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FUSION CONSTRUCTS TO EXPRESS BIOPHARMACEUTICAL

5 POLYPEPTIDES IN CYANOBACTERIA
CROSS-REFERENCE TO RELATED APPLICATIONS
{6001} This application clairos priority benefit of U.S. Provisional Application No.
62/898,891, filed September 11, 2019, which is incorporated by reference in its entirety for
all purposes.
10 BACKGROUND OF THE INVENTION

6602} Efforts to express human therapeutic proteins in photosynthetic microorganisms
abound in the literature. In their preponderance, these entai! heterologous transformation of a
microaigal chloroplast as a synthetic biology platform for the production of
biopharmaceutical and therapeutic proteins (Dvo and Purton 20138, and references therein).
15 The vast majority of such efforts have employed transformation of the chloroplast in the
maodel green nucroalga Chlamydomonas reinhardtii via double homologous recombination of
exogenous constructs encoding heterologous proteins {Swrzycki et al. 2009; Tran et al. 2009,
Coragliotii et al. 2011, Gregory et al. 2013; Jones and Mayfield 2013, Rasala and Mayfield
2015; Baier et al. 2018). A common feature of these efforts is the low vield of the transgenic
20 biopharmaceutical proteins, not exceeding 1% of the total Chlamydomonas reinhardtii
protein (Dvo and Purton 2018). In general, there 15 a need to develop methods that will
systematically and reliably over-express eukaryotic, including hurnan therapeutic, proteins in

photosynthetic microorganisis, at levels that exceed 1% of the total cell protemn.

(6663} Cyanobacteria such as Synechocysiis and other microalgae can be used as

25 photosynthetic platforms for the heterologous generation of products of interest. For
example, bacterial proteins can be heterologously over-expressed in cvanobacteria, reportedly
up to 20% of total soluble protein, by using the strong cpc operon promoter and possibly
other endogenous or exogenous promoters (Zhou et al. 2014, Kirst et al. 2014; Formighieri
and Melis 2017}, By way of Hlustration, Zhou et al. (2014}, described the function of a

30 modified (partial) endogenous cvanobactenal prorooter (PepeS60), derived from the native
cvanobacterial cpc operon promoter. They examined the efficacy of this promoter to express

(1) the rans-enoyl-CoA reductase (Ter) protein from Treponema denticola, a Gram-negative,
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obligaie anaercbic bacterium, and (i1} the D-lactate dehvdrogenase (DldhE) protein from
Fscherichia coli. Both of these bacterial-origin genes and proteins were readily
overexpressed in cyanobacteria under the control of the Pepe. Kirst et al. (2014) showed that
Svnechocystis readily overexpressed, at the protein level and under the native Pepce, the npt/
gene from Lscherichia coli, encoding the neomyein phosphotransferase, a kanamycin
resistance conferning protein. Similarly, Xiong et al. (2015) showed overexpression of the
Pseudomonas syringae efe gene, encoding an ethylene forming enzyvme, in Synechocystis sp.
PCC 6803 and enhanced EFE protein accumulation upon transformation of Synechocystis
with multiple copies of the P. syringae efe gene (Xiong et al. 2015). Likewise, Chaves and
co-workers provided evidence that cyanobactena will over-express, at the protein level, the
cmR gene from Escherichia coli, encoding a chloramphenicol resistance protein (Chaves et
al. 2016}, and the isopentenyl diphosphate isomerase {(fn1) gene from Strepiococcus
pneumoniae, either under the native Pepe (Chaves et al. 2016} or heterologous Pire promoter

{(Chaves et al. 2018},

[6604]  In separate work, Desplancyg et al. (2005) showed that transgenic Anahaena sp. PCC

¥ c L

7120, a filamentous cyanobacterium, was able 1o express the fscherichia coli, e.g. bacterial

origin, maliose-binding protein (MBP), vielding up to 250 mg MBP per L of culture. In
turther work, Desplancg et al. (2008) showed that Anahaena was also able to express 100 mg

per L of gyrase B (GvrB), a 23 kD ; coli protein. This is consistent with the notion

that cyanobactena easily express other “bacterial” origin proteins.

[6605] However, recent experience has also shown that heterclogous expression of
sukaryotic plant and veast genes occurs at low protein levels, regardless of the promoter used
and mRNA levels achieved in the cyanobacterial cytosol (Formighiert and Melis 2016). For
example, plant terpene synthases could not be expressed well in cyanobacteria under the
comntrol of different strong endogenous and heterologous promoters (Formighieri and Melis
2014; Englund et al. 2018}, Heterologous expression in cyanobacteria of the isoprene
synthase (Lindberg et al. 2010; Bentley and Melis 2012}, B-pheliandrene synthase {Bentley et
al. 2013), geranyl diphosphate (GPP) synthase from a ligher plant origin (Bentley et al 2014,
Formughiert et al 2017; Betterle and Melis 2018), and the alcohol dehvdrogenase (ADH /)
gene from veast (Chen et al. 2013). all showed low levels of recombinant protein expression,
even under the control of strong endogenous (e.g. psbA2 rbcl, cpey or strong heterologous
promoters {e.g. Ptre), and even after following a careful codon-use optimization of the target

transgene {Lindberg et al. 2010; Bentley and Melis 2012; Ungerer et al. 2012; Bentley et al.
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2013; Chen and Melis 2013; Formighieri and Melis 2014a; Englund et al. 2018}, Simlarly,
only low levels of expression were reporied for a chimeric complex of plant enzymes,
including the ethylene synthase efe gene from Solanum [ycopersicum (tomato) (Jindou et al.

2014; Xue et al. 2014}, hhmonene synthase from Mentha spicata (spearmint) (Davies et al.

Wh

2014) and Picea sitchensis (Sitka spruce) (Halfmann et al. 2014a), the sesquiterpene farnesene
and bisabolene synthases from Picex abies (Norway spruce) (Halfmann et al. 2014b) and
Abies grandis {grand fir) (Davies et al 2014). In these and other studies, transgenic protein
levels were not evident on an SDS-PAGE Coomassie stain of protein extracts and, frequently,

shown by sensitive Western blot analysis only.

10 j0086] Animal-origin eukaryotic transgenes are difficult to express in cyanobacteria.
Desplancq et al. (2008} showed that the eukarvotic (human) oncogene E6 protein, when
expressed in cyanobacteria, is toxic to the cells. To manage the toxicity, thev separated in
fime cell growth from recombinant protein expression. They resorted to using the inducible

nitrate assinulation nir promoter of the filamentous cyanobacterium Anabaena, as the

-
(93}

promoter for the expression of their transgenes. The latter is repressed in the presence of

ammonium (NH4-+} salts but induced in the absence of ammonium and presence of nifrate

{(NO3-). They grew Anabaena (o high cell density in the presence of ammnonium (NH4+),

thereby blocking the expression of the transgenes. By the time cells reached a hugh density in

the culture, the pre-calculated amount of ammonium was either consumed, or experimentally

20 replaced with nitrate salls. Cells then activated the nitrate reduciase nir promoter, as they
were forced to rely on nitrate nutrients for further growth. This imduction process resulted n
the accumulation of small amounts of the transgenic eukarvotic (human) oncogene o6
protein, although this product again proved to be lethal to the cells under these conditions.
Since efforis to express the oncogene EG by itself failed due to toxicity of the product,

25 Desplancq et al. (2008) undertook to express it as a fusion-protein with the highly-expressed
maltose-binding protein as the leader sequence m a MBP*EG fusion. This effort resulted in a
yvield of T mg protein per L after 5 days of nir induction, 1.e., 0.4% of the amount measured
with MBP as the solo recombinant protein. They suggested that the MBP*EG6 fusion protein
has an inhibitory effect on 1is own expression and further that this oncoprotein is toxic to

30 Anabaena cells, evidenced from the about 50% mhibition in cell growth observed in the

MBP*E6 expressing transformants.
o

{6007} Iuterferons (IFNs) are a group of signaling proteins made and released by host cells

in response to the presence of viruses. Interferon a-2a (IFNAZ) is a member of the Type |
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mterferon cytokine family, known for its antiviral and anti-proliferative functions.
Recombinant Fscherichia coli expression of IFNAZ resulted in incluston body formation, or
required numerous purification steps that decreased the protein vield. Bis et al. (2014)
described an expression and pwification scheme for IFNAZ2 using a pET-SUMO bacterial
expression sysiem and a single purification step. Using the SUMG protein as the fusion tag
increased the soluble protein expression and mininized the amount of inclusion bodies in 7.
coli. Following protein expression, the SUMO tag was cleaved with the Ulpl protease
feaving no additional amino acids on the fusion terminus following cleavage (Bis et al. 2014}
The purified protein had antiviral and anti-proliferative activities comparable to the WHO
International Standard, NIBSC 95/650, and the IFNAZ standard available from PBL Assay

Science.

[G008] Tissue-type plasminogen activator (tPA} 1s a protein involved in the breakdown of
blood clots. Human tPA has a molecular weight of ~70 kD in the single-chain form. {PA has
five peptide domains: The N-terminal finger, epidermal growth factor, serine protease,
Kringle 1. and Kringle 2 domain (Youchun et al. 2003). The active part of {PA, the
thrombolytic Kringle 2 domain, serine protease domain, two functional regions of protease
(176-527 amuno acid residues), plus the 1 to 3 amino acids of the N-termunal 18 known as the
“truncated human tissue plasmunogen activator” (K28, reteplase), which has a longer plasma
half-life and higher fibrinolytic activity than tPA {(Nordt and Bode 2003; Hidalgo et al. 2017},
tPA can be manufactured using recombinant DNA technologies based on transgenic
microorganism cultures such as Escherichia coli and Saccharomyces cerevisioe in
fermentative bioreactors {Demain and Vaishnav 2009}, The biotechnological production of
recombinant tissue plasminogen activator protein (K28, reteplase) from transplastomic

tobacco cell cultures was also reported (Hidalgo et al. 2017}

[3089] Recombinant insulin protein is used as a treatment of diabetic patients. The
recombinant protein is produced predominantly in Escherichia coli and Saccharomyces

cerevisiae.

(6810} There is a need to develop additional recombinant DNA technologies for the
generation of low-cost biopharmaceutical proteins, without relying on amimal svstems, and
without causing depletion of natural resources, poliution, or other environmental degradation,
In this respect, a direct photosynthetic production of such compounds is promising. Recently,

fuston constructs were designed as protein overexpression vectors that could be used in
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cyanobacteria for the over-expression of recalcitrant genes, ¢.g., plant terpene synthases
{(W02016210154). In this approach, highly-expressed endogenous cyvanobacieria genes, such
as the cpelt gene, encoding the B-subuntt of phycocyanin, or hughly-expressed heterologous
genes, such as the npt/ gene, encoding the kanamycin resistance protein, were employed as
leader sequences in such fusion constructs, resulting in the accunmdation of eukarvotic

proteins up to ~20% of the total cyanobacterial protein

BRIEF SUMMARY OF SOME ASPECTS OF THE INVENTION

[6611] The present invention is based, in part on the discovery of fusion protein constructs
that can be used in cyanobacteria as {ransgenic protein over-expression vectors o provide
high levels of transgenic animal protein accumulation and thus provide high rates of
production of biopharmaceutical products such as msulin, interferons, or tissue plasminogen

activator (tPA), or tPA derivatives, e.g., an active truncated form of tPA.

[6012] In one aspect, provided herewith is an expression congtruct comprising a nucleic
acid sequence comprising a iransgene that encodes a biopharmaceutical protein, wherein the
transgene is fused to the 3° end of a nucleic acid sequence that encodes a cyanobacteria
protein that is expressed in cyanobacteria at a level of at least 1% of the fotal cellular protein
or encodes an exogenous protein that is over-expressed in cyanobacteria at a level of at feast
% of the total cellular protein. In some embodiments, the transgene is fused to the 3° end of
a nucleic acid sequence that encodes a cyanobacteria protein that is expressed in
cyanobacteria at a level of at least 1% of the total cellular protein. In some embodiments, the
cyanobacteria protein is a P-subunit of phycocyanin {cpeB), an a-subunit of phvcocvanin
{cpcA), a phvcoerythrin subunit {cpeA or ¢peB), an allophycocyanin subumit {(apcA or apcB),
a large subunit of Rubisco {rbcL), a small subunit of Rubisco (rbeS), a2 D1/32 kD reaction
center protein (psbA) of photosvstem-11, a B2/34 XD reaction center protein {psbD) of
photosystem-Il, a CP47 {psbB) or CP43 (psbC) reaction center protein of photosvsterm-il, a
psaA or psaB reaction center protein of photosysiem-I, a psaC or psall reaction center protein
of photosystem-l, an rpl ribosomal RNA protein, or an rps ribosomal RNA protein. In some
embotdments, the transgene encode nsulin, e 2., human msulin. In some embodiments the
transgene encode an mterferon, €. g, @ human interferon alpha, such as IFNAZ. In some
embodiments, the fransgene encodes a human tissue plasminogen activator, for example, a
truncated human fissue plasminogen activator {K28, reteplase), which includes the Kringle 2

domain and the serine protease domain. In some embodiments, the transgene encodes a



2

i
.

WO 2021/050968 PCT/US2020/050528

SARS-CoV?2 receptor binding domain. In other embodiments, the transgene encodes a a
Tetanus Toxin Fragment C polypeptide. Tn some embodiments, the transgene is fused to the
3’ end of anucleic acid sequence that encodes an exogenous protein that is over-expressed in

cyanobacteria at a level of at least 1% of the total cellular protein. For example, the

Wh

exogenous protein may be an antibiotic resistance protein such as kanamvcin,
chloramphenicol, streptomycin, ervthromycin, zeocin, or spectinomycin. n some
emboidments, the transgene encode insulin, ¢.g., human insulin. In some embodiments the
transgene encode an interferon, e.g., o human interferon alpha, such as IFNAZ. In some
embodiments, the transgene encodes a human tissue plasminogen aclivator, for example, a
10 truncated human tissue plasminogen activator (K28, reteplase), which includes the Kringle 2
domain and the serine protease domain. In some embodiments, the transgene encodes a
SARS-CoV2 receptor binding domain. In other embodiments, the transgene encodes a a

Tetanus Toxin Fragment C polypeptide.

[6613] In another aspect, the disclosure provide a host cell comprising an expression

(93}

construct as described herein, e g., in the preceiding paragraph. In some embodiments, the
host cell is a cvanobacteria host cell, such as a single celled cyanobacteria, e.g, a
Synechococcus sp., a Thermosynechococeus elongatus, a Synechocystis sp., or a Cyanothece
sp. In some embodiments, the cyanobacteria are micro-colonial cyvanobacteria, e.g.. a
Gloeocapsa magma, Gloeocapsa phylum, Gloeocapsa alpicola, Gloeocpasa atrata,

20 Chroococcus spp., or Aphanothece sp. In sore emboidments, the cvanobacteria is a
filarnentous cyanobacteria, such as an Oscillatoria spp., a Nostoc sp., an Anabaena sp.. ot an

Arthrospira sp.

[6614] In further aspects, provided a cvanobacterial cell culture comprising cvanobacteria
genetically modified as described herein to produce a biopharmaceutical protein, g, as
described in the preceding paragraph. in some embodiments, the disclosure provide a

photobioreactor containing such a cyvanobacterial cell culture,

6015} In an addition as expect, the disclosure provides a method of exprassing a transgene
at high levels, the method comprising culturing a cyanobacterial cell culture as described
herein, e.g., 1n the preceding paragraph under conditions in which the transgene 1s expressed.
30 [0016]  In a further aspect provided herein 1s a method of modifving a cvanobacterial cell to

express a transgene at high levels, the method comprising introducing an expression construct

as described herein, e. g, in the preceding paragraphs, into the cell.

6
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[3617] In other aspective provided herein is an isolated fusion protein comprising a
biopharmaceutical protein to be expressed in cyanobactena fused to the 3 end of a
heterologous protein that 1s expressed in cvanobacteria at a level of at least 1% of the total

cellular protein. In some embodiments, the heterologous protein is a native cyanobacteria

Wh

protein.

[6618] In afurther aspect, provided herein is a cvanobacterial host cell comprising an
expression unit comprising: (1} a nucleic acid sequence comprising a transgene that encodes a
hiopharmaceutical protein, wherein the transgene is fused to the 3” end of a nucleic acid
sequence that encodes a cyanobacteria B-subunit of phycocvanin {cpcB) polvpeptide o

10 produce a fusion polypeptide comprises ¢pcB and the biopharmaceutical protein; (it} a
nucleic acid sequence encoding a cyanobacteria a-subunit of phycocvanin (cpcA)
polvpeptide; and (111) a nucleic acid sequence encoding a cyvanobacterial cpeCl, cpeC2 and
cpcld polypeptide. In some embodiments, the recombinant expression unit is operably linked
to an endogenous cvanobacteria cpc promoier. In some embodiments, the transgene encodes

15 anative human interferon polypeptide. In some ermsbodiments, the transgene encodes an
interferon polypeptide having at least 95% identity to SEQ 1D NO:1. In some embodiments,
the fusion protein comprises a protease cleavage site, e.g., a Factor Xa cleavage site, between
cpeB and the mterferon polvpeptide. In sormne embodiments, the transgene encodes a native
human tissue plasrainogen activator (tPA) polypeptide or truncated native human tPA

20 polypeptide. In some embodiments, the transgene encodes a tPA polvpeptide having at least
95% identity o the region of SEQ ID N{O:2 that facks the signal peptide or having at least
959% identity 1o SEQ D NO:3. In some embodiments, the fusion protein comprises a
protease cleavage site, e.g., a Factor Xa cleavage site, between cpcB and the tPA polypeptide.
In some embodiments, the {ransgene encodas a native Tetanus Toxin Fragment C (TTFC)

25 polypeptide or a TTFC polypeptide baving at least 95% identity to SEQ TD NGO 15, In some
embodiments, the fusion protein comprises a protease cleavage site, 2.2, a Tobacco Etch
virus {TEV) cleavage site, between cpeB and the TTFC polvpeptide. In some embodiments,
the transgene encodes a native Cholera Toxin Fragment B polypeptide or a Cholera Toxin
Fragment B polypeptide having at least 95% identity to SEQ 1D NO: 18, In some

30  embodiments, the fusion protein comprises a protease cleavage site, e.g, a TEV cleavae site,
between cpeB and the Cholera Toxin Fragment B polvpeptide. In some embodiments, the
transgene encodes a native human tnsulin polypepiide. In some embodiments, the transgene

encodes an insulin polypeptide having at least 95% 1dentity to SEQ {D NG:4. Insome

~J
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emobdiments, the fusion protein comprises a protease cleavage site, e.g., a Factor Xa
cleavage site, between the cpeB and insulin polypeptide. In some embodiments, the transgene
encodes a SARS-CoV2 polvpeptide having at least 95% identity to SEQ ID NO: 16 or 17 In

some embodiments, the fusion protein comprises a protease cleavage site between cpcB and

Wh

the SARS-CoV?2 polypeptide. In some embodiments, an expression unit as provided herein
comprises an antibiotic resistance gene, e.g, a chloramphenicol or streptomy cin antibiotic

resistance gene, between the transgene and cpcA.

BRIEF DESCRIPTION OF THE DRAWINGS
[6619]  FiG, 1. Schematic overview of DNA constructs designed for the transformation of

10 the Synechocystis PCC 6803 {Svnechocystisy genome. (A) The native cpe operon, as it oceurs
in wild type Synechocystis. This DNA sequence and associated strain are referred to as the
wild type (WT). (B) Insertion in the cpc operon of the codon-optimized human interferon
{{FNy gene followed by the chloramphenicol (cmi) resistance cassetie in an operon
configuration, replacing the phyecocyanin-encoding B-subunit cpeB gene of Synechocystis.

15 This DNA construct is referred to as /AN (C) Insertion in the ¢pe operon of the codon-
optimized /7N gene imumediately downsiream of the phycocyanin-encoding B-subunit cpeB
gene of Synechocystis, followed by the emR resistance cassette, in an operon configuration.
This DNA construct is referred to as ¢peB-TFN, (D) Insertion 1n the ¢pe operon of the codon-
optimized /FN gene as a fusion construct with the phycocvanin-encoding B-subunit cpeB

20 gene, with the latter in the leader sequence position. The fusion construct cpeB */FN was
followed by the cmR resistance cassette tn an operon configuration. cpeB and JFN genes were
linked by the DNA sequence encoding the Factor Xa cleavage site. The latter comprises the

sp-Gily-Arg amino acid sequence. This DNA construet s referred to as the

25 0020  FIG. 2. Genomic DNA PCR analysis testing {or transgenic DNA copy homoplasmy
in Synechocystis transformants. Wild type and transformant strains were probed in genonuc
DNA PCR reactions for product generation and transgenic DNA segregation. Primers <cpc-
us for> and <cpcA rev> showed substantially different and unique products in the wild type
and the different transformants comprising the constructs of Fig. 1. Wild type PCR products

30 had a 1,289 bp size, whereas the IFN, cpcB-1FN, and the cpcB*IFN transformants generated
2,094, 2,723, and 2,619 bp size products, respectively. Absence of wild tvpe products from

the latter was evidence of DNA copy homoplasmy for the transformants. {The cpeB-1FN
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construct generated a product size slightly larger than that of the cpcB*IFN because it
contained the Synechocystis native cpeB-cpcA intergenic DNA sequence. Please see gene

nucleotide sequences in the Supplementary Matenals.)

{6021} FIG. 3. Coloration of celis from photoautotrophically-~grown ligud cultures
showing a blue-green wild tyvpe (WT) phenotype, and greenish phenotype for the IFN, CpcB-
IFN, and CpcB*IFN-~-containing transformants. The latier did not assemble phyvcocyanin rods,

hence the absence of the distinct blue cyanobacterial coloration from the cells.

{60221 FIG. 4, Protein expression analysis of Synechocystis wild type and transformants.
(A} Total cellular protein exiracts were resolved by SDS-PAGE and visualized by
Coomassie-stain. Two independent replicates of total protein extracts from wild type (WT),
and IFN, CpcB-IFN and CpeB*IFN transformant cells were loaded onto the SDS-PAGE.
Individual native and heterclogous proteins of interest are indicated to the right of the gel.
Sample loading corresponds t0 0.25 ug of chlorophyll. Note the clear presence of a
heterologous protein migrating {0 ~36 kDD in the CpcB¥IFN fusion exiracts. (B) Total protein
extracts of {A) were subjected to Western-blot analysis with loading of the lanes as per Fig.
4 A Specific polvclonal antibodies against the human IFN protein were used to probe target
proteins. Sample loading corresponds to 0.25 ug of chiorophyil. Note the specific antibody
cross-reaction with proteins nugrating to ~36 and ~108 kD) in the cpcB*IFN fusion and the
absence of a cross reaction with any protein from the IFN and cpcB-IFN transformant cells.

The latter do not seem to make / accumulate IFN.

[6023] FIG. 8. Protein expression analysis of Synechocystis wild type (WT) and
transformants harboring the cpeB*IFN fusion construct. Total cellular protein extracts were
resolved by SDS-PAGE and visualized by Coomassie-stain. Two different versions of the
IFN gene were used: the human native IFN™ and the Synechocystis codon-optimized IFN
gene. Note the presence of heterologous proteins migrating to ~36 kD (CpcB*IFN) and ~23
kD (CmR) 1o the transformants but not in the wild tvpe. Also note the presence of the ~19 kD
CpcB B-subunit and the ~17 kDb CpcA a-subunit of phycocyanin in the wild type but not in
the transformants. Sample loading corresponds to 0.5 pg of chlorophyll. Quantification of
the CpcB*IFN protein accurnulation relative to that of the Rubisco large subunit (Rbel) is

given in the results of Table 1.

{3024} FIG. 6. Protein expression analysis of Synechocystis wild type (W'T) and

transformants harboring the cpeB*FN fusion construct. Total cellular protein extracts were

9
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resolved by SDS-PAGE and visualized by Coomassie-stain. Two different versions of the
fuston construct were used comprising the CpeB*IFN fusion and the more extensive
cpeB*His*Xa* [N fusion configuration, followed by the cm# resistance cassette. Equivalent

amount of the CpcB*IFN and the CpcB*His*Xa*IFN fusion proteins were expressed in

Wh

Svnechocystis. Individual native and heterologous proteins of interest are indicated to the

right of the gel. Sample loading corresponds to 0.25 pg of chlorophvil.

[6025] ¥FiG. 7. Batch-scale purification of the recombinant CpcB*His*Xa*IFN protein
through cobalt affinity chromatography. Protemn purification was conducted employing a
small amount of resin as solid phase. The latter was mixed and incubated with the cell
10 extracts. The resin was pelleted and washed repeatedly with buffers containing inndarole at
different concentrations.
Lane 1 shows the cell extracts {upper panel) and the resin peliet (lower panel} of the
wild type, CpcB*IFN, and CpcB*His*Xa*TFN fusion construct cells prior to incubation with

the resin. Note the natural pink coloration of the latter.

-
(93}

Lane 2 shows the cell extracts {(upper panel} and the resin pellet (lower panel} of the
wild type, CpeB*IFN, and CpcB*His*Xa*IFN fusion construct cells following a S-min
incubation with the resin n the presence of 10 mM imidazole. Note the blue coloration of the
resin and the green coloration of the supernatant.

Lanes 3-5 show the remaining cell exiracts (upper panel} and the resin pellet (lower
20 panel) of the wild type, CpcB*IFN, and CpcB*His*Xa*IFN fusion construct cells following

a consecutive wash of the resin three times with a buffer containing 10 mM of mudazole.

Note the resulting clear supernatant and the pink coloration of the resin after the third wash

(lane 3) for the wild type and CpcB*IFN, suggesting absence of His-tagged proteins. Also

note the blue coloration of the resin in the CpeB*His*Xa*IFN sample, which was retained in

25 this pellet (lanes 3-3) m spite of the repeated wash, suggesting the presence of resin-bound
bhie-colored His-tagged proteins.

Lanes 6-8 show the subsequeni extracts (upper panel) and the resin pellet (fower

panel) of the wild type, CpcB*IFN, and CpeB*His* Xa™IFN fusion construct cells following

a wash three times with a buffer containing 250 mM of inidazole, designed to dissociate His-

30 tagged proteins from the resin. Note the bluish supemnatant in lanes 6 and 7 and the

corresponding loss of the blue color from the resin pellet, suggesting the specific removal of

His-tagged proteimns from the resin.

10
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[3626] FIG. 8. Coomassie-stained 5BS-PAGE gel analysis of fractions eluted with
different imidazole concentrations. Fractions were obtained upon affinity chromatography
purification as shown in Fig. 7. Samples were loaded on a per volume basis. Note the ~108,

~38, and ~17 kD proteins eluted from the CpcB*His*Xa*IFN extract (marked with arrows).

