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ABSTRACT: The living cell possesses extraordinary molecular CpcB*tev*TTFC CpcB
and biochemical mechanisms by which to recognize and efficiently )

remove foreign, damaged, or denatured proteins. This essential
function has been a barrier to the overexpression of recombinant
proteins in most expression systems. A notable exception is the
overexpression in E. coli of recombinant proteins, most of which,
however, end-up as “inclusion bodies”, i.e., cytoplasmic aggregates
of proteins that are inaccessible to the cell’s proteasome. “Fusion
constructs as protein overexpression vectors” proved to be
unparalleled in their ability to cause substantial accumulation of
recombinant proteins from plants, animals, and bacteria, as soluble proteins in unicellular cyanobacteria. Recombinant protein levels
in the range of 10—20% of the total cellular protein can be achieved. The present work investigated this unique property in the
context of recombinant protein stability in Synechocystis sp. PCC 6803 by developing and applying an in vivo cellular tobacco etch
virus cleavage system with the objective of separating the target heterologous proteins from their fusion leader sequences. The work
provides new insights about the overexpression, cellular stability, and exploitation of transgenes with commercial interest, highly
expressed in a cyanobacterial biofactory. The results support the notion that eukaryotic plant- and animal-origin recombinant
proteins are unstable, when free in the cyanobacterial cytosol but stable when in a fusion configuration with a highly expressed
cyanobacterial native or heterologous protein. Included in this analysis are recombinant proteins of the plant isoprenoid biosynthetic
pathway (isoprene synthase, f-phellandrene synthase, geranyl diphosphate synthase), the human interferon protein, as well as
prokaryotic proteins (tetanus toxin fragment C and the antibiotic resistance genes kanamycin and chloramphenicol). The future
success of synthetic biology approaches with cyanobacteria and other systems would require overexpression of pathway enzymes to
attain product volume, and the work reported in this paper sets the foundation for such recombinant pathway enzyme
overexpression.

[l Metrics & More | @ Supporting Information
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Bl INTRODUCTION

Phototrophic microorganisms, such as cyanobacteria and
eukaryotic microalgae, have the potential to serve as platforms
for large-scale production of specialty and commodity
products. Several of them are already commercially
exploited.'™® They are viewed as microscopic cell-factories

key issue arising from the otherwise relatively slow growth rate
of model cyanobacteria.

Efforts were expended in recent years on the development of
robust genetic tools required for the expression of heterolo-
gous proteins in cyanobacteria.'*~"* High-level expression of
functional enzymes is imperative in the effort to increase flux
and yield, if the product of interest is a specialty or commodity

with minimal feedstock requirements, as they only need
sunlight, CO,, some low-cost mineral nutrients, and water. In
addition, many microalgal species are GRAS (generally
regarded as safe) microorganisms and thus are suitable for
human consumption.”

Cyanobacteria drew attention in the recent past, thanks to
the advancement of molecular biology and synthetic biology
approaches. Indeed, the rapid and low-cost synthesis of large
transgenic and codon optimized DNA constructs, coupled with
the natural transformability of most cyanobacterial species,
made these photosynthetic microorganisms tractable for
complex genetic engineering.”~'* Moreover, several cyanobac-
terial species have recently been reported to show growth rates
that are comparable to Saccharomyces cerevisiae,' ~ " solving a
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compound. High cellular concentration of pathway enzymes is
necessary to create enough driving force in order to direct the
cellular metabolism toward the synthesis of the targeted
product. Certainly, high protein expression is also desirable
when a biopharmaceutical protein is the product of interest.*’
Unfortunately, while the expression of heterologous prokary-
otic proteins in cyanobacteria appears to be possible upon
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couplin% a strong promoter and RBS to the DNA of
interest,” ~** the expression of eukaryotic proteins proved to
be difficult, which is believed to be due to hindrances at the
level of protein translation.””**

