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Summary

Recombinant proteins are widely used today in many industries, including the biopharmaceutical
industry, and can be expressed in bacteria, yeasts, mammalian and insect cell cultures, or in
transgenic plants and animals. In addition, transgenic algae have also been shown to support
recombinant protein expression, both from the nuclear and chloroplast genomes. However, to date,
there are only a few reports on recombinant proteins expressed in the algal chloroplast. It is
unclear if this is due to few attempts or to limitations of the system that preclude expression of
many proteins. Thus, we sought to assess the versatility of transgenic algae as a recombinant
protein production platform. To do this, we tested whether the algal chloroplast could support the
expression of a diverse set of current or potential human therapeutic proteins. Of the seven
proteins chosen, greater than 50% expressed at levels sufficient for commercial production. Three
expressed at 2% to 3% of total soluble protein, while a forth protein accumulated to similar levels
when translationally fused to a well-expressed serum amyloid protein. All of the algal chloroplast-
expressed proteins are soluble and showed biological activity comparable to that of the same
proteins expressed using traditional production platforms. Thus, the success rate, expression
levels, and bioactivty achieved demonstrate the utility of C. reinhardtii as a robust platform for
human therapeutic protein production.

Introduction

Since the FDA approval of recombinant insulin over 25 years ago, the class of protein-based
therapeutics has grown quickly. The majority of therapeutic proteins produced today are
made in bacteria (E. coli), yeast (S. cerevisiae) or mammalian cell culture (Chinese hamster
ovary cells, CHO) (Demain and Vaishnav, 2009; Walsh, 2003; Walsh, 2006). Other
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production systems under development include the yeast P. pastoris, insect cell culture, and
transgenic animals and plants.

In general, transgenic plants offer several advantages over other recombinant protein
production platforms. The cost of protein production in plants is much lower than other
production systems due to low cost of goods and capital expenses (Dove, 2002). Proteins
purified from plants should be free from toxins and viral agents that may be present in
preparations from bacteria or mammalian cell culture. Finally the ability to rapidly scale
production in plants is difficult to achieve in other systems. Transgenic plants have been
engineered to express recombinant genes from both the nuclear and plastid (chloroplast)
genomes. Nuclear expression of transgenes enables regulated and tissue-specific expression,
as well as post-translational modifications. However, nuclear expression has several
drawbacks to protein production; for example transgene silencing, lower yields, and the
potential risk of gene flow to surrounding food crops and other native plants (Daniell, 2006).
Alternatively, plastid genomes have been successfully engineered to express recombinant
proteins. Advantages of chloroplast bioreactors include absence of gene silencing, targeted
transgene integration by homologous recombination, expression of multiple genes from
polycistrons, transgene containment via maternal inheritance of the chloroplast genome, and
robust expression (Bock, 2007; Chebolu and Daniell, 2009; Daniell, 2006). The chloroplast
of higher plants has been shown to accumulate therapeutic proteins to 6—16% total soluble
protein (TSP), vaccine antigens to as high as 31% TSP, and antimicrobial peptides to greater
than 70% TSP (Chebolu and Daniell, 2009; Daniell, 2006; Oey et al., 2009). However, the
possibility of transgene escape to surrounding food crops and native plants remains,
although it is greatly reduced compared to nuclear-transformed plants. While the plastid
genomes in most species are maternally inherited (Hagemann, 2004), several recent reports
have demonstrated that transfer of the paternal plastid genome to pollen does occur at a low,
but measurable frequency. For example, paternal inheritance has been estimated at
0.03%-0.0002% in Setaria italica (foxtail) (Shi et al., 2008; Wang et al., 2004), 0.01-
0.00029% in tobacco (Ruf et al., 2007; Svab and Maliga, 2007) and 0.0039% in Arabidopsis
thaliana (Azhagiri and Maliga, 2007).

Interest in eukaryotic microalgae as an alternative platform for recombinant protein
production has been gaining in recent years. Protein production in transgenic algae could
presumably offer many of the same advantages as transgenic plants, including cost, safety,
and rapid scalability. addition, microalgae can be grown in containment in enclosed
bioreactors (Pulz, 2001), thus reducing the possibility of gene flow. Expression of
recombinant proteins in the chloroplast of the green algae Chlamydomonas reinhardtii is
now well established (Mayfield et al., 2007). These include reporter proteins (Franklin et al.,
2002; Mayfield and Schultz, 2004; Muto et al., 2009), a large complex mammalian single
chain antibody (Mayfield et al., 2003), more traditional single chain antibodies (Franklin and
Mayfield, 2005), a full length monoclonal antibody (Tran et al., 2009) and potential vaccine
antigens (Surzycki et al., 2009). Thus far, the psbA promoter and untranslated regions
(UTRs) has been shown to support the highest levels of recombinant protein accumulation in
C. reinhardtii, but only in psbA deficient strains (Manuell et al., 2007; Surzycki et al., 2009).
Indeed, VP28 protein of the White Spot Syndrome Virus accumulated to levels as high as
20.9% total cell protein (TCP) when placed under the control of the psbA promoter and
UTRs in a psbA deficient strain (Surzycki et al., 2009). However, because the psbA gene
product D1 of photosystem II is required for photosynthesis, these transgenic algae are non-
photosynthetic. Recently, we achieved expression of a mammalian serum amyloid protein
(M-SAA) in C. reinhardtii chloroplast to about 10% of TSP by using the psbA promoter and
UTRs in a targeted psbA knockout strain (Manuell et al., 2007). Importantly, when the psbA
gene was reintroduced elsewhere in the genome under the control of the psbD promoter,
photosynthesis was restored while M-SAA protein levels were only slightly reduced,
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showing that photosynthetic competent algae can produce high levels of recombinant
proteins (Manuell et al., 2007). Furthermore, the purified protein was found to have
bioactivity similar to the authentic protein, demonstrating the potential of the system as a
robust platform for the production of recombinant proteins.