(6627} ¥FiG. 9. Absorbance spectra of purified Synechocysiis complexes. (A) Absorbance
spectra of eluent Bl fractions from wild tvpe, CpcB*IFN, and CpcB*His*Xa*TFN samiples,
as shown i Fig. 8. (B) Absorbance spectra of cellular protein extracts from wild type, Acpe

deletion omptant (Kirst et al , 2014} and CpeB*His*Xa*IFN transformant cells.

[0028] FIG. 10. Column-based purification of the CpcB*His*Xa™IFN fusion protein
through cobalt affinity chromatography.

Lane 1, upper panel, shows the CpcB*His*Xa*IFN cell extracts in the presence of S
mh tmidazole prior to resin application. Lane 1, lower panel, shows the SDS-PAGE protein
profile of these extracts, indicating presence of all Svnechocystis proteins.

Lane 2, apper panel, shows the CpcB*His*Xa*IFN cell extracts after incubation with
the resin but prior to washing with additional tmidazole applications. Lane 2, lower panel,
shows the SDS-PAGE protein profile of these extracts, obtained upon a prior removal of the
resin from the mix, mdicating presence of all Synechocystis proteins.

Lanes 3-6, upper panel, show the CpcB*His*Xa*[FN cell extracts that passed through
the resin upon four consecutive washes with 5 mM imidazole and. lower panel, the SDS-
PAGE protein profile of these extracts, showing a steep depletion (from lane 3 {o lane 6) of
total protein.

Lanes 7-9, upper panel, show the further removal of resin-bound proteins from the
CpcB*His*Xa*1FN cell extracts that eluted upon three consecutive washes with 250 mM
inadazole and, lower panel, the SDS-PAGE protein profile of these extracts, showing
substantial enrichment i mainly four proteins with apparent molecular weights of 108, 36,
27, and 17 kDD, The majority of these proteins were eluted with the first application of the 250

mM 1midazole solution.

[6029] FIG. 11, (A) SDS-PAGE and Coomassie-staining analysis of Synechocystis wild
type, CpcB*IFN, and CpeB*His*Xa*IFN total cell extract, and of proteins eluted from the
resin colunmn upon application of 250 mM inudazole. (B) Western blot analysis with specific

IFN polyclonal antibodies of the proteins resolved in (A}, Note the heterclogous ~36 kD

1
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CpeB*His*Xa*IFN and the ~108 kI} putative CpcB*His*Xa*IFN trimer (marked by

arrowheads).

[3030] FIG. 12, (A) SDS-PAGE and Coomassie-stain analysis of Synechocystis wild type,
CpcB*His*Xa*IFN, and resin-eluted proteins. (B) SDS-PAGE and Zinc-stain analysis of
Svnechocystis wild tvpe, CpcB*His*Xa*IFN, and resin-eluted proteins. Zn-staining is
designed to highlight the presence of bilin tetrapyrrole pigrents. Individual native and

heterologous proteins of mterest are indicated to the rnight of the gels.

[0031] FIG. 13, (A) Map of the npr/*IEN fusion construct i the ¢pce operon locus. Note
the presence of the His-tag and the Xa protease cleavage site in-between the two genes in the
fuston. {B) SDS-PAGE and Coomassie staining of the protein extracts from wild type (WT),
the cpeB*His *Xa*IFN, and two independent lines of the npt! *His *Xa *TFN transformants.
{C) Western blot analysis of a duplicate gel as the one shown in (B). Specific anti-IFN
polyclonal antibodies were used in this analysis. Note the specific antibody cross reactions
with protein bands mugrating to ~36 kD (CpcB*His*Xa*IFN) and ~46 kD
(NptI*His*Xa*IFN). Also note the antibody cross reactions with protein bands of higher

molecular mass.

(3632} FIG. 14, Efficacy of mterferon in preventing encephalomyocarditis virus (EMC)
nfection of human lung cells {A349), as performed by a PBL Assay Science, Piscataway, NJ
USA test. (Diamonds) TFN titration curve using a standard recombinant interferon. (Squares)
IFN titration curve using the cyanobacterial CpcB*His* Xa*[FN fusion interferon. The
analysis showed that 0.002 ng/mL of a standard recombinant inferferon was needed to cause
50% ntubition m EMC mnfection, whereas 0.0875 ng/mL of cvanobacterial

CpeB*His*Xa*IFN fusion interferon was required to cause 50% inhibition in EMC infection.

[6033] FIG, 18, (A) Map of the cpeB *His *Xa*K 25 fusion construct in the ¢pe operon
focus. Note the presence of the His-tag and the Xa protease cleavage site in~behween the two
genes in the fusion. (B) SDS-PAGE and Coomassie stain of the protein extracts from wild
type {WT), and three independent lines of the cpeB*His *Xa*K 28 transformant. {C} Western
blot analysis of a duplicate gel as the one shown in {(B}. tissue-Plasminogen Activase
recognizing polvclonal antibodies were used in this assay. Note the specific antibody cross

reactions with protein bands migrating to ~58.9 kD protein band in the K28 transformants.
[6034] FiG, 16 (A) Map of the cpeB*INS tusion construct in the ¢cpc operon locus. (B)

SDR-PAGE and Coomassie stain of the protein extracts from wild type {(WT), a CpcB*INS

12
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(insulin) containing {ransformant and, for comparison purposes, a CpeB*PHLS (B-
phellandrene synthase) transformant. Note the 19 kD B-subunit and 17 kD g-subunit of
phycocyanin in the wild type, the ~27 kDD CpcB*INS (msulin} in the cpeB*INS transformant,
and the ~84 kD CpcB*PHLS protein in the cpeB*PHLS transformant.

Wh

[6835] FIG. 17, (A) Map of the cpeB*L 7¥His*TEV*TTHC fusion construct in the ¢cpe
operon locus, including a linker of seven aminoacids (1.7) and a Fisx6-tag (His). (B, left
panel) SDS-PAGE and Coomassie stain analysis of the protein extracts from wild type (WT),
the LTV recipient strain, and three Synechocystis fransformant lines of the
cpeB*L7T*HiIs*TEV*TTFC (Tetanus Toxin Fragment C). Note the presence of the 19 kDb

10 CpeB B-subunit and 17 kD CpcA a-subunit of phycocyanin in the wild type only, the ~72 kD3
cpeB*L7*His*TEV*TTFC protein (denoted as ¢cpeB*TTFC) in the TTFC transformants, and
the ~55 kD RBCL (large sububit of Rubisco) protein in all strains. Hashtag (#) denotes the
electrophoretic mobility position of the cpeB*L7*TEVFISPS fusion protein from the
respective isoprene synthase (/8P8)-containing strain that was used as the recipient strain of

the cpeB*L7*His *TEV*TTEC construct. Densitometric analysis of the SDS-PAGE

U
(93}

Coommasste stain showed that the cpcB*L7*His*TEV*TTFC fusion protein accounted for
about 28% of the total cell protein. (B, right panel) Western blot analysis of the protein
profile shown in B (feft panel), probed with specific polyvclonal antibodies agains the TTFC
polypeptide. Note the antibody cross reaction with the 72 kD CpcB*L7*His*TEV*TTFC
20 fusion protein, the ~290 kD putative tnimeric [CpcB*L7*His* TEV*TTFC X3 undissolved

fusion protein complex, plus some lower molecular size putative proteclysis fragments.

[0036] FIG. 18, (A) Map of the cpeB*L7¥His *TEV*RBD fusion construct i the ¢pe
operon locus, including a linker of seven amino acids (L.7), a Hisx6-tag (His) and the TEV
cleavage site {TEV), followed by the Receptor Binding Bomain (RBD) of the 81 protein

25 fromthe SARS-CoV-2. (B, left panel) SDS-PAGE and Coomassie stain of the protein
extracts from wild type (W), the LTV recipient strain, and a Synechocysiis transformant line
harboring the cpeB*L7*His *TEV*RBD fusion protein (RBD). The arrow points to the
electrophoretic mobility of the 45 kD RBD fusion protein. (B, center panel). Westem blot
analysis of the protein profile shown in B (left panel), probed with specific polyclonal

30 antibodies agains the leader Cpch protein in the fusion construct. Note the antibody cross
reaction with the 45 kD cpeB*L7*His*TEV*RBD fusion protein. (B, right panel) SDS-
PAGE and Zinc-stain analvsis of Synechocysiis expressing the LTV and RBD fusion

construct phenotypes. Zn-staining is designed to highlight the presence of bilin tetrapyrrole

13
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pigments. Note the Zn-staining of a band at 45 kD in the RBD expressing transformant, and

the staming of a band migrating to ~85 kD in the LTV (cpcB*L 7*REV*SPS) transtormant.

(3837} FIG. 19, Panels A-D provide schematics of illusirative expression construcis,

DETAILED DESCRIPTION OF THE INVENTION
[B038] The term “naturally-occurning” or “native” as used herein as applied to a nucleic
acid, a protein, a cell, or an orgamsm, refers to a nucleic acid, protein, cell, or organism that
is found in nature. For example, a polvpepiide or polynucleotide sequence that is present in
an organism that can be 1solated from a source in nature and which has not been intentionally

modified by a human in the laboratory is naturally occurring.

[3639]  The term “heterologous nucleic acid,” as used herein, refers to a nucleic acid
wherein at least one of the following is true: (a) the nucleic acid is foreign (“exogenous™) to
(i.e., not naturally found in) a given host microorganism or host cell; {b) the nucleic acid
comprises a nucleotide sequence that is naturally found in (2.g., is “endogenous t0™) a given
host microorganisim or host celi (e g, the nucleic acid comprises a nucleotide sequence
endogenous to the host microorganism or host cell. In some embodiments, a “heterologous™
nucleic acid may comprise a nucleotide sequence that differs in sequence from the
endogenous nucleotide sequence but encodes the same protein thaving the same amino acid
sequence} as found endogenously; or two or more nucleotide sequences that are not found in
the same relationship to each other in nature, e.g., the nucleic acid is recombinant. An
example of a heterologous nucleic acid is a nucleotide sequence encoding a fusion protein

comprising two proteins that are not joined to one another in nature,

[6040] The term “recombinant” polvnucleotide or nucleic acid refers to one that is not
naturally occurring, e.g., 15 made by the artificial combination of two otherwise separated
segments of sequence through human intervention. This artificial combination 18 often
accomplished by either chemical synthesis means, or by the artificial manipulation of isolated
segments of nucleic acids, e g, by genetic engineering technigques. A “recombinant” protein
is encoded by a recombinant polvnucleotide. In the context of a genetically modified host

cell, a “recombinant” host cell refers to both the original cell and s progeny.

[6041] As used herein, the term “genetically modified” refers to any change in the
endogenous genome of a cyanobacieria cell compared to a wild-lype cell. Thus, changes that

are introduced through recombinant DNA technology and/or classical mutagenesis
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techniques are both encompassed by this term. The changes may involve protein coding
sequences or non-protein coding sequences such as regulatory sequences as promoters or

enhancers.

[B0842] An “expression construct” or “expression cassette” as used herein refers fo a
recombinant nucleic acid construct, which, when introduced into a cyanobacterial host cell in
accordance with the present invention, results in increased expression of a fusion protein
encoded by the nucleic acid construct. The expression construct may comprise a promoter
sequence operably linked to a nucleic acid sequence encoding the fusion protein or the
gxpression cassette may comprise the nucleic acid sequence encoding the fusion protein
where the construct is configured {o be inserted into a location in a cyanobacterial genome
such that a promoter endogenous to the cyanobacterial host cell 1s emploved to drive
expression of the fusion protein. An “expression umii” as used herein refers to a minimal
region of a polynucleotide that is expressed that provided for high level prolein expression,
which comprises the polvnucleotide that encodes the fusion protein, as well as other genes,
e.g., cpcA and cpe operon genes encoding ¢pc linker polypeptides CpcC2, CpcCl, and Cpch.
In some embodiments, the expression unit additionally include a gene encoding an antibiotic
resistance polvpeptide, such as a chloramphenicol resistance gene or streptomycin resistance
gene. The expression unit may also comprise additiona sequences, such as nucleic acid
sequences encoding a protease cleavage sites, a linker polypeptide, or a polvpeptide tagging

sequence, such as a His tag,

[6643] By “construct” is meant a recombinant nucleic acid, generally recombinant DNA,
which has been generated for the purpose of the expression of a specific nucleotide

sequence(s), or is 1o be used in the construction of other recombinant nucleotide sequences.

(3844} As used herein, the term “exogenous protein” refers {0 a protein that is not normally
or naturally found in and/or produced by a given cyanobacterium, organism, or cell in nature,
As used herein, the term “endogenous protemn” refers to a protein that is normally found 1n

and/or produced by a given cyanobacterium, organism, or cell in nature,

[6845] An “endogenous” protein or “endogenous’ nucleic acid is also referred to as a

“native” protein or nucleic acid that 1s found in a cell or organism in nature.

[6646] The terms “nucleic acid” and “polynucleotide” are used synonvmously and refer to
a single or double-stranded polymer of deoxyribonucleotide or ribonucieotide bases read

from the 5' to the 3' end. A nucleic acid of the present invention will generally contain
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phosphodiester bonds, although in some cases, nucleic acid analogs may be used that may
have alternate backbones, comprising, e.g., phosphoramdate, phosphorothicate,
phosphorodithioate, or O~-methylphophoroarmdite linkages (see Eckstein, Oligonucleotides
and Analogues: A Practical Approach, Oxford University Press); and peptide nucleic acid
backbones and hinkages. Other analog nucleic acids include those with positive backbones;
non-tonic backbones, and non-ribose backbones. Thus, nucleic acids or polynucleotides may
also include modified nucleotides, that permit correct read through by a polymerase.
“Polynuclestide sequence” or “nucleic acid sequence” may include both the sense and
antisense strands of a nucleic acid as either individual single strands or in a duplex. As will
be appreciated by those in the art, the depiction of a single sirand also defines the sequence of
the complementary strand; thus the sequences described herein also provide the complement
of the sequence. Unless otherwise indicated, a particular nucleic acid sequence also
imnphcitly encompasses conservatively modified variants thereof {e.g., degenerate codon
substitutions) and complementary sequences, as well as the sequence explicitly indicated.
The nucleic acid may be DNA, both genomic and ¢cDNA, RNA or a hybrid, where the nucleie
acid may contain combinations of deoxyribo- and ribo-nucleotides, and combinations of
bases, mcluding uracil, adenine, thymine, cytosine, guamne, inosine, xanthine hypoxanthine,

1socytosine, isoguanine, etc.

{6847} The term “promoter” or “regulatory element” refers to a region or sequence
determinants located upstream or downstream from the start of transcription that are involved
in recognition and binding of RNA polymerase and other proteins to tnitiate transcription. A
“cyanobacteria promaoter” is a promoter capable of mitiating transcription in cyanobacteria
cells. Such promoters need not be of cyanobacterial ongin, for example, promoters denved

from other bacteria or plant viruses, can be used in the present invention.

[B048] A polynucleotide sequence 1s “heterologous t0” a second polvnucleotide sequence if
it originates from a foreign species, or, if from the same species, is modified by human action

from its original form. For example, a promoter operably linked to a heterologous coding

sequence refers 1o a coding sequence from a species different from that from which the
prorooter was derived, or, if from the same species, a coding sequence which s different from

any naturally occurring allelic variants.

[3849] Two nucleic acid sequences or polypeptides are said to be “identical” if the

sequence of nucleotides or amino acid residues, respectively, in the two sequences 1s the
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same when aligned for maximum correspondence as described below. The term
“complementary 107 1¢ used herein to mean that the sequence 1s complementary o all ora

portion of a reference polynucleotide sequence.

[3050] Optimal alignment of sequences for comparison may be conducted by the local
homology algorithm of Smith and Waterman Add. 4P, Marth. 2:482 {1981}, by the
homwology alignment algorithm of Needle man and Wunsch J. Mol Biol 48:443 (1970), by
the search for stomlarity method of Pearson and Lipman Proc. Natl. Acad. Sci (U8 A BS:
2444 (1988), by computerized implementations of these algorithms (GAP, BESTFIT,
BLAST, FASTA, and TFASTA in the Wisconsin Genetics Software Package, Genetics
Computer Group (GCG), 575 Science D, Madison, W), or by inspection.

[B051] “Percentage of sequence identity” 1s deternined by comparing two optimally
aligned sequences over a comparnison window, wherein the portion of the polynucleotide
sequence in the comparison window may comprise additions or deletions (i.e., gaps) as
compared to the reference sequence (which does not comprise additions or deletions) for
optimal alignment of the two sequences. The percentage s calculated by deternuning the
number of positions at which the identical nucleic acid base or amino acid residue occurs in
both sequences to vield the number of matched positions, dividing the number of matched
positions by the total number of positions in the window of comparison and multiplying the

result by 100 to vield the percentage of seguence identity.

[6052] The term “substantial identity” in the context of polynucleotide or polypeptide
sequences means that a polvnucieotide or polypeptide comprises a sequence that has at least
50% sequence identity 10 a reference nucleic acid or polvpeptide sequence. Altematively,
percent identity can be any integer from 40% to 100%. Exemplary embodiments include at
feast: 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 99% compared {0 a
reference sequence using the programs described herein; preferably BLAST using standard

parameters, as described below.

[6053] Another mdication that nucleotide sequences are substantially identical is if two
molecules hybridize to each other, or a third nucletc acid, under stringent conditions.
Stringent conditions are sequence dependent and will be different in different circumstances.
Generally, stringent conditions are selected to be about 5°C lower than the thermal melting
point {Tm) for the specific sequence at a defined ionic strength and pH. The Tmis the

temperature (under defined ionic strength and pH) at which 50% of the target sequence
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hybridizes to a perfectly matched probe. Typically, stringent conditions will be those in
which the salt concentration 13 about 6.02 molar at pH 7 and the temperature 1s at least about

60°C.

[0054] The term “isolated”, when applied to a nucleic acid or protein, denotes that the
nucleic acid or protein is esseniially free of other cellular components with which it is
associated n the natural state. It is preferably in a homogeneous state and may be in either a
dry or aqueous solution. Purity and homogeneity are typically deternuned using analviical
chenistry technigues such as polyacrylamide gel electrophoresis or high-performance ligud
chromatography. A protein which s the predominant species present in a preparation is
substantially purified. In particular, an isolated gene 15 separated from open reading frames

which flank the gene and encode a protein other than the gene of interest.

I6055] The term “reactor” as used herein refers to the vessel in which cvanobacteria are

2rown,
Introduction

[6656] The present invention is based, n part, on the discovery of fusion protein constructs
that can be used in cyanobacteria as transgenic protein over-expression vectors o provide
high levels of transgenic animal proteins, e.g., interferons, insulin, or t(PA polyvpeptides.
Expression of transgenes in cvanobacteria using such vectors results in high levels of

accumulation of a protein encoded by the transgene.

[B057] A tusion protem of the present invention comprises a protein that is to be expressed
in cyanobacteria, typically a non-native protein that is not expressed in cyanobacteria, e g, a
plant protein fused to a protein that is expressed at high levels in cyanobacteria. In the
context of the present invention, a protein that is “expressed at high levels in cyanobacteria”
refers o a protein that accumulates fo at least 1%. Such proteins, when fused at the N-
terminus of a protein of interest o be expressed in cvanobacieria, are aiso referred 1o herein
as “leader proteins”, “leader peptides™, or “leader sequences”. A nucleic acid encoding a
leader protein 1s typically referred to herein as a “leader polvnucleotide” or “leader nucleic

acid sequence” or “leader nucleotide sequence”.
[6058] In some embodiments, a protein that is expressed at high levels is a naturally
occurring protein that 15 expressed at high levels in wild-type cyanobacteria, and is used as

endogenous “leader polyvpeptide sequence” 1n the cyanobacterial strain of origin. Such
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proteins include, e 2., a phycocyanin B-subunit (cpcB), a phycocyanin a-subunit (cpcA), a
phycoerythrin a-subumi {cped), a phycoervthrin B-subunit {cpeB), an allophycocyanin a-
subunit {apcA), an allophycocyanin B-subunit (apcB), a large subunit of Rubisco (rbcl), a
small subunit of Rubisco {tbeS), a photosystem H reaction center protein, a photosystem |
reaction center protein, or a rpl or 1ps cvanobactenial ribosomal RNA protein. In some
embodiments, a protein that 13 expressed at high levels is a naturally occurring protein that is
expressed at high levels in wild-type cvanobacteria, and 1t is used as heterologous leader

sequence in a different cvanobacterial strain.

[3659]  In some embodiments, a protein that is expressed at high fevels is an exogenous
protein that the cyanobacteria have been genetically modified to express at high levels. For
exarmple, proteins that provide for antibiotic resistance that are expressed to high levels in
cvanobacieria, e.g., a bacterial kanamycin resistance protein, NPT, or a bacterial

chloramphenicol resistance protein, CmR, may be used as a leader sequence.

(6660} The mmvention additionally provides nucleic acids encoding a fusion protein as
described herein, as well as expression constructs comprising the nucleic acids and host cells
that have been genetically modified to express such fusion proteins. In further aspecis, the
invention provides methods of modifving a cyanobacterial cell to overexpress a protein of
interest using an expression construct of the invention and ruethods of producing the protein
of interests and products generated by the proteins using such genetically modified

cvanobacterial cells.

[6861] The invention employs various routing recombinant mucleic acid techniques.
Generally, the nomenclature and the laboratory procedures in recombinant DNA technology
described below are those commonly emploved in the art. Many manuals that provide
direction for performing recombinant DNA manipulations are available, e.g., Sambrook,
Molecular Cloning, A Laboraiory Manual (4th Ed, 2012}; and Current Protocols in Molecular

Biology (Ausubel et al.. eds., 1994-2015).
Proteins expressed at high levels in cyansbacteria

6062} In the present invention, nucleic acid constructs are created in which a
polynucleotide sequence encoding a protein of interest is fused to the C-terminal end of a
polynucleotide that encodes a leader protein, 1.e., a protein that is expressed at high levels in

cyanobacteria as described herein. The protein of interest 1s then also expressed at hagh
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fevels in conjunction with the leader sequence. In the context of the invention, a protein that
1s “expressed at high levels” in cyanobacteria refers to a protein that 15 at least 1%, typically
at least 2%, at least 3%, at least 4%, at least 5%, or at least 10%, or greater, of the total
protein expressed in the cyanobacteria. Expression levels in cyanobacteria may be evaluated
in cells that are logarithmically growing, but may be alternatively determined in cells ina
stationary phase of growth. The level of protemn expression can be assessed using various
techiiques. In the present invention, high level expression is typically determined using SDS
PAGE analysis. Following electrophoresis, the gel is stained and the level of proteins

assessed by scanming the gel and quantifving the amount of protemn using an image analyzer,

[3863] In some embodiments, aleader sequence in accordance with the invention encodes
a naturally occurring cvanohacteria protein that 1s expressed at high levels in native
cvanobacieria. Thus, in some embodiments, the protein is endogenous to cvanobacieria.
Examples of such proteins include cpeB, cped, cpeA, cpeB, apcA, apeB, rbel, tbeS, psbA,
rpl, or rps. In some embodiments, the leader sequence encodes less than the full-length of the
protein, but typically comprises a region that encodes at least 25%, typically at least 50%, or
at least 75%, or at least 90%, or at least 95%, or greater, of the length of the protein. As
appreciated by one of skill in the art, use of an endogenous cyanobacterial polynucleotide
sequence for constructing an expression consiruct in accordance with the invention provides a
sequence that need not be codon-optimized, as the sequence is already expressed at high
levels in cyanobacteria. Examples of cyanobacterial polynucleotides that encode epeB, epcA,
cpeA, cpeB, apcA, apcB, rbcll, rbeS, psbA, mpl. or rps are available at the website
www.genome. microbedb jp/cvancbase under accession mumbers, as follows:

s cpeA: Synechocystis sp. PCC6RO3 sll1578, Anabaena sp. PCCT120 arl(0529,
Thermosynechococcus elongatus BP-1 1938, Synechococcus elongatus PCC6301
sye0493 ¢, sye0300 ¢

»  cpeB: Synechocystis sp. PCC6803 sl1377, Anabaena sp. PCCT120 arl0528,
Thermosynechococcus elongatus BP-1 r1957, Synechococcus elongatus PCC6301
syc496 ¢, sycO501 ¢

e ¢peA: Prochiorococcus marinus SS120 Pro0337, Synechococcus sp. WHS102
SYNW2009, SYNW2G16

e c¢peB: Prochiorococcus marinus S8120 Pro0338, Synechococcus sp. WHE102

SYNW2Z008, SYNW2017

20
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s apcA: Synechocystis sp. PCC 6803, slr2067; Anabaena sp. PCC 7120, ali0450, alr0021;
Synechococcus elongarus PCC 6301, syvel186 d
e apcB: Synechocystis sp. PCC 6803, slr1 986, Anabaena sp. PCC 7120, alr0022,
Synechococcus elongatus PCC 6301, sycl 187 d
5 e tbch RubisCO large subunit: Synechocystis sp. PCC 6803 sir0009
s rbcS RubisCO small subunit: Svnechocystis sp. PCC 6803 sir0012
e 1pl SO8 ribosomal protein of Synechocystis, e.g. sl1803; si1810; ssr1398 and

s 1ps: 308 nbosomal protein of Svnechocystis, e.g. sl11804; sir1984.

10 [8064] The polvnucleotide sequence that encodes the leader protein need not be 100%
identical to a native cvanobacieria polynucleotide sequence. A polvnuciectide variant having
at least 50% identity or at least 60% identity, or greater, io a native cvanobacterial
polynucleotide sequence, e.g., anative ¢pcB, ¢pcA, cped, cpeB, tbel, theS, psbA, mpl, or rps

cyanobacteria polynucleotide sequence, may also be used, so long as the codons that vary

[
(i

relative to the native cyanobacterial polynucleotide are codon optimized for expression in

cvanobacieria and the codons that vary refative to the wild type sequence do not substantially

disrupt the structure of the protein. In some embodiments, a polynuclectide variant that has

at least 70% identity, at least 75% identity, at least 80% identity. or at least 85% identity, or

greater to a native cyanobacterial polynucleotide sequence, e.g., anative cpeB, cpcA, cped,

20 cpeB, rbel, rbeS, psbA, rpl, or rps cyanobacteria polvnucleotide sequence, is used, again
maintaining codon optinuzation for cyanobacteria. Tn some embodiments, a polynucleotide
variant that has least 90% identity, or at least 95% identity, or greater, {0 a native
cyanobacterial polynucleotide sequence, e g, anative cpeB, cpcd, cped, cpeB, rbel, rbesS,
psbA, rpl, ot rps cyvanobacteria polvnucleotide sequence, 1s used. The percent identity 15

25 typically determined with reference the length of the polynucleotide that is employved in the
construct, i.e., the percent identity may be over the full iength of a polvnuciectide that
encodes the leader polypeptide sequence, or may be over a smaller length, e g, in
embodiments where the polynucleotide encodes at least 25%, tvpically at least 50%, or at
least 75%, or at least 90%, or at least 953%, or greater, of the length of the protein. The

30 protein encoded by a variant polvnucleotide sequence as described need not retain a

hiological function, however, a codon that varies from the wild-type polynucleotide s

typically selected such that the protein structure of the native cyvanobacterial sequence is not
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substantially altered by the changed codon, e.g., a codon that encodes an amino acid that has

the same charge, polarity, and/or is stmilar in size to the native amno acid 1g selected.
Pl ] ol

[3065] In some embodiments, a polynuclectide variant of a naturally over-expressed (more
than 1% of the total cellular protein) cvanobacterial gene is employed, that encodes fora
polypeptide sequence that has at least 70%, or 80%, or at least 85% or greater identity to the
protein encoded by the wild-type gene. In some embodiments, the polvnucleotide encodes a
protein that has 90% identity, or at least 95% identity, or greater, fo the proten encoded by
the wild-type gene. Variant polvnucleotides may also be codon optimized for expression in

cyanobacteria.