Overexpression of eukaryotic proteins in cyanobacteria was
achieved indirectly upon implementing a “fusion constructs
approach”. This procedure comprised the fusion of a native or
non-native gene that is highly expressed in cyanobacteria to the
heterologous eukaryotic gene, with the first serving as a leader
sequence.””****7*? It is worth noting that such an approach
can be extended to include multiple transgenes fused together,
as recently shown in the microalga Chlamydomonas rein-
hardtii,*° encoding within a single fusion construct several
enzymatic functions. However, the functionality of multi-
proteins in a single fusion construct, especially when the latter
entails heterologous proteins, remains to be validated. In this
respect, fusion constructs can limit or even impede the catalytic
activity of the participating enzymes.”> Further, it is possible
that the target protein cannot be used in a fusion form, as the
case would be for biopharmaceutical and biotherapeutic
proteins aimed for clinical use, requiring the development of
technologies for a prior removal of the leader sequence.

In vivo cleavage of heterologous fusion proteins is desirable,
when there is a need to separate the moieties of the fusion
construct so as to derive the target protein in its pure form.
This approach was applied in prokaryotes, such as E. coli’' and
microalgae.”” In particular, in vivo cleavage in E. coli was
achieved by coexpressing, along with the fusion protein of
interest, the tobacco etch virus protease (TEV), with the
former harboring a specific TEV cleavage site. However, TEV
proved to be poorly stable in bacteria, and therefore, it
required stabilization, implemented in one application by
fusing the TEV to the soluble maltose binding protein (MBP),
with the latter serving as the leader sequence in the
construct.”’

The present work developed and applied an in vivo TEV
cleavage system in cyanobacteria that are overexpressing fusion
construct proteins, with the objective of separating the target
heterologous proteins from their fusion leader sequences. New
insights were obtained about the overexpression, cellular
stability, and potential exploitation of transgenes with
commercial interest that are highly expressed in the
cyanobacterial biofactory. The results are discussed in terms
of differential rates of translation and stability of eukaryotic
versus prokaryotic proteins in cyanobacteria.

B RESULTS

Development and Application of the Tobacco Etch
Virus Protease (TEV) Technology in Cyanobacteria. To
the best of our knowledge, overexpression of heterologous
eukaryotic proteins in cyanobacteria has been achieved only
through the “fusion constructs approach”.******~*® Such an
approach comprised a fusion of the gene encoding a target
eukaryotic protein to a gene that is highly expressed in
cyanobacteria. The latter could be either native to the cell or
heterologous in origin. The cpcB gene of Synechocystis,
encoding the abundant f-subunit of phycocyanin, was used
as the leader fusion sequence with notable success. This
approach resulted in the stable accumulation of heterologous
eukaryotic proteins in cyanobacteria to hitherto unknown
levels of up to 20% of the total cellular protein.”****%3?

The presence of a leader sequence in a fusion protein
configuration is not desirable in some cases, as it can lower the

catalytic activity of the target protein® or hinder the
application of the protein of interest, as the case would be
for biopharmaceutical and biotherapeutic proteins aimed for
clinical use,” requiring the development of technologies for a
prior cleavage of the leader sequence. Work in this paper
developed and applied the heterologous tobacco etch virus
protease technology, hereafter referred to as TEV, in the model
cyanobacteria Synechocystis sp. PCC 6803 (Synechocystis), as a
process for the in vivo separation of leader sequences in fusion
constructs after protein overexpression of the respective
vectors.

