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Chloroplast-based expression of pharmaceuticals provides cost-effective benefits to the consumer. In
order to establish the transplastomic biopharmaceuticals, the interferon a-2a gene along with aadA
gene was flanked by the tobacco chloroplast inverted repeat region for two events of homologous
recombination. Chloroplast transformation was accomplished upon bombardment of fully expanded 4
to 6 weeks-old tobacco leaves using helium gun. Green shoots regenerated from single antibiotic
resistant cells were subjected to further rounds of selection and regeneration to develop homoplasmic
clones. The molecular analysis of the antibiotic-resistant plants confirms the presence of interferon
alpha-2a as well as aadA genes in the plastid genome. Moreover, the interferon alpha-2a protein was
purified by using Ni-NTA purification columns. The presence of a fragment of 20 kDa size on sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and high performance liquid
chromatography (HPLC) chromatogram confirms the expression of IFNA2a in the transgenic tobacco

chloroplasts.
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INTRODUCTION

Plant molecular farming, or “biopharming”, is still a
relatively new venture that combines the use of biotech-
nology and agricultural plants in order to produce
valuable products (Webster, 2004). Plant-based pharma-
ceuticals, in their broadest sense, can be divided into
three categories, such as single-molecule drugs (Fowler
and Law, 2006), botanicals (Food and Drug
Administration (FDA), 2004) and biologics (Wade et al.,
2004, 2006). Both single-molecule drugs and botanicals
are derived from non-transgenic plants. While the third
group, biologics, are the products of transgenic plants.
The technology of producing biologics is often called
biopharming. The biopharming industry is growing at an
annual rate of 15% (IMS Health, 2003) and projected to
be worth $100 billion by the year 2020 (www. molecular-
farming.com). More recently, the range of recombinant
proteins made in plants has extended to include
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industrial enzymes (Hood et al., 2003), technical proteins
that are used in research (Hood et al., 1997), milk
proteins that are suitable nutritional supplements (Chong
et al., 1997), new protein polymers with both medical and
industrial uses (Ruggiero et al., 2000) and very high-
value compounds, such as human (Lico et al., 2007) or
veterinary vaccines (Dus Santos and Wigdorovitz, 2005)
or interferon (de Zoeten et al., 1999), intermediates or
nutraceuticals, including recombinant enzymes (Hood et
al.,, 1999) or o -3 and ® -6 ‘fish oils’ (Murphy, 2006),
antibodies, feed additives and hormones for human and
animal health (Chakauya et al., 2006). Bio-containment of
biopharmed crops is a key concern, as expressed by the
US National Academies (Anon, 2004) and by numerous
experts in the agbiotech and related sectors (Dunwell,
2005; Lee and Natesan, 2006). Many bio-containment
strategies rely on the insertion of biological barriers that
prevent transgene flow to other plants (Al-Ahmad and
Gressel, 2005).

However, one of the best-known methods of transgene
bio-containment is transplastomics. Transplastomics
have several advantages including high expression levels



(Khan and Maliga, 1999), polycistrons are translated
without processing into monocistrons (Khan et al., 2007),
lack of gene silencing and position effect (Khan, 2000)
and multiple genes can be expressed in operons (Khan,
2006) because of the fact that the chloroplast mechanism
is basically prokaryotic (Khan, 2005a, b). Chloroplasts
are maternally inherited, which helps in transgene
containment as transgenes, and they are not transmitted
via pollen (Khan et al., 2001). Moreover, foreign proteins
synthesized in chloroplasts are properly folded with
appropriate post transcriptional modifications (Khan et al.,
2005a, b), including disulfide bonds (Arlen et al., 2007)
and lipid modifications (Glenz et al., 2006). In this study,
we plan to develop the system for expressing the
interferon alpha-2a, a high value pharmaceutical protein
cost effectively by using the transplastomic technology in
tobacco, a non-edible plant.