[3866] In some embodiments, a protein that 1s expressed at high levels in cvanobacieria is
not native to cyanobacteria in which a fusion construct in accordance with the invention is
expressed. For example, polynucleotides from bacteria or other organisms that are expressed
at ligh levels in cyvanobacteria may be used as leader sequences. In some embodiments, the
polyvnucleotides from other organisms may be codon-optimized for expression in
cvanohacteria. In some embodiments, codon optimization is performed such that codons
used with an average frequency of less than 12% by Synechocystis are replaced by more
frequently used codons. Rare codons can be defined, e g, by using a codon usage table
derived from the sequenced genome of the host cyanobacterial cell. See, e g., the codon
usage table obtained from Kazusa DNA Research Institute, Japan (website

www.kazusa. or.jp/codon/) used in conjunction with software, e.g., “Gene Designer 2.07

software, from DNA 2.0 {website www dna20.comy) at a cut-off thread of 15%.

{60671 In sorme embodiments, a leader sequence in accordance with the present invention
encodes a protein that confers antibiotic resistance. For example, in some embodiments, the
leader sequence encodes neomycin phosphotransferase e.g., NPT1, which confers neomycin
and kanamycin resistance. Other polynucleotides that may be employed include a
chloramphenicol acetyltransferase polynucleotide, which confers chloramphenicol resistance;
or a polynucieotide encoding a protein that confers streptomycin, ampiciilin, erythromycin,
zeocin, of tetracvcline resistance, or resistance to another antibiotic. In some embodiments,
the leader sequence encodes less than the tull-length of the protein, but typically comprises a
region that encodes at least 25%, typically at least 50%, or at least 75%, or at least 90%, or at
least 95%, or greater, of the length of the protein. In some embodiments, a polvnucieotide

variant of a naturally occwrring antibiotic resistance gene is employed. As noted above, a
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variant polvnucieotide need not encode a protein that retains the native biological function.

A vanant polynucleotide typically encodes a protein that has at least 80% identity, or at least
85% or greater, identily 1o the protein encoded by the wild-type antibiotic resistance gene. In
some embodiments, the polynucleotide encodes a protein that has 90% identity, or at least
95% identity, or greater, to the wild-tvpe antibiotic resistance protein. Such variant
polynucleotides emploved as leader sequence may also be codon-optimized for expression in
cyanobacteria. The percent identity is typically determined with reference to the length of the
polynucleotide that is employed in the construct, i.e., the percent identity mayv be over the full
length of a polynucleotide that encodes the leader polypeptide sequence, or may be overa
smaller length, e 2., in embodiments where the polyonucleotide encodes at least 25%, typically
at least 50%, or at least 75%, or at least 90%, or at least 25%, or greater, of the length of the
protein. A protein encoded by a variant polvnucleotide sequence need not retain a biological
function, however, codons that are present in a variant polyvnucleotide are typically selected
such that the protein structure relative to the wild-type protein structure 1s not substantially
altered by the changed codon, €. g, a codon that encodes an amino acid that has the same

charge, polarity, and/or is simular in size to the native amino acid s selected.

[3068] Other leader proleins can be identified by evalualing the level of expression of a
candidate leader protein in cyanobacteria. For example, a leader polvpeptide that does not
occur in wild type cvanobacteria may be identified by measuring the fevel of protein
expressed from a polynucleotide codon optimized for expression in cyanobacteria that
encodes the candidate leader polvpeptide. A protein may be selected for use as a leader
polvpeptide if the protein accumulates to a level of at least 1%, tvpically at least 2%, at least
%, at least 4%, at least 5%, or at least 10%, or greater, of the total protein expressed in the
cyanobacteria when the polynucleotide encoding the leader polypeptide 1s mtroduced wnto
cyanobacteria and the cyanobactena cultured under conditions in which the transgene s
expressed. The level of protein expression is typically determined using SDS PAGE
analysis. Following electrophoresis, the gel is scanmed and the amount of protein determined

by tmage analysis.
Transgenes

[666%9] A fusion construct of the invention may be employed to provide high lavel
expression in cyanobacteria for any desired biopharmaceutical protein. Thus, for example,

cyanobacteria can be engineered to express an animal biopharmaceutical polypeptide such as

o]
Lod
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an antibody, hormone, cytokine, therapeutic envyme and the like, as a fusion polypeptide
with a prolein expressed at a high level in cvanobactenia, e g. a ¢peB or other protein encoded
by the Cpe operon. In some embodiments the biopharmaceutical polypeptide i1s expressed at
alevel of at least 1%, or at least 5%, or at least 10%, or at least 15%, or at least 20%, of total

cellidar protein as described herein,

(60701  In some embodiments, the nucleic acid sequence encoding the animal, e.g.,
manunalian, biopharmaceutical polypeptide 1s codon-optimized for expression in
cyanobacteria. Alternatively, the nucleic acid sequence need not be codon-optimized, as

high-level expression of the fusion polypeptide does not require codon optimization.

{3071} In some embodiments, the mature form of the biopharmaceutical polypeptide

lacking the native signal sequence is expressed.

[6072] Insome embodiments, the transgene that 1s expressed encodes an interferon, e.g.,

an interferon alpha, such as IFNAZ. In some embodiments, the interferon is interferon-alpha,
such as human interferon o-2. An illustrative polypeptide sequence is available under uniprot
number P01563. The amino acid sequence of a mature form of human interferon alpha-2,
which lacks the signal polypeptide, i1s provided i SEQ ID N(O:1. In some embodiments, the
IFNAZ protein is expressed as a fusion construct with ¢peB, e.g., by replacing the cpeB gene
in the ¢pe operon with a transgene encoding a cpe3 Minterferon fusion construct. In some
embodiments, the transgene encodes an interferon polypeptide fused 1o an antibiotic
resisiance polypeptide, such as Nptl. In some embodiments, such a fusion polypeptide is
introduced into the cpe operon for expression. [n some embodiments, the gene encoding the
Nptl*interferon fusion polyvpeptides is inserted to replace the cpcd gene in the cpe operon. In
some embodiments, the fusion polvpeptide comprises a protease cleavage site such as a
Factor Xa cleavage site or allernative cleavage site, e.g., a Tobaceo Etch Virus (TEV)
cysteine protease cleavage site. Alternatively, the fusion polvpeptide may comprise an
Enteropeptidase, Thrombin, Protease 3C, Sortase A, Genase 1, Intetn, or a Snac-tag cleavage
site {e.g., Kosobokova et al. 2016; Dang et al. 2019}, Tn some embodiments, the fusion

polypeptide may comprise a protfein purification tag, such as a 6XHis tag.

[G873] In some embodiments, the transgene that is expressed encodes a tPA, e.g., a human
tPA lacking a native signal sequence. Human tPA has a molecular weight of about 70kDa in
the single-chain form. The (PA polypeptide had five domains: an N-termunal finger domain,

an eptdermal growth factor domain, a serine protease domain, and Kringle | and Kringle 2
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domains. In some embodiments, the tPA polypeptide that is expressed is a truncated human
tissue plasminogen activator (K28, reteplase), which includes the Kringle 2 domain and the
serine protease domain. Hustrative examples of tPA polypeptide sequences that can be
expressed in accordance with the mvention are shown in SEQ) ID NOS:2 and 3. In some
embodiments, the tPA that is expressed lacks the signal polypeptide. In some embodiments,
the tP A incorporated into the fusion polypeptide has the amino acid sequence of SEQ 1D
NO:3. In some embodiments, the IFNAZ protein is expressed as a fusion construct with
cpeB, e g, by replacing the cpeB gene in the cpc operon with a transgene encoding a
cpeBHPA fusion construct. In some embodiments, the transgene encodes a tPA polypeptide
fused to an antibiotic resistance polypeptide, such as Nptl. In some embodiments, such a
fusion polypeptide is infroduced into the cpe operon for expression. In some embodiments,
the gene encoding the Npt1*tPA fusion polypeptides is inserted {o replace the cpch gene in
the ¢pe operon. In some embodiments, the fusion polypeptide comprises a protease cleavage
site such as a Factor Xa cleavage site or alternative cleavage site, e.g, a TEV cysteine
profease cleavage site. Alternatively, the fusion polypeptide may comprise an
Enteropeptidase, Thrombin, Protease 3C, Sortase A, Genase 1, Intein, or a Snac-tag cleavage
site {e.g., Kosobokova et al. 2016; Dang et al. 2019). In some embodiments, the fusion

polypeptide may comprise a protein purification tag, such as a 6 XHis tag.

{6674} In some embodiments, the transgene that is expressed encodes an insuline.g., a
human insudin. An tllustrative polyvpeptide sequence 1s available under uniprot number
P01308. The amino acid sequence of a mature form of hurnan insulin, which lacks the signal
polvpeptide, is provided in SEQ 1D NO:4. In some embodiments, the insulin protein is
expressed as a fusion construct with cpeB, e.g., by replacing the cpe gene in the cpe operon
with a transgene encoding a epeB*insulin fusion construct. In some embodiments, the
transgene encodes an insulin polypeptide fused to an antibiotic resistance polvpeptide, such
as Nptl. Insome embodiments, such a fusion polypeptide is introduced into the cpe operon
for expression. In some embodiments, the gene encoding the Nptl*insulin fusion
polypeptides 1s inserted fo replace the cpeb gene in the cpe operon. In some ernbodirsents, the
fusion polypeptide comprises a protease cleavage stte such as a Factor Xa cleavage site or
alternative cleavage site, e.g., a TEV cysteine protease cleavage site. Alternatively, the
fuston polypeptide may comprise an Enteropeptidase, Thrombin, Protease 3C, Sortase A,

Genase 1, Intein, or a Snac-tag cleavage site {e.g., Kosobokovaet al. 2016; Dang et al. 2019).
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In some embodiments, the fusion polvpeptide may comprise a protein purification tag, such

as a 6XHis tag.

[B875]  Asnoted above, in some embodiments, the transgene porlion of a fusion construct

in accordance with the invention may be codon optinuzed for expression in cvanobacteria.

Wh

For example, in some embodiments, codon optimization is performed such that codons used
with an average frequency of less than 12% by Synechocystis are replaced by more frequently
used codons. Rare codons can be defined, e g, by using a codon usage table derived from the
sequenced genome of the host cyanobacterial cell. See, e g, the codon usage table obtained
from Karusa DNA Research Institute, Japan (website www . kazusa.orjp/codon/) used in

10 conjunction with software, e.g.. “Gene Designer 2.0 software, from DNA 2.0 {(website
www.dna20.cony) at a cut-off thread of 15%: or the software available at the websiie,

idtdna. cony/CodonOpt.
Preparation of recombinant expression constructs

[6676] Recombinant DNA vectors suitable for transformation of cyanobacteria cells are

15 emploved in the methods of the invention. Preparation of suttable vectors and transformation
methods can be prepared using any number of techniques, including those described, .2, in
Sambrook, Molecular Cloning, A Laboratory Manual (4th Ed, 2012); and Current Protocols
mn Molecular Biclogy (Ausubel et al., eds., 1994-2015). For example, a DNA seqguence
encoding a fusion protem of the present invention will be combined with transcriptional and

20 other regulatory sequences to direct expression in cyanobacteria.

{66777 1In some embodiments, the vector includes sequences for homologous recombination
to insert the fusion construct at a desived site in a cyanobacterial genome, e.¢., such that
expression of the polynucleotide encoding the fusion construct will be driven by a promoter
that is endogenous to the organism. A vector to perform homologous recombination will

25 include sequences required for homologous recombination, such as flanking sequences that

share homology with the target site for promoting homologous recombination.

[B078] Regulatory sequences incorporated info vectors that comprise sequences that are to
be expressed inn the modified cvanobacterial cell include promoters, which may be either
constitutive or inducible. In some embodiments, a promoter for a nucleic acid consiruct is a
30 constitutive promoter. Examples of constitutive strong promoters for use in cyanobacteria
include. for example, the psbD ] gene or the basal promoter of the psbDZ gene, or the rbelS

promoter, which is constitutive under standard growth conditions. Various other promoters

26
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that are active in cyanobacteria are also known. These include the strong cpe operon
promoter, the cpe operon and ape operon promoters, which control expression of
phycobilisome constituents. The light inducible promoters of the psbA /7, pshA2, and psbA3

genes in cyanobacteria may also be used, as noted below. Uther promoters that are operative

Wh

in plants, e.g.. promoters dertved from plant viruses, such as the CaMV 358 promoters, or
bacierial viruses, such as the T7, or bacterial promoters, such as the PTrc, can also be
emploved in cyanobacteria. For a description of strong and regulated promoters, e.g., active
in the cyvanobacterium Anabaena sp. strain PCC 7120 and Svnechocystis 6803, see e.g., Elhai,

FEMS Microbiol Lett 114:179-184, (1993) and Formiaghieri, Planta 240:309-324 (2014),

10 [8879]  In some embodiments, a promoter can be used to direct expression of the mserted
nucleic acids under the influence of changing environmental conditions. Examples of
environmental conditions that may affect transcription by inducible promoters include
anaerobic conditions, elevated temperature, or the presence of hight. Promoters that are

imducible upon exposure to chemicals reagents are also used to express the 1nserted nucleic

U
(93}

acids. Other useful inducible regulatory elements include copper-inducible regulatory

elements (Mett ef al, Proc. Natl Acad Sci. USA 90:4567-4571 {1993); Fwst ef ol Celf

55:705-717 (1988)); copper-repressed pet promoter in Synechocystis (Kuchouna ef al. 2012,

J Biotechn 162:75-80); riboswitches, e g. theophylline~-dependent (Nakahira ef a/. 2013, Plant

Cell Physiol 54:1724-1735; tetracychine and chlor-tetracy cline-inducible regulatory elements

20 {(Gatzet al, Plant J 2:397-404 (1992); Roder et al., Mol Gen. Gener. 243:32-38 (1994},
Gatz, Meth. Cell Biol. 50:411-424 (1995}). ecdysone inducible regulatory elements
(Christopherson ef al., Proc. Natl. Acad Sci. US4 89:6314-6318 (1992); Kreutrweiser ef al.,
Fcotoxicol. Environ. Safety 28:14-24 (19943); heat shock mducible promoters, such as those
of the hsp7(/dnak genes (Takahashi ef @/, Plant Physiol. 99:383-390 (1992); Yabe e/ af,

25 Plaw Cell Physiol. 35:1207-1219 (1994); Ueda ef /., Mol Gen. Genet. 250:533-539 (1996));
and lac operon elements, which are used in combination with a constitutively expressed fac
repressor to confer, for example, IPTG-inducible expression (Wilde ef al., EMBO J 11:1251-
1259 (1992)). An inducible regulatory element also can be, for example, a nitrate-inducible
promoter, e.g., derived from the spinach nitrite reductase gene (Back er al.. Plant Mol Biol.

30 17:9(1991)), or a light-inducible promoter, such as that associated with the small subunit of

RuBP carboxylase or the LHCP gene families (Feinbaum ef al, Mol Gen. Genet. 226449

(1991); Lam and Chua, Science 248:471 (1990},
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(3680} In some embodiments, the promoter may be from a gene associated with
photosynthesis in the species to be transformed or another species. For example, such a
promoter from one species may be used to direct expression of a protein in transformed
cyanobacteria cells. Suitable promoters may be isolated from or svnthesized based on known
sequences from other photosynthetic organisms. Preferred promoters are those for genes
from other photosynthetic species, or other photosynthetic organism where the promoter is

active in cyanobacieria.

[6081] A vector will also tvpically comprise a marker gene that confers a selectable
phenotype on cyanobacteria transformed with the vector. Such marker genes, include, but are
not limited to those that confer antibictic resistance, such as resistance (o chloramphenicol,

kanamycin, spectinorycin, G418, bleormyein, hygromycin, and the hike.

[6082] Cell transformation methods and selectable markers for cyanobacteria are well
known in the art (Wirth, Mol Gen. Genet., 216(11175-7 (1989); Koksharova, Appl.

Microbiol. Biotechnol., 58(2): 123-37 (2002); Thelwell ef af. | Proc. Natl Acad Sci. US4,
95:10728-10733 {1998)).

i6683] Any suitable cvanobacteria may be emploved to express a fusion protein in
accordance with the invention. These mclude unicellular cyansbacteria, micro-colonial
cyanobacteria that form small colonies, and filamentous cyanobacteria. Examples of
uniceliular cvanobacteria for use in the mvention include, but are not himited 1o,
Synechococcus and Thermosynechococcus sp., e.g., Synechococcus sp. PCC 7002,
Svnechococcus sp. PCC 6301, and Thermosynechococcus elongatus, as well as Synechocystis
sp., such as Synechocystis sp. PCC 6803; and Cyanothece sp., such as PCC 8801, Esamples
of micro-colomal cyanobacteria for use in the invention, include, but are not limited to,
Gloeocapsa magma, Gloeocapsa phyium, Gloeocapsa alpicola, Gloeocpasa atrata,
Chroococcus spp., and Aphanothece sp. Examples of filamentous cyanobacteria that can be
used include, but are not lumted to, Oscillatoria spp., Nostoc sp., e.g., Nastoc sp. PCC 7120,

and Nostoc sphaeroides, Anabaena sp., e.g., Anabaena variabilis and Arthrospira sp.

7

{(“Spirulina”™y, such as Arthrospira platensis and Arthrospira maxima, and Mastigocladus
laminosus. Cyanobacteria that are genetically modified in accordance with the invention may
also contain other genetic modifications, e g, modifications to the terpenoid pathway. to

enhance production of a desired compound.
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{3684} Cyanobacteria can be cultured to high density, e.g., in a photobioreactor (see, e.g.,
Lee ef af., Biotech. Bicengineering 44:1161-1167, 1994; Chaumont, J Appl. Phvcology
5:593-604, 1990} to produce the protein encoded by the transgene. In some embodiments,
the protein product of the transgene 1s purified. In many embodiments, the cyanobacteria
culture is used to produce a desired, non-protein product, e.¢., isoprene, a hemiterpene; B-
phellandrene, a monoterpeng; famesene, a sesquiterpene; or other products. The product
produced from the cyanobacteria may then be 1solated or collected from the cyanobacterial

cell culture.
EXAMPLES

[06085] The following examples illustrate the over-expression of lustrative

hiopharmaceutical polvpeptides in cyanobacteria.

Example 1. Expression of an interferon in cvanobacteria.

CpeBRIEN fusion constructs

[6086] This example demonstrates the expression of the mature human interferon o-2
protein {Uniprot No. P01563), referred to in this example as IFN, in the cyanobacteria
Synechocystis sp. PCC 6803 (Synechocystisy. To validate the fusion constructs approach,
three different DNA constructs were designed {or the {ransformation of wild type (WT)
Synechocystis through double homologous DNA recombination in the ¢pe operon locus (Fig,
1A} The nucleic acid construct /AN (Fig. 1B) was codon optimized for expression in
Swnechocystis, and designed to replace the cpef gene in the cpe operon. TFN was followed
by the chloramphenicol resistance cassette {cmiR) in an operon configuration. Construct
cpeB-HN (Fig, 1C) was designed to insert both the /AN and the om&X genes after the cpoP
gene in an operon configuration. Fmally, construct cpeB*EN (Fig. 1) was designed to
replace the cpeB gene in the cpe operon with the fusion construct cpeB*IEN, followed by the
cmR gene in an operon configuration. A Factor Xa cleavage-encoding sequence was mserted

between the cpc and /FN genes in the construct of Fig. 1D,

{6687} PCR analysis to determine whether transgenic DNA copy homopiasmy was
achieved. Primers cpc-us for and cpcA rev were designed on the flanking regions of the
transgenic DNA insertion sites (Fig, 1). PCR amphification using WT genomic DNA as a
template generated a product of 1,289 bp (Fig. 2). PCR amplification using DNA from the

transformant IFN, CpceB-TFN, and CpcB*IFN straing generated the expected product sizes of

9
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2,094 bp, 2,723 bp and 2,619 bp. respectively. DNA copy homoplasmy was evidenced by
the absence of WT PCR products in the PCR amphiication reactions of the IFN

transformants.

[G088] After DNA copy homoplasmy was achieved, WT and transformant strains were
grown photo-awtotrophically in liquid BG-11 cultures. The visual phenotvpe (Fig. 3) was
noticeably different between the WT and transformant strains. The WT cells had a blue-green
coloration, consistent with the presence of blue phycocvanin and green chiorophyll pigments

in their functional light-harvesting antennae. All transformant strains showed a yellow-green
pigmentation, suggesting lack of phycocvanin, which is responsible for the blue pigmentation
of the cells. This is consistent with previously reported results (Kirst et al. 2014; Formughieni
and Melis 2013; Chaves and Melis 2016) and underscores the absence of assembied

phyvcocyanin rods i the transformants.

[6889] Protein analysis of total cell extracts from WT and transformant Svnechocystis was
performed using SDS-PAGE followed by Coomassie blue staining and Westemn blot analysis
(Fig. 4). Two replicate samples of WT protein extracis showed the presence of CpeB §-
subunit and CpcA o-subunit of phycocyanin as the dominant protein bands, nugrating to ~19
and ~17 kD, respectively. Another dominant band in the SDS-PAGE profile was the large
subunit of Rubisco (Rbel), nugrating to about ~36 kD (Fig. 4A). The latter was used as a

normalization factor in protein quantification and as a loading control of the gels.

[6090] CpcB and CpcA subunits were not evident in the protein extracts of the
transformants because of inability of these transformants to assemble the phveobilisome-
peripheral phycocvamin rods. The /FN and cpeB-IFN transformants failed to show
accumulation of recombinant IFN protein in the expected ~19 kD region, both in the SDS-
PAGE and the associated Western blot (Fig. 4B, IFN and CpeB-IFN}, suggesting either
very-low levels or absence of the recombinant IFN protein from these samples. These results
show that the powerful cpc promoter was not sufficient to support IFN (~19 kD) protemn
expression / accunmulation in Synechocystis. In contrast, protein extracts from the cpcB*FN
fusion transformanis showed a clear presence of an abundant protein with electrophoretic
mobility to ~36 kD, This band was attributed to accurnulation of the CpeB*IFN fusion
protein (Fig, 4A, CpeB*IFN). Identification of the ~36 kD protein was tested by Western
blot analysis with specific polyclonal antibodies raised against the human IFN protein (Fig,

4B, CpcB*IFN). A strong reaction between the polyvclonal antibodies and a protein band

30
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migrating to ~36 kD suggested that this band is the recombinant CpcB*IFN protein.
Moreover, binding was also detected with protein bands at a higher MW, suggesting the

formation / presence of complexes (~108 kI3) containing the CpcB*IFN fusion protein.

[6091] To evaluate the effect of DNA codon-use optimization on the IFN protein

Wh

expression tevel, CpcB*IFN fusion DNA constructs were designed using the Svnechocystis
codon optimized IFN as well as the native unoptimized human DNA sequence (termed IFN’)
for comparative expression measurements in Synechocystis. The latter construct harbored the
same elements of the CpcB*IFN fusion, with the exception of the /FN gene that was replaced
by the human native /AN sequence (no codon-use optimization). Wild tvpe (WT),

10 cpeB™FN' and cpeB *TFN transformant strains were grown in paraltel, and total cell proteins
were extracted and subjected to SDS-PAGE analysis. Upon Coomassie staining of the SDS-
PAGE (Fig, 5}, the WT protein extract showed as main subumits the 56 kI3 Rbcl, 19 kD
CpcB, and 17 kD CpcA. The latter two subunits were missing from the extract of the

transformant cells, shown in three independent replicates per transformant in Fig. S.

U
(93}

Densitometric analysis of Coomassie stained SDS-PAGE (Fig, 5) showed the presence of
RbcL 1o ~12.5% of total cellular protein. Fusion constructs accumulated 10 ~10.2% in the
cpeB¥EN and ~11.8% in cpeR*IFN codon-optimized transformant strains. Vahidation of
the Coomassie stained SDS-PAGE protein assigniments was obtained through Western blot

analysis with specific polvclonal antibodies {not shown}.

20 [8092] The above results showed that IFN successfully accumulated in Synechocystis only
when expressed in a fusion construct configuration with the native highly-expressed CpcB
subunit of phycocyanin, regardless of whether the 7FN gene was codon~optimized or not. In
order 1o isolate the recombinant fusion protein, we designed anew DNA construct referred to
as the cpeB*His *Xa*IFN, based on the previous CpeB*IFN construct (Fig. 6). ADNA

25 fragment encoding the domain of six listidines and the Factor Xa cleavage-site was mserted
between the cpc and the /FN genes in the fusion construct. Protein analysis was then
conducted on the transformant lines. Coomassie staining of the SDS-PAGE profile (Fig. 6)
showed the abundant RbeL, CpeB and CpcA subunits m the wild type extracts {(Fig, 6, WT).
The cpeB*FN transformants lacked the CpeB and CpeA proteins but accurnulated the

30 CpcB*IFN as a ~36 kD protein (Kig. 6, CpeB*IFN). The cpeB*His *Xa*/ N transformants
also lacked the CpcB and CpcA proteins bul accumulated an abundant protein band with a
shightly higher apparent roolecular mass than that of the CpcB*IFN (Fig. 6,
CpcB*His*Xa*IFN). This band was atiributed to the CpcB*Hig* Xa*IFN protein. The fact

31
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that CpcB*His*Xa*IFN protein band showed a similar abundance as that of the CpcB*IFN
construct suggested that the His*Xa addition to the CpcB*IFN fusion did not adversely affect

the expression level of this recombinant protein.
Batch-based purification of the cpeB ¥His ¥ Xa*IEN recombinant profein

[6093] We mitially applied a “batch™ punfication procedure to the recombinant
CpcB*His*Xa*IFN protemn using a His-Select resin (Sigma) and by following the
manufacturer’s instructions. The procedure was conducted in Eppendorf tubes, thereby
mintrmizing the amount of resin and cell extract used. Total cell extracts from WT,
cpeB*IEN, and cpeB*His *Xa *F'N fusion construct transgenic cells were employed in a side-
by~side comparative resin treatment and purification analysis. Prior {0 incubation with the
resin, cellular extracts were incubated on ice for 20 nun in the presence of 1% Triton X-100
to disperse cellular aggregates that appeared to interfere with the precipitation of the resin
upon centrifugation. Un-solubilized cell debris were pelieted and discarded following a brief
centrifugation. The supematant, containing the cellular protein exiracts, was incubated with
the resin for S nun, followed by centrifugation to pellet the resin and any His-tagged proteins

bound to it.