Three different TEV DNA constructs were designed for the
transformation and testing of wild type (WT) Synechocystis
through double homologous DNA recombination in the pshA2
gene locus (Figure 1A). Construct nptI-TEV (Figure 1B) was
designed to replace the psbA2 gene, installing the kanamycin
resistance cassette (nptl), followed by the TEV gene in an
operon configuration. The fusion construct approach was
employed as an alternative method in the effort to express the
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Figure 1. Constructs designed for expression of the TEV protease in
Synechocystis sp. PCC 6803 (Synechocystis) and PCR verification of
transgenic DNA homoplasmy upon transformation of Synechocystis.
(A) The psbA2 locus, as it occurs in wild type Synechocystis. This
DNA sequence is referred to as the wild type (WT). Note the location
of primers used in genomic DNA PCR reaction analysis, denoted by
horizontal arrows. (B) Replacement of the pshbA2 gene in the psbA2
locus with a construct comprising the Prpc promoter, the kanamycin
resistance cassette (nptl) gene, followed by the codon optimized TEV
gene in an operon configuration. This DNA construct is referred to as
nptl-TEV. (C) Replacement of the psbA2 gene in the psbA2 locus
with a construct comprising the Pryc promoter followed by the codon
optimized nptI*TEV genes in a fusion construct configuration with
the nptl gene serving as a leader sequence. (D) Replacement of the
psbA2 gene in the psbA2 locus with a construct comprising the Prpc
promoter followed by the codon optimized SUMO*TEV genes in a
fusion construct configuration with the SUMO gene serving as a
leader sequence. (E) Genomic DNA PCR analysis testing for
transgenic DNA copy homoplasmy in Synechocystis transformants
using A2_S’ forward and A2_ 3’ reverse primers. Absence of WT PCR
product in the transformants indicated achievement of transgenic
DNA copy homoplasmy. (F) Genomic DNA PCR analysis testing for
correct insertion of the transgenic DNA in Synechocystis transformants
using A2_§’ forward and TEV_rv reverse primers.
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TEV.>%*>*" In this case, the nptl gene itself was chosen as a
leader sequence in the fusion construct, since it was shown to
enhance the heterologous protein expression in cyanobacteria
while, at the same time, acting as a selectable marker.”” To this
aim, fusion construct nptI*TEV (Figure 1C) was designed to
replace the psbA2 gene in the respective locus. The SUMO
gene is another known leader sequence used to enhance
heterologous protein expression and stability in prokaryotic
cells.”* An advantage in this case is that the small size of the
SUMO-encoded polypeptide (~10 kDa) limits possible steric
hindrances in the fusion protein, while limiting the cost of gene
synthesis. Thus, construct SUMO*TEV (Figure 1D) was
designed to install both the fusion construct SUMO*TEV and
the nptl gene in an operon configuration. All three constructs
described above were codon optimized for expression in
Synechocystis and designed to operate under the constitutive
control of the Pryc promoter. The nucleotide sequence of
these constructs is given in the Supporting Information of this
work.

Attainment of transgenic DNA copy homoplasmy in the
three different transformant strains was tested through
genomic DNA PCR analysis. Primers, A2_5' forward and
A2 _3' reverse were designed from the flanking regions of the
psbA2 DNA insertion site (Figure 1A). PCR amplification
using WT genomic DNA as a template generated a product of
2,320 bp, corresponding to the psbA2 gene (Figure 1E). PCR
amplifications using DNA from two separate nptI-TEV and two
nptI*TEV transformant lines generated the anticipated product
of 2,879 bp, whereas the PCR product size from two
SUMO*TEV transformants was 3,174 bp (Figure 1E).
Attainment of DNA copy homoplasmy was evidenced by the
absence of WT PCR products in the PCR reactions of the
transformant lines.

Correct installation of the heterologous sequences was
further tested and confirmed by conducting a genomic DNA
PCR analysis with primers A2 S’ forward and TEV_rv reverse
(Figure 1D and 1F), annealing on the upstream flanking region
of the insertion site (A2_S’) and a DNA sequence internal to
the TEV gene (TEV_rv). With these primers, no PCR product
was generated using DNA from WT Synechocystis, whereas the
nptl-TEV, nptI*TEV, and SUMO*TEV lines generated PCR
products of 2,154 bp, 2,154 bp, and 1,620 bp, respectively.