To examine the versatility of algal chloroplasts for the production of human protein
therapeutics, we challenged the system with seven different recombinant genes, all encoding
current or potential human protein therapeutics. Using three different expression vectors we
were able to achieve production of four of the seven genes tested. Three proteins
accumulated to above 2% of total soluble protein, levels sufficient for easy purification,
when the genes were driven from the psbA promoter in a psbA deficient strain. The atpA
promoter also drove expression of the same three proteins, but to significantly lower levels.
A carboxy-terminal fusion of the seven therapeutic proteins to the M-SAA protein resulted
in the accumulation of the same three proteins that expressed with the psbA promoter alone,
as well as an additional recombinant protein that did not express on its own. Two of the
proteins were purified and assayed for bioactivity using standard assays, and both were
found to have similar activity to the same protein produced in a more traditional expression
system. Together, the data demonstrate that the algal chloroplast is a viable platform for the
expression of a diverse set of recombinant human therapeutic proteins.

Recombinant genes used in this study

The proteins chosen for this study are a diverse group of proteins, some of which are already
produced as therapeutics, and others that have the potential to become therapeutic proteins
in the future (Table 1). All would benefit from being able to be produced in large quantities
and at low cost. The first protein is human erythropoietin (EPO) without its signal peptide, a
human hormone produced by both the liver and kidney that regulates red blood cell
production and also plays an important role in the response of the brain to neural injury and
wound healing (Haroon et al., 2003;Siren et al., 2001). Recombinant EPO is currently
produced in mammalian cells and is used in the treatment of anemia (Eschbach et al.,
1989;Jelkmann, 2007). The second and third proteins are domains ten and fourteen of
human fibronectin, respectively. Fibronectin is an extracellular matrix glycoprotein that
functions in cell adhesion, migration, growth and differentiation (Pankov and Yamada,
2002). Fibronectin is comprised of multiple domains and can bind to integrins as well as
collagen, fibrin and heparan sulfate proteoglycans. The tenth human fibronectin type III
domain (10FN3) is a stable 10 kDa beta-sandwich subunit that has potential to be an
antibody mimic (monobody) (Garcia-Ibilcieta et al., 2008;Koide and Koide, 2007). The
fourteenth human fibronectin type III domain (14FN3) is part of the heparin-II/VEGF
binding domain (Wijelath et al., 2006) and is in development as a framework for antibody
mimics. The fourth protein is human interferon B1. Interferons improve the integrity of the
blood brain barrier and are used in the treatment of Multiple Sclerosis (MS) (Murdoch and
Lyseng-Williamson, 2005). A one month supply of interferon 8, Avonex (Biogen Idec) or
Rebif (EMD Serono and Pfizer), can cost anywhere from $1,600 to more than $2,000 USD
(McCormack and Scott, 2004). The fifth protein used in this study is human proinsulin
(without its signal peptide), a hormone that regulates blood sugar level. Insulin is used in the
treatment of type I diabetes, has a multi-billion dollar market dominated by Eli Lilly (e.g.
Humulin) and Novo Nordisk, and was the first genetically engineered drug approved by the
FDA. The sixth protein is human vascular endothelial growth factor (VEGF) isoform 121
(without its signal peptide). Patients suffering from pulmonary emphysema have decreased
levels of VEGF in their pulmonary arteries. VEGF also has the potential to be a treatment
for erectile dysfunction (Strong et al., 2008) and depression (Warner-Schmidt and Duman,
2008). The seventh and final protein is high mobility group protein B1 (HMGB1), which
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mediates a number of important functions involved in wound healing including endothelial
cell activation, stromagenesis, recruitment and activation of innate immune cells, and
dendritic cell maturation (Sun and Chao, 2005). It has also been suggested that HMGB1 has
the potential to enhance the effectiveness of some anti-cancer therapies if co-administered
(Dong Xda et al., 2007;Krynetskaia et al., 2008).

Introduction of recombinant genes into the C. reinhardtii chloroplast genome

The C. reinhardtii chloroplast genome shows a high AT content and noted codon bias
(Franklin et al., 2002; Mayfield and Schultz, 2004). To achieve protein expression, the genes
of interest were first converted to match the codon usage of C. reinhardtii by synthesizing
each of the seven genes in a codon-bias optimized for the C. reinhardtii chloroplast (Table
1). A codon bias threshold of greater than 10% of codons normally used for that amino acid
was chosen and the genes were assembled via overlapping oligonucleotides. A FLAG-tag
epitope was added to the C-terminal end of each protein sequence to allow detection by
western blot and to facilitate protein purification.

A range of endogenous promoters and UTRs were previously examined for recombinant
protein expression in wild-type C. reinhardtii 137c, with the atpA and psbD promoters and
UTRs showing the best expression (Barnes et al., 2005). More recent work has shown that
expression from the psbA promoter has very good potential when the endogenous psbA gene
product, D1, is absent (Manuell et al., 2007; Surzycki et al., 2009), probably due to the
interruption of a negative feedback loop (Minai et al., 2006). Expression from this promoter
is also increased by an increase in light intensity (Manuell et al., 2007). Thus, both the atpA
and the psbA promoters were chosen for the expression analysis of the recombinant genes
described above. For psbA expression the genes were cloned into the transformation vector
pD1-Kan under the control of the psbA promoter and 5" and 3" UTRs (Figure 1A). The pD1-
Kan vector also contains a kanamycin resistance gene (aphA6) under the control of the atpA
promoter and S'UTR and the rbcL 3'UTR, which is cloned downstream of the psbA
expression site, and is used for the selection of transformants (Figure 1). This expression
cassette contains homology to the psbA region of the C. reinhardtii chloroplast genome and
thus after transformation will replace the psbA locus (and gene) by homologous
recombination (Manuell et al., 2007). The resulting transformants are resistant to the
antibiotic kanamycin and are psbA deficient.

