHSA from transgenic rice extracts was evaluated to determine the impact of rice flour impurities
on binding to ion exchange resin. Previous extraction studies determined that an extraction time

of 20 min was sufficient for rHSA solubilization from transgenic rice flour (Sheshukova and
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Wilken, 2018). To prepare rHSA-expressed transgenic rice extracts, 20 g of rice flour was mixed
with extraction buffer for 20 min and maintained at extraction pH with 1 M acetic acid. The
extraction buffers used were pH 4.0 and 4.5 in 25 mM sodium acetate with 25 mM sodium
chloride and pH 6.0 in 25 mM sodium phosphate with 25 mM sodium chloride. After 20 min, the
mixture was centrifuged (Thermo Scientific Sorvall RC 6 Plus Centrifuge) at 10,000 x g for 15
min to separate the insoluble solids and then filtered with a 0.45 pum SFCA filter (Thermo Fisher
Scientific, Waltham, MA). Prior to adsorption, pH 4.0 and pH 4.5 filtered extract was adjusted to
pH 8 with 1 M TRIS to improve buffering capacity at the adjusted pH. pH 6.0 filtered extract
was adjusted to pH 8 with 1 M sodium hydroxide. Each pH-adjusted extract was filtered with a
0.45 um SFCA filter (Thermo Fisher Scientific, Waltham, MA). For the adsorption studies, 10
mL of pH-adjusted extract was mixed with 1 mL of Q Sepharose™ FastFlow® resin
continuously on a rotator as seen in Figure 3-1. Kinetic samples at 1, 2, 4, 6, 8, and 10 min were
taken, centrifuged to remove suspended resin, and the supernatant was collected for analysis.
The resin was then washed with 10 mL of equilibrium buffer for 5 min to evaluate rHSA
concentration in the interstitial space. Bound rHSA was eluted by adding 1 mL of 1 M sodium
chloride in pH 8.0 buffer and mixing for 10 min. Eluant was obtained through solid-liquid
separation by centrifuge. Process was repeated with 1 mL of 1.5 M sodium chloride in pH 8.0
buffer. Samples were analyzed by Bradford TSP microplate assay and immediately prepared

(Laemmli, 1970) for NU-PAGE® gel electrophoresis.

Static Binding Capacity of rHSA in Transgenic Rice Extracts
Consecutive adsorption of the extracts was evaluated to determine the static binding
capacity of rHSA using a 5 min residence time. This was performed by adding 10 mL of pH-

adjusted and filtered extract to 1 mL of equilibrated Q Sepharose™ FastFlow® resin as
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previously described in the section above. The extract and resin slurry was mixed on a rotator for
5 min before a sample was taken and centrifuged for 1 min at 9,100 x g. The remaining solution
was centrifuged at 10,000 x g for 15 min and remaining supernatant was removed before another
10 mL of extract was added to the resin. The process was then repeated for a total of seven times
before the resin was washed with 10 mL of equilibrium buffer for 5 min. The resin slurry was
centrifuged again and the equilibrium buffer was carefully disposed of before elution. 5 mL of
pH-adjusted 25 mM sodium acetate with 0.5 M sodium chloride buffer was mixed with the resin
for 5 min. The resin slurry was centrifuged and elution buffer disposed of before the process was
repeated with pH-adjusted 25 mM sodium acetate with 1 M sodium chloride. Samples were
analyzed by Bradford TSP microplate assay and immediately prepared (Laemmli, 1970) for NU-

PAGE® gel electrophoresis.

Dynamic Binding Capacity of rHSA in Transgenic Rice Extracts Using AKTA Pure

Lab-scale anion exchange chromatography was performed using the AKTA Pure System
interfaced with UNICORN™ 7 control software and a 1 mL HiTrap Q Sepharose™ FastFlow®
column (7 mm x 25 mm) (GE Healthcare Life Sciences, United Kingdom). Extract was prepared
according to method above using pH 4.0 and 4.5 25 mM sodium acetate with 25 mM sodium
chloride and pH adjusted to 8.0 with 25 mM TRIS and pH 6.0 25 mM sodium acetate with 25
mM sodium chloride and 25 mM TRIS pH adjusted with 1 M sodium hydroxide prior to loading
on column. The system was equilibrated for 20 column volumes (CV) with pH-adjusted to 8.0 25
mM sodium acetate with 25 mM sodium chloride and 25 mM TRIS. 50 mL of pH 4.0 or 4.5
adjusted to 8.0 rice extract and 55 mL of pH 6.0 extract adjusted to 8.0 was loaded on the column
at 0.2 mL/min (30 cm/h) to fully saturate the resin. Afterwards, the column was washed with

equilibrium buffer for 5 CV to remove unbound materials and liquid within the interstitial space.
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A linear salt gradient was applied to the column with 1 M sodium chloride for 20 CV before a
final column wash for 5 CV. Fractions (5 mL) were collected during sample load and wash and
2 mL fractions were collected during elution. Load volumes were decreased to 26 mL of pH 4.0
and 4.5 extracts pH adjusted to 8.0 and 23 mL of pH 6.0 extract pH adjusted to 8.0 for 10%
rHSA breakthrough. Samples were analyzed by Bradford TSP microplate assay and immediately

prepared (Laemmli, 1970)for NU-PAGE® gel electrophoresis.