Protein analysis of total cell extracts from Synechocystis WT
and TEV transformants was implemented through SDS-PAGE
followed by Coomassie blue staining and Western blot analysis
(Figure 2A and 2B). WT protein extracts showed the presence
of the CpcB f-subunit and CpcA a-subunit of phycocyanin, as
the dominant cyanobacterial proteins, migrating to ~19 and
~17 kDa, respectively. Another abundant protein in the SDS-
PAGE profile was the large subunit of Rubisco (RbcL),
migrating to ~56 kDa (Figure 2A). The nptI-TEV strain failed
to show a detectable presence of recombinant TEV protein
(~27 kDa), suggesting that the powerful Prpc promoter was
not enough to support a measurable TEV protein expression or
that the recombinant protein was unstable and degraded by the
cell. Furthermore, no substantial accumulation of SUMO*TEV
(~38 kDa) and NptI*TEV (~58 kDa) fusion proteins could
be detected in the SUMO*TEV and nptI*TEV transformants,
respectively. Sensitive Western blot analysis with specific
polyclonal antibodies raised against the TEV protein
corroborated the evidence from the Coomassie-stained SDS-
PAGE. Indeed, no cross-reaction could be detected between
the antibodies and any protein band in the wild type and nptl-
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Figure 2. Protein expression analysis of Synechocystis wild type and
TEV expressing transformants. (A) Total cellular protein extracts
were resolved by SDS-PAGE and visualized by Coomassie-stain. Total
protein extracts from wild type (WT), nptI-TEV, SUMO*TEV, and
nptI*TEV transformant cells were loaded onto the SDS-PAGE. One
nanogram of recombinant TEV was also loaded as a control (r-TEV).
Individual native and heterologous proteins of interest are indicated
to the right of the gel. Sample loading corresponds to 1 ug of
chlorophyll. (B) Total protein extracts of (A) were subjected to
Western blot analysis. Specific polyclonal antibodies against the TEV
were used to probe target proteins. Note the faint specific antibody
cross-reaction with proteins migrating to ~38 and ~58 kDa in the
SUMO*TEV and nptI*TEV strains, respectively, compared with the
strong cross-reaction of the antibodies with the r-TEV control. (C)
Biomass accumulation curves of Synechocystis wild type and
SUMO*TEV and nptI*TEV transformants, as measured from the
optical density of the cultures at 730 nm (OD,3,). Cells were grown
under 100 gmol photons m™* s™" of incident PAR intensity. Cultures
were inoculated to an OD,3, of about 0.05, as the initial cell
concentration in the biomass accumulation experiment. Measure-
ments were taken every 2 days through day 6 of growth with two
replicates per strain. (D) Coloration of liquid cultures upon culture
inoculum (0 d) and after 6 days of growth (6 d). Note that the
nptI*TEV and SUMO*TEV transformant strains showed the same
blue-green coloration as the WT.

TEV samples, whereas a faint cross-reaction, with the
anticipated electrophoretic migration, was detected in both
the SUMO*TEV and nptI*TEV fusion construct samples
(Figure 2B, slanted red arrows). Figure 2A (r-TEV lane) also
shows, as a control, the SDS-PAGE Coomassie stain of 1 ng of
recombinant TEV (New England Biolabs, Ipswich, MA),
whereas Figure 2B (r-TEV lane) shows the corresponding
Western blot analysis. Cross-reaction intensity differences
between the positive 1 ng recombinant r-TEV control and the
SUMO*TEV and nptI*TEV protein extracts suggested a very
low expression level of TEV in the latter, probably in the
picogram range.

Expression of the TEV construct did not cause any cell
growth impairment in the nptI-TEV, nptI*TEV, or SUMO*-
TEV transformants. This was evidenced by the growth curves
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of these strains, which showed the same profile as the WT
Synechocystis cultures (Figure 2C). Moreover, pigmentation of
WT and transformant cultures was the same following 6 days
of autotrophic growth in liquid cultures (Figure 2D),
corroborating the notion that TEV expression does not
negatively impact the physiology and fitness of the trans-
formant cells.