{3694} Lane 1 in Fig. 7 shows the cell exiracts {upper panel} and the resin (lower panel) of
the wild tvpe, cpeB*IEN, and cpeB *His *Xa*[FN fusion construct transgenic cells prior (o

mncubation with the resin. The resin had a natural pink coloration,

{6095} Lane 2 in Fig, 7 shows the cell extracts (upper panel} and the resin pellet (lower
panel) of the wild type, cpeBMIN, and cpeB*His *Xa*/FN cell lines following a 5-min
mcubation with the resin and a subsequent centrifugation. There was a blue coloration of the

resin pellet and green coloration of the supernatant.

[6696] Lanes 3-5 in Fig. 7 show the remaining extracts (upper panels) and the resin peliet
(lower panels) of the wild type, cpcB¥FN, and cpeB *His *Xa*[FN cell lines following a
consecutive wash of the resin with a buffer containing 10 oM imidazole to remove non-
target proteins. The supernatant was clear and there was a pink coloration of the resin afier
the third wash (lane 5) for the wild tyvpe and cpcB */FN transformants, suggesting absence of
His-tagged proteins. There was a blue coloration of the resin in the cpeB*His *Xa™[FN
sample, which was retained in this pellet (lanes 3-53) 1o spite of the repeated 10 mM imudazole

wash, suggesting the presence and binding to the resin of blue-colored His-taggead proteins.
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[36977 Lanes 6-8 in Fig. 7 show the subsequent extracts {upper panel} and the resin peliet
(lower panel) of the wild type, cpeB MFN, and cpeB*His *Xa*TFN cell lines following a wash
of the resin three times with a buffer containing 250 mM of imidazole, designed to dissociate

His-tagged proteins from the resin. There was a bluish color to the supernatant in lanes 6 and

Wh

7 and a corresponding loss of the blue color from the resin pellet, suggesting the specific

removal of His-tagged proteins from the resin under these conditions.

[6098] Fractions eluted from the resin upon application of 250 mM inudazole were
analyzed by SDS-PAGE (Fig, 8). Elution fractions from both WT and the cpcB* N
transgenic extracts showed no protein bands in the Coomassie stained gels (Fig. 8, left and
10 middle panels), whereas eluent | {(E1) from the cpeB*HIis *Xa™TFN extracts clearly showed
the presence of protein bands, with the most abundant migrating to ~36 kI3, attribuied to the
CpcB*His*Xa*IFN fusion protein. Secondary bands migrating to ~17 kD, ~27 kD, and ~108
kD were also noted (Fig. 8, right panel). The ~17 kDD prolein was atiributed to the CpcA «-

subunit of phycocyanin. The ~27 kD protein could be the CpeG1 subunit of the

U
(93}

phycobilisome, a phycocyanin rod-core linker polypeptide (Kondo et al, 2005), and the ~108
kE band is tentatively attributed to a CpcB*His*Xa*IFN trimer, as it was shown to contain

the CpcB¥His* Xa*IFN fusion protein (see below).

[G099] The nature of the pigmentation of proteins from eluent 1 of the cell extracts was
mvestigated through spectrophotometric analvsis (Fig, 94). The spectra of E1 fromthe WT

20 and CpcB*IFN extracts did not show any absorbance features, consistent with absence of
coloration in lanes 6-8 (Fig. 7) of these samples. Eluent | from the CpeB*His*Xa*IFN
sample showed a distinct absorbance band with a peak at ~625 nm and a secondary broad
band peaking in the UV-A region of the specirum. This closely resembied the absorbance
spectrum of phyvcocyanin from Synechocystis (Kirst et al. 2014), suggesting the presence of

25 bilin prgment covalently-bound 1o the CpcB*His* Xa*IFN fusion protein. To further
mvestigate this observation, absorbance spectra of total protein exiracts from WT and
cpeB*His ¥ Xa* PN transtormant cells were also measured. These were compared with the
absorbance spectrum of cells lacking phvcocvanin due to a Acpe operon deletion (Kirst et al.
2014}, The spectrum of WT cells showed typical absorbance bands of chlorophvH at 680 nm

30 and phvcocyanin at 625 nm (Fig. 9B). The extract from the Acpc trans{formanis showed the
specific Chl absorbance peak at 680 nm, whereas the phycocyanin absorbance peak at around
625 nm was missing {Fig. 9B). The absorbance spectrum from the cpeB*His *Xa* N

transformant cells showed a substantially lower absorbance at about 625 nm due to depletion
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of phvcocyanin, but this lowering was not as extensive as that observed with the Acpe cells
(Fig. 9B). The difference, and apparent low-level absorbance of the cpeB *His *Xa* TN cells
at 625 nm, suggests that the CpeB protein, albeit in a fusion construct configuration with the
IFN, and/or the CpcA protein that apparently accompanies this recombinant protein,
covalently bind at feast some of the phycobilin pigment that is naturally associated with i,

and which 1s manifested in the blue coloration of the E1 eluent.
Column-based purification of the cpeRFHIs*Xa*IFN recombinant proteins

[6160] Based on the imitial encouraging resulis obtained with the “batch” purification
approach, we proceeded to conduct a “column-based” purification of the His-tagged proteins
(Fig. 18). This experimental work was conducted as an alternative method in an attempt to
elute a greater arnount of the CpeB*His*Xa*IFN protein. Total proten extract from the
cpeB*His *Xa* [N transformant cells, mixed with 5 mM imidazole, was loaded onto the
resin. Fowr subsequent washing steps were conducted with 5 mM imidazole to remove non-
target proteins from the resin.  After these washing steps, elution of the target protein with
250 mM inudazole was undertaken. The pigmentation pattern of the resulting fractions was
in accordance with the resulis obtainad with the “batch-based” purification (please see

below).

(3101} Lane 1 in Fig. 18, upper panel, shows the epeB*His "Xa*TFN cell extracts that were
incubated m the presence of 5 mM 1nudazole prior to loading on the resin. Lane 1 in Fig. 10,
lower panel, shows the SDS-PAGE protein profile of these extracts, indicating presence of all

expected Synechocystis proteins.

(61621 Lane 2 1o Fig. 16, upper panel, shows the cpeB*His *Xa*IFN cell extracts after
incubation with the resin but prior to washing with additional inudazole. Lane 2 1n Fig. 16,
fower panel, shows the SDS-PAGE protein profile of these exiracts, obtained upon removal

of the resin from the mix, again indicating presence of all expected Synechocystis proteins

[3103] Lanes 3-6 i Fig. 18 (upper panel) show the cpeB*His *Xa*TFN cell exiracts that
were removed from the resin upon four consecutive washes with 5 mM inudazole and (Fig,
16, lower panel) the SDS-PAGE protein profile of these extracts, showing removal of the
majority of cellular proteins in the first wash (Fig. 10, lane 3) and the virtual absence of cell

proteins (lane 4 to lane 6) in three additional wash steps with 5 mM tmdazole.
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[3184] Lanes 7-9 in Fig. 10 (upper panel) show the further removal of bound His-tagged
protewns from the cpel *His *Xa*TFN cell extracts. These eluted from the resin upon three
consecutive washes with 250 mM nudazole. Fig. 10 (lower panel) 15 the SDS-PAGE protein
profile of these extracts, showing substantial enrichment in mainly four proteins with
apparent molecular weights of ~108, 36, 27, and 17 kD. The majority of these proteins were
eluted upon the first application of the 250 mM imidazole (Fig. 18, lane 7}, as subsequent
elution treatments {Fig. 10, lanes 8 and 9} produced much lower levels of protein eluent.
Western blot analysis with specific anti-IFN antibodies showed strong cross reactions with
the 36 and 108 kD protein bands only (Fig. 11). The ~17 kD protein was attributed to the
CpcA g-subunit of phycocyanin, as it reacted with CpcA-specific antibodies (not shown, but
see also below), whereas the 27 kD protein was attributed to the CpeG1 linker polvpeptide
{Kondo et al. 2605} that helped 1o bind the CpcA a~subunit to the CpeB*His*Xa*IFN fusion

complex, thereby explaiming the simultaneous elution of all three proteins from the resin.

Riue colaration of the target proteins

[0105] The blue coloration of the target proteins (Figs. 7 and 10) and the absorbance
spectral evidence of Fig 9A, suggested the presence of bilin in association with the
recombinant CpeB*His*Xa*TFN protein. This finding was surprising as CpeB™usion
constructs are known to abolish the assembly of the phycocyanin peripheral rods of the
phycobilisome {(Formighieri and Melis 2013; 2016; Chaves et al. 2017, Betterle and Melis
2018; 2019), leading {o the assumption of a CpcB inability to bind bilin. To further test the
spectrophotometric suggestion of bilin presence (Fig. 9A), SDS-PAGE analvsis of protein
extracts from wild type, the cpeB¥His *Xa*IFN transformant, and the resin colunm-based 1%
eluent proteins of the latter (Fig. 12ZA) were subjected to “zinc-staining” (please see Matenals
and methods). Zinc-staining 1s designed o specifically label the open tetrapyrroles that are
covalently bound to Svinechocystis protems. Fig, 12B shows the result of the Zn-staining of
proteins in a duplicate gel, as the one shown in Fig. 12ZA. Inthe WT, Zn-staining occurred
for proteins migrating to ~19 and ~17 kD, atiributed {o the native CpcB and CpeA
phycocyanin subunits. Zn-staining of the total CpeB*His*Xa™*IFN transtormant cell exiract
occwrted for protein bands migrating to ~36 and ~17 kD, attributed 1o the CpcB*His*¥Xa*IFN
and the CpcA proteins, respectively. Zn-staining of the first resin eluent (E1) fraction
occwrred for protein bands mugrating to ~108, ~36 and ~17 kD, putatively atinbuted to a
CpcB*His* Xa*IFN trimer, the CpcB*His* Xa*IFN roonomer and the CpcA proteins,

respectively. These resulis corroborate the evidence based on specirophotometry and

35



W

10

WO 2021/050968 PCT/US2020/050528

Western blot analysis, clearly showing the presence of bilin i association with the

CpcB*His*Xa*IFN fusion and residual CpcA proteins.
nptl ¥EN fusion constricts

[3186] To further evaluated fusion constructs in the expression and accumulation of
biopharmaceutical proteins, two different fusion constructs were designed for the
transformation of wild type (WT) Synechocysiis, based on the nptf gene serving as the leader
sequence in anptd “IFN configuration and through homologous DNA recombination in the
cpe operon or glgA [ locus sites (Fig. 13A). Tn such constructs, the Nptl protein served as the
antibiotic selection marker, in addition to being the leader protein sequence in the fusion
consiruct {(Betterle and Melis 2018; 2019). SDS-PAGE profile of Synechocysiis protein
extracts showed absence of IFN from the wild type, as expected (Fig, 138, WT). The
cpeB*His *Xa* [N transformant showed the expected accummuulation of a protein band
migrating to about 36 kD (Fig, 13B, cpcB*His*Xa*IFN), whereas two different lines of a
fransformant expressing the npi/ *His*Xa *[FN construct in the cpe operon locus showed the
presence of a 46 kD protein attributed to this fusion. Positive identification of these
assignments was offered by the Western blot analvsis of duplicate gels as the one shown in
Fig. 13C, further confirming the relative abundance of the fusion constructs expressed in the

different Synechocystis genorne loct
Antiviral activity of the native and CpcREFN fusion protein

[6107] Activity the cvanobacterial recombinant CpcB*His*Xa*IFN protein was compared
with that of commercially-available native interferon provided by the PBL Assay Science,
Piscataway, NJ, USA (Fig. 14). The results showed that 0.0875 ng/mL of
CpeB*His*Xa*IFN fusion interferon was needed to cause a 50% mhibition 1n

encephalomy ocarditis (EMC) virus infection, whereas the commercial control required 0.002
ng/ml to cause a 50% whibition in EMC infection. Part of the difference in sensitivity is
probably due to the presence of the CpcB leader sequence in the CpeB*His*Xa*1IFN fusion
protein, which may have slowed the activity of the fusion IFN. This assumption was
validated upon measurements with the cyanobacterial recombinant IFN protein, from which

the CpcB leader sequence was removed {Xa excision function).

Example 2. Expression of tissue plasmunogen activator denvative K28 proteinin

cvanobacieria,
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K28 fusion constructs

{31868} The fusion consiructs approach was also implemented with the tissue plasminogen
activator derivative K28 protein. The modified epe operon with the cpeB His *Xa*K 28
construct was coupled with the chioramphenicol (em®) resistance cassetie and expressed
under the control of the ¢pe promoter (Fig. 154). A similar construct was made in which the
Factor Xa protease cleavage domain was replaced by the Tobacco Eich Virus (TEV) oysteine
protease cleavage site. SDS-PAGE analysis of the total protein content of wild type,
cpeB*His*Xa*K2S, and cpeB*His *TEV*K 2N are shown in Fig. 15B. A single WT and three
independent lines of each the cpeB *His *Xa *K2S, and cpeB *His *TEV*K 28 transformants are
shown in this figure. Western blot analysis of the same protemn profile was conducted with
polyclonal antibodies raised against the CpcA a-subunit of phycocyanin, which also
recognize the CpcB B-subunit (Fig. 18C). The results clearly show that dominant in the wild
type ~19 kDB CpcB B-subuniis and CpeA a~subunits of phycocyanin are absent in the
cpeB*His*Xa*K2S, and cpeB*His *TEV*K2N transformants.  This is consistent with previous
results on the protein phenotype of cpeB™tusion transformants, and it serves as evidence that
the cpeB*His *Xa*K 28, and cpeB*His *TEV*K2S transformants have reached a state of
transgenic DNA homoplasmy, underhined by the absence of wild type products in the CpeB
and CpcA electrophoretic mobility region. The results also show expression of the
CpcB*His*Xa* K28, and CpcB*His*TEV*K2S fransgenic proteins, evidenced by the
presence of 58.9 kD protein bands in the gels and the corresponding Westemn blots (Fig.

15C).

Example 3. Expression of insulin in cvanobactenia

Insulin fusion construct

[3109]  The fusion constructs approach was further implemented with the human pro-
insulin protein expression. The modified cpe operon with the cpeBEINS construct was
coupled with the kanamycin (/) resistance cassetie and expressed under the control of the
cpe promoter (Fig, 16A). SDS-PAGE profile analysis of the total protein content of wild
type, cpeBRFINS, and an earlier transformant carrying the f-phellandrene synthase gene
(PHILS)Y from lavender were compared (Fig, 16B). The results clearly showed that dominant
in the wild type ~19 kD CpcB B-subunit and ~17 kD CpcA a~-subuntt of phycocyanin are
absent in the cpcB*INS, as they are also absent from the cpeB *PHLS transformanis. This is

consisient with previous results on the protein phenotype of “cpeB *fusion™ transformants,
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and serves as evidence that the cpeB* NS transformants have reached a state of transgenic
DNA homoplasmy, underscored by the absence of wild type products in the CpeB and CpcA
electrophoretic mobility region. The results also showed expression of the CpcB*INS
transgenic protein, evidenced by the presence of ~28 k) protein band specifically in the

respective gel lanes (Fig. 168, CpcB*ING).

Example 4. Expression of the Tetanus Tosan Fragment C (TTFC) i evanobacieria

TTEC fusion consirud

{0110} The fusion construct approach was also reduced to practice with the over-expression
of the Tetanus Toxin Fragment C (TTFC) protein in cyancbacteria. The modified cpc
operon, in this case with the cpcB*L7*His *TEV*TTHC construct, was coupled with the
strepiomy cin (smR) resistance cassette and expressed under the conirol of the cpe promoter
(Fig. 17A). The work compared the SDS-PAGE profile of the total protein content of wild
type, the recipient LTV strain (a transformant carrving the isoprene synthase gene from
lavender), and the cpeR*L7*His *TEVFITFC fusion construct (Fig. 17B, left panel). In thig
contiguration, presence of the His-tag allowed for a subsequent isolation and purification of
the fusion protein. The SDS-PAGE Coomassie stain results clearly showed that the dominant
in the wild tvpe ~19 kD CpcB B- and ~17 kD CpcA o-subunits of phyvcocyanin are absent
from the TYFC (cpcB*L7*His *TEV*TTEC) transformant, as they are also absent from the
LTV (cpeB*L7FTEVHISPS) transformant. This is consistent with previous resulis on the
protein phenotype of “cpcB*usion” transformants, and serves as evidence that the
cpeBFLT7HHIs *TEV*TTHC transformants have reached a state of transgenic DNA
homoplasmy, underscored by the absence of wild type products in the CpeB and CpcA
electrophoretic mobility region. Importantly, densitometric analysis of the SDS-PAGE
Coommasste stain showed that the 72 kD cpcB*L7*His* TEV*TTFC fusion protein
accounted for about 28% of the total cell protein. These results were validated by Western
blot analysis, probed with specific polyclonal antibodies agains the TTFC polypeptide (Fig.
178, right panel). Noted was the antibody cross reaction with the 72 kDD
cpeB*L7*His*TEV*TTFC fusion protein, but also with a ~290 kD putative trimeric
[epeB*LT*His* TEVFTTFCIX3 undissolved fusion protein complex, plus some lower
molecular size putative proteolysis fragments of the cpeB*L7*His*TEV*TTFC fusion

protein.
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Example 5. FExpression of the Receptor Binding Domain (RBD) of the SARS-CoV-2 virus in

cyvanobacteria
RBI fusion construt

G111} The fusion construct approach was also reduced to practice with the over-expression
of a viral protein, the Receptor Binding Domain {(RBD) of the spike (8) protein from the
SARS-CoV-2, whicht causes the coronavirus disease 2019 (COVID-19). Map of the
modified cpe operon expressing the cpeB*L 7*His *TEV*RBD fusion construct, including a
linker of seven amino acids (L7), a Hisxo-tag (His) and the TEV cleavage factor, followed by
the Receptor Binding Domain (RBD) of the spike (§1) protein from the SARS-CoV-2 virus is
shown in FIG. 18 (A). SDS-PAGE and Coomassie stain of the protein extracis from the LTV
recipient strain {L'TV), and a transformant line harboring the cpeB*L7T*His*TEV*RBD
fusion protein {RBD) are shown in Fi. 18 (B, left panel}. The arrow points to the
electrophoretic mobilitv of the 45 kD RBD fusion protein, which partially overlaps a native
Svnechocystis 44 kD protein. Western blot analysis of the eleciropheretically-resolved protein
profile for the LTV and RBD Synechocystis strains, probed with specific polyclonal
antibodies agains the leader CpcB protem, showed an antibody cross reaction with the 45 kD
cpeB*L7*His*TEV*RBD fusion protein (FI1G. 18 B, middle panel). Further identification of
the 45 kD protein in the RBD sample was achieved by Zinc-stain analysis of the
electophretically-separated proteins from Syrechocystis expressing the LTV and RBD fusion
construct phenotypes (FIG. 18 B, nght panel). Zn-staining is designed {o highlight the
presence of bilin tetrapyrrole pigmenis. Note the specific Zn-staining of a band a1 45 kD in
the RBD expressing transformant, atiributed to the presence of the bilin-binding CpcB
protein in the cpcB*L7*His*TEV*RBD fusion protein. (A protein band migrating to about
85 kD 15 also stained with Zn, and 15 altributed to the bilin-binding CpeB protein in the
CcpeB*L7HHIS FTEV*ISPS expressing construct, which is larger than the RBD-containing

one.}

Summary of Examples

(6112} Euokaryoiic transgenes of plant and animal origin are not always expressed to
significant levels in cyanobacteria (Desplancg et al. 2005, 2008; Jindou et al. 2014,
Fornughieri and Melis 2015). Based on these results, the choice of a strong promoter, such
as cpc, was necessary but not sufficient to provide high levels of terpene synthase expression

in cyanobacteria. Previous investigations pointed to the importance of efficient transiation
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for protein accumulation. This also appears to be the case in the illustrative examples

provided above.

[3113] The cpe operon promoter controls expression of the abundant phyvcocyanin subunits
and thewr associated linker polypeptides of the phycobilisome light-harvesting antenna (Fig.
1 A). This endogenous strong promoter was emploved in an effort to drive haterologous
expression of the codon-optimized IFN gene. However, of the three IFN construet
contigurations (Fig. 1b, 1c, and 1d), only the fusion construct cpcB*Xa*IFN produced
substantial amounts of the transgenic IFN protein (Fig. 1d}. Earlier real ime RT-qPCR
analysis compared transcript levels of plant-origin transgenes, under the same different
configurations as those depicted in Fig. 1. The analysis revealed that such transgene
constructs resulied in about equal rates of transcription and showed comparable steady-state
levels of eukaryotic transgene mRNA (Formighieri and Melis 2016). Hence, the rate of
franseription does not appear to be the determunant of recombinant protein abundance 1o this

case.

[6114] Protemn synthesis was later investigated by analyzing the polyribosomes distribution
profile associated with the various transcripts (Formighieri and Melis 20163, A high density
of polyribosomes in prokaryotes, such as cyanobacteria, was attributed to a ribosome pileup,
when a slower ribosome nugration rate on the mRNA causes multiple ribosomes o associate
with the same mRNA molecule (Qin and Fredrick 2013}, This was observed to be the case
for the Fig. 1b- and Tc-type constructs resulting in low transgenic protein accumulation
(Formighieri and Melis 2016). Conversely, alow density of polyribosomes is atinibuied to
efficient ribosorme migration on the mRNA, resulting in efficient translation and high levels
of protein accumulation (Qin and Fredrick 2013). This was observed to be the case for the
Fig. 1d-tvpe constructs of high transgenic protein accumudation {(Formighien and Melis

2016).

[3118] It1is of interest that elution of the CpeB*His*Xa*IFN protein from the
corresponding cell lysates showed a bluish coloration, which was atiributed to the binding of
the blue bilin to both the CpcB protein in the CpcB*His*Xa*IFN transformant and to the
small amounts of the phycocyanin a-subunit present. Both of these apparently carry the
tetrapyrrole chromophore, as evidenced by the tvpical phvcocvanin absorbance specira of
these extracts (Fig. 9a) and by the Zn-staining of the proteins (Fig. 12). However, unlike the

in vivo situation when about equal amounts of CpeB and CpcA are noted (Fig. 5, WT), there
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appeared io be no stoichiometry of CpcB*His*Xa*IFN and CpcA in the transformants (Fig.
5, 1FN}). The role of small amounts of CpcA in stabilizing the CpeB*His* Xa*[FN

recombinant protein 15 not known at present.
MATERIALS AND METHODS
Svrechocystis strains, recombinant constructs, and culture conditions.

{6116} The cyanobacterium Synechocystis sp. PCC 6803 {Synechocystis) was used as the
experimental strain in this work and referred to as the wild type (WT). Gene sequences
encoding the human interferon o-2 protein (referred to in the Examples as IFN) and homan
pro-insulin protein, both without the corresponding N-terminal signal peptides, were codon
optimized for protein expression in Svrechocystis using an open software systerm available on
website, 1dtdna.com/CodonOpt. Gene sequence encoding the tissue plasminogen activator
derivaiive K28 protein (sequence vaialble at www site drugbank ca/drugs/DBO0G13) was
codon optimized using the same above-cited open software. DNA constructs for
Synechocystis transformation were synthesized by Biomatik USA (Wilnungton, Delaware).

Sequences of the DNA constructs are shown in the Supplemental Materials.

16117] Swvnechocystis iransformations were carried out according to establishaed protocols
(Eaton-Rye, 2011, Williams, 1988; Lindberg et al., 2010). Wild type and transformants were
maintained on BG11 media supplemented with 19 agar, 10 mM TES-NaOH (pH 8.2) and
1.3% sodium thiosulfate. Liquid cultures of BG11 were bufferad with 25 mM sodium
bicarbonate, pH 8.2, and 25 mM dipotassium hydrogen phosphate, pH 9, and incubated in the
light upon slow continuous bubbling with air at 26°C. Transgenic DNA copy homoplasmy in
the cells was achieved upon transforroant incubation on agar in the presence of increasing
concentrations of chloramphenicol (3-25 ug/mL). Growth of the cells was promoted by using
a balanced combination of white LED bulbs supplemented with incandescent hight to vield a
final visible light (PAR} intensity of ~100 umol photons m™ s,

Genomic DNA PCR analysis of Synechocystis transformants.