Expression of the seven genes was also tested using the azpA promoter and 5' UTR and the
rbcL 3' UTR (Figure 1C). The genes were cloned into the p322 plasmid and therefore
integrated into a silent site in the inverted repeat just downstream of the psbA locus
(Franklin et al., 2002). These constructs were co-transformed with the p228 plasmid
conferring resistance to spectinomycin (Franklin et al., 2002). All of the genes were also
cloned into the psbA::SAA fusion plasmid, which was designed to fuse the protein of
interest to the carboxy terminus of the well expressed mammalian protein M-SAA (Manuell
et al., 2007). A protease cleavage site (Thrombin) between SAA and the protein of interest
was engineered so that SAA could be removed during downstream processing (Figure 1B).
As in the pD1-Kan vector, the SAA-fusion constructs are under the control of the psbA
promoter and UTRs, replace the endogenous psbA locus, and contain the atpA::aphA6
kanamycin resistance gene for selection.

All constructs were transformed by particle bombardment into C. reinhardtii wild type strain
137¢ (mt+). Primary transformants were selected on media containing either kanamycin (for
pD1-Kan) or spectinomycin (p228) and screened for integration and homoplasmicity by
PCR (Figure 2). Each of the seven genes, in all three constructs, was stably integrated into
the chloroplast genome (G, Figure 2). Homoplasmic cell lines, in which all copies of the
chloroplast genome contained the recombinant gene, were isolated through multiple rounds
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of streaking for single colonies under antibiotic resistance selection. Colony PCR screening
was used to confirm that strains were homoplasmic for the correct gene integration (H-I,
Figure 2). Efficiency of transformation (number of gene positive colonies/number of
colonies) with the construct containing the kanamycin cassette in cis with the gene of
interest was much greater than that seen with co-transformation protocols used previously
(data not shown).

Accumulation of recombinant proteins in transgenic chloroplast

Six homoplasmic cell lines were chosen at random for each of the recombinant genes and
screened for recombinant protein expression to determine the variation in protein expression
levels of primary transformants. Using anti-FLAG western blotting, we determined that all
isolated VEGF and 14FN3 transgenic lines, and 4 out of the 6 HMGBI lines, accumulated
their respective recombinant protein (Supplemental Figure 1). One transgenic line for each
protein was characterized in detail, and shown in Figure 3. Proteins 14FN3, VEGF, and
HMGBI1 show significant expression when the corresponding gene is expressed from the
psbA promoter (Figure 3A). Moreover, all three proteins were soluble. Expression from this
promoter was also induced by a shift from dark or dim light into bright light (data not
shown), as has previously been reported for other recombinant genes expressed from the
psbA promoter (Barnes et al., 2005; Manuell et al., 2007). Native VEGF is active as a dimer
(Potgens et al., 1994) and even under the denaturing conditions of SDS-PAGE
Chlamydomonas expressed VEGF appears to show dimerization (Figures 3 and 6, and
Supplemental Figure 1), suggesting proper protein folding. 14FN3, VEGF, and HMGB1
accumulated to approximately 3%, 2% and 2.5%, respectively, of total soluble protein when
expressed using the psbA promoter (Figure 4). This represents a level of expression high
enough to allow for relatively easy purification of the proteins. As we have shown
previously, when the psbA gene under the control of the psbD promoter was reintroduced by
particle bombardment into the 3HB silent site (Manuell et al., 2007), protein levels were
only slightly reduced while photosynthesis was completely restored (Supplemental Figure
2). In this way, recombinant protein expression is maintained under photosynthetic growth
conditions.

To test whether the remaining proteins were expressed at levels below that detectable by
western blotting of total soluble protein, we performed immunoprecipitations from 50 ml
liquid cultures using anti-FLAG chromatography resin (Sigma). Using this technique we
were able to observe low levels of expression of 10FN3 and proinsulin, but no detectable
protein accumulation for interferon § or EPO (data not shown).

When each of the genes was expressed from the azpA promoter, the same three proteins
(14FN3, VEGF, and HMGB1) accumulated, however to significantly lower levels than
when expressed from the psbA promoter (Figure 3B). Under the azpA promoter, 14FN3,
VEGF, and HMGBI1 accumulated to approximately 0.15%, 0.1% and 1% of total soluble
protein (data not shown). Thus, both promoters support expression of the same three
proteins, but the psbA promoter and UTRs drives recombinant protein accumulation up to
twenty times greater than that from the atpA promoter and 5’ UTR.