rHSA Purity Quantification Using Affinity Chromatography

Lab-scale affinity chromatography for HSA quantification in anion exchange elution
fractions was performed using the AKTA Pure System interfaced with UNICORN™ 7 control
software with and a 1 mL HiTrap Blue Sepharose™ High Performance column (GE Healthcare
Life Sciences, United Kingdom), (7 mm x 25 mm). To prepare the anion exchange elution
fractions for analysis, fractions were pH adjusted to 7.0 and diluted to a concentration of <1
mg/mL and a conductivity between 5 to 5.5 mS/cm. The system was equilibrated for 10 CV
with pH 7.0 25 mM sodium phosphate (5.3 mS/cm) before 2 mL of sample was loaded at 1
mL/min (155 cm/h). After loading, the column was washed with 5 CV equilibrium buffer and a
step elution with 10 CV of 2 M sodium chloride (130 mS/cm) was applied. 1 mL fractions were
collected and analyzed by Bradford microplate assay. Elution peaks were also analyzed by
integrating the absorbance vs volume curve in UNICORN™ 7 using Equation 3-1. Absorbances
were converted to concentrations using an extinction coefficient of 0.549 mL/mg-cm (Sancataldo
et al., 2014). The concentration of rHSA (C) in the elution peaks was analyzed by the Beer-
Lambert law using an HSA extinction coefficient (¢) of 0.549 mL/mg-cm by measuring the

absorbance (A4) and the flow cell path length (1).
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Equation 3-1. Beer-Lambert law used to calculate rHSA concentration.

Results & Discussion

Identification of Compatible Purification Conditions

Our overall research objective is to develop an integrated process for rHSA extraction
and purification and thus, the impact of the potential extraction buffer systems for rHSA binding
must be considered. For each buffer system, the pH was adjusted to 8.0 for adsorption for rHSA
to carry a sufficient negative charge for binding to the positively charged anion exchange resin.
The three pHs selected were from previous extraction studies that resulted in rHSA stability at
pH 4.0, 4.5, and 6.0 (Sheshukova and Wilken, 2018). Adsorption studies using kinetics can be
beneficial in determining the residence time, or the length of time optimal for rHSA adsorption
to the resin which can be used to determine the appropriate linear velocity of solution flowing
through the column in dynamic binding. Determining the binding capacity of rHSA by
performing consecutive batch binding to simulate dynamic binding is useful to calculate the
necessary column volume of resin required to bind a specific amount of rHSA. This can aid in
determining the extract load volume required to saturate the resin, or occupy all binding sites.
Results can provide insight on rHSA adsorption behavior by plotting the percent protein
breakthrough over protein load and evaluating the slope of each curve. Breakthrough curve shape
can indicate high or low product loss if shallow or sharp respectively and the flexibility of
loading until a certain percent breakthrough is reached. Using the results of adsorption and
consecutive batch binding studies to determine appropriate conditions for dynamic binding, the

amount of protein bound and eluted can be calculated and elution purities and yields analyzed.
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The determination of rHSA purity after purification is important as it must be >95% pure for
reagents and chemicals and >99% for therapeutic drugs (Krishnan and Woodard, 2014).

Buffer Selection Through Consecutive Batch Binding

Selection of optimal ion-exchange adsorption conditions such as pH and ionic strength is
critical in the development of an efficient purification process for recombinant proteins such as
rHSA by improving binding capacity which minimizes resin volume requirements and potential
process costs. Evaluation of purified rHSA at conditions favorable for rHSA adsorption must be
conducted prior to evaluation of rHSA binding in transgenic rice extracts. Binding conditions
were tested with purified rHSA in in acetate, citrate, and phosphate buffers. Results of the
percentage of purified rHSA bound to the Q Sepharose™ FastFlow® resin were as a function of

buffer system.

Buffer selection for adsorption must be compatible with extraction conditions and the
results demonstrate that citrate possessed poor binding in comparison to acetate and phosphate as
less than 7% of purified rHSA bound. Although citrate was used as an extraction buffer in
previous studies, adsorption studies suggest it is not suitable for anion exchange. Phosphate and
acetate buffer resulted in higher adsorption of rHSA with 42% and 85% of pure rHSA binding to
resin respectively. However, all buffer systems were successful in eluting the majority of bound
rHSA from the resin as 20%, 67%, and 78% of protein eluted using citrate, phosphate, and
acetate buffer systems respectively. Results also showed a binding capacity of 49 mg pure
rHSA/mL resin with acetate buffer compared to 23 mg pure rHSA/mL resin for phosphate buffer
and 6 mg pure rHSA/mL resin for citrate buffer. Ultimately, acetate buffer was chosen for
further adsorption studies due to its higher binding results and financially being more cost-

effective compared to phosphate as monobasic and dibasic phosphate is require for buffers. Low
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binding in citrate and phosphate buffer could be due to the high conductivities (>10 mS/cm) as
acetate buffer and pure rHSA in acetate buffer possessed conductivities below 6 mS/cm.
Phosphate has also been known to interact with positively charged anion exchangers as it absorbs
to the stationary phase at a higher affinity as half of the phosphate ions carry two charges in

sodium phosphate buffer (Vajda et al., 2016).

Conductivity and Protein Load Effects on rHSA Adsorption

The effect of conductivity and rHSA load volume was observed to determine the effect of
ionic strength and concentration on rHSA binding to resin. The conductivity of solution during
charged-based adsorption is important as it can affect the binding capacity and purification costs.
Increasing the conductivity can decrease the electrostatic repulsion encountered by impurities
with the recombinant protein bound at the resin surface (Hardin et al., 2009), thus reducing
protein-resin interactions. The amount of target protein loaded on the column is also important as

loading until saturation results in product loss in the flow through.