[6118] Genomic DNA templates were prepared, as previously described (Formighieri and
Melis, 2014a). A 20 ub culture aliguot was provided with an equal volume of 100% ethanol
followed by brief vortexing. A 200 uL aliquot of 2 10 % (w/v) Chelex®100 Resin (BioRad)

suspension in water was added to the sample prior to nuxing and heating at 98 °C for 10 min

to lyse the cells. Following centrifuigation at 16,000 g for 10 min to pellet cell debris, 5 ub of
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the supernatant was used as a genomic DNA template in a 25 yL. PCR reaction mixture. QS®
DNA polymerase (New England Biolabs) was used to perform the genomic DNA PCR
analyses. Transgenic DNA copy homoplasmy in Synechocystis was tested using suitable
primers listed in the Supplemental Materials. The genomic DNA location of these primers is

indicated in Fig. 1 for the appropriate BNA constructs.
Protein analysis

[6119] Cells in the mid exponential growth phase (OD7s0 ~1}) were harvested by
centrifugation at 4,000 g for 10 min. The pellet was resuspended in a solution buffered with
25 mM Tris-HCI, pH 8.2, also containing a cOmplete™ mini protease inhibitor cocktail
{Roche; one 50 mg tablet was added per 50 ml suspension). Cells were broken by passing
the suspension through a French press cell at 1,500 psi. A slow speed centnfugation (350 ¢
for 3 miun} was applied to remove unbroken cells. For protein electrophoretic analysis, sample
extracts were solubilized upon incubation for 1 h at room temperature in the presence of 125
mM Tris-HCL pH 6.8, 3.5% SDS, 10% glveerol, 2 M urea, and 5% B-mercaptoethanol. SDS-
PAGE was performed using Mini-PROTEAN TGX precast gels (BIORAD). Densitometric
quantification of target proteins was performed using the BIORAD (Hercules, CA) Image
Lab software. A subsequent Western blot analysis entailed transfer of the SDS-resolved
protemns to a 0.1 um pore size PVDF membrane (Life Technologies, Carlsbad, CA). Protein
transfer to PVDF was followed by protein probing with rabbit-raised CpcA specific
polyclonal antibodies {Abbiotec, San Disgo, CA), as previously described (Formighieri and

Melis, 2013; ), or IFN-specific polyclonal antibodies (Abcam, Cambridge, MA).
Recombinant protein purification

[6120] Total cellular extracts {concentration 100 ug dew mL} from wild-type and
transformant strains of Synechocystis were gently solubilized upon incubation with 1% Triton
X-100 at 0 °C for 20 min. Solubilization of the extracts was conducted in an ice~water bath,
upon gentle shaking. Following this solubilization treatment, samples were centrifuged at
10.000 g for 10 min to remove cell debris and insoluble material. His-Select resin (Sigma,
Saint Louts, M) was employed as a solid phase for protein binding and purification through
cobalt affinity chromatography. Manufactures’s instructions were followed for both batch-
type and column-based hinding and purnification. The washing solution was buffered with 20

mM Hepes, pH 7.5, and contained 150 mM Na(l and 10 mM 1midazole to help remove non-
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target proteins. The elution solution was buffered with 20 mM Hepes, pH 7.5, and contained

150 mM NaCl and 250 mM 1midazole to elute target protein from the resin.
Zn-siaining

{3121} SDS-PAGE was incubated in 5 mM zinc sulfate for 30 nmun X (L1 et al. 2016). To
detect covalent chromophore-binding polypeptides, zinc induced fluorescence was monitored
by Chemidoc imaging system (BIORAD), emploving UV light as a light source. Loading of

total protein extracts was the same as for the Coomassie-stained SDS-PAGE
Interferon activity

{61221 Viruses replicate by co~-opting normal host cell functions, turning cells into viral
factories. Interferon protecis cells by lnding to extracellular recepiors activaung
signals that shuts down both de nove protein and DNA synthesis, depriving the mvader i
means {o replicate. This puis the cells o a semit dormant state, preventing the production of
new viras. This is most evident in the Ife cyele of Iviic viruses which normally burst or fyse
target cells, g fail to do so when cells are in an mterferon-induced antiviral state. One can
aasess nterferon activity by visually comparing the number of mtact/tveed cells for s

particular concentration of mterferon added.

[3123] To assess interferon activity, we contracted the services of PBL Assay Science,
Piscataway, NI, USA, a commercial biomedical testing company, to impartially compare a
comnercially-available interferon agamst our own cyanobacterially -generated fusion IFN

using the cytopathic offect {UPE) assay.

{0124} The PBL test entailed cells that were (1) unireated; (2) incubated with the
encephalomyocarditis (EMC} virus alone; (3) pre-incubated with increasing concentrations
of commercial interferon {provided by PBL Assay Science, Piscataway, NI, USA}; or (4) pre-
mcubated with our cvanobacteria-denived interferon at various concentrations of protein

ranging from 1x107 to 1x107 pg/mi.

[3125] Samples were titrated in 96 well plates, and protection against the EMC virus was
determined in comparison o the virus {no IFN) and cell (no virus) controls. The samples
were run m duplicate alongside Human Interferon Alpha (INF-g) in a viral challenge assay

using the encephalomyocarditis virus (EMC) on A549 human cells.
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[3126] After matwration of the viral cyviopathic effect (UPE), the live cells were fixed and
stained using a mixture of 2 mb of 4% formaldehyde, 5% glycerol and 0.5% crystal violet
stams per well and allowed to sit at for 60 nun at room teroperature. Plates were then washed

6-times in running water and dried upside down on filter paper. The dye was subsequently

Wh

solubilized and assayed by absorbance readings at 570 nm.

161277 All references, mcluding publications, accession mumbers, patent applications, and
patents, cited heremn are hereby mcorporated by reference for the purpose for which 1t is cited
1o the same extent as if each reference were individually and specifically indicated to be

10 incorporated by reference.
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Table 1 Quantification of the Rbcl. and CpcB*IFN fusion proteins as percent of the total
Synechocystis proteins loaded onto the SDS-PAGE lanes of Fig. 5. Rbcl levels were
measured 1o account for ~12.5%=0.5, CpcB*IFN’ accounted for 10.2%+0.2, whereas the

CpcB*IFN accounted for 11.8%+0.1 of the total cellular proteins.

Proiein PN’ 1 N 2 IFMN* 3 FFM 3 IFN 2 IFN 3
measured
RbcL. 12.1 12.4 13.2 It9 12.9 12.6
CpcB*IFN 104 9.9 10.2 11.8 119 117

Hlustrative sequences,

SEQ D NO:1 Huwman interferon alpha-2 (168 amino acids in length)

CDLPOTHSLGSRRTEMLLAQMREKISLFSCLKDRHDFGFPQEEFGNQFQKAETIPVLHE
MIGOIFNLFSTEDSSAAWDETLLDKFYTELY QQLNDLEACVIQGYGVTETPLMKEDST
LAVRKYFQRITLY LKEKKYSPCAWEVVRAEIMRSFSLSTNLQESLRSKE

SEQ ID NO:2 Homan tissue-type plasminogen activator (562 amine acids in length).

The signal peptide is underlined.

MDAMKRGLCCVELLCGAVEVSPSOEIHARFRRGARSYQVICRDEKTOMIYQOHOQSW
LRPVLRSNRVEYCWONSGRAQCHSVPVKSCSEPRCINGGTCOQQALYFSDEVCQCPE
GFAGKCCEIDTRATCYEDQUGISYRGTWSTAESGAECTNWNSS ALAQKPYSGRRPDAI
RLGLONHNYCRNPDRDSKPWCYVFKAGRYSSEFCSTPACSEGNSDCYFGNGSAYRG
THSLTESGASCLPWNSMILIGKVYTAQNPSAQALGLGKHNYCRNPDGDAKPWCHVYL
KNRRLTWEYCDVPSCSTCOGLROYSQPOFRIKGGLFADIASHPWOAAIFAKHRRSPGE
REFLCGGILISSCWILSAAHCFQERFPPHHLTVILGRTYRVVPGEEEQKFEVEKYIVHKE
FDDDTYDNDIALLQLKSDSSRCAQESSVVRTVCLPPADLOLPDWTECELSGYGKHEA
LSPFYSERLKEAHVRLYPSSRCTSOQHLLNRTVTDNMLCAGDTRSGGPQANLHDALCQ
GDSGGPLYVCLNDGRMTLVGISWGLGCGOKDVPGVYTRKVINYLDWIRDNMRP

49
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SEQ ID N{»:3 Truncated human fissue plasminogen activator (K25 reieplase) aming

acid sequence (355 amino acids in lengih)

SYQONSDCYFONGSAYRGTHSLTESGASCLPWNSMILIGKVYTAQNPSAQALGLGK
HNYCRNPDGDAKPWCHVLKNRRLTWEYCDVPSCSTCGLROYSGPOFRIKGGLFADI
ASHPWQAAIFAKHRRSPGERFLCGGILISSCWILSAAHCFQERFPPHHLTVILGRTYRYVY
VPGEEEQRFEVEKYIVHEEFDDDTYDNDIALLQLKSDSSRCAQESSVVRTVCLPPAD
LOLPDWTECELSGYGRKHEALSPFYSERLKEAHVRLYPSSRCTSQHLLNRTVTDNMLC
AGDTRSGGPOANLHDACQGDSGGPLYVUCLNDGRMTLYV GHSWGLGCGOKDVPGVYT
10 KVTNYLDWIRDNMRP

W

SEQ ID N{¥:4 Human pro-insulin amine acid sequence (86 amino acids in length)

FVNQHLCGSHLVEALYLYVCGERGFFY TPKTRREAEDLOVGOVELGGGPGAGSLOPL
ALEGSLOKRGIVEQUCTSICSLYQLENYCN

SEQ ID NO: IS TTFC, Tetanus Toxin Fragment C (451 amino acids in lengih)

o
Wh

KNLBCWVDNEEDIDVILKKSTILNLDINNDISDISGFNSSVITYPDAQLVPGINGK AIH
LVNMNESSEVIVHKAMDIEYNDMFNNEFTVSFWLRVPKVSASHLEQYDTNEYSIESSME
KYSLSIGSGWSVSLKGNNLIWTLEKDSAGEVRQITFRDLSDKFNAY LANKWVYFITITND
RESSANLYINGVLMGSAEITGLGAIREDNNITLKLDRCONNNNQY VSIDKFRIFCKALN
PKEIEKELYTSYLSITFLRDFWONPLRYDTEYYLIPVAYSSKDVQLENITDYMYLTNAP
20 SYTNGKLNIYYRRLYSGLEFHKRYTPNNEIDSFVRSGDFIKLYVSYNNNEHIVGYPRD
OGNAFNNLDRILRVGYNAPGIPLYKKMEAVKLRDLKTYSVOLKLYDDKDASLGLVGT
HNGQIGNDPNRDILIASNWYFNHLEKBKTLTCDWYFVPTRDEGWTND

SEQ 1D NO:16 Receptor Binding Domain (RBD) of the S1-spike protein from the
SARS-CoV-2 virus (223 amino acids in length)

25  RVQPTESIVRFPNITNLCPFGEVENATRFASYVYAWNRKRISNCVADYSVLYNSASFEST
FRKCYGVSPTKLNDLCFINVY ADSFVIRGDEVROIAPGOTGKIADYNYKLPDDFTGCY
FAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTRPCNGVEGENCYF
PLOSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPRKSTNLVKNKCVNF
SEQ ID NO:17 The 51-spike protein from the SARS-CoV-2 virus (673 amino acids in

30 length

30
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SQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVEHSTQDLFLPFFSNVTWEFHAIHY
SGTNGTKRIFDNPVLPEFNDGVYFASTERSNIRGWIFGTTLDSKTQSLLIVNNATNVVIK
VCEFQFCNDPFLGVY YHEKNNKSWMESEFRVY SSANNCTFEY VSQPFLMDLEGK OGN
FEKNLREFVFKNIDGYFRIYSKHTPINLVRDLPOGFSALEPLYDLPIGINITRFQTLLALH
RSYLTPGDSSSGWTAGAAAYYVOGYLQPRTFLLKYNENGTITBDAVDCALDPLSETKCT
LESFIVERKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVEFNATRFASVY AWNRKRISNC
VADYSVLYNSASFSTFRCYGVSPTKLINDLCFTNVY ADSFVIRGDEVROQIAPGQTGKIA
DYNYKLPRDFTGCVIAWNSNNLDSKVGONYNYLYRLFREKSNLKPFERDISTEIYQAG
STPCNGVEGEFNCYFPLOSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKESTNL
10 VENKCVNENFNGLTGTOVLTESNKKFLPFQOFGRDIADTTDAVRDPOTLEILDITPCS
FGGVSVITPGTNTSENQVAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFOTRA
GCLIGAEHVNNSYECDIPIGAGICASYQTQTNSPRRAR

Wh

SEQ ID NO: 18 CixB, Chelera Toxin B (103 amino acids in length)

15 TPONITDLCAEYHNTOIHTLNDKIFSYTESLAGKREMAINTFRKNGATFQVEVPGSQHID
SQKKAIERMKDTLRIAYLTEAKVEKLOCVWNNKTPHATAAISMAN

flustrative expression consiruct Sequences

L. cpe us.. optlFN-cmR. .. cpcA construct {see, Fig. 1, panel B)
20 UYCGAG - Xhol DNA restriction site
AGATCT - Bglil DNA restriction site
GGATCC - BamHI DNA restriction site
Lower case ~ cpc upstream
25 F RECOMBINATION
UPPER CASE - Codon-optimized human interferon (501nt)
lower cage - mtergenic sequence n construct
fower case bold - cmit
30 lower case underiined - Transcription ternunator
3 RECOMBINATION
{ower case italics - cpeB-cped intergenic sequence
fower case bold - cped (partial)
35
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SEQ ID NO:E cpe_us...optl FN-cmR...cpcA (2336nt) nucleic acid sequence

CYCGAGaggeigiggliceciaggcaacagicticeciaccecaciggaaaciaaaaaaacgagaaaaglicgcacegaa

O
cateaatigeataaiitiagecciaaaacataagorgaacgaaacigeiigiciicocticceaatccaggacaatorgagaatocee

OO

rgeaacattactiaacaaaaaageaggaataaqatiacacaagaigtaacagacaraagiccearcaccgtigiataaagiiaact

Wh

gtgggntigcaaaageaticangectaggcgelgagelgitigagealtcccggiggecctigicgctgectecgtgitictecctggat
ftatttaggtaaiatcicicataaatcccegggtagtiaacgaaagitaatggagaicagiaacaalaacictagggteattactitgs
actcecteagitiatcegggggaatigigitioagaanaicecaacicataaagicaagiaggagatiaatica ATGTGTGA
CTTGCCTCAGACGCATTCTTTGOGAAGCCGACGCACACTGATGCTCGCTCGCCCAA
ATGCGCCGCGATCTCCTTATTCTCCTGTCTCAAGGATCGGCATGACTTCGGOTTCCC
10 TCAGGAGGAGTTTGGAAATCAGTTCCAAAAGGCCGAAACCATTCCOGOTCCTCCATY
GAAATGATTCAACAGATCTTTAACTTATICAGTACCAAAGACAGUAGTGLCGGCCT
GOQGACGAAACATTACTCCGATAAATTCTACACGGAATTATACCAACAGTTGAACG
ACTTAGAAGCCTGTGTAATCCAAGGTOGTIGGTGTCACTGAGACTCCATTAATGAA
AGAAGACTCTATTCTGGUUGTCCGUCAAGTATTICCAGCGAATCACACTGTATTTG
15 AAAGAGAAAAAGTATTCTCCGTGTOGCGTGGGAGGTAGTACGGGUTGAAATCATG
COGTCCTTCTCTTITAAGCACAAACCTCCAGGAATCTCTGCGCTCCAAAGAATGAA
GATCTgeggecgegtigatcggcacgtaagageitecaactitcaccataatgaaataagatcactaccgggogtatitttigagita
tcgagattitcaggageiaaggaagciaaaatggagaaaaaaaicactgeatataccacegitgataliateccaatggeategta
aagaacatitigaggcatitcagicagtigeteaaigiacciataaccagacegticageiggatatiacggectititaaagace
20 glaaagaaaaataageacaagtttiatccggectitaticacatictigecegectgateaatgcteatecggaaticegiatee
caatgaaagacggigageiggicatatoggatagigticaceetigttacacegitticcatgagcaaactgaaacgiiticate
goictggagigaataccacgacgatticeggeagtitciacacatataticgeaagatgigecgigiiacggigaaaaceigge
ctatticectaaaggotitatigagaatatgtitttcgicieagecaaicceigggtoagtticaccagtitigatitaaacgiggce

aatatgeacaacticttcgoeccegttticaceatgggeaaatatiatacgeaaggegacaaggipcigatgccgctosegalt

25  caggticatcatgecgicigtoatggeticcaigicggeagaatgcitaatgantiacaacagtacigegalgagiggeaggse
ggoocgtaatiitittagsocastiatiootecccttanaceccte s GGA T Clctggtiatittanaaaccaactttactcaggtice
alaccegagaaaatccagetiaaageigacalalciaggaaaaliticacaliciancgg gagaiaccagaacoatgaaaacce
ctitaactgaagecgtticeacegetgactetcaaggiegetiteigageageaccegaatiseaaatigetticgoicgictacgt
caagetaatgetlgottigeaagecgctaaageicigacegacaatgcccagagetigeianatggigeigeccaagecgtitat

30 aacaaaticeectacaccacccaaacecaaggcaacaactitgeigeggateaacggestaaagacaagigigecegggac

ateggetactacctecgeategitacctacigettagtipetgetostaccgotecttiggatgagiactigategecggtaticat

gaaatcaaccgeacctttgaceicteccccagetgetatgtU TUGAG
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2. cpeB.. optIFN-cmR. .. cped construct (see, Fig. 1, panel C):

CTCGAG - Xhol DNA restriction site
AGATCY ~ Bglll DNA restriction site
5 GGATCC - BamHI DNA restriction site

Lower case - partial cpeB
UPPER CASE ~ intergenic sequence cpeh-cpeA
5 RECOMBINATION

10
UPPER CASE - Codon-optimized human mterferon (S01nt)
lower cage - intergenic sequence
fower case bold - emR
lower case underlined - Transcription terminator

15
3 RECOMBINATION
lower case italics ~ cpeB-cpeAd intergenic sequence
jower case bold - cped (partial)

20 SEQID NG:6 cpeB...optIFN-emR...cpcA (2340n1) mucleic acid sequence
CTCGAGeegeatcaccggtaatgeticegetategtticcaacgetgetegtgettigicgccgaacagececaattaalccaacc
cggtggaaacgectacaccagecgicgiatggetgotigitigegigacatggaaatcatecteogetaigitacctacgeaaccticac
cgecgacgciicegtictagaagategtigctigaacggicicegigaaacctacgtigecctgggigticecggtgeticegtageiget
geceticaaaaaatgaaagaagcteceotggacalcgttaacgaicccaatggeatcaccegiggtgatiocagiactatcgtigeiga

25 aategcetggttacticgaccgegeegetigetgeeglagectag TCTGGTTATTTTAAAAACCAACTTITAC
TCAGGTTCCATACCCGAGAAAATCCAGUTTAAAGCTGACATATCTAGGAAAA
TTTTCACATTCTAACGGGAGATACCAGAACAATGTGTGACTTGCCTCAGACGL
ATTCTTTGOGGAAGCCOACGCACACTGATGCTGCTCOCCCAAATGCGCCGGATCTC
CTTATTCTCCTGTCTCAAGGATCGGCATGACTTCGGCTTCCCTCAGGAGGAGTTIGC

30 GAAATCAGTTCCAAAAGGCCGAAACCATTICCGGTCCTCCATGAAATGATTCAAC

AGATCTITAACTTATTCAGTACCAAAGACAGCAGTGCGGCCTGGGACGAAACATT

ACTCGATAAATTCTACACGGAATTATACCAACAGTTGAACGACTTAGAAGCCTGT

GTAATCCAAGGTGTTGGTGTCACTGAGACTCCATTAATGAAAGAAGACTCTATTC

TGGCCGTCCGCAAGTATTTCCAGUGAATCACACTGTATTTGAAAGAGAAAAAGT

ATTCTCCCGTGTGCGTOGGGAGCGTAGTACGGOCTGAAATCATOGCGGTCCTTCTCTTT

AAGCACAAACCTCCAGGAATCTCTGCGCTCCAAAGAATGAAGAT C Tgeggeegegttga

G2
W

tcggeacgtaagaggticcaactitcaccataatgaaataagatcactaccgggegtattitiigagitatcgagatiticaggagctaagg
aagciaaaatggagaaaaaaaicaciggatataccaccgifgatatatcecaatggeategiaaagaacatitigagecatiic
agteagtigcteaatgtacciataaccagacegiicagetiggatatiacgeccititianagaccgtanagaaaaaiangeaca

40  agttitatecgpectttaticacattctigeccgectgatgaatscicatecggaattcegtatggeaatygaaagacgeteaseiy
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gigatatggeatagisticaccctigttacaccgiiticcatgagcaaacigaaacgtiticategeictggagigaataccacga
cgatticegecagtttciacacataiaticgeaagatgtooegigtiacgpizaaaacciggectatticectaaaggotitatie
agaatatgttiticgtcicagecaatecctgggtgagiticaccagttttgatitaaacgigoecaatatggacaacticticgeee
cegttttcaccatgggeaaatatiatacgeaaggegacaaggigeigatgeegetggegaticaggitcaicatgecgictgtg
aigocticcaigicgocagaatgctiaaigaattacaacagiacigegaigagipgcagegeggggegiaatitititagseecast

tattggtececttaaacsectee GGATC Crotgetiattttaaaaaccaactitacicaggifccataccegaganantccagetia

augcigacataictaggaaaatiticacatictaacgggagataccagancaatgaaaaccectitaactgaageegtitecace
goigacteicaaggtcpetiicigagcageaccgaatigeaaatigetttcggicgictacgicaagciaatgciggitigeaase
cgctaaageictgacegacaatgeccagagctiggiaaatggigrigeccaageegiitataacaaaticccctacaccaceca
aacccaaggeaacaacttigeigegrateaacseeetaaagacaagigtgeccgeeacateggctactaccicegeategit
acctactgetiagtiscigotegiaccggicctitggatgagtactigategecggtatigatgaaatcaaccgoaccttigacct

‘e Y

cteecceagetgeiatettU TUGAG
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3. cpeus ... cpeR*Xa*FN-cmR. . cpcA construct (see, Fig. 1, panel D)

CTCGAG - Xhol DNA restriction siie
AGATCY - Belil DNA restriction site

5 GGATCC - BamHI DNA restriction site
Lower case -cpeh

5 RECOMBINATION

10 UPPER CASE - Factor Xa cleavage site (IEGR)
UPPER CASE - codon-optimized human mnterferon
lower cage - intergenic sequence
fower case bold - omR
lower case underline - Transcription terninator

15
3 BRECOMBINATION
lower case italics ~ cpeB-cpeAd intergenic sequence
jower case bold ~ cpeA {partial)

N7 gpous ... cpeB*XatIFN-cmR. . .cpeA (2361 nt) nucleic aic squence

CTOGAGatgticgacstaticactcgggtigtticccaagetgatectegeggegagtaccicictegticicagtiagatgctitgag
cgctaccgtigetigaaggeaacaagacggattgatictgtiaaccgeatcaceggtaatgeticegetategiticcaacgetgetegiget
ttgticgecgaacagececaatiaalccaacceggtggaaacgectacaccagecgicgtatggotgctigiitocgtgacatggaaat
catcctecgetatgttacctacgcaaccticaccggegacgcticogtictagaagategtigctigaacgstctcegtgaaacctacgit
25 gecciggetsiicecggigeticegtagetgetgecgttcaaaasatgaaagaagctgecciggacaicgiiaacgaicecaatggeat
cacceglggteattgcagtgctatcgitgetgaaategetggtiacitcgaccgegeogetgetgecgtagcc ATCGAAGGGC
GATGTGACTTGCCTCAGACGCATTUTTTGGGAAGCUGACGCACACTGATGUTGCT
COCCCAAATOGCOGCCGCGATCTCCTTATICTCCTGTCTCAAGGATCGGCATGALCTTC
GGCTTCCCTCAGGAGGAGTTTGGAAATCAGTTICCAAAAGGCCGAAACCATTCCG
30 GTCCTCCATGAAATGATICAACAGATUTTTAACTTATTCAGTACCAAAGACAGCA
GTGCGGCCTGGGACGAAACATTACTCGATAAATTCTACACGGAATTATACCAAC
AGTTGAACGACTTAGAAGCCTOGTGTAATCCAAGGTOGTTGOTGETCACTGAGACTCC
ATTAATGAAAGAAGACTCTATTCTGGCCGTCCGCAAGTATITCCAGCGAATCACA
CTGTATTTGAAAGAGAAAAAGTATTCTCCGTGTGCGTGGGAGGTAGTACGGGCT
GAAATCATGCGGTCCTTCTCTTTAAGCACAAACCTCCAGGAATCTCTGCGCTCCA

G2
W

AAGAATGAAGATCTgeggeegepttgateggcacgtaagaggticcaactticaccataatgaaataagaicactacegg
gogtatittitgagitaicgagatiticaggagctaaggaagotaaaatggagaaaaaaatcaciggatataccacegttgatatate
ccaatggeaicgtaaagaacatitigageeatticagicagttgeicaatigtacciataaccagaccgticagctggatatiacg

40  goaatteegtatggeaatgaragacggigagetgpigatategeatagtsticacectigttacacegittteccatgageaaact
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gaaacgitticategcictgpagigaataccacgacgatticcggeagtiictacacatataticgeaagatgtpgegigiiacg
gigaaaacciggectatttoccianaggetitatigagaatatgititfcgicicagecaateccigggicagiticaccagiitie
atttaaacgiggecaatatggacancticticgeecoegifttcaccatgrecaaatatiatacgeaageegacaagetectga

tocegetggegaticaggticateatgeegicigigatggeticeatgicggeagaatoctiaateaattacaacagiacigesa

{gagtoscageeeggegcgtaatitiittaacecagttattpetocecttanacgecteeGUATC Cretggtiaitttoaaaacca

actitactcag gitcealarecgagaaaaleeagelionagolgacatatcraggaaaattticacatiClaacg ggagataccaga
aeaatgaaaaccectttaacigaagecgtticcacegeigacicicaaggicgettictgageageacegaatiseaaatigett
teggicgiciacgicaageiaatecigptttgeaagecgctiaaageictgacegacaaigeccagagetiggiaaatggigeis
cecaageegittatascaaaticocctacaccacecaaacccaaggcaacaacttigetigegeatcancgersiaaagacaa
gigtocccgggacateggctactaccicegeategtiacctacigettagtigeiootostaceggioctitgoatgagiactiga

SN AT

tegeegptatigatgaantcancegeaccitigaccictoccccagetggiatgtt U TUGAG
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4. cpcus .. cpeB*Xa*IFN -cmR .. cpcA construct (see, Fig. 5}

CTCGAG - Xhol DNA restriction siie
AGATCY - Belil DNA restriction site

5 GGATCC - BamHI DNA restriction site
Lower case -cpeh

5 RECOMBINATION

10 UPPER CASE - Factor Xa cleavage site (IEGR)
UPPER CASE - Native homan interferon
lower cage - intergenic sequence in Cinzia’s construct
fower case bold ~cmi
lower case underlined - Transcription terminator
15
3’ RECOMBINATION
lower case italics ~ cpeB-cpeAd intergenic sequence
iower case bold - cpeA (partial)

QY NUMR gpeus ... cpeB*Xa*IFN -emR. . .cpcA (2361 nt) nucleic acid sequence

CTOGAGatgticgacstaticactcgggtigtticccaagetgatectegeggegagtaccicictegticicagtiagatgctitgag
cgctaccgtigetigaaggeaacaagacggattgatictgtiaaccgeatcaceggtaatgeticegetategiticcaacgetgetegiget
ttgticgecgaacagececaatiaalccaacceggtggaaacgectacaccagecgicgtatggotgctigiitocgtgacatggaaat
catcctecgetatgttacctacgcaaccticaccggegacgcticogtictagaagategtigctigaacgstctcegtgaaacctacgit