Fusion to M-SAA protein increases accumulation of fibronectin domain 10

One possible explanation for the lack of protein accumulation of 10FN3, proinsulin,
interferon B, and EPO is protein instability. Fusion of poorly expressed proteins to a well-
expressed and stable protein has been shown to increase the accumulation of the former in
many expression systems, including bacteria (Butt et al., 2005; De Marco et al., 2004; Pryor
and Leiting, 1997; Sachdev and Chirgwin, 2000; Wang et al., 1999) and plant and algal
chloroplasts (Muto et al., 2009; Streatfield, 2007). Indeed, expression of human proinsulin in
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E. coli and yeast was facilitated by the construction of fusion proteins (Chan et al., 1981;
Stepien et al., 1983). Human proinsulin fusions have been expressed from the plant nuclear
genomes of potato tubers at 0.1% TSP (Arakawa et al., 1998) and Arabidopsis at 0.1% total
seed protein (Nykiforuk et al., 2006), and in the chloroplast of tobacco and lettuce at ~16%
and ~2.5% TSP, respectively (Ruhlman et al., 2007). To test whether this same effect could
work in algal chloroplasts, each of the recombinant genes was cloned as a fusion partner to
the gene encoding the mammary-associated serum amyloid protein (M-SAA). We have
previously shown that M-SAA can accumulate to about 10% of total soluble protein when
driven by the psbA promoter and UTRs (Manuell et al., 2007). Therefore, M-SAA fusion
constructs were placed under the control of the pshbA promoter and UTRs (Figure 1B) and
transformed as above, selecting for transformants by kanamycin resistance. Western blots of
total soluble protein revealed that fusions of 14FN3, VEGF and HMGBI1 to M-SAA led to
significant protein accumulation (Figure 3C); the same three proteins that accumulated using
the psbA and atpA promoters alone. In addition, the fusion of fibronectin 10FN3 to M-SAA
enabled significant protein accumulation to occur, and expression levels similar to those
achieved with the three other proteins was observed (Figure 3C). Interestingly, the
expression of HMGB1, which was substantial without fusion to M-SAA, actually showed
decreased accumulation when fused to the SAA protein, from 2.5% to approximately 1% of
total soluble protein (data not shown).

Accumulation of recombinant mRNAs from different promoters

The regulation of endogenous chloroplast gene expression primarily occurs at the level of
translation (Zerges, 2000). To address the relationship between translation and transcription
in recombinant gene expression, reverse transcriptase quantitative PCR (RT-qPCR) was
used to determine the level of recombinant mRNAs for each of the seven genes under the
control of the psbA and atpA promoters (Figure 5). Total RNA was isolated from liquid
cultures grown in 1000 lux of light illumination (Supplemental Figure 3). Following cDNA
synthesis, SYBR green based qPCR was performed using gene-specific primers. gPCR
signals were detectable for all 14 constructs, indicating that stable mRNA transcripts
accumulated for all of the recombinant genes (Figure 5). In general, the psbA promoter
yielded higher levels of mRNA transcript than the afpA promoter. Interestingly, while
14FN3, VEGF, and HMGB1 protein accumulated to approximately equal levels (3%, 2%
and 2.5% respectively of total soluble protein; Figure 4), the psbA-HMGBI mRNA
transcript was found to be approximately 75-fold less abundant than psbA-14FN3 and psbA-
VEGF mRNA transcripts (Figure 5). Overall there was a poor correlation between mRNA
accumulation and protein accumulation, as has been reported for endogenous chloroplast
genes (Eberhard et al., 2002; Nickelsen, 2003; Zerges, 2000). However in this study, in no
case was the lack of protein accumulation caused by a lack of mRNA accumulation.

Purification of bio-active recombinant proteins from Chlamydomonas

To become a viable protein production platform, algal chloroplasts must not only express
recombinant proteins, but those proteins must be biologically active in a highly purified
state. 14FN3, VEGF, and HMGB1 were affinity purified using FLAG affinity
chromatography to the C-terminal FLAG epitope. Western blotting of samples taken
throughout the purification processes indicates that all detectable protein was found in the
soluble fractions of the cell lysates (TSP, Figure 6). Thus, most, if not all, of the
recombinant protein is soluble. Furthermore, the FLAG-tagged proteins efficiently bound to
the resin as indicated by little to no detectable protein in the column flow-through, allowing
for ease of purification and good recovery (Flow, Figure 5). Finally, coomassie staining of
purified 14FN3 and HMGB1 each revealed a single predominant band at approximately the
predicted molecular weight. Coomassie staining of purified VEGF revealed a single
predominant band around 16 kDa, the predicted size of the monomer, with a faint band at
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approximately 30 kDa, the expected mass of the VEGF dimer. 14FN3 has a predicted
molecular mass of 12,820 mass units. Algal-expressed 14FN3 has a mass average of 12,820
and appears predominantly as a single peak in matrix-assisted laser desorption-ionization
time-of-flight mass spectrometry (MALDI-TOF MS) analysis (Figure 6). HMGB1 aal3-169
has a predicted molecular mass of 24,036 mass units. The MALDI-TOF MS analysis of
algal-expressed HMGB1 shows predominately a single peak at 24,059, just 23 mass units
off the predicted value. Two peaks appear in the VEGF MALDI-TOF MS analysis, a mass
average value of 16,985 and 33,901. The predicted value of a VEGF monomer is 17,064,
and 34,128 for the dimer. Thus the two peaks mostly likely represent the monomer and
dimer of VEGF. Together, these data suggest that the algal-expressed proteins accumulate in
a soluble form, can be purified to high purity, and are largely unmodified.

To test for bioactivity, purified VEGF and HMGB1 were assayed using a VEGF receptor-
binding assay and a fibroblast chemotaxis assay, respectively. As potential antibody mimics,
there is no bioactivity assay for I0FN3 or 14FN3. The most important characteristic of these
recombinant proteins is that they are soluble, which we have shown to be the case when
expressed in the chloroplast (Figure 3 and Figure 6). To determine whether algal-produced
VEGTF is biologically active, a sandwich ELISA was first performed to demonstrate
antigenic integrity, an indicator of correct folding, and was used to establish effective
concentration by reference to commercially available VEGF produced in E. coli (Figure
7A). Algal-expressed VEGF was then compared to bacterial-expressed VEGF in a VEGF-
receptor binding assay. Algal-expressed VEGF exhibited dose-dependent binding to the
VEGF receptor, albeit with slightly lower affinity as compared to the control bacterial-
expressed VEGF (Supplemental Figure 4). This may be due to the presence of a small
proportion of misfolded or truncated VEGF in the protein preparation. To determine VEGF
bioactivity, a VEGF-receptor binding competition assay was used. VEGF derived from
bacteria was able to compete with VEGF derived from algae for VEGF receptor binding
(Figure 7B). Bacterial VEGF displaced algal VEGF (200ng/ml) from VEGFR with an IC50
of ~40ng/ml, consistent with a shared binding-site and broadly similar affinity. Overall, the
data demonstrates that algal chloroplasts have the capability to express bioactive VEGF.