Conductivity and protein load effects did not impact the amount of rHSA bound to resin
as 100% of rHSA was bound for all time samples at all conditions (Table 3-1). Unexpectedly, the
amount of rHSA eluted was quite low (33% - 52%) given that elution from ion exchange resins
is typically performed using up to 1 M sodium chloride or binding buffer sodium chloride
concentrations between 20 mM to 50 mM. Poor elution could be due to the volume of eluate (1
mL or 1 CV), hydrophobic effects of organic compounds (Rahmani and Mohseni, 2017) in the
extract, or possible precipitation of protein in solution. Further studies conducted were
maintained at a conductivity closer to the binding buffer (4-7 mS) to improve protein and resin
interaction as suggested by Jungbauer and Hahn (2009). Protein binding improvement from

initial buffer testing (improved from 50% to 100%) may have been caused by pH instability as
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acetate buffer used for extraction was pH adjusted for anion exchange adsorption and the
required pH was beyond its buffering capacity. This may have created localized pH shift which

impacted adsorption efficiency.

Table 3-1. Conductivity and concentration effect on purified rHSA adsorption.

Sample Conductivity (mS) Load (mg) % rHSA Bound % Eluted
No dilution 4.2 6.18 100 39.1
2-fold dilution with buffer 4.2 2.98 100 32.8
2-fold dilution with water 2.2 2.92 100 51.9

Adsorption Kinetics of rHSA in Transgenic Rice Extracts

To select preliminary anion exchange adsorption conditions (buffer selection, pH, etc.),
our previous extraction conditions and results were considered. Extraction in pH 3.5 and 4.0
buffer resulted in high initial purities (78%) but rHSA concentrations were low and rHSA
degraded over time in pH 3.5 buffer. However, pH 3.5 rHSA extracts were stabilized by
reducing the extraction temperature below room temperature but this is an additional processing
cost, which makes this condition unsuitable for an integrated extraction and purification process.
rHSA concentration in pH 4.0, 4.5, and 6.0 extracts were 2.5, 3.4, and 4.4 -fold higher than in pH
3.5 extract at 10 min and remained stable over time. Therefore, the three conditions in pH 4.0,

4.5, and 6.0 buffer were selected for further purification studies.

Adsorption of rHSA from pH 4.0, 4.5, and 6.0 was then evaluated by adjusting extracts to
binding pH 8 to evaluate the impact of native rice extract impurities on HSA adsorption. Extracts
were pH adjusted to increase the difference between the binding pH and pl of rHSA (4.7) and
increase the charge on HSA and improve adsorption efficiency. Acetate buffers were pH
adjusted with TRIS as pH 8.0 is beyond the buffering capacity of acetate. Addition of TRIS

allowed for improved buffering capacity at the adsorption pH. Typical buffers used for anion
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exchange chromatography include TRIS-HCI (Jiang et al., 2015), TRIS, L-histidine,
ethanolamine (dos Santos et al., 2017) etc., while acetate, citrate, and phosphate buffers are
commonly used with cation exchange resin (Pabst and Carta, 2007) due to the low buffering
ranges of each buffer varying from 3 mS/cm to 8 mS/cm. However, these buffers were selected
because extraction is optimal in the acidic pH range and these ions have buffering capacity at the
specified extraction pH. As anion exchange is performed at pHs above the pl, higher buffering
capacities are required, thus the pH 4.0 and 4.5 acetate buffers were pH adjusted above the pl of

rHSA (4.7) with TRIS to improve the buffering capacity at pH 8.0.

Gel electrophoresis was used to evaluate molecular weight profiles in the initial pH
adjusted extract (load) and flow through (Figure 3-2) to establish the amount of bound rHSA
over time. As rHSA binds to the resin ligand surface, the resin saturates and prevents anymore
binding of rHSA. Observing the rHSA band can help determine the length of time necessary for
rHSA to bind to the resin ligand surface. This binding time is beneficial in determining the
appropriate residence time or the period of time necessary for extract to flow through the column
for full rHSA binding, which allows for calculation of the corresponding linear velocity and load
flow rate. The efficiency of binding was evaluated by the presence or absence of rHSA in the
resin binding supernatants. The extent of rHSA adsorption can be assessed by the lack of or
presence of rHSA in the resin supernatant. Adsorption of rHSA to the resin is reflected in a
depletion, reduction, or removal of rHSA from the extract feed as measured by the amount of
rHSA remaining in the liquid solution (supernatant). Relative concentrations of rHSA remaining
were determined by observing band intensities at the 66.5 kDa molecular weight. Purified rHSA
was used at a 1 mg/mL concentration to compare to other samples. Figure 3-2a shows the