Recombinant Isoprene Synthase Stability in Cyano-
bacteria. Despite the low-level expression of TEV in the
above-mentioned Synechocystis transformants, the ability of the
TEV enzyme in the SUMO*TEV and nptI*TEV lines to
perform in vivo cleavage of heterologous fusion proteins
harboring the TEV cleavage site (hereafter referred to as tev)
was evaluated. The case study was the CpcB*ISPS isoprene
synthase fusion protein.”>*® This construct, comprising the
phycocyanin f-subunit-encoding cpcB gene (Figure 3A), which
is naturally expressed to high levels in cyanobacteria (Figure
2A), was fused as a leader sequence to the isoprene synthase

A. WT cpc operon
C

5
pC_. cpcB_fw.
-

CpcA_rv

B. cpcB*L7*ISPS (R, from Chaves et al., 2017)

cpcB. _ﬁ/’

ISPS_rv CpcA_rv
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s heA_rv
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Figure 3. Constructs designed for the expression of CpcB*ISPS
fusion protein variants in Synechocystis. (A) Schematic of the cpc
operon in the wild type. Note the location of primers used in
subsequent PCR reaction analysis (Figure 4A and B), shown as
horizontal forward arrows. (B) Replacement of the native cpcB gene
with a fusion construct comprising the cpcB*L7*ISPS and the
chloramphenicol resistance cmR cassette in the cpc operon locus. The
phycocyanin-encoding f-subunit cpcB gene was the leader sequence in
the cpcB*L7*ISPS fusion construct. The cpcB and ISPS genes were
separated by a seven amino acid encoding L7 linker. The construct
also contained the cmR resistance cassette in an operon configuration
with the cpcB*L7*ISPS. Details about these sequences are available in
ref 25. This DNA construct is referred to as the recipient
cpcB*L7#ISPS. (C) Modification of cpcB*L7*ISPS fusion construct
upon addition of the TEV cleavage site (tev) between the L7 linker
and the ISPS gene, comprising the cpcB*L7*tev*ISPS construct in the
fusion configuration. This DNA construct is referred to as *tev. (D)
Modification of cpcB*L7*tev*ISPS construct upon addition of a
second L7 linker next to the existing L7 linker, comprising the
cpcB¥L7*L7*tev*ISPS construct in the fusion configuration. This
DNA construct is referred to as the L*tev. (E) Modification of
cpcB*L7*ISPS fusion construct upon addition of a flexible (GGGS),
linker after the L7 linker followed by tev and the ISPS gene in a fusion
configuration. This DNA construct is referred to as the G*tev.

(ISPS) from Pueraria montana (kudzu). Recent work from this
lab has shown that the cpcB*ISPS fusion construct, thanks to
its highly expressed leader sequence, stably accumulated to
levels reaching 20% of the total Synechocystis cellular
protein.”>** A functionally active cpcB*ISPS fusion construct
entailed insertion of a linker comprising seven amino acids
(L7), designed to change the orientation of the two fusion
proteins relative to one-another. The resulting cpcB*L7*ISPS
fusion construct™ (Figure 3B) was employed in the below-
described TEV work.

The cpcB*L7*ISPS fusion construct was modified upon
installation of the tev cleavage domain between the L7 and
ISPS DNA, comprising the new cpcB*L7*tev*ISPS fusion
construct (Figure 3C). Two additional constructs, harboring
different linker sequences between the cpcB and ISPS genes,
were designed and also provided with tev to increase the
probability of a successful cleavage by the TEV enzyme (Figure
3D and E). It is important that, prior to testing the cleavage of
the desired fusion protein by TEV, the expression level of the
target fusion protein itself had to be evaluated. This is because
the linker domain between the two moieties of the fusion
protein could affect the accumulation of the desired
polypeptide, as described in previous literature.”