MATERIALS AND METHODS
Plant material preparation for chloroplast transformation:

Nicotiana tabacum var. Petit Havana was grown aseptically on
0.7% phyta-agar-solidified MS salts (Murashige and Skoog, 1962),
pH 5.8, containing 3% sucrose at 27°C under 100 umol photons m™
s™' (16 h light, 8 h dark). Fully expanded leaves of plants 4 to 6
weeks old were used for chloroplast transformation.

Vector construction for transplastomic biopharmaceuticals

Transplastomic vector was developed to express the synthetically
engineered gene of high value pharmaceutical protein (Interferon
alpha-2a) in tobacco plastome. The chloroplast transformation
vector was comprised of left and right border sequences flanking
the IFNA2 gene along with strong light inducible rbcL promoter that
was cloned upstream to the antibiotic resistant gene aadA. The
marker gene aadA was under the control of ribosomal RNA operon
(rrn) promoter. The untranslated 3" region of psbA gene was used
as terminator. The promoter sequences were used to facilitate
recognition by the RNA polymerase and initiation of transcription,
leading to gene expression. While the terminator sequences confer
transcript stability that is an unimaginably important step for hyper-
expression of the integrated gene. The histidine tag was used for
the purification of IFNA2a.

Transformation of tobacco leaves

Gold particles obtained from Bio Rad (50 mg of 1 pm diameter)
were suspended in 1 ml of absolute ethanol. After centrifugation
particles were re-suspended in 0.5 ml H,O and then 50 pl aliquots
were pipetted into sterile centrifuge tubes. Each tube contains 1
pg/pl DNA, 50 pl of 25 M CaCly solution and 20 pl of 0.1 M
spermidine-free base. Tubes were vortexed and centrifuges at
2,700 g for 2 s. After removing supernatant, pallet was rinsed three
times with absolute ethanol and finally re-suspended in 30 pl of
absolute ethanol. Fully expended dark green leaves from tissue
cultured 4 to 6 weeks old plants were used for bombardment.
Leaves were excised under sterile conditions and placed abaxial
side up on whatman No.1 filter papers laying on MS medium in
plates for bombardment as described by Khan and Maliga (1999).
Bombardment was carried out under a partial vacuum (28 in Hg)
with a Bio Rad PDS1000 (He) gun, using 1,100 psi rupture disk and
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a helium cylinder pressure of 1,300 psi. The micro projectiles
coated with plasmid DNA were blasted using device PDS 1000/He
(Bio Rad), as described by Khan et al., 2007. Bombarded leaves
were kept for 2 days at 25°C in a growth room under dark.

Selection and regeneration of transgenic plants

Upon two days post-bombardment, leaves were chopped into small
pieces and placed on the RMOP medium containing 500 mg/L of
spectinomycin dihydrochloride, with abaxial side touching the
medium in deep (100 x 25 mm) Petri-plates and grown under 16/8
light/dark conditions. The regenerated resistant shoots were
chopped into small pieces (about 3 x 3 mm) and sub-cloned into
fresh deep Petri-plates containing the same selection medium.
Antibiotic resistant shoots from the second round were transferred
to the rooting medium (MSO medium supplemented with IBA, 1
mg/L) for root initiation in a growth room at 28°C under standard

conditions (16 h light: 8 h dark, 170 umol photons m™ s™). Rooted
plants with expanded leaves were used for further studies.