molecular weight profiles of pH 4.0 extract adjusted to 8 (load), adsorption supernatant samples
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at 2 and 4 min and the subsequent wash. The gel also shows the elution sample protein profile
using 0.5 M sodium chloride buffer and 1 M sodium chloride buffer. When comparing wells,
there is a noticeable decrease in only the rHSA band intensity (other rice protein band intensities
did not change). For example, the 30 kDa protein remained in solution as rHSA was bound to the
resin (as observed in wells 3 and 4). The elution wells indicate rHSA is being eluted, however,
rHSA purity analysis is required to determine if purification was achieved by comparing to the
initial extract purity. Figure 3-2b and c¢ show similar results except with pH 4.5 and pH 6.0
extracts adjusted to pH 8.0, respectively. All gels show depletion of rHSA band intensity from
the resin supernatant samples, which is desired for optimal purification. TSP increase is visible in
non-rHSA bands in supernatants after incubation of pH 4.0 extract (adjusted to 8.0) and pH 6.0
extract (adjusted to 8.0) with resin. This is due to the increase in native protein extracted with
pH, causing the presence of more impurities. More bands at higher intensities are visible in
Figure 3-2c compared to Figure 3-2a because of the higher native protein concentration at pH 6.0
than at pH 4.0. The presence of other proteins during elution (protein around 49 kDa and 98
kDa) implies rHSA was not fully purified as some native proteins were also bound. This is
visible in Figure 3-2 as the bands visible in elution are not present in the flow through (well 2-4)

and the wash. Four min was sufficient to oversaturate the resin for all tested conditions.
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Figure 3-2. Protein profiles of extracts by NU-PAGE® electrophoresis gel with samples from (a) pH 4.0
adjusted to 8.0 extract (wells 2-8), (b) pH 4.5 adjusted to 8.0 extract (wells 2-8), and (c) pH 6 adjusted to 8.0
extract (wells 2-8), showing protein molecular weight profiles. Well 2 includes initial load of pH adjusted
extract. Wells 3-5 include flow through and wells 6-9 include eluted proteins. Well 10 contains purified rHSA
as standard. The arrow indicates the molecular weight placement of rHSA at 66.5 kDa.

Results showed a larger percent of bound rHSA eluting with 0.5 M sodium chloride
buffer compared to 1 M sodium chloride buffer. The cause could be caused by hydrophobic
interactions during the high salt concentration elution which could increase non-specific binding
of rHSA to polymeric ion-exchange resin. 0.5 M sodium chloride elution band intensities (wells
6-7) seem larger than the extract due to the initial load being 10 mL of solution compared to the
much smaller 1 mL elution, resulting in a more concentrated appearance. Also, only 39% of
bound protein eluted at pH 4.0 while 84% of protein was bound to the resin (Table 3-2). 33% of
bound protein eluted at pH 4.5 and only 26% of bound protein eluted at pH 6.0. While only TSP
was measured in the supernatants, due to the decreasing band intensity of rHSA and constant

band intensities of native proteins, it can be assumed mainly rHSA was bound to the resin.
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Table 3-2. Percentage of rHSA bound and eluted in pH 4.0, 4.5, and 6.0 extracts using Q Sepharose™
FastFlow® in adsorption kinetics studies.

Sample Conductivity (mS) Initial TSP Conc. (mg/mL) 9% Protein Bound % Protein Eluted
pH 4.0 Extract 6.1 2.10 84.4 32.6
pH 4.5 Extract 55 2.51 86.1 32.9
pH 6.0 Extract 35 3.02 91.3 26.4

Consecutive Batch Binding of rHSA in Transgenic Rice Extracts

Simulated dynamic binding capacities of the three conditions (pH 4.0, pH 4.5, and pH 6.0
extracts adjusted to 8.0) were evaluated by consecutively challenging the resin to simulate a
breakthrough curves under static conditions as seen in Figure 3-3. Consecutive binding
experiments allows for the determination of a dynamic binding capacity at a lab bench scale and
short experimentation time. To determine the total amount of rHSA that can bind to the resin.
This is important as it determines how much sample to load and the amount of resin required for
purification. This was done by analyzing the amount of rHSA present in the flow through
samples (unbound rHSA) and plotting the amount of rHSA challenging the resin and the flow
through rHSA concentration over the initial rHSA load (Ci/Co). The Ci/Co is above 100% for
some samples due to error in rHSA quantification using ImageJ Analysis. This data demonstrates
the efficiency of the chosen purification conditions due to 100% of rHSA bound to the resin over
time for all conditions. Static binding studies resulted in minimal protein loss as 83.3%, 81.8%,
and 92.6% of total protein loaded was recovered throughout binding and elution of pH 4.0, 4.5,
and 6.0 extracts adjusted to 8.0 for adsorption, respectively. The breakthrough curves also show
how an increase in extraction pH increases the amount of total rHSA that can bind to the resin
(Figure 3-3). The static binding capacities of the three conditions at 10% breakthrough (Ci/Co at

0.1) resulted in 18.22 mg rHSA/mL resin, 22.56 mg rHSA/mL resin, and 26.38 mg rHSA/mL
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resin for pH 4.0, 4.5, and 6.0, adjusted to 8.0, respectively. This is expected due to the increase

of rHSA and native protein with increasing pH (Sheshukova and Wilken, 2018).
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Figure 3-3. Consecutive batch binding breakthrough curves of rHSA in pH-adjusted extracts. pH 4.0
adjusted to 8.0 extract is represented by the solid line, pH 4.5 adjusted to 8.0 extract is represented by the
dashed line, and pH 6.0 adjusted to 8.0 extract is represented by the dotted line. Where Ci/Co is the
concentration of the unbound rHSA over the load concentration.

Using the rHSA binding capacities at saturation, the volume of extract for each pH
condition to achieve 100% breakthrough was calculated. The load volumes were determined to
be 50 mL for pH adjusted pH 4.0 and 4.5 extracts and 55 mL for pH adjusted pH 6.0 extract.
These volumes of extract were then loaded on a prepacked Q Sepharose™ Fast Flow® column

using to determine the dynamic binding capacity and 5% and 10% breakthrough.