To determine whether algal-produced HMGB/1 is biologically active, purified HMGB 1
(~1mg) was sent to BioQuant (San Diego, CA), an independent contract research
organization for bioactivity analysis using a mouse (A) or pig (B) fibroblast chemotaxis
assay (Figure 8). The algal expressed HMGBI1 (Scripps) showed similar bioactivity to
commercial bacterial-expressed HMGB1 (Bio3 HMGB1; HMGBiotech, Italy).

Taken together, these data indicate that high quantities of highly purified and bioactive
human therapeutic proteins can be expressed in and purified from the chloroplast of C.
reinhardtii.

Discussion

In this study we investigated the general versatility of algae as a platform for therapeutic
protein production by examining the expression of seven recombinant human proteins in the
chloroplast of Chlamydomonas reinhardtii. The seven proteins are either presently sold as
therapeutics, or have the potential to become human therapeutics, and each protein was
tested using three different expression strategies. Protein expression and mRNA levels were
quantitatively compared for each protein. Some level of expression was observed for five of
the seven proteins, and three of the proteins accumulated to levels above 1% of total soluble
protein, levels sufficient for easy purification. Another protein accumulated to these same
high levels when fused to a stable and highly expressed protein, M-SAA, and an additional
protein could be detected by immunoprecipitation, but accumulated at very low levels.
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Importantly, all four of the highly expressed proteins were soluble, with no evidence that
any of them were found in insoluble aggregates or inclusion bodies. Although this is a small
number of proteins, it is a diverse set of protein types, and this level of success is much
greater then the 20% to 30% success rate of human and viral proteins expressed in bacteria
(Alzari et al., 2006), and equivalent to the 45% (Banci et al., 2006) to 58% (Aricescu et al.,
2006) success rate reported for recombinant protein expression in other eukaryotic systems.

While the highest levels of recombinant protein accumulation were found to occur in the
non-photosynthetic psbA null background, restoration of photosynthesis by reintroduction of
the psbA gene under the control of the psbD promoter (Manuell et al., 2007), resulted in
photosynthetic strains with recombinant protein accumulation, albeit levels were variable
and reduced compared to the non-photosynthetic strains. Thus, high levels of recombinant
protein accumulation can be achieved under photosynthetic growth conditions, which is
required for some of the economic advantages algae holds over other expression systems.
The mechanism in which D1 protein levels affect psbA promoter and/or UTR function is
currently under investigation in our lab.

VEGF and HMGBI1 accumulated to 3% and 2.5% respectively, and these proteins were
purified using affinity chromatography to the FLAG epitope added to the carboxy terminus
of each protein. Using standard bioactivity assays both proteins were found to have similar
activity as the same proteins expressed in bacteria, the system presently used for production
of these two proteins for therapeutic use. The yields reported here are close to the yields
reported for therapeutic proteins expressed from the chloroplast of higher plants. For
example, human serum albumin was reported to accumulate to 11% TSP (Fernandez-San
Millan et al., 2003), somatotropin to 7% TSP (Staub et al., 2000), interferon gamma to 6%
TSP (Leelavathi, 2003), and a CTB-proinsulin fusion to 16% TSP (Ruhlman et al., 2007).
These data confirm that algal chloroplasts are able to produce bioactive proteins, and that the
proteins can be easily purified from algal extracts.

Algal biomass can presently be produced at about $3/kilogram at commercial scale (Chisti,
2007), and as 25% of biomass is soluble protein, we can project that at 2% of soluble
protein, we can presently make recombinant protein at about $0.6/gram prior to purification.
This is near the cost estimates for the least expensive protein expression systems presently
available (Dove, 2002), and considerably cheaper than mammalian cell culture. With the
expected improvements in expression levels above 2% total soluble protein, and the
continued reduction in algal biomass cost associated with the large scale efforts to use algae
for biofuel production, we anticipate at least a 10-fold reduction in these cost over the next
few years, which should make algal protein production the least expensive platform
available. This reduced cost of goods, coupled with an ability to rapidly scale production in
inexpensive bioreactors, suggests that algae may become an economically superior platform
for therapeutic protein production in the future.

Why do some proteins accumulate in algae while others do not? Protein expression is
variable in all expression platforms and algae are not unique in that regard. The greater than
50% expression that we find in this study is actually much higher then the percent of protein
expressed in bacterial systems (Alzari et al., 2006), and comparable with the best expression
reported for other eukaryotic systems (Aricescu et al., 2006; Banci et al., 2006). RT-qPCR
analysis revealed that mRNA transcripts accumulated for all recombinant genes tested, and
there was a poor correlation between transcript level and protein accumulation, suggesting
that transcription and mRNA accumulation do not determine the level of recombinant
protein accumulation in algae. We also see that the proteins that expressed with the arpA
promoter and UTR were the same proteins that expressed with the psbA promoter,
suggesting that failure to accumulate these proteins is not determined by the promoter or
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UTRs used. Thus, either the proteins that express poorly are highly unstable, or their coding
regions somehow precluded translation of the chimeric mRNAs. Work in our laboratory is
presently under way to determine if there are general rules that can be applied to predict if a
protein will be expressed in algal chloroplasts or not.