Transformation and attainment of transgenic DNA copy
homoplasmy for the recipient cpcB*L7*ISPS (R), cpcB*L7%te-
vEISPS (*tev), cpcB*L7*L7%tev*ISPS (L*tev), and cpcB*L7*-
(GGGS), *tev*ISPS (G*tev) lines were tested and verified by
genomic DNA PCR analysis using specific cpc_S’ forward and
cpcA_rv reverse primers (Figure 4A). The absence of WT PCR
product in the amplification from the transformant strain
templates indicated achievement of transgenic DNA copy
homoplasmy. Correct installation of the recombinant con-
structs was tested and verified using primers cpcB_ fw—
ISPS_rv, annealing on the endogenous cpcB and heterologous
ISPS gene sequences, respectively (Figures 3 and 4B). In this
case, the wild type gave no PCR products, whereas R, L*tev,
*tev, and G*tev transformants yielded the anticipated 866 bp,
908 bp, 887 bp, and 911 bp products, respectively. Phenotypi-
cally, these transformants lost the blue-green culture coloration
and became more greenish-like, underlining disruption in the
proper expression of the phycocyanin cpc operon and the
associated inability of the cells to assemble the phycobilisome
peripheral rods. The absence of phycocyanin from the
cpcB*fusion transformants was further evidenced in the
measurement of their absorbance spectra, all of which lacked
the pronounced PBS absorbance band with a peak at 625 nm,
which was clearly evident in the wild type (Figure S1).

The expression level of the ISPS gene was probed by
Western blot analysis with specific polyclonal antibodies raised
against the ISPS protein.”> Strains cpcB*L7%tev*ISPS (*tev)
and cpcB*L7*(GGGS),*tev*ISPS (G*tev) failed to accumulate
the respective fusion protein at a level comparable to that of
the cpcB*L7*ISPS (R) control strain (band marked as
CpcB*ISPS, Figure 4C). On the contrary, transformant strain
cpcB*L7*L7%tev*ISPS (L*tev) successfully accumulated the
target fusion protein in quantities that exceeded those of the R
control. Thus, the cpcB*L7*L7*tev*ISPS (L*tev) was chosen
as the strain to evaluate the in vivo cleavage of the fusion
protein by TEV.

The L*tev strain was further transformed with each of the
three TEV-encoding constructs shown in Figure 1B, C, and D,
respectively, for the cyanobacterial expression of TEV.
Attainment of transgenic DNA copy homoplasmy in the
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Figure 4. Genomic DNA and protein analyses of transformant
Synechocystis expressing variants of the CpcB*ISPS fusion protein. (A)
Genomic DNA PCR analysis testing for transgenic DNA copy
homoplasmy in Synechocystis transformants using cpc_S’ forward and
cpcA_rv reverse primers (Figure 3). Absence of WT PCR product in
the transformants indicated achievement of transgenic DNA copy
homoplasmy. (B) Genomic DNA PCR analysis testing for the correct
insertion of the transgenic DNA in Synechocystis transformants using
cpcB_fw and ISPS_rv primers. (C) Evaluation of the expression level
of CpcB*ISPS fusion variants in the transformants of Synechocystis.
Analysis was conducted using rabbit-raised polyclonal antibodies
against the ISPS protein, as previously described.”® Sample loading
corresponds to 0.5 ug of chlorophyll. Note the strong cross-reaction
of the antibodies with protein bands in the extracts from the
cpcB*L7*ISPS (R) and cpcB*L7*L7*tev*ISPS (L*tev) strains and the
almost absence of a cross-reaction with extracts from the *tev and
G*tev transformant cells.