Breakthrough of rHSA in Transgenic Rice Extracts Using Anion Exchange

Chromatography with AKTA Pure

Using the load volumes determined previously, 50 mL of pH 4.0 adjusted to 8.0 extract
was loaded on the AKTA Pure to reach rHSA saturation. The breakthrough curves where the

column reaches full saturation is shown in Figure 3-4. The breakthrough of native protein during
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load was also plotted to determine if binding of proteins with similar properties to rHSA bound
to the column. Results indicate most native proteins are not bound and thus, flowed through the
column as shown in the small increase in slope on the dashed line in Figure 3-4. This is again
evident in the secondary increase in slope as the binding sites of the column are filled with rHSA

and remaining protein (rHSA and native protein) flows through.

1.00 —— rHSA breakthrough

0.80 - = = TSP breakthrough
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Figure 3-4. Dynamic binding breakthrough curves of rHSA (solid line) and total soluble protein (dashed line)
in pH 4.0 adjusted to 8.0 extract. Where Ci/Co is the concentration of the unbound protein (TSP or rHSA)
over the load concentration for each respective line.

Using 5% and 10% breakthrough for binding evaluation and comparison is standard in
industry (Grushka and Grinberg, 2009). When comparing 5% and 10% breakthrough, certain
parameters such as breakthrough curve slope are analyzed, such as by calculating the area under
the curve (amount of unbound protein). A shallow slope will designate more target protein loss
to reach each respective breakthrough capacity but will be less sensitive to load variability. A
steep slope indicates more protein is bound, however, it will be sensitive to the amount of sample
loaded. Therefore, the dynamic binding capacity at 5% and 10% for pH 4.0 adjusted to 8.0
extract was analyzed using the breakthrough curve in Figure 3-4. At 5%, the amount of rHSA
bound was 67.4 mg/mL resin (0% of rHSA lost) and at 10%, the amount of rHSA bound

increased to 68.9 mg/mL resin (2% of rHSA lost). This is expected as more protein is loaded, the
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column begins to saturate, resulting in a breakthrough curve. The binding capacity at 5% and
10% is high and indicates over 67 mg of rHSA can be bound in 1 mL of resin which is beneficial
in processing. The current parameters such as residence time can be scaled-up with a larger

column which would allow for more rHSA binding if needed.

Due to the increase of bound rHSA from 5% to 10%, loading until 10% is acceptable as
more total protein can be recovered during elution with minimal rHSA loss as >98% of loaded
rHSA was bound. At saturation, 79.2 mg rHSA/mL resin was bound (68%) and 116.3 mg rHSA

loaded.
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Figure 3-5. Dynamic binding breakthrough curves of rHSA (solid line) and total soluble protein (dashed line)
in pH 4.5 adjusted to 8.0 extract. Where Ci/Co is the concentration of the unbound protein (TSP or rHSA)
over the load concentration for each respective line.

The dynamic binding capacity of pH 4.5 adjusted to 8.0 extract at 5% and 10% is visible
in Figure 3-5. The amount of bound and loaded rHSA did not increase significantly from 5% to
10% breakthrough (loaded 61.1 mg rHSA, bound 60.5 mg rHSA and loaded 63.0 mg rHSA,
bound 61.8 mg rHSA, respectively). The amount of bound rHSA decreased from 99% to 98%,
therefore, loading to 10% breakthrough for pH 4.5 adjusted to 8.0 extract is acceptable. At

saturation, only 68.7 mg rHSA was bound (53%) when 130.3 mg rHSA was loaded.
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Figure 3-6. Dynamic binding breakthrough curves of rHSA (solid line) and total soluble protein (dashed line)
in pH 6.0 adjusted to 8.0 extract. Where Ci/Co is the concentration of the unbound protein (TSP or rHSA)
over the load concentration for each respective line.

The dynamic binding capacity of pH 6.0 adjusted to 8.0 extract increased from pH 4.0
and 4.5 adjusted to 8.0 extracts (Figure 3-6). At 5% breakthrough, 62.8 mg rHSA was bound
(99%) and at 10%, 65.9 mg rHSA bound to the resin (98%). At saturation, 76.4 mg rHSA bound

(46%) with 165 mg rHSA loaded on the column.

The amount of bound rHSA in extract at saturation varied with pH but was greater than
69 mg/mL resin for all conditions. The binding capacity of rHSA could be improved with further
optimization of operating conditions such as pH, ionic strength, residence time, linear velocity,
etc. Jungbauer and Hahn, (2009) suggest increasing the residence time (by decreasing the flow

rate) or increasing the bed height to further improve binding capacity of proteins.
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Figure 3-7. Dynamic binding elution chromatograms of loading to 10% breakthrough with pH 4.0 adjusted to
8.0 extract (solid line), pH 4.5 adjusted to 8.0 extract (dashed line), and pH 6.0 adjusted to 8.0 extract (dotted
line).

Once binding capacities of rHSA at 10% were identified, the required volumes were
calculated to be 26 mL for pH 4.0 and 4.5 adjusted to 8.0 extracts and 23 mL for pH 6.0 adjusted
to 8.0 extract. Extract was loaded to 10% breakthrough, a common industry standard (Grushka
and Grinberg, 2009). Once loaded, the elution chromatogram was observed to visually begin to
separate between 15 mS/cm and 20 mS/cm with increasing extraction pH as viewed in Figure
3-7. This can be attributed to an increased amount of lower molecular weight native proteins
extracted with pH (Figure 3-8). Most of the extracted native proteins would possess a negative
charge at the binding pH of 8.0 as rice native proteins between 15 kDa to 95 kDa have a pl
between 5 and 7 (Yang et al., 2013). Therefore, when binding at a higher extraction pH such as
pH 6.0, the presence of more native proteins will result in more proteins with a higher affinity for

the resin, which causes the formation of separated peaks on the chromatogram.