Although accumulation of recombinant proteins in algae at 2% to 3% of total soluble protein
is sufficient for economic production, higher levels of accumulation would obviously reduce
cost even more, and would also likely improve protein purification efficiency. We are
examining a variety of ways to increase protein production beyond our present accumulation
levels, and as this platform is still relatively new, we expect additional improvements in this
area over the next few years. The data also shows that the psbA promoter/UTR showed
better protein expression for all the proteins tested compared to the atpA promoter/UTR, and
that this increase does not correlate directly with increased mRNA accumulation. This data
suggest that translation of chimeric mRNAs containing the psbA UTR is better than
translation of mRNAs with the same coding but containing the atpA UTR. Thus it is
possible that altering UTRs may further improve protein translation as a way to increase
protein accumulation, and work in the lab to address this is now ongoing.

Experimental Procedures

Plasmid construction

Codon optimization for C. reinhardtii chloroplast expression was performed using software
developed in-house, specifically designed for polymerase cycling assembly (PCA)-based de-
novo gene synthesis. This program generates gene sequences by the simultaneous
optimization of multiple parameters: normalization of the codon distribution to that of the C.
reinhardtii chloroplast (data obtained from http://www.kazusa.or.jp/codon (Nakamura et al.,
2000)); uniformity of physical properties of the output oligonucleotides (GC content,
melting temperature, length); and avoidance of unfavorable mRNA structures. The seven
genes were assembled by PCA using sense and antisense oligonucleotides ranging in length
from 51 to 63 bases, sharing eighteen base pairs of overlapping sequence homology
(Minshull et al., 2004). The number of oligonucleotides used ranged from eight oligos for
proinsulin to sixteen oligos for HMGBI1.

Each gene was constructed with an Ndel restriction site at the 5’ end and a Xbal site at the 3’
end of the coding region, along with a C-terminal TEV protease recognition site and a
FLAG-tag. The genes were directionally cloned into the pD1-Kan vector, constructed by the
addition of the Kanamycin resistance gene aphA6 (Acinetobacter baumannii) into the unique
BamHI site in the psbA vector described previously (Manuell et al., 2007). The coding
sequence of aphA6 was ordered in C. reinhardtii chloroplast codon bias from DNA2.0
(www.dna20.com) flanked by atpA 5' promoter and UTR and rbcL 3’ UTR sequences
(Barnes et al., 2005). For constructs containing the atpA promoter, the genes of interest were
cloned into the unique Ndel/Xbal restriction sites in p3222 vector (Franklin et al., 2002).

CALI values were determined with the CAI calculator (http://genomes.urv.cat/CAlcal/) using
the C. reinhardtii chloroplast codon usage table

(http://www kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=3055.chloroplast). CAI
values range from 0O to 1, with 1 being if a gene always uses the most frequently used codon
of a reference set (Puigbo et al., 2008).

C. reinhardtii strains, transformations and growth conditions

For chloroplast transformations, C. reinhardtii wt strain 137¢ (mt+) was grown to late
logarithmic phase in the presence of 40 mM 5-fluorodeoxyuridine in TAP (Tris-acetate-
phosphate) medium (Gorman and Levine, 1965) at 23°C under constant illumination of 5000
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lux on a rotary shaker. Cells were harvested by centrifugation and resuspended in TAP
medium. Approximately 5 x 107 cells/plate were spread onto TAP/agar plates containing the
appropriate antibiotic (see below). Chloroplast transformations were performed by particle
bombardment (Boynton et al., 1988) using DNA-coated gold particles (S550d, Seashell
Technologies, San Diego, CA). The following bombardment parameters were used with the
PDS-1000/He system (BioRad, Hercules, CA): chamber vacuum of 27-28 inches Hg, target
distance of 9 cm, helium pressure of 1350 psi, and approximately 1 mg of 0.55 pm gold
coated with 3 pug of DNA per transformation plate. Transformations with the psbA promoter
were carried out using kanamycin selection (100pg/ml in TAP agar, 150pg/ml for
propagation after transformation), for which resistance was conferred by the kanamycin
resistance gene aphA6 expressed from the same construct under the control of the atpA
promoter/5’ UTR and rbcl 3' UTR. The recombinant genes under the control of the arpA
promoter were co-transformed with the plasmid p228 (Chlamydomonas Stock Center, Duke
University, Durham, NC, USA), which contains a point mutation in the 16S rRNA gene that
confers spectinomycin resistance. Chloroplast transgenic lines were identified by growth on
media containing spectinomycin (150pg/ml TAP agar).

PCR screening of transformants

Primary transformants were screened for the presence of the gene of interest using promoter
specific forward primers and gene specific reverse primers. Cells were resuspended in Tris-
EDTA solution and heated to 95°C for 10 minutes. The cell lysate was then used as a
template for PCR under standard conditions for 40 cycles using Tag polymerase (NEB,
Ipswich, MA). For assessing homoplasmicity of clones, the PCR primers 5'-
GGAAGGGGAGGACGTAGGTACATAAA-3"and 5'-
TTAGAACGTGTTTTGTTCCCAAT-3' were used for constructs incorporated at the psbA
site and 5-CCCATAAATAGTTTCAATTGG-3"and 5 '-
CGGTGGTTATTCCAGGCCAAACTTATG-3' for constructs incorporated at the p322 site.
Each set of primers anneal to regions that are disrupted upon gene insertion through
homologous recombination. Thus, the loss of a PCR product indicates proper gene
integration into all copies of the chloroplast genome. For these reactions, a second set of
control primers were used (5'-CCGAACTGAGGTTGGGTTTA-3" and 5'-
GGGGGAGCGAATAGGATTAG-3'). These primers amplify a region of the genome away
from the recombinant gene insertion site and serve as a positive control in the multiplex
PCR.