25 gecciggetsiicecggigeticegtagetgetgecgttcaaaasatgaaagaagctgecciggacaicgiiaacgaicecaatggeat
cacceglggteattgcagtgctatcgitgetgaaategetggtiacitcgaccgegeogetgetgecgtagcc ATCGAAGGGC
GATGTGATCTGCCTCAAACCCACAGUCTGGUTAGCAGGAGGACCTTGATGCTCCT
GOGCACAGATGAGGAGAATCTCTCTTTICTCCTGCTTGAAGGACAGACATGACTTT
GGATTTCCCCAGGAGGAGTTTGGCAACCAGTTCCAAAAGGCTGAAACCATCCCY

30 GTCCTCCATGAGATGATCCAGCAGATCTTCAATCTUTTCAGCACAAAGGALTCAT

CTGCTGCTTGGGATGAGACCCTCCTAGACAAATTCTACACTGAACTCTACCAGCA

GCTGAATGACCTGGAAGCCTGTGTGATACAGGGUGOGTGGGGGTGACAGAGACTCC

CCTGATGAAGGAGGACTCCATTCTGGUTGTGAGGAAATACTTICCAAAGAATCALCT

CTCTATCTGAAAGAGAAGAAATACAGCCUTTGTGCCTGGGAGGTTGTICAGAGCA

GAAATCATGAGATCTTTTITCTTTGTCAACAAACTTGCAAGAAAGTTTAAGAAGTA

G2
W

AGGAATGAAGATCTgeggeegepttgateggcacgiaagaggticcaactticaccataatgaaataagaicactacegg
gogtatittitgagitaicgagatiticaggagctaaggaagotaaaatggagaaaaaaatcaciggatataccacegttgatatate
ccaatggeaicgtaaagaacatitigageeatticagicagttgeicaatigtacciataaccagaccgticagctggatatiacg

40  goaatteegtatggeaatgaragacggigagetgpigatategeatagtsticacectigttacacegittteccatgageaaact
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gaaacgitticategcictgpagigaataccacgacgatticcggeagtiictacacatataticgeaagatgtpgegigiiacg
gigaaaacciggectatttoccianaggetitatigagaatatgititfcgicicagecaateccigggicagiticaccagiitie
atttaaacgiggecaatatggacaacticticgeecoegifttcaccaigrecaaatattatacgeaageegacaagetectga

tocegetggegaticaggticateatgeegicigigatggeticeatgicggeagaatoctiaateaattacaacagiacigesa

{gagtoscageeeggegegtaatitittaaggcagttattoptocecttaaacpecteeGUATC Cretggtiaitttoaaaacca

actitactcag gitcealarecgagaaaaleeagelionagolgacatatcraggaaaattticacatiClaacg ggagataccaga
aeaatgaaaaccectttaacigaagecgtticcacegeigacicicaaggicgettictgageageacegaatiseaaatigett
teggicgiciacgicaageiaatecigptttgeaagecgetiaaageictgacegacaaigeccagagetiggiaaatggigeis
cecaageegittatascaaaticocctacaccacecaaacccaaggcaacaacttigetigegeatcancgersiaaagacaa
gigtocccgggacateggetactaccicegeategtiacctacigettagtigetootostaceggtoctitsoatgagiactiga

SN AT

tegeegptatigatgaantcancegeaccitigaccictoccccagetggiatgtt U TUGAG

38



WO 2021/050968 PCT/US2020/050528

5.cpeus .. cpeB*HisTag*Xa*FN-cmR ... cpcA construct {see, Fig. 6):

5 CYCGAG - Xhol DNA restriction siie
AGATCY - Belil DNA restriction site
GGATCC - BamHI DNA restriction site
Lower case -cpeh

10 5 RECOMBINATION

UPPER CASE - Histag 6x

UPPER CASE - Factor Xa cleavage site (IEGR)

UPPER CASE - synechocystis-optinized human interferon
15 lower case ~ intergenic sequence in Cinzia’s construct

iower case bold - emR

lower case underlined - Transcription terminator

3 RECOMBINATION

20 lower case italics - cpeB-cped intergenic sequence
fower case bold - cped (partial)
SEQ I NS op 3 {AITH ) nucleie and

o}
Wh

CTOGAGatgttcgacgtaticactegggtigtticecaagetgatectegeggogagtacetcictegtictcagtiagatgcttigag
cgctaccgtigetgaaggcaacaaacggatigatictgtiaaccgeatcaceggtlaatgcticegetategiticcaacgetgetegiget
itgticgecgaacagecccaatiaatecaacceggiggaaacgectacaccagecgtegtatggctgctigittgegigacatggaant
catcctecgetatgttacctacgcaaccticaccggegacgcticogtictagaagategtigctigaacgstctcegtgaaacctacgit
goectgggtaticecgglaocticeglagetactgecgticasaanatgaaagaagctacceiggacalcgtiaacgaicecaatggeat
30 caccegtggtgattgeagtgetatcgiigetgaaategetggtiacitcgaccgegeogetgetgccgtagccCACCATCACC
ATCACCATATCGAAGGGCGATGTGACTTGUCTCAGACGCATTICTTTGGGAAGLLG
ACGCACACTGATOGCTGUTCGCCCAAATOGUGCCOGGATCTCCTTATTICTCCTGTCTCA
AGGATCGGCATGACTTCGGCTTCCCTCAGGAGGAGTTTGGAAATCAGTTCCAAAA
GGCCGAAACCATTCCGGTCCTCCATGAAATGATTCAACAGATCTTTAACTTATIC
AGTACCAAAGACAGCAGTGCGGCCTGGGACGAAACATTACTCGATAAATTCTAC
ACGGAATTATACCAACAGTTGAACGACTTAGAAGCCTOTGTAATCCAAGOTGTITG
GTGTCACTGAGACTCCATTAATGAAAGAAGACTCTATTCTGGCCGTICCGCAAGTA
TTTCCAGCGAATCACACTGTATTTGAAAGAGAAAAAGTATTICTCCGTGTGLGTGG
GAGGTAGTACGGUGCTGAAATCATGCGOTCCTTCTCTTTAAGCACAAACCTCCAGE
40 AATCTCTGCGCTCCAAAGAATGAAGAT CTgeggecgesttgaicggeacgtaagagsitccaactitcace

(o
A
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ataatgaaataagatcactaccgggogtatiiitigagtiatcgagattitcaggagciaaggaagctasaatggagaaaaaaatcact
goatataccaccgtigatatateccaaiggcategtaaagaacatitigaggeatiicagicagtigcicaatgtacetataace
agacegttcagetgeatattacggectititaragacegtanagaaaaaiaageacaagttttateeggectitaticacaticy
sceegectigatgaatgcicatecggaaticegtatgecaatgaaagacgeisageiggigatatgggatagigticacectigt
tacaccgtittccatgageaaacigaaacgitticaicgeiciggagtoaataccacgacgatitecggeagitictacacatata
ttegeaagatgicecgtottacgotpaaaacctggectatitceciaaaggotitattgagaatatgittticgtctcagecaate
cetgggteagiticaccagittigatttaaacgiggecaatatggacaacticticgecceegtiticaccatgsgeaaatatiat
acgeaaggegacaaggigctigatgecgetgecgaticageticatcaigecgicigtgatpgcticeatgicggeagaatgett

aatgaatiacaacagiactgegatpasioscagggcggeocgiaatitttitaagecagitattesiocectiaaacoectee GG

ATCCterggiattttaaaaaccaacttiactcaggttccataccegaganaatccagettaaagetgacatatctaggaaaattit
cacatictaacgggagataccagancaatgaaaaceectttaactgaagecgittccacegetgacicicaaggicgetiicioa
gcageaccgaatigeaaattigetticggicgictacgicaagetaatgeiggitigcaagecgeiaaageicigacegacaatly
cecagagettggtaaaigetoctgcccaagecgitiatancaaaticccctacaccacccaaacccaagecaacaactifgety
cggatcaacgggotaaagacaagigigeccgegacategectactacctecgeategitacctactgetiagttgctooiggia

&N e

ceggtectttgoateagtactigategccgoiatigatoaantcaacegeaceittgaceicteccecagetegtatgttUT UG

A
Alz
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6. epe-US. nptl ¥FN . cped-+cpe genes-DS construct (see, Fig. 13):

UPPER CASE ~ upstream ¢pe operon FLANKING SITE (506 ot}
5 nptl*F(Hise ™ Xa)y*/FN {acts also as the resistance cassette} (1,341 nt)

lower case underlined - Transcription terninator
UPPER CASE - cpeB-cped intergenic sequence
UPPER CASE ~ epeA gene FLANKING SITE (517 nt including UPPER
C ASE intergenic sequence)

10 CTCGAG - Xhol restriction site
AGATCT - Bgllf restriction site
GGATCC - BamH1 restriction site

SEQ ID NOUO cpe-US. . nptl “IFN... cpcA+cpe genes-% (2429 nt) nucleic acid

15 seguence
CTCGAGGGAAAGTAGGCTGTGOTTCCCTAGGCAACAGTCTTCCCTACCCCACTGG
AAACTAAAAAAACGAGAAAAGTTCGCACCGAACATCAATTGCATAATTTTAGCC
CTAAAACATAAGCTGAACGAAACTGGTTGTCTTCCCTTCCCAATCCAGGACAATC
TGAGAATCCCCTGCAACATTACTTAACAAAAAAGCAGGAATAAAATTAACAAGA

20 TGTAACAGACATAAGTCCCATCACCGTTGTATAAAGTTAACTGTGGGATTGCAAA
AGCATTCAAGCCTAGGCGUTGAGUTGTTTGAGCATCCCGGTGGCCCTIGICGCTG
CCTCCGTGTTTICTCCCTGGATTTATTTAGGTAATATCTCTCATAAATCCCCGGGTA
GTTAACGAAAGTTAATGGAGATCAGTAACAATAACTCTAGGGTCATTACTTTGGA
CTCCCTCAGTTTATCCGGGGGAATTGTGTTTAAGAAAATCCCAACTCATAAAGTC

AAGTAGGAGATTAATTC Aafgagicacatcecagagagaaactagtigitccegaccicgiit gaatageaaialgg

2
(i

atgeagalcigtacggataioaaigggegegagaiaacgiageccaaicigggeccaciaitiaieggifalaiggcaaaccagal

OOE

getcecgaactghiicicaaacaiggeaaagggicigregceaatgalghiaccgatgaaaiggrgeggiigaactggiigacaga
atttargeccctcecgaccatcaaacatittatcaggactceagacgatgeatggeiatiaactacggecattccigggaaaactgec
fticaggigitggoagaatalceegatictggigagaatategicgatgegttageggitiitciaagacgictacatageattcoecgttt
30 geaatigicecttiaaitcggacegggigiicegetiggegcaggotcagicecggat gantaacggiitgglagatgeeieggactit
gatgatgaacggaacggetggeecgitgaacaggiitggaaagagatgeataagergeigecciictiececcegacagegiigiiac
featggagatttitctcicgatantctgatiticgacgaaggeaagctaaliggeigtalcgalgiggeacgggiagegatgcggac
cggiaicangacclageantitigiggaactgectaggigaatiticceocageciacaanaacggeigiitcanaaatacggaate

fedelel

gataateccgacalgaacaaatiacaatifcalergatgeiagatgagiteiticaccatcaccatcaccatategaagggegatgte

(ad
(93}

acttgecticagacgeaticttiggoaageegacgeacactgatocigetegeecaaatgegecggatetcctiatictectatete
aaggatcggcatgacticgecticectcaggaggagttiggaaaicagticcaaaaggecgaaaccaticcggicctceatza
aatgaticaacagatctitaactiaticagtaccaaagacageagigeggecigggacganacatiacicgataaatictacac

goaattataccaacagtigaacgacttagaagectgtgtaatccaaggigticgtoteactgagaciceatianigaaagaayg
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actctaticigoccgiecgeaagiatitccagegaatcacactgiatitgaaagagaaaaagiaticicegigipegigpgagot
agtacggecigaaatcatgeggicetictctitasgeacaaacciccagganictcigegciccaaagaasigaiiiititaseoca
gttattggteceettanaceccigge GATCCTCTGGTTATTTITAAAAACCAACTITACTCAGGTTC
CATACCCGAGAAAATCCAGUTTAAAGUTGACATATCTAGGAAAATTTTCACATITC
TAACGGGAGATACCAGAACAATCAAAACCCCTTTAACTGAAGCCGTITCCACT
GCTGACTCTCAAGGTCGOTTTCTGAGCAGCACCGAATTGCAAATTGCTTTICG
GTCGTCTACGTCAAGCTAATGUTGOGTTTIGUCAAGCCGCTAAAGCTCTGALCCGA
CAATGCCCAGAGCTTGGTAAATGGTGCTGUCCCAAGCOCGTTTATAACAAATYC
CCCTACACCACCCAAACCCAAGGCAACAACTTTGCTGCGGATCAACGGGGT
AAAGACAAGTGTGCCOGGGACATCGGCTACTACCTCCGCATCGTTACCTACT
GCTTAGTTIGUTGGTGGTACCGGTCCTTIGGATGAGTACTTGATCGCUGGTAT
TGATGAAATCAACCGCACCTTTCACCTCTCCCCCAGCTGGTATGTTGAAGCT
CTGAAATACATCTCGAG




WO 2021/050968 PCT/US2020/050528

7. glgd1-US.. Prro-nptI*IFN .. glgAl-DS construct: (see, FIG. 19, panel A)

UPSTREAM gig4i FLANKING SITE (540 nt)
UPPER CASE lower case combination Prrc (101 nt)
5 nptPF{Hisex* Xay*/FN {acts also as the resistance cassetie) (1,341 nt)

UPPER CASE TpshA2 (terminator pshA2) (193)
DOWNSTREAM gigdl FLANKING SITE (512

CTCGAG - Xhol restriction stte
GGATCC - BamHI restriction site

10
SEQ D NOG: 11 gigA - US. PTRC-nptl *IFN. . . glg A I-D§ (2705 at) nucleic acid sequence

CTCGAGGCCATGTCCCAAATTCTTGATCCCATCCCCAACAACCAGCCATCAGCCT
TATTCTGTTGCTACGTCAATGUCACCAATCAAATCCAAGTGGUCCGLATTACCAA
TGTCCCTAATTGOTATTTTGAAAGAGTTGTGTTCCCTOGOTCAACGGTTAGTATTITG
15 AGGCAGTGCCCAGCGCTCAGTTAGAAATTCATACTGGCATGATGOGCCAGCTCGAT
TATTTCGGACACCATTCCCTGCGAACAACTGAGTATTGATCCCGACGGATTAGCA
GCOOGGCGOTTTCATCTUTCCAGAAAAAGAACACGAGTCOGAGGATATGACTTICC
CAATCCTTAGTGGCTTAGCAATGAATTAATGAATTGGAATACTTAGGCCATGCCA
CCGGCCOGGLCAATGGATAGTCCACGGACAAAGCACTAAGAAAAAGGTATAGGGAT
20 GGAAAGCAGAAACTGTTAATTACTCTCTCCGATGGGTAACCACCACCGTCATATA
ATTGAGCGGAAAGTATGGCAACCAGGCCCTCGAACTCAATTAGTGGAATAACGCG
GTCCTGCAGGATTCTGAAATGAGCTGTTGACAATTAATCATCCGGUTCOGTATY
AAtgigtegaAATTGTGAGUCGGATAACAATTAGGAGGTTAATTAAC Aaigagicacalce
agagagaaactagitgtceegacctegtitgaatageaataiggalgeagatet glacggatataaatgggegegagataacgta
25 ggecaalciggggecacialttalcggtialaiggraaaccagatgeleccguactgiticicanacalggeaaagggloigiggec
aatgatgtiacegatgaaalggigegeitgaactggtigacagaatifatgeeccicecgaceatcaaacatiftatcaggacteeag
acgatgeatggctattaactacggecattcctgggaaaactgectitcaggigitggaagaatatcccgaticiggigagaataicgt

cgatgegtiagegeittitciaagacgictucatageaticecgtiigeaantigicectitaaticggaccgggigticegetiggegeag

ftat)

geteagicecggatgaataacggltigeiagaigecleggactitgatgalgaacg gaacggriggccegiiguacaggiitggaa
30 agagatgeataagelgetgeccticicececcgacagegtigitactcarggagattficicicgataatctgatiticgacgaaggea
agciaatiggeigtategalgigggacgggtagegatigeggaceggiatcaagacctageantiitgiggaacigectaggtgaat
litcccccagectacanaaacggelgiticanaaalacggaaicgataatcecgacatgaacanaitacaat tfcalctgal gotag
atgagtictiicaccatcaccatcaccatategaagggegargigactigecicagacgeatictiigggaagecgacgoeacacigat

getgetegeccanaigegecggaictectiatictectgicteaaggateggeatgacticggeticectcaggaggagittggaaat

(o
A

cagticcaanaggeegaaaccaticeggicctecatgaaat gaticaacagatcttiaactiaticagtaccaaagacageagige
gegccigggacgaaacatiacicgataaatictacacggaatiataccaacagiigaacgactiagaageoigigtaalccaaggly

rtegtgicactgagactecatioatgaaagaagacictaticiggocgtecgeaagtatifceagegaatcacacrglatiigaaaga
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gananagtaticiecgigigegigggaggiagiacggecigaaatcatgeggtocticictitaageacaaacciceaggaatcict

gegelecanagaalgaGGATCCTCUTTGGTOGTAATGUCCAACTGAATAATUTGCAAATTY
GCACTCTCCTTCAATGGGLGGEGTGOTTTTTGCTTGACTGAGTAATCOTTCTGAT
TGCTGATCTTGATTGCCATCGATCGUCGGGGAGTCUGGGGCAGTTACCATTY
AGAGAGTCTAGAGAATTAATCCATCTTCGATAGAGGAATTATGGGGGAAGA
ACCCTAGGCAATTGATGGCCATGCOGTITATGOCTOTATCCCCATTGTGCGOCGGAC
AGGGGGTTTGGTGGATACGOTATCCTTICTACGATCCTATCAATGAAGCCGGCACC
GGCTATTGUTTTGACCOTTATGAACCCCTGGATTGCTTTACGGCCATGOGTGCGGG
CCTGGGAGGGTTTCCOTTTCAAGGCAGATTGGCAAAAATTACAGCAACGGGCCA
TGCGGGCAGACTTTAGTTGGTACCGTTCCGCCGGGGAATATATCAAAGTTTATAA
GGGCGTGGTGOGLAAACCGGAGGAATTAAGCCCCATGGAAGAGGAAAAAATEG
CTGAGTTAACTGCTTCCTATCGCTAACAATCTCCCGGCAGTGAAGTAAAATCCTG
AACCCTAATCCCGCTCCACTGCCGACCCCAATTICTCCTTGCCTAGGCAAATTTGA
AAATTTTTTCTGATCAATGCTTGTGGTGAAGCAAAAGCTATGTTAACGTITATAAA
TCOGTGCCAATGAAGCACAACGGGCTCGAG
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& cpcus ... cpeBFHIisTag*Xa*optK25-cmR ... cpcA construct (see, Fig. 15)

5 RECOMBINATION

CICGAG - Xhol DN A restriction site
5 Lower case -CpcB

UPPER CASE - Histag 6%
UPPER CASE - Factor Xa cleavage site {IEGR)
UPPER CASE ~ Synechocystis-optirmzed K28 (without first methionine, plus
stop codon)

10 AGATCT - Bglll DNA restriction site
GGATCC - BamHI DNA restriction stie
lower cage - intergenic sequence in Cinzia’s construct
Lower case bold ~-cmR
lower case underlined - Transcription terminator

15 GGATCC - BamHI DNA restriction stie
lower case italics - CpcB-CpcA intergenic sequence
lower case bold - CpcA (partial)
CTCGAG - Xhol DN A restriction site
3 RECOMBINATION

CTOGAGatgttcgacgtaticactegggtigtticecaagetgatectegeggogagtacetcictegtictcagtiagatgcttigag
cgctaccgtigetgaagecaacaaacggatigatictgtiaaccgeatcaccgglaalgeticegetategiticcaacgeigetegtget
25 ttgticgecgaacagecccaatiastecaaceeggigganacgectacaccagecgtogtatgectgetigitigegtezacatggaaat
catcetecgctatgtiacctacgcaaccticaccggegacgcticegtictagaagategtigetigaacggtetcegigaaacctacgit
goectgggtettcecggtocticegtagetgctggcgticaaaaaatgaaagaagctaccetiggacaicgitaacgaicecaatggeat
cacceglggigattgeagigctategitgetganalcgetggtiacitcgaccgegeegetgeigeeglagecCACCATCACT
ATCACCATATCGAAGGGCGATCCTATCAAGGCAATTICCGATTGTTATTTTGGCAA
30 TGGCTCCGCCTATCGOOGCACCCATTCCTTGACCGAATCCGGCGLCTCCTOTTITG
CCCTGGAATTCCATGATTTTGATIGGCAAAGTGTATACCGCCCAAAATCCCTCCG
CCCAAGCCTTGGGCTTGGGCAAACATAATTATTGTCGGAATCCCGATGGCGATGC
CAAACCCTGGTIGTCATOTGTTGAAGAATCGGCGGTTGACCTGGGAATATTIGTGAT
GTGCCCTCCTOTTCCACCTOTOGOGCTTGCGGLAATATTCCCAACCCCAATTTCGRGAT
35 TAAAGGCGGCTTGTTTGCCGATATTGCCTCCCATCCCTGGCAAGCCGCCATCTTT
GCCAAACATCOGCOGUTCTCCCOGCGAACGGTTICTTGTGTGGCGGCATTITTGATTT
CCTCCTGTTGOGATTITTOTCCGCCGCCCATTGTTTTCAAGAACGGTTTCCTCCCCAT
CATTTGACCGTGATTTIGGGCCOGGACCTATCGGOGTGGTGCCCGGUGAAGAAGAA
CAGAAATTTGAAGTGGAGAAATATATTGTGCATAAAGAATTTIGATGATGATACCT
40 ATGATAATGATATIGCCTTIGTTGCAATTGAAATCCGATTICCTCCCGGTGIGCCCA
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AGAATCCTCCOTOGGTGCGCGACCGTCTGTTITGCCTCCCGCCGATTTIGCAATTGCCO
GATTGGACCGAATGTGAATTCGTCCGGCTATGGCAAACATGAAGCCTTGTCTCCCT
TTTATTCCGAACGGTTGAAAGAAGCCCATGTGCGGTTGTATCCCTCCTCCCGGTG
TACCTCCCAACATTTGTITGAATCGGACCGTGACCGATAATATCGTTGTGTGLCGEL
GATACCCOGUTCCGGCGGCCCCCAAGCCAATTTOGCATGATGCCTGTCAAGGCGATT
CCGGCGGCCCCTTGOTETOTITGAATCGATGGCCGGATGACCTTGGTGGGCATTAT
TTCCTGOGGGUTTGGGCTGTGGCCAGAAAGATOTGCCCGGUGTGTATACCAAAGTG
ACCAATTATTTGOGATTGGATTCGOGATAATATGCGGCCCTAAAGAT CTecgaeegegtt
gatcggcacgiaagaggitccaactiicaccataalgaaataagatcactaccggecgtattititgactiatceagattticaggagctaa
ggaagctagastgeagaaaaaaatcactgeatataccacegtigatatateccaatggeategtaaagaacatittigagreatt
teagteagtigeicaatgiacctataaccagacegitcagetggatatiacggecttttiaaagacegiaaagaanaatanagea
caagttttatecggectitaticacatictigeccgectgatgaatecicatecggaaticcgtalggcaatgaaagacggigage
tegoteatatgooatagteticaccctigitacacegttticcatgageaaactgaaacgitficategeteigeagtgaataccae
gacgatticeggeagtiictacacatataticgeaagaigigoegigtiacgeigaaaacciggectatticectasagogttial
tgagaatatgititicgictcagecaatecctgggigagtiicaccagititgatitaaacgtiggccaatatggacaacticttege
ceccgitticaccategecanatattatacgeangecgacaagpigctgatgecgetggegativaggiicateatgecgicist

gltattoptocecttaaacecctosGGAT O Cicrgetattticaanaccaactitactcaggitceatacccgagaaaatccazct

faaagetgacatatciagganaatiifcacatictancgggagaiaccagaacaatgaaaaccectttaactgaagecgtiicea
cegetgacicicaageicgettictigageageacegaattgeanatigctiteggicgictacgicaagetaatpctootitiscan
geegetaaagctctgaccegacaatgoeccagagetiggtaaategigetgeccaagecgtttataacaaaticccetacaccace
caaacccaaggeaacaactiigetgegpalcaacgpggiaaagacaagigtoscecgggacateggctactaccicegealcg
ttacctactgetiagtigeiggiogtaceggtectitgeateagtactigategecggiatigaigaaatcaacegeaceiiipac

ctetecceeagetgptatgtUTCGAG
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9. cpe-US... npti*HisTag*Xa*K25 ... cpcA+cpe genes-DS construct. (see, Fig. 19, panel B)

UPPER CASE - upstream cpe operon FLANKING SITE (506 nt)
nptT* (Hisex™ Xa)* K28 (acts also as the resistance cassetie) (2,478 nt)
5 lower case underiined - Transcription terminator

UPPER CASE - cpeB-cpeA 1ntergenic sequence plus cped gene FLANKING
SITE (517 nt}
CTCGAG - Xhol restriction site

10 AGATCT - Bglil restriction site
GGATCC - BarnHI resiriction sile

SEQ ID NG:13 epo-US... mppl*HisTag*Xa*K2S... cpeAtope genes-DE (2998 nt) nudleic
acid sequence
CTCGAGGGAAAGTAGGCTGTGGTTCCCTAGGCAACAGTCTTICCCTACCCCACTGG
AAACTAAAAAAACGAGAAAAGTTCGCACCGAACATCAATTGCATAATITTAGCC
CTAAAACATAAGCTGAACGAAACTGGTITGTCTTCCCTTCCCAATCCAGGACAATC
TGAGAATCCCCTGUAACATTACTTAACAAAAAAGCAGGAATAAAATTAACAAGA
TOGTAACAGACATAAGTCCCATCACCGTTGTATAAAGTTAACTGTGGGATTGCAAA
20 AGCATTCAAGCCTAGGCGCTGAGCTGTTTGAGCATCCCGGTGGCCCTIGTCGCTG
CCTCCGTGTTTCTCCCTGGATTTATTTAGGTAATATCTCTCATAAATCCCCGGGTA
GTTAACGAAAGTTAATGGAGATCAGTAACAATAACTCTAGGGTCATTACTTTGGA
CTCCCTCAGTTTATCCGGOGGGAATTGTGTTTAAGAAAATCCCAACTCATAAAGTC