86



pH 4.0 adjusted to 8.0 PH45 :;;Iil)usle(l 5

Ext FrA FrB FrC FrDJ Ext FrA FrB FrC
MW

198

-_.n!!-".

98

Jinim

:Jl on ol A 4 o0 < wy — — O
g W ® = g <9 = e el S
E s 2898 ¢ =83
— — ) —_— (s
=

g |l 1 < | [
S =t ol — ) = =t —
= ¥ ® o o = N e
= =] — ol (] =l — =

= =

2 ol
o

Figure 3-8. NUPAGE® gel electrophoresis of pH 4.0 and 4.5 adjusted to 8.0 extract and elution fractions
loaded to the same rHSA concentration of 0.25 mg/mL. The main rHSA band is indicated by the arrow
pointing toward the pure rHSA sample. Elution fraction conductivity ranges are included below the gel in
mS/cm.

The amount of native protein visually increases with conductivity in both pH 4.0 and 4.5
adjusted to 8.0 elutions and the protein band between 98 and 198 kDa becomes more intense.
This band is similar to the higher molecular weight band seen in the pure rHSA sample that is
visible in Figure 3-8 and could possibly be a dimer as the band was also present in HSA specific
affinity chromatography elution fractions of extract (Figure 3-9). Fr A through D for all pH
conditions (Figure 3-7) were also loaded on the HSA specific affinity column to identify purities
and yields to determine which extraction pH condition provides the best results of purified rHSA

in downstream processing.

rHSA Purity Quantification using Affinity Chromatography with Anion Exchange

Chromatography Elution Fractions Using AKTA Pure
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The anion exchange chromatography elution fractions selected encompassed the full
chromatogram peak. The peak was comprised of four, 2 mL fractions with the initial fraction
eluting between 6 mS/cm and 12 mS/cm and each fraction after, increasing by 10 mS/cm. Blue
Sepharose™ Fast Flow was selected as the affinity resin as the blue dye binds blood proteins
such as HSA, interferon, lipoproteins, and blood coagulation factors specifically (GE Healthcare,
2018). The affinity ligand would only bind rHSA and not native rice protein impurities in extract
as the transgenic rice flour only expresses one human blood protein. Therefore, the affinity
chromatography elution peak was assumed to contain majority or only rHSA as visible in Figure

3-9 with the corresponding bands in pure rHSA samples matching affinity chromatography

elution fraction bands.
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Figure 3-9. NUPAGE® gel electrophoresis of pH 4.0 adjusted to 8.0 anion exchange chromatography (AEX)
samples and affinity chromatography results after loading combined AEX elution samples.

Each AEX elution fraction was loaded on the affinity column and all chromatogram

samples were taken to analyze using mass balance through TSP results. Results indicated that
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90% or more of all protein loaded was accounted for in the affinity chromatography mass
balances so the elution peak was confidently analyzed to determine the amount of rHSA present.
The concentration of rHSA in the elution peaks was analyzed by the Beer-Lambert law using an
extinction coefficient of 0.549 mL/mg-cm. Resultant rHSA concentration was multiplied by the
elution peak volume to obtain the amount of rHSA (mg) and compared to the sample load.
Results of purity and yield for each pH condition is listed in Table 3-3. Purity and yield varied
throughout the elution peak visible in Figure 3-7 for each pH condition, with pH 4.5 adjusted to
8.0 extract resulting in the most pure elution peak (60%) which contained >99% of rHSA content
present in the loading sample. Fr A was more pure (81%) in pH 4.0 adjusted to 8.0 extract but
containing the smallest yield (12%). For pH 4.5 adjusted to 8.0 extract, elution Fr B was the most
pure (>99%) and contained the highest rHSA vyield (76%), while pH 6.0 adjusted to 8.0 extract

contained the highest yield in Fr B and the highest purity in Fr C.

Table 3-3. Purities and yields of anion exchange chromatography elution extracts for each extraction pH
condition. Fr D was not included as it contained no detectible amounts of rHSA in pH 4.0 and 4.5 adjusted to
8.0 extracts.

pH 4.0 pH 4.5 pH 6.0
FrA FrB FrC FrA-D FrA FrB FrC FrA-D FrA FrB FrC FrA-D
Purity (%) 806 784 71.2 58.1 69.4 >99.0 51.9 59.9 725 56.3 79.0 51.9
Yield (%) 124 57.0 17.2 87.1 251 757 173 >99.0 20.1 29.1 264 75.6

Elution fractions can also be combined to improve purity and yields as shown in Table
3-4. In pH 4.5 adjusted to 8.0 extract, combining the first two and first three elution fractions
resulted in >99% purity and yield (35 mg and 41 mg rHSA respectively). Combining the full
peak of pH 6.0 adjusted to 8.0 elution fractions instead of three improved the yield by around

10% but did not change the purity.
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Table 3-4. The amount of total soluble protein (TSP) and rHSA, and purities and yields of anion exchange
chromatography elution extracts for each extraction pH condition. Fr D was not included as it contained no
detectible amounts of rHSA in pH 4.0 and 4.5 adjusted to 8.0 extracts.