Western blotting

Whole cell samples were resuspended in lysis buffer (Franklin et al., 2002) and lysed by
sonication. Total soluble protein was isolated by centrifugation and denatured by the
addition of SDS-PAGE loading buffer (Laemelli) followed by incubation at 60°C for 10
minutes. When protein determination was required, a sample was taken prior to the addition
of SDS-PAGE sample buffer and protein concentration determined using the Bio-Rad DC
protein assay as per the manufacturer’s instructions (Bio-Rad). Proteins were separated on
12% or 16% SDS-page gels at 120—150 volts unless otherwise stated and transferred to
nitrocellulose membrane at 200 mAmps for 1.5 hours. After blocking with 5% milk,
membranes were probed with an anti-FLAG monoclonal antibody conjugated to HRP
(A8592, Sigma, St. Louis, MO) or to alkaline phosphatase (A9469, Sigma).

Protein purification

1-2 liters of algal cells grown to late log phase in TAP media were collected by
centrifugation at 5000xG for 10 minutes. The cell paste was resuspended to a volume of 40—
100ml per liter of culture in lysis buffer, 50 mM Tris pH 8.0, 400 mM NaCl, 0.1% Tween
20, 1 mM phenylmethylsulfonylfluoride (PMSF), and lysed by sonication. The lysate was
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clarified by centrifugation at 30,000xG for 20 minutes, and the supernatant was collected.
One-two mls of anti-FLAG M2 resin (Sigma) was added to the clarified lysate, and rotated
end over end at 4°C for four hours. The anti-FLAG beads were collected by filtration in a
Bio-Rad Econo-pac column, and washed extensively with lysis buffer. The protein was
eluted from the resin using lysis buffer containing 100 micrograms per ml FLAG peptide
(Sigma) or with 100 mM glycine pH 3.5, 400 mM NaCl and neutralized with Tris pH 7.9 to
final a concentration of 50 mM. After adding five column volumes of elution buffer, the
column was incubated at 4°C overnight, under rotation. Fractions were collected and
assayed by SDS-PAGE followed by western blot and coomassie staining to determine the
fractions that contained the recombinant protein. Fractions containing recombinant protein
were pooled and concentrated using an Amicon Ultra centrifugal filter with a molecular
weight cut-off of 5 kDa (Millipore, Billerica, MA). After concentration, samples were
checked again by SDS-PAGE, and concentrations were determined using the BCA protein
assay (Bio-Rad) with bovine serum albumin as a standard.

Activity assays

VEGF activity assay—VEGF concentration was determined by ELISA. Maxisorp plates
were coated with monoclonal anti-human VEGF (R&D Systems, Minneapolis, MN). After
blocking with BSA, serial dilutions of VEGF purified from algae and commercial bacteria-
derived VEGF (R&D Systems) were applied. After washing, bound VEGF was detected
using a biotinylated polyclonal anti-human VEGF antibody (R&D Systems), alkaline-
phosphatase-conjugated streptavidin and pNPP substrate (Sigma). Readings from uncoated
wells were subtracted to give specific binding.

Binding of VEGF to receptor was assessed in a similar way, by coating Maxisorp plates
with a human VEGF-R2(KDR):Fc fusion protein (R&D Systems), applying VEGF and
detecting bound protein using biotinylated anti-VEGF. For competition assays a serial
dilution of bacteria-derived VEGF was applied along with a constant concentration of algae-
derived VEGF. Bound algae-derived VEGF was detected using HRP-conjugated anti-FLAG
antibody (Sigma).

HMGB1 activity assay

HMGB1 bioactivity was assessed using an in vitro analysis of the chemotactic effect of
algal-expressed HMGB1. The relative ability of human and pig fibroblasts to migrate toward
NIH3T3 conditioned media complemented with 10ng/ml VEGF, PDGF or HMGB1 was
assessed using a modified Boyden chamber (NeuroProbe, Inc., Gaithersburg, MD). The cells
were placed in the apical chambers of the apparatus and the media containing the
chemotactic factors were placed in the basal chambers. A PVP membrane with 8 micron
pores coated with Img/ml collagen IV separated the apical and basal chambers. Cells were
incubated for 24 hours at 37°C. The cells that migrated onto the basal surface of the
membrane were stained and quantified using a microscope.

RT-quantitative PCR analysis of mRNA accumulation

Cells were grown in 50 ml liquid TAP under 1000 lux of light illumination until mid to late
log phase. 10 mls of cells were harvested by centrifugation and total RNA was purified
using the Plant RNA Reagent (Invitrogen, Carlsbad, CA) as per the manufacturer’s
instructions for small scale purification. RNA integrity was monitored by agarose gel
electrophoresis (Supplemental Figure 3). 10 pg of total RNA was treated with DNase to
remove any contaminating genomic DNA (Ambion DNA-free, Austin, TX). 400 ng of
DNase-treated total RNA was then used for first strand cDNA synthesis using Bio-Rad’s
iScript cDNA Synthesis kit (following the manufacturer’s instructions). The thermocycling
conditions used are as follows: 5 minutes at 25°C, 30 minutes at 42°C, 5 minutes at 85°C,
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hold at 4°C. Reactions were also carried out in the absence of reverse transcriptase as a
control for genomic DNA contamination. cDNAs were either diluted 1:10 for the gPCR
experimental reactions, or diluted 1:4 and then subjected to a 4-fold serial dilution to
determine PCR efficiencies for each primer pair. 6.5 pl of diluted cDNA was used in a 25 pl
gPCR reaction using Bio-Rad SYBR Green Supermix and 0.5 pM oligonucleotides. Real-
time qPCR was carried out in triplicate for each sample in a Bio-Rad My iQ thermocycler
performing 40 cycles of a two-step protocol with an annealing/extension temperature of
55°C, followed by a melt curve to monitor for primer dimers. For all qPCR reactions, rbcL
was used as the control gene. Relative mRNA levels were determined using the Pfaffl
method (ratio = EA-dCt gree/ EN-dCt congro1) (Pfaffl, 2001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Introduction of the recombinant genes into the Chlamydomonas reinhardtii chloroplast
genome