Molecular and protein analysis of transgenic plants

After extracting the total cellular DNA of transgenic leaves following
the protocol as described by Murray and Thompson (1980) and
Cheema et al. (2010), the PCR (polymerase chain reaction) was
carried out using the protocol given by Saiki et al. (1985). All the
reactions for analysis of transformant DNA were carried out using
Biotag polymerase (Bioline, London, UK). A reaction volume of 50
pl was used, including 5 pl of 10X reaction buffer (Appendix 2,
section 2.5) and 4 ul NTPs (2.0 mM), 0.5 pl of each primer (30
pmol), 3 pul 25 mM MgCl, and 10 to 20 ng template DNA were
added. PCR amplification was carried out using a master cycler
gradiant PCR (Eppendorf AG 22331, Hamburg, Germany) with a
variety of programmers. In all cases, each cycle began with 2 min at
94°C for denaturation, followed by 2 min at an annealing
temperature of 56°C, which depends on the sequence and length of
the oligonucleotide. A 3 min extension period at 72°C completed
each cycle. A total of 30 cycles were used before cooling to a
temperature of 4°C to avoid any degradation of amplified DNA.
Primer melting temperatures were calculated as 4 x (G+C) + 2 x
(A+T). The expressed interferon alpha-2a was purified by using the
Ni-NTA purification system  (from invitrogen) under denaturing
condition and analyzed through SDS PAGE following the protocol
as described by Laemmli (1970).

High performance liquid chromatography was performed on
Shim-Pack CLC-ODS column (15 cm x 4.6 mm, 5 um) attached to a
UV detector with wavelength set at 280 nm as described by Luykx
et al. (2005) with certain modifications.

RESULTS AND DISCUSSION

Development of chloroplast transformation vector

Chloroplast transformation vector was developed to
target interferon alpha-2a gene into the inverted repeat
region of tobacco through the homologous recombination
mechanism due to the flanked border sequences that
were cloned in the transformation vector along the
marker gene. The presence of antibiotic resistant marker
gene cloned down stream to the interferon alpha-2a was
confirmed by subjecting the final transformation vector to
the PCR reaction using a primer pair specific for aadA
gene that encodes aminoglycoside-3'-adenyliransferase
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Figure 1. A: Confirmation of aminoglycoside 3 adenylyl transferase (aadA)
presence through polymerase chain reaction strategy. Lane 1 is DNA marker
of 1 kb. Lane 2 represents vector DNA containing marker gene aadA. B:
Confirmation of presence of interferon alpha-2a gene by using the gene
specific primers through polymerase chain reaction. Lane 1 is 1 kb DNA
ladder. Lane 2 represents Interferon alpha-2a.

and confers resistance to spectinomycin and strepto-
mycin as shown in Figure 1A. Marker gene is physically
linked with Interferon alpha-2a for basically two reasons,
firstly to give to the transformed cells a selective
advantage, allowing them to grow faster and better, and
secondly, to kill the non-transformed cells thereby
allowing only the required gene recipient cells to grow
(Khan et al., 2001). The marker gene can either be
placed under the same promoter by fusing two genes
transcriptionally or separately tethered to two different
promoters, in either case they are physically linked
together (Daniell and Khan, 2003). Moreover, the
presence of interferon alpha-2a gene in chloroplast
transformation vector was confirmed by amplifying the
500 bp fragment through PCR using the gene specific
primers as shown in Figure 1B. The final vector was used
in transformation experiments.

Development of transgenic chloroplast plants

Fully expanded tobacco leaves were bombarded using
DNA-coated gold particles. Tobacco leaf sections after
bombardment were placed on RMOP medium (Svab and
Maliga, 1993) containing 500 mg/I spectinomycin. Specti-
nomycin resistant shoots recovered on regeneration
medium were subjected to further rounds of selection and
regeneration to purify the transgenic plastids as shown in
Figure 2. Phenotypically, these antibiotic-resistant plants
were indistinguishable from wild-type plants which were
growing on the same medium without spectinomycin. The
regenerated shoots which survived on the antibiotic-
containing medium may be due to the following reasons:
integration of cassettes into chloroplast genome, or
integration of cassettes into the nuclear genome due to
illegitimate recombination events or due to spontaneous
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Figure 2. (A) Transgenic tobacco plant. (B) Regenerated tobacco shoots on RMOP medium.

mutation in the 16S rRNA gene that is known to confer
resistance to spectinomycin (Khan and Maliga, 1999).
The chloroplast transformants were sorted out from
nuclear transformants and spontaneous spectinomycin
resistance mutants by subjecting the spectinomycin
resistant plants to different round of selection and
regeneration on antibiotic containing maintenance and
regeneration media. Transplastomic plants obtained after
each round of selection and regeneration were subjected
to genetic analysis using PCR technique by amplifying
both the marker as well as interferon alpha-2a genes as
shown in Figure 3A and B.