double transformant strains L*tev+nptI-TEV, L *tev+nptI*TEV,
and L*tev+SUMO*TEV was tested through genomic DNA
PCR analysis (Figure SA). PCR amplification with primers
A2 _§’ forward and A2 3’ reverse, designed from the flanking
regions of the DNA insertion site (Figure 1A), generated a
product of 2,320 bp using genomic DNA as a template from
WT and recipient strain L*tev. PCR amplifications using DNA
from the two separate L*tev+nptI-TEV and two L*tev
+nptI*TEV double transformant strains generated the

anticipated product of 2,879 bp, whereas the PCR product
size from two L*tev+SUMO*TEV double transformants was
3,174 bp. Attainment of DNA copy homoplasmy was
evidenced by the absence of WT PCR product in the PCR
reactions of the transformant lines. Correct installation of the
heterologous sequences was further tested by conducting a
genomic DNA PCR analysis with primers A2 S’ forward and
TEV rv reverse (Figure SB), annealing on the upstream
flanking of the insertion site (A2 _S’) and a DNA sequence
internal to the TEV gene (TEV_rv) (Figure 1B—D), as the
reverse primer of the PCR reaction. With these primers, no
PCR product was generated using DNA from WT and
recipient L*tev strains, whereas the L*tev+nptI-TEV, L*tev
+nptI*TEV, and L*tev+SUMO*TEV double transformants
generated the anticipated PCR products of 2,154 bp, 2,154
bp, and 1,620 bp, respectively.

Protein analysis of total cell extracts from WT and the
double transformants of Synechocystis was undertaken through
SDS-PAGE followed by Coomassie blue staining (Figure SC)
and Western blot analysis (Figure SD). WT protein extracts
showed the presence of the CpcB p-subunit and CpcA a-
subunit of phycocyanin, as the dominant protein bands
migrating to the ~19 and ~17 kDa regions. Both L*tev and
L*tev+nptI-TEV strains showed the absence of the CpcB and
CpcA subunits and substantial accumulation of the fusion
CpcB*L7*L7*tev*ISPS protein, migrating to ~84 kDa
(marked as CpcB*ISPS, Figure SC). On the other hand,
strains L*tev+nptI*TEV and L*tev+SUMO*TEV showed much
lower levels of the CpcB*L7*L7*tev*ISPS fusion, as
evidenced by the faint protein bands in the respective ~84
kDa electrophoretic mobility region. Noteworthy in the latter
was the appearance of a new protein band migrating to ~21
kDa in these double transformants extracts. The molecular
weight corresponding to this protein band was consistent with
the expected size of the CpcB cleaved subunit, resulting from
the TEV cleavage of the CpcB*L7*L7*tev*ISPS fusion
protein, thereby releasing the CpcB*L7*L7*tev moiety.
Indeed, the CpcB*L7*L7*tev cleaved subunit (~21 kDa)
was expected to have a greater size than the native CpcB
subunit (~19 kDa) since the former includes the linker
L7*L7*tev domain. The cleavage of the tev domain would also
release the ISPS protein, possessing one additional glycine at
the N-terminal domain as a result of TEV cleavage.