pH 4.0 pH 4.5 pH 6.0

FrA B FrA B,C FrA B FrA B, C FrA B FrA B,C
TSP (mg) 29.2 37.2 34.4 35.7 39.1 55.6
rHSA (mg) 24.1 29.7 35.0 40.6 18.4 315
Purity (%) 82.6 79.9 >09.0 >09.0 47.1 56.7
Yield (%) 73.0 90.1 >99.0 >99.0 42.6 64.3

However, after comparing the elution fraction purities to the extract load purities, only
pH 4.5 and 6.0 adjusted to 8.0 extracts have improved purities. pH 4.0 adjusted to 8.0 extract has
an initial purity of 78% (Sheshukova and Wilken, 2018) and after anion exchange
chromatography the highest purity of any of the elution fractions was 81% (Table 3-3). Initial
purity calculations in extract could have been over-estimated and rHSA purity in anion exchange
elution could be improved by isolating the rHSA elution conductivity range or possibly adjusting
adsorption pH. For rHSA to be comparable to industry standards, it must be >95% pure for
reagents and chemicals and >99% for therapeutic drugs (Krishnan and Woodard, 2014).
Typically, purities higher than 95% are achieved through more than one chromatography step.
Therefore, Fr B from the purification of pH 4.5 extract adjusted to 8.0 would satisfy these purity

conditions (rHSA purity >99%), as visible in Table 3-3.

The testing efficiency of rHSA purification can be analyzed with other methods of
purification such as membrane filtration, hydrophobic interactions chromatography, or size
exclusion as an additive or alternative step to produce rHSA with comparable purity to market

rHSA.
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Conclusions

The development of an efficient and integrated extraction and purification process for
recombinant proteins is critical for furthering research in biotechnology and pharmacology.
Adsorption kinetics was utilized to determine the most suitable conditions to maximize the
amount of rHSA bound to resin and maximize the amount of bound rHSA eluted. Acetate buffer
was chosen as a more cost-effective reagent over phosphate and citrate to maintain consistent
and lower conductivities (around 6 mS/cm) throughout binding as binding capacity decreased in
pH adjusted phosphate and citrate buffer (>10 mS/cm). Once buffer conditions were identified,
conductivity and concentration effect on purified rHSA was analyzed by comparing pure
solution to diluted pure solution with buffer (maintain constant conductivity) or with water
(maintain constant concentration). Results indicated all conditions bound almost 100% of the
purified rHSA, with an increase in the percentage of rHSA eluted from 33% to 52% in two-fold
with buffer and two-fold with water respectively. Concentration change did not indicate
improvement in binding or elution. Adsorption kinetics performed on previously determined
stable extraction conditions of pH 4.0, 4.5, and 6.0 (Sheshukova and Wilken, 2018) showed
saturation of the resin after 4 min. All extracts were pH adjusted to the binding pH of 8.0 either
with TRIS (pH 4.0 and 4.5) or with 1 M sodium hydroxide (pH 6.0 extraction buffer already
included TRIS). Using acetate buffer with an anion exchange resin is typically not utilized as
anion exchange pH ranges are outside the buffering capacity of acetate, thus the addition of TRIS

improves the buffering capacity to allow stable pH throughout purification.

Adsorption kinetics resulted in the largest amount of bound protein at pH 6.0 at 91%,

although only 26% of the bound protein was eluted. The highest amount of bound protein eluted
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was at pH 4.5 with 33%. Further studies to determine breakthrough of rHSA at different
conditions analyzed the static binding capacity at 10% after full binding of rHSA to the resin
occurred. Load volumes of extract (50 mL for pH 4.0 and 4.5 extracts, and 55 mL for pH 6.0
extracts) was determined before applying to a purification system with a 1 mL column with
anion exchange chromatography resin to create a dynamic binding breakthrough curve. The
calculated dynamic binding capacity at 5% and 10% was 4-fold greater than what was
determined in consecutive batch binding for pH 4.0 adjusted to 8.0 extract and over 2-fold
greater for pH 4.5 and 6.0 adjusted to 8.0 extracts. The amount of rHSA bound at 5% and 10%
was close to 98%, thus, indicating loading to 10% for all pH conditions was more beneficial due
to more rHSA in total being loaded on the column. Once the anion exchange column was loaded
to 10% breakthrough capacity, elution samples were taken and then chromatogram was analyzed.
Gel electrophoresis results showed an increase of native protein with conductivity during the
elution which would decreases fraction purities. Elution fractions were then analyzed using
affinity chromatography to determine the amount rHSA present in each fraction. Purities and
yields varied with extraction pH and fractions were then selectively combined to provide options
of improving purity or yield. While pH 4.0 extraction was selected as a desired condition due to
the high initial purity (79%) and stability (Sheshukova and Wilken, 2018), sample purities did
not improve after anion exchange chromatography which indicates this pH conditions is not the
most optimal. pH 4.5 and 6.0 adjusted to 8.0 extracts demonstrated an improvement in purity
after anion exchange and even full yield and 100% purity was achieved when combining pH 4.5

adjusted to 8.0 Fr A and B (6 to 20 mS/cm).