Purification of interferon alpha-2a protein from
transplastomic tobacco plants

The presence of interferon alpha 2a protein in trans-
plastomic tobacco plant was confirmed by SDS-PAGE,
after purification through Ni-NTA purification system (from
invitrogen). The purified interferon alpha-2a was also
subjected to the HPLC analysis, as compared to the
standard, single peak was observed in the chromatogram
as shown in Figure 4. The purified expressed 20 kDa
protein as shown in Figure 5 was further analyzed by
developing a reaction with anti-interferon antibodies.

Nevertheless, the quantity of the expressed protein was
very low. This was perhaps because of heteroplasmic
nature of transgenic plants. Therefore, the eluted fraction
was precipitated using acetone, which was run on the
SDS-PAGE. Presence of 20 kDa protein that also made
conjugates with interferon antibodies had confirmed that
transplastomic  (transgenic chloroplast) plants are
expressing IFN alpha-2a gene. However, further purifi-
cation of transgenic plants to achieve homoplasmicity is
required.

A major advantage of transgenic plants for molecular
farming is the comparatively low cost of large-scale
production. Both capital and running costs are
significantly lower than those of cell-based production
systems because there is no need for farmers or the
skilled personnel to run them. Because of the relative
ease of scalability, the production costs of plant based
pharmaceuticals are estimated to be reduced from 1000
to $5000 per g of protein for animal systems to 1 to $10
in plants (Bloomberg News, 2005), and about ten-fold
less when compared to microbial fermentation production
costs (Hood and Woodward, 2002). For developing
countries, this significant cost saving can be used to meet
other needs such as improvement of infrastructure for
health care delivery and hunger alleviation. Introduction
of novel proteins or enzymes into plastids can be
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Figure 3. A) Amplification of selection cassette from putative transgenic plants using aadA
specific primers. Lane 1 shows 1kb DNA ladder. Lanes 2 to 6 represents transgenic plants.
Lane 7 represents wild type untransformed plant sample. B) Confirmation of integration of IFN
alpha-2a gene cassettes into plastome using gene specific primers. Interferon alpha-2a
specific primers confirm the presence of IFNA2a gene in the transgenic plant by amplifying the
500 bp fragment. Lane 1 represents wild type tobacco plant. While Lanes 2 to 5 are amplified
IFNA2a gene from transgenic plant. Lane 6 illustrates 1 kb DNA marker.

[mV]

-

o

-
N

A Time [min.]

[mV]

T
0 2 4 6 8 10 12 14
B Time [min.]

Figure 4. (A) Chromatogram shows the standard peak after passing through the HPLC column at the flow rate of 0.3 ml/min. B)
Sample containing the purified IFNA2a after HPLC analysis.
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Figure 5. Purification of interferon alpha 2a protein from putative transgenic plants. Lane 1 shows protein ladder.
Lane 4 shows eluted interferon alpha 2a protein. Lanes 6 and 8 represent washings at pH 7.8 and 5.3 of Ni-resin

containing alpha 2 interferon, respectively.

achieved by either of the two following routes: (1)
insertion of a foreign gene directly into the chloroplast
genome for expression by the plastid's own protein
synthesis machinery or (2) insertion of a chimeric foreign
gene construct (containing the gene of interest fused to
sequences coding for a plastid transit peptide plus
appropriate transcriptional control signals) into the
nuclear genome, hence the gene product after its
synthesis in the cytoplasm, is targeted to the chloroplast
(Khan et al., 2005b).
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