[
(i

AAGTAGGAGATTAATTC Aaigagicacalccagagagaanciagtigifccegaccicgitigaatagcaalalgg
25 atgeagutcigtacggatalaaatggecgegagataacgiaggceaantciggggccactatiiaicggiiatalggcaaaccagal
getccegaacigiticicaaacalggeaaagggictigigeccaatgatgtiaccgaigaaalggigeggiiganciggligacaga
atticigecccteccgaccalicanacatitialicaggaciceagacgalgealggclatiaaclacggcoaticciggganaacigee
ttcaggtgtigeaagaatalccegatictggigagaataicglcgalgegiiageggititictaagacgiciacatagoaticccgiit
geaatigicectitaalicggaceggrigiicegetiggegeaggeicagicecggatgaataacgglitggiagatgecicggacitt
30 galgatgaacggoacggeotggeccgiigaacnggitigeanagagalgeataageigolgeccitcicceecgacageghigltac
leatggagatiiticictegataalcigaliticgacgaaggeaagclaaliggelglalcgaligiggeacgggliagggaligcggac
cgglatcaagacciageaaiitigiggaacigeciaggigaaliticecceageciacaaaaacggeigiticacaaaiacggaate
gataaiceegacatgaacaaatiacaatticalcigatgciagaigagiictiicaccatcaccaicaccatategaagggegalCC
TATCAAGGCAATTCCGATTGTTATITTGGCAATGGCTCCGUCTATCGGGGCACCCATTCOTTGACCGAATC
35 CGGCGCCTCCTGITTGCCUTGGAATTCCATGATITTGATTGGUAAAGTGTATACCGCOCAAAATCCCTCC
GUCCAAGCCTTGGGCTTGGGCAAACATAATTATTIGTCGGAAT CCCGATGGUGATGUCAAACCCTGGTGIC
ATGTGTTGAAGAATCGGCGGTT GACCTGGGAATATTGTGATGTGUCCTCCTGTTCCACCTGTGGUTTGEG

GUAATATTCCCAACCCCAATTTCGGATTAAAGGCGGUTTGITTGUCGATATIGCCTCCCATCCUTGGUAAG
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COGUCATCTTTIGCCAAACATCGGCGGTCTCCCGGUGAACGGTTCTIGTGTGGCGGUATITTGATTICCTC
CTGTTGGATITTIGTCCGCCGCCCATTGTITTCAAGAACGGTTITCCTCCCCATCATTTGACCGTGATTTTGG
GOCGGACCTATCGGGTGGIGCCCGGCGAAGAAGAACAGAAATTT GAAGT GGAGAAATATATTGTGCATAA
AGAATTIGATGATGATACCTATGATAAT GATATTGCCTTGTTGCAATTGAAATCCGATICCTCCCGGTGTGC
CCAAGAATCCTCCGTGGTGCGGACCGTGIGTTIGCCTCCCGOCGATTTGCAATTGCCCGATIGGACCGA
ATCGTGAATTIGTCCGGCTATGGCAAACATGAAGCCTIGICTCCCTTTTATTCCGAACGGTTGAAAGAAGCCC
ATCGTGCGGTTGTATCOCTCCTCCOGGTGTACCTCCCAACATTTIGTTGAATUGGACCGIGACCGATAATATG
TTGTGTGCCGGUGATACCCGGTOCGGCGGUCCUCCAAGUCAATTTGCATGATGUCT GICAAGGOGATTCC
GGCGGCCCCTTCGTGIGTTTGAATGATGGCUGGATGACCTTGGTGGGUATTATTTCCTGGGGCTTGGEC
TGTGGUCAGAAAGATGTGCUCCGGUGTGTATACCAAAGT GACCAATTATT TGGATTGGATTCGGGATAATAT
GCGGCCCTAA ittt tagoocagttattectocecttaaacecciogoGATCCTUTGGTTATTTTAAAAACT
AACTTTACTCAGGTTCCATACCCGAGAAAATCCAGCTTAAAGCTGACATATCTAG
GAAAATTTTCACATICTAACGGGAGATACCAGAACAATGAAAACCCCTTTAACTY
GAAGUCGTTTUCCACUGOCTGACTUTCAAGGTUGCTTITCTGAGCAGCACCGAAT
TGCAAATTGCTTTCGGTCGTCTACGTCAAGCTAATGCTGGTTIGCAAGOCCGO
TAAAGCTCTGACCGACAATGCCCAGAGUCTTGGTAAATGGYGCTGUCCCAAGT
CGTITTATAACAAATTICCCCTACACCACCCAAACCCAAGGCAACAACTTIGCT
GCGGATCAACGGGGTAAAGACAAGTGTGUCCGGGACATOGGCTACTACCTC
CGCATCCTTACCTACTGOCTTAGTTIGCTGGTGGTACCGGTCCTTTIGGATGAGT
ACTYGATCGCCGGTATTIGATGAAATCAACCGCACCTTTIGACCTCTCCCCCAG
CEIGGTATGTTGAAGCTCTGAAATACATCTCGAG
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10 cpeus ... cpeBHINS - cmP + cpe genes ... cpe ds construct (see, Fig. 16}

CTOGAG - Xhol DNA restriction site

AGATCY - Belil DNA restriction site

GGATCC - BamHI DNA restriction site

Lower case - cpeB

5 RECOMBINATION

UPPER CASE - Factor Xa cleavage site ({EGR)

lower case - Human protnsulin, codon-optimized for expression in
Synechocystis PCC.6803

lower case - intergenic sequence in Cinzia’s construct
fower case - cmi

lower case underlined ~ Transcription terminator

3 RECOMBINATION

lower case italics - cpeB-cpeA intergenic sequence

iower case bold - cpeA (partial)

SEQ ID NO:id cpc us ... qpeB¥INS - cmR + cpe genes ... cpe ds (2112 nt) nucieie acid

seguendce

gctgaaggocaacaaacggatigaitcigtiaaccgeatcaccggtaatgcticegcetategtiiccaacgeigctegtgotiigticgerg
aacagecccaattaatccaacccggiggaaacgectacaccagecgtegtatggctoctistitgcotoacatggaaatcatectecge
tatgitacctacgcaaccticaccggegacgeticegtictagaagatcgtigetigaacggictcegigaaacciacgiigecetgggiyg
tteecggtgeticegtageigetggegticasaaaaigasagaagctgocctggacategiiaacgateccaatggeatcaceegiggt
gattecagtgctatcgtigctgaaategotpgttacticgaccgcgccgetgctgcegtagcc ATCGAAGGGU GAticgtga
accagcactigtgcggtagicactiagicgaagegetciatctagicigtegisaacgaggattictictatacicciaagacicgacgtga
gectgageacciccaaglageacaggtagaactaggaggcggaccaggagcecgggicttigcagecgltggcactagaagggage
ctceagaagegaggeatcgtpgageagiactocacatecatcigtagetiataccaatiagagaattactgeaattagAGAT C Tge
oocegegtisatcggeacgtaagaggticcaactticaccataatgaaataagatcactaccgggocgtattittigagitatcgagatitic
aggagctaaggaagclassatggagaaaaaasicaciggatataccaccgtizatatateccaatggeategianagaacatit
tgaggeatticagicagtigetcaatgtacctataaccagaccgticageiggatattacggectttitasagacegianagann
aataagcacaagtittatecgoectitaticacatictigecegecigatganigeicatceggaaticegiatggeaateaaag
acggisagcigeizatatppoatagigticaccectigitacaccgititccalgagcaaacigaaacgitticategetciggagt
gaataccacgacgatiteegoeagitictacacatataticgeaagaigigocgtgtiacgotgaaaacciggectatifeccta
aagggtttatigagaatatgttiticgictcageeaatccctgggigagtticaccagittigattiaaacgiggecaaiaigsae
aacticticgececcgtiticaccatggocaaatatiatacgeaaggegacaaggigctgatgecgeiggegaticaggticaic

afgcegicigipatoocticeatgicgecagantgettaateanttacaacagtacigegatgagiggcagegeggeecgiaal

aaatccagcitaaageigacataictaggaaaatiticacaticiaacgggagataccagaacaatgaaaacecctitaacigaa
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geegtttecacegctgacicicaagptcgetiicigageageacegaatigeaaattgetticggicgictacgicaagetiaatge
toottiscaagecgciaaageicigacegacaatgcccagagetipgiaaatggigeigeccaagecgittataacaaaticce
ctacaccacecaracecaaggeaacaactttgeigegoatcaacggystaaagacaagtgtgcccgegacategeetaciac
cteegeategitacctacigetiagtigetggtostaceggicctitogatgagiactigatcgoeggtatigaloaaatcanceg

cacctitgaccicteccecagetiggialgtt
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11 cpeB*L7*His *TTHC-smR +cpc (3243 nt) (see Fig. 17, panel A}
TTFC: Tetanus Toxin Fragment C

Lower case <caccatcaccatcaccatgataatiigiatitacaagge>: His-tag + TEV cleavage site (39 ni}
UPPER CASE BOLD, Tetanus Toxin Fragment C (TTFC) + 8STOP CODON (1356 nt)
Lower case bold RBS (18 nt)

{IPPER CASE ITALICS, smR gene for antibiotic selection (792 nt)

Lower case italics, franscription terminator + intergenic seq + partial cpcd gene for
homologous recombination (501 nt)

ATGTTCGACGTATTCACTCGGGTTGTTTCCCAAGCTGATGCTCGCGGCGAGTACCTCTCTG
GTTCTCAGTTAGATGCTTTGAGCGCTACCGTTGCTGAAGGCAACAAACGGATTGATTCTG
TTAACCGCATCACCGGTAATGCTTCCGLTATCGTTTCCAACGCTGCTCGTGCTTTGTTCGC
CGAACAGCCCCAATTAATCCAACCCGGTGOAAACGCCTACACCAGCCOGTCGTATGGCTG
CTTGTTTGCGTGACATGGAAATCATCCTCCGCTATGTTACCTACGCAACCTTCACCGGCG

ACGCTTCCGTTCTAGAAGATCGTTGCTTGAACGGTCTCCGTGAAACCTACGTTGCLCTGG
GTGTTCCCGGTGCTTCCGTAGCTGUTGGCGTTCAAAAAATGAAAGAAGCTGCCCTGGACA
TCGTTAACGATCCCAATGGCATCACCCGTGGTGATTGCAGTGCTATCGTTGCTGAAATCG
CTGGTTACTTCGACCGCGCCGCTGCTGCCGTAGCCCCCATGCCTTGGCGUGTGA T Teaccate
accatcaccatgataaitigtaittacaaggc AAGAACTTAGACTGTTIGGGTCGATAATGAGGAGGATAY

CGATGTCATTCTAAAGAAGTCTACCATCCTAAATCTGCACATTAACAATGATATCAT
TAGTGATATTTCIGGTTITTAATICTYICTGTTATCACATACCCCGACGUCCAATTAGTY
CCAGGAATTAATGGGAAGGUTATTCATCTAGTAAATAATGAGAGCAGUGAAGTGAT
CGTCCACAAGGCGATGGACATIGAGTATAATGATATGTTCAACAACTTTACTGYGHC
CTTTTGGTTGCGOCGTUCCCCAAAGTGTCTGCCAGTCACCTGGAACAATACGACACGA
ATGAATATAGTATCATTAGCAGTATGAAAAAGTATAGTTTAAGTATTIGGGTCTGGGTY
GGICCGTCTCTCTCAAAGGAAACAACCTCATCTGGACCCTCAAGGATTCTGCAGGC

GAAGTGUCGTCAAATTACATTCCGCGACTTIGTCCGATAAATTCAATGCGTACCTCGCT
AACAAATGGGTTTITCATCACCATCACGAACGACTCGGUTCGAGTAGCGCTAACCTCTA

CATTAATGGCGTGTTGATGGGGAGTGUGGAGATCACCGGCUTGGGGGLAATTICGC

GAGGACAACAACATCACACTCAAGTTCGACCCGTIGCAATAACAACAACCAATATGT

CTCTATCGACAAATTTCGTATTTITCTGTAAGGUGUTAAACCCAAAGGAGATCGAAAA
GTTATATACTAGTTATTITGAGCATCACGTTTTTACGCGATTTITIGGGGCAACCCACT
GCGTTATGACACTGAATATTATCTCATTCCCGTTGCGTACAGCAGTAARAGACGTCCA
ATTAAAGAATATCACGGATTATATGTATCTGACTAATGUTCCCAGTTACACGAACGG
GAAATTAAACATTITACTACCGUCGTCIGTACTUTGGTCTGAAGTTTATTATCAAACG
CTACACCCCCAACAATGAAATCGACTCTTITIGTTCGGTCTGGTGACTTITATTAAACT
GTACGTAAGTTACAACAACAATGAACACATCGTGGGATACCCTAAAGACGGGAATG
COTTCAATAACTTAGATCOGGATCCTCCCAGTAGGGTATAATGCACCCGGTATICCTC
TGCTATAAGAAGATGGAAGUCGGTAAAGCTCUGTGACCTCAAAACTYATAGUGTGCAA
CTCAAACTGTACGACGACAAAGATGLGTCTCTAGGGTTIGGTGGGTACCCACAACGE
ACAAATCGGGAATGACCCTAACCGUGATATTCTAATCGUTTCTAATTGGTATTTITAA
CCACTTAAAAGATAAGACCCTCACCTGUCGACTGGTATTITCGTCCCAACCGACGAGG
GATGGACTAATGATTGAggasttaggagstastat A TGAGGGAAGCGGTGATCGCCGAAGTATCGA
CTCAACTATCAGAGGTAGTTGGUGTCATCGAGCGCUATCTCGAACCGACGTTIGCTGGCUGTAC
ATTIGTACGGCTCCGCAGTGGATGGCGGOCTGAAGCCACACAGTGATATTGATTTGCTGGTTAC

GGCTTCCCUTGGAGAGAGUGAGATICTCUGCGUTGTAGAAGTCACCATIGTIGTGUACGACGA
CATCATICCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTIGGAGAATGGUAGCGCAATGA
CATTCTTGCAGGTATCTTCGAGUCAGCCACGATCGACATTGATCTGGCTATCTTGUTGACAAAAL
GUAAGAGAACATAGCGTIGCUTIGGTAGGTCCAGUGGCGGAGGAACTUTTTGATCCGGTICCT
GAACAGGATCTATITGAGGUGCTAAATGAAACCTITAACGCTAT GGAACTCGCCGCCCGACTGG
GCTGGUGATGAGUGAAATGTAGTGCTTACGTIGTICCCGUATITGGTACAGUGCAGTAACCGE]C
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AAAATCGUGCCGAAGGATGTCGCTGCCGACTGGGUAATGGAGCGUCTGCCGGCCUCAGTATCA
GOCCGTUATACTIGAAGUTAGAUAGGUITATCTTGGACAAGAAGAAGATCGUTIGGCUTCGUG
CGOAGATUAGTTGGAAGAATTTIGICCACTACGTGAAAGGUGAGATCACCAAGGTAGTCGGCAA
ATAAtttttaazggeagitattggigeectionacgectegeGATU Cretggitaititanaaaccaactttactcaggticcatacccgagaa
aatccagetianageigacataiciaggaaadaiiticacatictaac gggagataccagaacagigaaaaccectitaacigadagecgiticed
cegcigacicicaaggicgcliicigageagoaccgaaigeaaaitgcitcggicgiciacgtcaagclaatgciggifigeangocgciaasay
cicigacegacaaigeccagageriggtagaiggigoigeccaagecgiitataacaaaitcccctacaccaoccqagaeccaaggeadeaact
Bpcigegpateaacggggtaaagacaagigtgcccgggacatoggatactucctocgeaicgtiacclacigeiagiipoigetyetacegyt
cotiiggatpagiactigatogocggtaiigd
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12, cpeB ™ 7HRHIs Y TEVARB D -smE +ope {2559 nt} (see, Fig. 18, panel A)
RBDg: of § protein from SARS-CoV-2,
website hitp covid-19. uniprot.org/uniprotkb/PODTC2

UPPER CASE, cpeB gene + L7 linker (underlined) for homologous recombination (537 nt)

Lower case <caccatcaccatcaccatgataatitgtatitacaagge™>: His-tag + TEV cleavage site (39 nt)

UPPER CASE BOLD, Receptor Binding Domain (RBD) of the 51-protein from SARS-
CoV-2 +8STOP CODON (672 nt)

Lower case bold RBS (ggaattageasgtaatat), (18 nt)

UPPER CASE ITALICS, smR gene for antibiotic selection (792 nt)

Lower case italics, transcription termnator + intergenic seq + partial cpcd gene for

homologous recombination (501 nt}

ATGTTCGACGTATTCACTCGOUTTGTTICCCAAGCTCGATGCTCGCGGUGAGTACCTICTCTC
GTTCTCAGTTAGATGCTTTGAGCGCTACCGTTGCTGAAGGCAACAAACGGATTGATTCTG
TTAACCGCATCACCGGTAATGCTTCCGCTATCOTTTCCAACGCTGCTCGTGCTTTGTTCGE
COAACAGCCCCAATTAATCCAACCCGGTGGAAACGCCTACACCAGCCGTCGTATGGCTG
CTTOTITGCOTGACATGGAAATCATCCTCCGCTATGTTACCTACGLCAACCTTICACCGOCG
ACGCTTCCGTTCTAGAAGATCOTTCGCTTCGAACGGTCTCCGTOAAACCTACGTTGCCCTOG
GTGTTCCCGGTGUCTTCCGTAGCTGCTGGCGTTCAAAAAATGAAAGAAGCTGCCCTGGACA
TCGTTAACGATCCCAATGGCATCACCCOTGOTGATTGUCAGTGCTATCGTTGCTGAAATCG
CTGGTTACTTCGACCGCGCCGCTOCTGCCGTAGCCCCCATCCCT TGOGCGCGTGA T T eaccate
accaicaccatpataaiiigtattiacaagc CGGGTGUAACCUALUGAATCCATTIGTHUGETITOCLAAT
ATTACCAATTIGTIGTCCCTTIGGOCGAAGTOTTIAATCCCACCOGGTTITGOCTCCOTG
TATGUUTGGAATCGGARMACGGATITCCAATTCTGIGOUCGATTATTCCGTGTTGTAY
AATTCCGUCTCOTTTTCCACCTTTAAATGTTATGGOGTETCCCCCACCAAATTGAAT
GATTTGTGTTTTACCAATGCTGCTATGUCGATICCTTIGIGATTOGGOGOGATGAAGTG
CGGLAAATTIGLOCCOGGUCARACCGGUAAAATTIGUUGATTATAATTATAAATTIGLCLC
COCATCGATTTTACCCOUTCTOTCATIGOCCTOLAATTCCAATAATTTGGATTCCAAAGT
GGGUGHGCAATTATAATTATTITGTATCGGTICTITICGG AAATCCAATTTGAAACCUYY
TGAACGGGATATITCCACCGAAATITATOAAGUCGGLTCCACCCOUTGTAATGGLG
TGGAAGGUTTTAATTGTTATTTTCCOTTCCAATOCTATGLUTTICAACCCACCAATG
GEGTGHGGUTATOAACCCTATOGGGIGLTGHETIGTIGTOCTITGAATTGTTIGLATGEC
COCGCCACCGTGCTOTCGCCCCAAAAAATCCACCAATTTCOTGAAAAATAAATGTOT
GAATTTTTGAggaattaggagetant st ATGAGCGGAAGUGGIGATCGUCGAAGTATCGACTCAACTAT
CAGAGGTAGTIGGCGICATCGAGUGCCATUICGAACCGACGTIGCTGGUCGTACATTTGTACG
GCICCGCAGTGGATGGCGGUCTGAAGUCACACAGT GATATIGATTIGCTGGTTACGGIGACCG
TAAGGUTTGATGAAACAACGCGGUGAGCTTTGATCAACGACCTITTGGAAACTICGGCTICCCC
TCGAGAGAGCGAGATICTCCGUGCTGTAGAAGICACUATTIGTTGTGUACGACGACATCATICC
GIGGUGTTATCCAGUTAAGCGCGAACTGCAATTTIGGAGAATGGCAGCGUAATGACATICTTGC
AGGTATCTICGAGUCAGCUACGATCGACATTGATCTGGCTATCTTGUTGACAAAAGCAAGAGAA
CATAGCGTTGUCTIGGTAGGTCCAGCGGUGGAGGAACTCTITGATCCGGTTCCTGAACAGGAT
CTATTTGAGGCGCTAAATGAAACUTTAACGCTATGGAACTCGUCGUCCGACTGGGCTGGCGAT
GAGCGAAATGTAGTGCTTACGTIGTCCCGUATITGGTACAGUGCAGTAACCGGUALAATCECG
CCGAAGGATGICGCTGUCGACTGGGCAATGGAGCGCCTGUCGGUCCAGTATCAGCCCGITCAT
ACTTGAAGCTAGACAGGUITATCTT GGACAAGAAGAAGATCGCTTGGUCTUGCGUGCAGATCA
GITGGAAGAATTIGTCCACTACGTIGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAAlititaay
geagtiattgstgeccttanacgectggeGATC Clctggtiatittaaaaaccaactitacicaggticcatacce gagaaaaiceage taaa
golgacatatelaggaaaatiticacatictaaegggagaluccaguacamigagaaccectifaqacigaagecgiiccacegoigacicicaa
etegciiictgageag cacegaarigeanaritgoiicg i iclacgicaagctaaig gt geadgecgclaqagcicigacegacadt
FeCCagageligglaqaig@igcigeccaagecgtiaiaucadaiicCCClacaeCaeocandeccadaggeaacaqctiigeigegpatean
cgpgglagagacaagtgigeccgggacateggctaciaccicegeategiiacctacigaitagtigctgeigataccggicctiggatgagta
crigategoecggianiga
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13, cpeB R TRHIs*TEYHN I-smR +ope (3909 ntsi {(see, Fig. 19, panel ()
$1 domain of 8 protein from SARS-CoV-2
website http covid-19. uniprot.org/uniprotkb/PODTC2

UPPER CASE, cpeB gene + L7 linker (underlined) for homologous recombination (537 nt)

Lower case <caccatcaccatcaccatgataatitgtatitacaagge™>: His-tag + TEV cleavage site (39 nt)

UPPER CASE BOLD, 51 domain of spike S-protein from SARS-CoV-2 virus + STOP
CODON (2022 nt)

Lower case bold RBS (geaattaggagetaatat) {18 ni)

UPPER CASE ITALICS. smR gene for antibiotic selection (792 nt)

Lower case italics, transcription termnator + intergenic seq + partial cpcd gene for

homologous recombination (501 nt}

ATGTTCGACGTATTCACTCGGGTTGTITICCCAAGCTGATGCTCGCGGLGAGTACCTCTCTG
GTTCTCAGTTAGATGCTTTGAGCGCTACCGTTGCTGAAGGCAACAAACGGATTGATTCTG
TTAACCGCATCACCGGTAATGCTTCCGCTATCGTTTCCAACGCTGCTCGTGCTTTGTTCGC
COAACAGCCCCAATTAATCCAACCCGGTGGAAACGCCTACACCAGCCGTCGTATGGCTG

CTTGTTTGCGTGACATGGAAATCATCCTCCGCTATGTTACCTACGCAACCTTCACCGGCG

ACGCTTCCGTTCTAGAAGATCGTTGCTTGAACGGTCTCCGTGAAACCTACGTTGCCCTGG

GTGTTCCCGGTGCTTCCGTAGCTGCTGGUCGTTCAAAAAATGAAAGAAGCTGCCCTGGACA
TCGTTAACGATCCCAATGGCATCACCCGTGGTGATTGCAGTGCTATCGTTGCTGAAATCG
CTGGTTACTTCGACCGCGCCGCTGCTGCCGTAGCCCCCATGCCTTGGCGCGTGA T Teaccate
accatcaccatgataatitglatitacaagre TCCCAATGTGT G AATTTGACCACCOGGACCCAATTIGLOCC
CCCCCCTATACCAATICCTITACCCCOGOUGTOTATIATCCCOCATAAAGTGITICGEG
TECTCOGTGTTCCATTCCACCCAAGATTIGTTITIGCCOTTTTTTTICCAATGTGACOT
GGTITCATGUCATICATGTIGTUCGHUACCAATHGUACCAAACGGTTTIGATAATCCO

GTGTTGCCCTTTAATGAYTGGUGEGTATITYGCCTCCACCGARAAATCCAATAYTAYY
CEGHGGUTGHEATTTITGGCACCACOCTTIGHGATTICCA AR ACCCAATCUTIGTTIGATIGTG
AATAATGCCACCAATGTIGOTCATTAAAGTOTGTGAATTITCAATTITGTAATGATCCLC
TTTYTGGGOGTGTATTATCATAAA A ATAATAAATCUTCGATGGAATUUGAATTTCOGEG
GTGTATTOCTCCGUUAATAATTGTACCTTTGAATATGTIGTCLCAACCOCTTITITGATG

GATTYGGAAGGCAAACAAGOCAATTITTAAAAATYITGUGGOAATYIGTGTYTAARAAT
ATTGATGGUTATITTAAAATITATTCCAAACATACCCOCATTAATTTGGTGUGGGAT

TTGOCCCAAGGUTTT IO GO TG GAACCUTTIGOTGGATTIGCOCATTGGCATTAAY
ATTACCCGETTITCAAACCTTGTIGGUUTTGUATCGGTCCTATTTGALCCCOGLOGAT
TCCTOCTCCGOGCTRGACCCOCCEOGLCOLCOUCTATIATOTCOOLTATTIGCAALL
COGGACCTTITIGTTGAAATATAATGAAAATGCCACCATTACCGATGCCGTCGAYTG
TGCCTTGGATCOUTTETULGAAACCAMATETACCTTGAAATUCTTTACCGTGGAAALA
AGGUATTTATCARACCTCCAATTTTUGLGTGCAACCCACCGAATCCATTIGTGLGHTY
TECCAATATTACCAATITOTCTOCCTTTGGCGAAGTETTTAAYGUCACCCGETYTGC
CTCCGTETATGLUTGGAATUGGAAALGGATTTCCAATIGTGTGHCUCGATTATTICOGTY
GCYPGTATAATYCCGUCTCCTYITCCACCTITAAAT G TATGOUGTGTCCCCCACCAA

ATTGAATGATITGTGCTITTACCAATGTGTATGUOCGATTCCTTIGIGATTICGGLEUGA
TCAAGTGUGGCAAATIGCCCCUGGUCAAACTGHLUAAAATTGCCGATTATAATTATA

AATTGUUCGATGATTTTACCGGOTGTCTGATTGUCTGGAATVCCAATAATYITGGATY
CEARAGTGCGGUGHUAATTATAATTATITGTATCGGTTGITTOGGAAATCUAATTTGA
AACCUTITGAACGGGATATTICCACCGAAATTTATCAAGCCGGCYCCACCCCCTGTA
ATGGOGTCGAAGGUTTTAATTIGTTATTITCCCTTCCAATCCTATGGOTTICAACCCA