While anion exchange chromatography was successful in purifying rHSA from pH 4.5

and 6.0 adjusted to 8.0 extracts, additional or different purification methods may need to be
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considered to increase rHSA purity. HIC would be compatible following anion exchange as
elution fractions are concentrated and in high salt buffer which is the loading requirements for
HIC. Affinity chromatography using Blue Sepharose™ resin was successful in selectively
binding rHSA in AEX elution fractions and in extract with minimal native protein binding.
Examining purification conditions is a necessary part of creating an efficient and optimized
downstream process that could be applied to the production of rHSA to be utilized in many

possible medical applications.
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4. Conclusions

Summary of Results

To develop an integrated and cost-efficient downstream processing system of
recombinant human serum albumin (rHSA) from transgenic Oryza sativa seeds, different
extraction conditions were analyzed and those deemed acceptable were explored further in
subsequent purification studies. Extraction conditions that maximized rHSA purity were at the
lower pHs evaluated (3.5 and 4.0) in pH 50 mM sodium citrate with 50 mM sodium chloride.
Low pH extraction resulted in a very high initial rHSA purity of 78% but for pH 3.5 extracts, the
rHSA degraded 60% by 60 min while pH 4.0 extracts remained stable. Instability of pH 3.5
extracts was not due to pH as pure rHSA remained stable at pH 3.5 while additional protein
(bovine serum albumin) spiked into pH 3.5 extract also degraded along with the recombinant
rHSA. Decreasing the extraction temperature improved stability in pH 3.5 extracts but would
increase processing costs. rHSA extract at pH 4.5 and 6.0 in 50 mM sodium citrate and 50 mM
sodium phosphate buffer respectively, with 50 mM sodium chloride remained stable throughout
the 60 min extraction but resulted in lower rHSA purities of <60%. rHSA yields increased with
extraction pH as did native proteins. With these results, extraction conditions favorable for
purification studies were pH 4.0, 4.5, and 6.0 as rHSA remained stable throughout extraction and

provided various purities and yields to analyze.

Once the extraction conditions were selected, purification conditions such as buffer type,
ionic strength, residence time, and binding capacity were determined using adsorption Kinetics,
consecutive batch binding, and dynamic binding. The buffer most compatible for binding pH 4.0

and 4.5 extracts was acetate using TRIS for pH adjustment to 8.0, which is above the isoelectric
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point (pl) of rHSA (4.7). TRIS was used to provide buffering capacity (pH 7.5-8.0) as needed for
adsorption at pH 8.0. Acetate has a buffering range of pH 4.8-5.2 so the addition of TRIS assists
with pH adjustment and provided sufficient buffering to maintain pH through adsorption. This
also resulted in lower overall conductivity for loading, which helped maintain the binding
capacity. Phosphate buffer provided sufficient buffering capacity but resulted in higher overall
conductivity and reduced rHSA binding capacity. Purification of rHSA extracts using anion
exchange resulted in high binding capacities at saturation and at 10% breakthrough. rHSA
binding capacities varied with pH. The binding capacity at saturation ranged from 68.7 mg
rHSA/mL resin to 79.2 mg rHSA/mL resin and the binding capacity at 10% ranged from 61.8 mg
rHSA/mL resin to 68.9 mg rHSA/mL resin. Afterwards, pH adjusted extracts were loaded to
10% breakthrough to evaluate purification potential for each condition. While pH 4.5 adjusted to
8.0 extract resulted in the lowest binding capacity, the highest rHSA purity (>99%) was achieved
along with the highest yield (76%). These results indicate that rHSA in extract was purified 1.7-
fold and a high yield of rHSA was obtained as >50% yield is a common target of commercial

processes (Krishnan and Woodard, 2014)

Future Work

While acceptable purities and yields were achieved with pH 4.5 adjusted to 8.0 elution
fractions, chromatography methods such as hydrophobic interactions chromatography (HIC) are
suitable for purification to further improve rHSA purities and yields. This is due to anion
exchange elution fractions containing high salt concentrations which is necessary for HIC as
high salt exposes more hydrophobic regions on the protein that bind to the resin (Cummins and

O’Connor, 2011). This eliminates the need for buffer exchange which can increase costs.
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Another method of improving purities and yields is by modifying the current anion exchange
chromatography gradient elution to a step elution between 6-20 mS/cm where majority of rHSA
elutes. This can isolate rHSA and prevent any bound native proteins from eluting above 20

mS/cm.

Initial studies were conducted to evaluate various buffer systems and combinations that
were suitable for both extraction and purification. However, further testing of other buffer
systems used in anion exchange chromatography such as TRIS-HCI should be tested and
compared to determine if acetate is the most suitable binding buffer. Testing of other binding
pHs such as 7.0 or 7.5 should also be explored to determine if reducing the adsorption pH will
minimize native protein binding. Rice proteins tend to have isoelectric points between 5 and 7
(Yang et al., 2013) so loading extract closer to the isoelectric point of native proteins may
improve purification-fold, although there may be a decrease in the binding capacity of rHSA.
However, loading at a pH closer to the extraction pH could reduce processing costs from extract

pH adjustment.

The biological activity of rHSA was not tested. To determine if current extraction and
purification methods are feasible for commercial production an activity assay, fluorescence
spectroscopy, X-ray crystallography, nuclear magnetic resonance spectroscopy, and/or mass
spectrometry would be required to compare rHSA biochemical activity, structure, and function to
plasma derived HSA. Lastly, an economic evaluation of the proposed processing system using
extraction and purification results is necessary. A program such as SuperPro Designer would
help establish which conditions are the most economical and could identify the major economic

and processing bottlenecks.
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