Schematic diagram of transformation vectors used, including relevant restriction sites. (A
and B) pD1-Kan: Replacement of the endogenous psbA gene with the gene of interest (A),
or with the gene of interest fused to the C-terminus of M-SAA (Manuell et al., 2007) (B).
The kanamycin resistance gene aphA6 under the control of the atpA promoter and 5’ UTR is
genetically linked to the gene of interest. Grey regions flanking the gene of interest and
resistance gene corresponds to regions of the chloroplast genome used for homologous
recombination between the insertion plasmid and the C. reinhardtii chloroplast genome. (C)
Schematic diagram of p322 (Franklin et al., 2002) used to transform the genes of interest
under the control of the atpA promoter and 5’ UTR and the rbcL 3" UTR into the BamHI
silent site near the psbA gene (Barnes et al., 2005). (A-C) All recombinant proteins were C-
terminally fused to the 1 x FLAG-tag sequence (DYKDDDDKS) for western blotting and
purification.
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Figure 2. Identification of gene integration and isolation of homoplasmic strains

PCR using whole cell lysates as described in the Experimental Procedures. G: Gene specific
PCR to show the presence of the corresponding recombinant gene in the transformants. H:
PCR to show homoplasmicity of the clones. Each reaction contains two sets of primers (P
<), one that amplifies an internal control gene (/65 rRNA) to demonstrate that the PCR
reactions worked, and can be seen in all lanes (H-C), and the other primer set amplifies the
region of the genome that was targeted for integration and thus the parent strain shows a
band whereas homoplasmic transformants do not (H-I).
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Figure 3. Accumulation of recombinant proteins in transgenic lines

Strains were grown under the same conditions and harvested for western blot as described in
the Experimental Procedures. Equal amounts of total protein were loaded in each lane (20
pg for A and C, 40 pg for B). Western blots were probed with anti-FLAG antibody
conjugated to Horse Radish Peroxidase. (A) Protein accumulation in strains when the
corresponding genes were expressed from the psbA promoter and UTRs. (B) Protein
accumulation when the corresponding genes were expressed from the azpA promoter and
UTRs. (C) Protein accumulation of the SAA fusion proteins from the psbA promoter. Note,
short exposure times were routinely used for (A) and (C), while much longer exposure times
(several hours) were required to visualize the bands in (B).
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Figure 4. Quantitation of protein accumulation

Percent total soluble protein was determined for 14FN3, VEGF, and HMGBI1 by loading 10
or 20 pg of soluble lysate from expression strains onto a SDS-PAGE gel alongside a serial
dilution of highly pure HMGB1. Western blots were performed using anti-FLAG-HRP
antibody.
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Figure 5. Analysis of mRNA levels for psbA and afpA constructs

mRNA levels of the seven recombinant genes under the control of the psbA and atpA
promoters. Fold change determined using the Pfaffl method (Pfaffl, 2001) to take into
account differing PCR efficiencies with the different gene-specific primer pairs used. Note,
atpA-EPO yielded the lowest level of mRNA, so all mRNA levels were calculated as fold
change relative to atpA-EPO. The recombinant protein expressing lines are indicated (*).
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Figure 6. Affinity purification of algal-expressed therapeutic proteins

Coomassie staining (top left panel) and western blotting (boxed bottom panel) of (A)
14FN3, (B) VEGF, and (C) HMGBI purifications are shown. Lanes from left to right are the
following fractions: insoluble fraction (Ins), total soluble protein (TSP), column flow
through (Flow), and the eluate (Elu). Equal volumes of Ins, TSP and Flow are loaded per
lane. 3 pg of purified protein (Elu) is loaded on each coomassie gel, while 500 ng of Elu is
loaded on each western blot. Right panels correspond to the MADLI-TOF MS results for
each purified protein. Asterisk (*) in B indicates predicted dimer form of VEGF.
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Figure 7. Bioactivity of VEGF

(A) Concentration of intact VEGF in the purified protein was assessed by comparison with
bacteria-derived VEGF in a sandwich ELISA. (B) Competitive binding to the VEGF
receptor was assayed by detecting binding of a fixed concentration of algal VEGF to
VEGFR-coated wells in the presence of varying concentrations of bacteria-derived VEGF.
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Figure 8. Bioactivity of HMGB1

Graph of the results from the fibroblast chemotaxis assay, as measured by the number of
mouse (A) or pig (B) fibroblasts migrating towards the indicated chemokine is shown.
Bioactivity of algal-expressed HMGB1 (Scripps) compared to commercial HMGBI1 (Bio3),
and to the controls mouse VEGF (A) or pig PDGF (B). Data represents mean and standard
deviations of each treatment condition.
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Codon Adaptive Index (CAI) values for the native human sequences and the codon optimized sequences

Table 1

compared against the C. reinhardtii chloroplast codon usage table.

Gene Corresponding amino acids CAI native sequence CAI codon optimized
EPO aa 28-193 0.25 0.83
10FN3 aa 1447-1540 0.39 0.80
14FN3 aa 1723-1811 0.35 0.81
Inf B aa 23-187 0.33 0.84
proinsulin aa 25-147 0.24 0.77
VEGF isoform121 aa 27-147 0.30 0.79
HMGBI1 aa 13-169 0.40 0.82
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