CCAATCLOCCTOGECTATCAACCCTATC GGG T LGOI GGTIGETCTOCTTIGAATTIOTTC

CATGUCCCCGOCACCHTOTETCGOCCCAAAAAATCCACCAATITGGTGAAAAATAA

ATGTGTGAATTTTIAATITIAATGGUTIGALCGGLALCCGGUGTGTTGALCGAATCLAA
TAAAAAATTYTYGCCOTYTCAACAATTTGGUCOGGGATATYIGCCGATACCACCGATGC
CETGCGHHGATCOCCAAACCTIGGAAATTITCGATATTACCUCCTRTTCCTITGLGOGE
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CCIGTOCGTOATIACCCCCGOGUACCAATACCTCCAATCAAGYGGUUGTCTTIGTAYC
AAGATGTGAATIGTACCGAAGTGULLGTGLGUCATTCATGUUGATCAATTIGALCOCC
ACCTOOUGLOTOTATTICCACCGOOTOCAATCTOTTICAARACCOCGGOLCCCOUTOTTT
GATTGGUGOCGAACATGTIGAATAATTUCTATGAATGTCATATTICLCATIGROGOLG
GEATTITOTGCCTCCTATCAAACCCAAACCAATTCCC L CO LU GG COCCLGTG Aggaatt
ageagetastatd TGAGGGAAGCGGTGATCGCUCGAAGTATCGACTCAACTATCAGAGGTAGTIGGC
GICATCGAGCOGUCATCTCGAACUGACGTTGUTGGCUGTACATITIGTACUGGCICCHUAGTGGAT
GGCGGCCTGAAGUCACACAGTGATATIGATTTGUTGGTTACGGTGACCGTAAGGCTTGATGAA
ACAACGCGGUGAGCTTTGATCAACGACCTTTTIGGAAACTTUGGCTICCCCTGGAGAGAGCGAG
ATICTCCGOGUTGTAGAAGTCACCATTGTIGTGCACGACGACATCATICCGIGGCGITATUCAG
CTAAGCGUGAACTGCAATTIGGAGAATGGUAGCGUAATGACATICTTGUAGGTATCTICGAGCC
AGCUACGATCGACATIGATCTGGUTATCTTGUTGACAAAAGCAAGAGAACATAGC GITGUCTTG
GTAGGTCUAGCGGCGGAGGAACTCITIGATCCGGTICCTGAACAGGATUTATTTGAGGUGLUTA
AATGAAACCTTAACGCTATGGAACTCGUCGCCCGACTGGGUTIGGCGATGAGCGAAATGTAGTG
CTTACGTTGTUCCGUATITGGTACAGCGUAGTAACUGGCAAAATCGCGUCGAAGGATGICGLT
GCCGACTGGGUAATGGAGCGCCIGUCGGUCCAGTATCAGCCCGTCATACTIGAAGCTAGACA
GGUITATCTTGGACAAGAAGAAGATCGCTTGGCCTUGCGUGCAGATCAGTTGGAAGAATTTGT
CCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGUAAATAA ittt aaggeagttatigglgecctiaaacg
cetggpGATCCictgettattttaaaaaccaactitactcaggitccataccegagaaaaicoagcitaaagotgacatatctaggasaatitl
cacatictancgggagaiaceagaacaaigaaadececiiqacigaagecgificeaccgoigacicicanggicgoiticigageageaceg
dangeagaii gCliicggicgiCtacglicaag Claaig g eiligeaagecgataaaoetolgaccgdcagtigeocagagegetaqat ety
CIgCCCaageegiialaacanaiicCoctacaceqeccaaaecCaaggeadcaaciiigoigegpalcancggeptanagacaqgiglgce
cgggacateggctaciaccicogealcgiiaoctacigeiaglipgciggipetacceggicclitggaigagtaciigatcgecggtaliga
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{4, cpeB LT IS TEYV *eixB-smB +ope (2199t} (see, Fig. 19, panel D)
cixB from Vibrio cholerae, web site hitp www umiprot.org/unprot/Q37193

5 Lower case <caccatcaccatcaccatgataattigiatttacaagge>: His-tag + TEV cleavage site (39 ni}
UPPER CASE BOLD, crxh gene + STOP CODON (312 nt)
Lower case bold RBS {guaattaggagstastat) (18 nt)
{IPPER CASE JTALICS, smR gene for antibiotic selection (792 nt)
Lower case italics, franscription terminator + intergenic seq + partial cpcd gene for
10 homologous recombination (501 nt)

ATGTTCGACGTATTCACTCGOOTTGITICCCAAGCTCGATGCTCGCGGUGAGTACCTCTCTG
GITCTCAGTTAGATGCTTTGAGCGCTACCGTTGCTGAAGGCAACAAACGGATTGATTICTG
TTAACCGCATCACCGGTAATGCTTCCGCTATCOTTTCCAACGCTGCTCGTOCTTTGTTCGE
COAACAGCCCCAATTAATCCAACCCGOTGCAAACGCCTACACCAGUCCGTCGTATGGCTG
CTTGTTTGCGTGACATGGAAATCATCCTCCGCTATGTTACCTACGCAACCTTICACCGGCG
ACGCTTCCGTTCTAGAAGATCOTTCGCTTCGAACGUTCTCCOTOAAACCTACGTTGCCCTOG
GTOTTCCCGOTGCTTCCGTAGCTGCTGGCOTTCAAAAAATGAAAGAAGCTGCCCTGGACA
TCGTTAACGATCCCAATGGCATCACCCOTGOTGATTGUCAGTGCTATCGTTGCTGAAATCG
20 CTGGTTACTTCGACCGCGCCOCTGCTCCCOCTAGCCCCCATGCCTTOOCGCGTOA T Toaccate
accatcaccatgataantgtatitacaagre AV CCCCLAAAATATTACCGATITGTGTGCUCGAATATOAY
AATACCCAAATTCATACCTTOAATCGATAAAATTITITECCTATACCOAATCOTTGGOC
GGUAAACGGGAAATGOGUCATTATTACCTTTAAAAMATGGUGCCACCTTICAAGTGGA
AGTGULCGHITCCCAACATATTGATIOCCAAAR AR RAGUCATIGAACGGATGAAAG
25 ATACCTTOGOGGATIGOCTATTITGACC GAAGCLCAAAGTOCARAARAATTCTCTCTGTIGG
AATAATAAAACCUCCCATGUCATTIGUUGUCATTICCATGGUUAAT TG Aggaattaggaggta
atatATGAGGGAAGCGGIGATUGCUGAAGTATCGACTCAACTATCAGAGGIAGITGGCGTUATC
GAGCGUCATCICGAACCGACGTTGCTGGUCGTACATTTGTACGGUTCCGCAGTGGATGGC GG
CCTGAAGUCACACAGTGATATIGATTTGCTGGTTACGGTGACCGTAAGGUTTGATGAAACAACG
30 CCGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGCGACGAGAGCGAGATICTC
CGOGUIGTAGAAGTUACCATIGTTGIGUACGACGACATCATTICCGIGGUGTTATCCAGUTAAGT
GCGAACTGUCAATTTGGAGAATGGCAGCGUAATGACATICTT GCAGGTATCTTCGAGUCAGCUA
CGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTIGCCTIGGTAGG
TCCAGCGGUGGAGGAACTCTITGATCOGGITCCTGAACAGGATCTATTTGAGGUGCTAAATGAA
35 ACCTTAACGCTATGGAACTCGCUCGCCCGACTGGGCTGGCGATCGAGCGAAATCGTAGTGUTTACG
TTGICCCGCATTTGGTACAGUGCAGTAACCGGUAAAATCGUGCCGAAGGATGTCGCTGUCGAC
TGGGCAATGGAGCGUCTGUUGGUCCAGTATCAGUCCGTUATACTTGAAGUTAGACAGGCTTAT
CTTGGACAAGAAGAAGATCGUTTGGCCTCGCGUGCAGATCAGTTGGAAGAATTIGTCCACTAC
GITGAAAGGCGAGATCACCAAGGTAGTCGGCAAATA AtttiticaggcagtitattggigeccticaacgectgggGAT
40 CCretggtiattttaaanacc aactitactcaggitceatac cegagaaaatecagefianagetgacatatctagganaattticacatictaac
LRGATHACCATANCHEIGRAAACCCCIAACIGAGECCTINCCACOPOIFACECICaqggiegoiticigagoageaccgaatigeaatt
goittcggtegictacgicaag CtanigClggiiigeaugoeglaqagelcigaccgacauigeecagageligotaaaiggigeigeccange
CRHLALaaCanalic CCCtECdCCaceeadaccCqagoeaacaactiigcigeggatcaacggggiaaaacaagttgeccgggacaicg
gotactacciecgeategitaectacigetiagiigoiggigptaceggicctiiggaigagtacitgaicgecggiaiiga
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WHAT IS CLAIMED IS:

I. A cvanobacterial host cell comprising an expression unit comprising:

(1} a nucleic acid sequence comprising a transgene that encodes a
biopharmaceutical protein, wherein the transgene is fused to the 3° end of a nucleic acid
sequence that encodes a cyanobacteria -subunit of phycocvanin {cpcB) polypeptide to
produce a fusion polvpeptide comprises cpeB and the biopharmaceutical protein of interest;

(i1} a nucleic acid sequence encoding a cvanobacteria g-subumnit of
phycocyanin {cpcA) polypeptide; and

(111} a nucleic acid sequence encoding a cvanchacterial cpeCl, cpeC2 and

cpel polypeptide.

2. The cyanobacterial host cell of claim 1, wherein the recombinant

expression umit is operably linked to an endogenous cyancbacteria ¢pe promoter.

3. The cyanobacterial host cell of claim 1, wherein the transgene encodes

a native huroan interferon polypeptide.

4, The cyanobacterial host cell of claim 1, wherein the transgene encodes

an interferon polypeptide having at least 95% identity to SEQ ID NO:1.

5. The cvanobacierial host cell of claim 3 or 4, wherein the fusion protein

comprises a protease cleavage site between ¢pcB and the interferon polypeptide.

6. The cyanobacierial host cell of claim S, wherein the protease cleavage

site is a Factor Xa cleavage site.

7. The cyvanobacterial host cell of claim 1, wherein the transgene encodes
a native homan tissue plasminogen activator ({tPA) polypepiide or truncated native human

1P A polypeptide.

& The cyanobacterial host cell of claim 1, wherein the transgene encodes
a tPA polypeptide having at least 93% identity to the region of SEQ 1D NO:2 that lacks the
signal peptide or having at least 95% identity to SEQ 1D NO:3.

9. The cyanobacterial host cell of claim 7 or 8, wherein the fusion protein

comprises a protease cleavage site between cpcB and the tPA polypeptide.

77



[\

2

2

5

2

b2

2

WO 2021/050968 PCT/US2020/050528

10, The cyanobacterial host cell of claim 1, wherein the transgene encodes
a native Tetanus Toxin Fragment C (TTFC} polvpeptide or a TTFC polypeptide having at
least 93% identity to SEQ ID NO:15.

t1.  The cvanobacierial host cell of claim 10, wherein the fusion protein

comprises a protease cleavage site between cpeB and the TTFC polypeptide.

12, The cvanobacterial host cell of claira 11, wherien the protease cleavage

site is a Tobacco Eich Virus (TEV) cysieine protease cleavage sile.

13, The cyanobacterial host cell of claim 1, wherein the transgene .encodes
anative Cholera Toxin Fragment B polypeptide or a Cholera Toxin Fragment B polypeptide

having at least 95% identity to SEQ 1D NO: 18,

14, The cyanobacterial host cell of claim 13, wherein the fusion protein
comprises a protease cleavage site between cpcB and the Cholera Toxin Fragment B

polypeptide.

15. The cvanobacierial host cell of claim 14, wherien the protease cleavage

site is a Tobacco Eich Virus (TEV) cysteine protease cleavage site.

16, The cvanobacterial host cell of claim 1, wherein the transgene encodes

a native human insulin polypeptide

17.  The cyanobacterial host cell of claim 1, wherein the transgene encodes

an insulin polypeptide having at least 95% identity to SEQ 1D NO4.

18, The cyanobacterial host cell of claim 16 or 17, wherein the fusion

protein comprises a protease cleavage site between the cpcB and insulin polvpephide.

19. The cyanobacterial host cell of claim 1, wherein the transgene encodes

a SARS-CoV2 polypeptide having at least 95% identity to SEQ 1D NO: 16 or 17.

20. The cyanobacterial host cell of claim 19, wherein the fusion protein

comprises a protease cleavage site between cpcB and the SARS-CoV 2 polvpeptide.

21, The cvanobacenal host cell of any one of claims 1 1o 20, wherein the

expression unit comprises an antibiotic resistance gene between the transgene and cpcA.
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22, The cvanobacterial host cell of any one of claims 1 to 21, wherein the

cyanobacteria is a single celled cvanobacteria

23, The cvanobacterial host cell of claim 22, where the cvanobacteriais a
Synechococcus sp., a Thermosynechococcus efongatus, a Synechiocystis sp., or a Cvanothece

sp..

24, The cyanocbacterial host cell of any one of claims 1 to 21, wherein the

cyanobacteria are micro-colontal cyanobacteria.

25.  The cyanobacterial host cell of claim 24, wherein the cvanobacteria is
a Glococapsa magma, Gloeocapsa phylum, Gloeocapsa alpicola, Gloeocpasa atrala,

Chroococcus spp., or Aphanothece sp.

26. The cvanobacterial host cell of any one of claims 1 to 21, wherein the

cyanobacteria is a filamentous cvanobactena.

27.  The cvanobacterial host cell of claim 26, wherein the cyvanobacteria is

an Osciflatoria spp.. a Nostoc sp., an Anabaena sp., or an Arthrospira sp.

28, A cyvanobacterial host cell culture comprising cvanobacteria of any one

of clatms 1 to 27.

29, A photobioreactor containing the cyanobacterial cell culture of claim

30. A method of producing a biopharmaceutical protein, the method

comprising culturing the cyanobactertal host cell colture of claim 27 1o express the protein.

31 A method of engineering a cyanobacterial host cell o produce a
biopharmaceutical protein, the method comprising mtroducing an expression cassette
comprising a nucleic acid sequence comprising a transgene encoding the biopharmaceutical
protein joined to the 37 end of a nucleic acid sequence encoding a cvanobacteria B-subunit of
phycocyanin {cpcB) polypeptide to provide a polvnucieotide sequence encoding a fusion
polypeptide, into the cyaobacterial host cell by homologous recombination to generate an

expression unit comprising the polynucleotide encoding the fusion polypeptide and the cpeA,
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cpeC2, cpeC L and cpel) operon genes: and selecting a cvanobacterial host cell that expresses

a high level of the polypeptide.

32, The method of claim 31, wherein the biopharmaceutical protein is
selected from the group consisting of a native human mterferon, a native human msulin, a
native human tPA, a truncated form of the native human tPA, a SARS CoV-2 polypeptide

receptor binding domain, a TTFC polypeptide, or a Cholera Toxin Fragment B polypeptide.

33. An isolated fusion protein comprising a biopharmaceutical protet fused
to the 37 end of a nucleic acid sequence that encodes a cyanobacteria B-subunit of

phyvcocyanin {cpeB) polypeptide.

34, The isolated fusion protein of claim 33, wherein the biopharmaceutical
protein is selected from the group consisting of a native human interferon, a native human
insulin, a native human tPA, a truncated form of the native human tPA, a SARS CoV-2
polypeptide receptor binding domain, a TTFC polypeptide, or a Cholera Toxin Fragment B

polypeptide.

35, Anucleic acid encoding the fusion protein of claim 34.

80



PCT/US2020/050528

WO 2021/050968

1/19

A3E Yo

iof

Sn-3¢03




PCT/US2020/050528

WO 2021/050968

2/19

60s

G001
0051
000Z

000t

0oy
000s
0009
G008
00001

dqg 6821

dq p607 ——
s [ I Y p—
dg €242 ~




WO 2021/050968 PCT/US2020/050528
3/19

CpcB*IFN
CpcB-iFN




PCT/US2020/050528

WO 2021/050968

4/19

saipoqiiue N4|-0
[y 8 gz0 Yy 8 szo

S
%@ \%%v

P & &

% AT A

ST

0z

§¢

LE

0%

SL

001
. 051
T4

B Y
%7% %,
% %
5 %,
7% % ﬁum




PCT/US2020/050528

WO 2021/050968

5/19

yadD
g3d)
Huiy

N4l.82dD

1294

Yy 8 50

ST

ae

T4

LE

0%

74

00t
st
08¢

a3y




PCT/US2020/050528

WO 2021/050968

6/19

BX, “SIH

i

Ammﬁﬁ

 yun K wal

:wmw

yady -

god) -

qug -

NA14890D =y

0¢

T

L

N3« BXxSIH 803 =

0§

194y -

T4

00T
0sT
0s¢

3




Fig. 7

WO 2021/050968

adA1 Pl

7/19

N4l.82dD

PCT/US2020/050528

Nl «8X4SiH . 82dD




WO 2021/050968

PCT/US2020/050528

CpcB*His*Xa*IFN

CpcB*IFN

Total cell extract loading corresponding to 0.25 ug of Chi

Wild type




PCT/US2020/050528

WO 2021/050968

9/19

054 004

(wiu) yrbusiaaeps
089 009 0Ss 005 O0Sy 00y O0SE

L NALSIH.g2dD

: 10°0
120
190
190
80
0L

- asdoy 1oz
- M : ze
§ } N 3 § ; ; ) vz

cmh QE.

{wu) yibBusjaneps

mmm aaw cmm a@m Qs 00y cmmaaa
I \\\%\W%M\\‘\-‘

GO0
1010
G40

62’0

1 - NALSIH.83d0 \
L9 - NdLgodD > sz'0
bo - LM

i 1. ] " i F i " 1 P H 5 am- ﬁ

ao

®;
)




WO 2021/050968 PCT/US2020/050528
10/19

Fig. 10



11111

Elution 1

Total extract




PCT/US2020/050528

WO 2021/050968

12/19

guiuiels auuiels
aUl7 JISSEW00])

0t

1!

yady -

0¢

5¢

LE

0%

74
001

051
05¢

SIS ~

a4




WO 2021/050968 PCT/US2020/050528
13/19

Npti*His*Xa*IFN

.....................

Hiss,* Xa protease
"\ cleavagedomain

Fig. 13



WO 2021/050968 PCT/US2020/050528
14/19

» Standard IFN
Cyanobacterial IFN

A N Seeed
§\\\&&&\\&&&\\&&&\‘§\\&}§\&\x\\\\\\\§\
\\

e © © © o
® @ | &

1204
100

JOIIUOD 9




PCT/US2020/050528

15/19

0t 01
. s1 ST
g¢ 07
67 5
LE LE
0% 0s
74 ¥4
g0t 001
0st 0s1
0s¢ Ty _ 0S¢
o S o
STM£BX 5 51H 800D SZH+BX 4 SIHLE20D

WO 2021/050968

WO 38earap
asgayosd ey




PCT/US2020/050528

WO 2021/050968

16/19

Jui

SNisgodD

STHd 924D =

1!

0z

T4

LE

0%

74

00T

0st
08¢

91 "Si4



Fig. 17

WO 2021/050968 PCT/US2020/050528

—
~
S
—
\o

‘CpeB*TTEC

290kD_

TTFC

WT LTV

Western blot w/ a-TTFC

TEV )

«35kD
 RBCL




PCT/US2020/050528

WO 2021/050968

18/19

guiuiels-uz

agyd Al

UI2]1Sapn

os OAsP

74

001
Gs1
08¢

agy Al

siH

21 83>

\Y

81 "84



PCT/US2020/050528

WO 2021/050968

19/19

ujeLiop adenes)d
aseajosd eX,. " siH

\ J

uiewuop a8eaes
asealoid ey, °siH

J

\

2
!

61 "8i4



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 20/50528

A. CLASSIFICATION OF SUBJECT MATTER
IPC-  C12N 15/74, C12N 15/66, C12N 15/52 (2020.01)
CPC - CO7K 14/4713, CO7K 14/165, CO7K 14/62, C1

2N 2510/02, CO7K 14/195

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

-[0240], Abstract

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2018/0171342 A1 (THE REGENTS OF THE UNIVERSITY OF CALIFORNIA) 21 June 2018 |1, 2, 33
- (21.06.2018). Especially para [0010]-[0011], [0020], [0034], [0048], {0070), [0097}, Claim 36 [ ----—-------—-
Y 3-6, 34-35
Y US 2004/0175359 A1 (DESJARLAIS et al.) 09 September 2004 (09.09.2004). Especially para | 3-6, 34-35
{0022]-[0025), [0064]-(0069], [0075], Seq ID No: 2
Y US 2009/0011995 A1 (LEE et al.) 08 January 2009 (08.01.2009). Especially para [0158], [0239] | 6

I:I Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“D” document cited by the applicant in the international application

“E” earlier application or patent but published on or after the international
filing date

“L" document which may throw doubts on priority claim(s) or which
is cited to establish the f{)ubhcatlon date of another citation or other
special reason (as specified)

“Q" documentreferring toan oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y" document of particular relevance; the claimed invention cannot

be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

18 January 2021

Date of mailing of the international search report

10 FEB 2001

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Lee Young

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 20/50528

Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 21-30

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Interational Searching Authority found multiple inventions in this international application, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

1. I:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. l:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1-6, 33-35, limited to an interferon polypeptide

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:] No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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Continuation of Box No. Ill. Observations where unity of invention is lacking

Group |+, claims 1-20, 33-35, directed to a cyanobacterial host cell comprising an expression unit comprising a nucleic acid sequence
comprising a transgene that encodes a biopharmaceutical protein, an isolated fusion protein, or a nucleic acid encoding the fusion
protein. The cell, protein and nucleic acid will be searched to the extent that the biopharmaceutical transgene/protein encompasses an
interferon polypeptide. It is believed that claims 1-6, 33-35 encompass this first named invention, and thus these claims will be searched
without fee to the extent that the biopharmaceutical transgene/protein encompasses an interferon polypeptide. Additional
biopharmaceutical transgene/protein(s) will be searched upon the payment of additional fees. Applicants must specify the claims that
encompass any additionally elected biopharmaceutical transgene/protein(s). Applicants must further indicate, if applicable, the claims
which encompass the first named invention, if different than what was indicated above for this group. Failure to clearly identify how any
paid additional invention fees are to be applied to the "+" group(s) will result in only the first claimed invention to be searched. An
exemplary election would be a biopharmaceutical transgene/protein comprising a tissue plasminogen activator (tPA) polypeptide,
(claims 1, 2, 7-9, 33-35).

Group ll, claims 31-32, directed to a method of engineering a cyanobacterial host cell to produce a biopharmaceutical protein.

The inventions listed as Groups I+ and !l do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features

Group I+ has the special technical feature of a composition comprising or consisting of a cyanobacterial host cell, an isolated fusion
protein, or a nucleic acid encoding the fusion protein, that is not required by Group Il.

Group |l has the special technical feature of engineering a cyanobacterial host cell to produce a biopharmaceutical protein, the method
comprising introducing an expression cassette into the cyaobacterial host cell by homologous recombination, that is not required by
Group {+.

The inventions of Group I+ each include the special technical feature of a different biopharmaceutical transgene/protein, and is
considered a distinct technical feature.

Common technical features

The inventions of Group 1+ and Group |I share the common technical feature of a cyanobacterial host cell comprising an expression unit
comprising:

(i) a nucleic acid sequence comprising a transgene that encodes a biopharmaceutical protein, wherein the transgene is fused to the 3'
end of a nucleic acid sequence that encodes a cyanobacteria beta-subunit of phycocyanin (cpcB) polypeptide to produce a fusion
polypeptide comprises cpcB and the biopharmaceutical protein of interest;

(i) a nucleic acid sequence encoding a cyanobacteria a -subunit of phycocyanin (cpcA) polypeptide; and

(iii) a nucleic acid sequence encoding a cyanobacterial cpcC1, cpcC2 and cpcD polypeptide.

The inventions of Group |+ further share the common technical feature of an isolated fusion protein comprising a biopharmaceutical
protein fused to the 3' end of a nucleic acid sequence that encodes a cyanobacteria beta-subunit of phycocyanin (cpcB) polypeptide,
and a nucleic acid encoding the fusion protein.

However, these shared technical features are previously disclosed by US 2018/0171342 A1 to the Regents of the University of California
(hereinafter 'UC').

UC discloses a cyanobacterial host cell comprising an expression unit (para [0034] - "An "expression construct” or “expression cassette"
as used herein refers to a recombinant nucleic acid construct, which, when introduced into a cyanobacterial host cell") comprising:

(i) a nucleic acid sequence comprising a transgene that encodes a biopharmaceutical protein (para [0070] - "A fusion construct of the
invention may be employed to provide high level expression in cyanobacteria for any desired protein product...the transgene encodes a
polypeptide pharmaceutical"), wherein the transgene is fused to the 3' end of a nucleic acid sequence that encodes a cyanobacteria
beta-subunit of phycocyanin (cpcB) polypeptide to produce a fusion polypeptide comprises cpcB and the biopharmaceutical protein of
interest (para [0011] - "an expression construct comprising a nucleic acid sequence encoding a transgene that is codon-optimized for
expression in cyanabacteria fused to the 3' end of a leader nucleic acid sequence encoding a cyanobacteria protein that is expressed in
cyanobacteria”; para [0010] - "the fusion of transgenic plant proteins to highly expressed endogenous cyanobacteria proteins, such as
the CpcB beta-subunit of phycocyanin®; para [0070] - "A fusion construct...the transgene encodes a polypeptide pharmaceutical”),

(ii) a nucleic acid sequence encoding a cyanobacteria alpha-subunit of phycocyanin (cpcA) polypeptide (para {0011] - “the leader nucleic
acid sequence encodes a beta-subunit of phycocyanin (cpcB), an alpha-subunit of phycocyanin (cpcA)"); and

(iii) a nucleic acid sequence encoding a cyanobacterial cpcC1, cpcC2 and cpeD polypeptide (para [0020] - "RT-PCR products (cpcA-
cpcC2, lanes b, d). Similarly, a cDNA fragment including the 3' end of cpcC1 and the 5' beginning sequence of cpcD was amplified with
primers cpcC1-cpcD_Fw and cpcC1-cpcD_Rv (Table 1S)"; [0097]-[0098] "the cpcBPHLS fusion construct replaced the native cpcB
sequence only, inserted upstream of the cpcA, cpcC2, cpcC1 and cpcD genes, denoted as cpcBPHLS+cpc").

As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.

Therefore, Group I+ and |l inventions lack unity under PCT Rule 13 because they do not share the same or corresponding special
technical feature.

NOTE, continuation of item 4 above: claims 21-30 are held unsearchable because they are dependent claims and are not drafted in
accordance with the second and third sentences of Rule 6.4(a).
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