Identification of the protein bands discussed above was
implemented by Western blot analysis (Figure SD) using
specific polyclonal antibodies raised against the CpcB protein
(PhytoAB, Redwood City, CA). A cross-reaction between the
polyclonal antibodies and the CpcB ~ 19 kDa subunit in WT
protein extracts confirmed the ability of polyclonal antibodies
to detect this target. Evidence of cross-reaction between the a-
CpcB antibodies and the newly emerging ~21 kDa protein
band in the L*tev+nptI*TEV and L*tev+SUMO*TEV double
transformants strengthened the notion that the ~21 kDa
protein band is the CpcB subunit with the addition of the
linker L7*L7*tev residue. This is shown in Figure 5D, marked
by the CpcB-cl to designate the proposed TEV cleavage
activity. Further support is provided by the L*tev strain, which
did not express TEV and which was totally devoid of the
CpcB-cl fragment but showed antibody cross-reaction with the
uncleaved 84 kDa fusion protein (Figure SD). Accordingly,
this Western blot analysis is consistent with the Coomassie-
stained SDS-PAGE evidence that the ~21 kDa CpcB-cl
polypeptide is clearly present in the L*tev+nptI*TEV and L *tev
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Figure S. Genomic and protein analyses of double transformants expressing both CpcB*ISPS fusion and TEV variants. (A) Genomic DNA PCR
analysis testing for transgenic DNA copy homoplasmy in Synechocystis cpcB*L7*L7*tev*ISPS (L*tev) transformants upon installation of the TEV
constructs shown in Figure 1. A2 §' forward and A2 3’ reverse primers (Figure 1) were used for the PCR reaction analysis. The absence of WT
PCR product in the double transformants indicated achievement of transgenic DNA copy homoplasmy. (B) Genomic DNA PCR analysis testing
for correct insertion of the transgenic DNA in Synechocystis transformants using A2_S’ forward and TEV_rv reverse primers. (C) Total cellular
protein extracts were resolved by SDS-PAGE and visualized by Coomassie-stain. Total protein extracts from wild type (WT),
cpcB*L7*L7*tev*ISPS (L*tev) transformant, and L*tev+nptl-TEV, L*tev+nptI*TEV and L*tev+SUMO*TEV double transformant cells were
loaded onto the SDS-PAGE lanes. Individual native and heterologous proteins of interest are indicated to the right of the gel. Sample loading
corresponds to 0.5 pg of chlorophyll. Notice the accumulation of the ~84 kDa CpcB*L7*L7*tev*ISPS fusion protein in the L*tev and L *tev+nptl-
TEV samples, the vastly lower amounts of this ~84 kDa fusion protein in the L*tev+nptI*TEV and L*tev+SUMO*TEV double transformants, and
the appearance of a ~ 21 kDa cleavage product (CpcB-cl) in the latter. (D) Total protein extracts of (C) were subjected to Western blot analysis.
Specific polyclonal antibodies against the CpcB subunit of phycocyanin were used to probe target proteins. Note the presence of the ~21 kDa
CpcB-cl protein, as indicated by the cross-reaction with CpcB antibodies, supporting the notion of a successful cleavage of the
CpcB*L7*L7*tev*ISPS fusion protein by the TEV.
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+SUMO*TEV protein extracts. The L*tev+nptI-TEV strain
extract also showed traces of the ~21 kDa CpcB-cl but the
majority of the CpcB*L7*L7*tev*ISPS fusion remained as an
uncleaved ~84 kDa protein (Figures SC and SD). The reason
for the latter is probably due to the very low TEV expression
level in the transformant harboring the nptI-TEV construct
(Figure 2B).

The above results suggest that TEV activity in cyanobacteria
is positively correlated with the TEV gene expression level.
However, whereas the CpcB-cl protein was readily detected in
both the Coomassie-stained SDS-PAGE and Western blot, the
ISPS moiety from the TEV cleavage of the corresponding
fusion construct (a putative ~63 kDa protein, hereafter
referred to as ISPS-cl) could not be detected. To investigate
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Figure 6. Comparison of the accumulation of cleaved ISPS (ISPS-cl) and cleaved CpcB (CpcB-cl) moieties in the L*tev+nptI*TEV and L*tev
+SUMO*TEV double transformants. (A) Total cellular protein extracts were resolved by SDS-PAGE and visualized by Coomassie-stain. Extracts
from wild type (WT), cpcB*L7*L7*tev*ISPS (L*tev), and three replicates of the L*tev+nptI*TEV and L*tev+SUMO*TEV double transformants
were loaded onto the SDS-PAGE lanes. Sample loading corresponds to 0.5 ug of chlorophyll. Individual native and heterologous proteins of
interest are indicated to the right of the gel. (B) Total protein extracts of (A) were subjected to Western blot analysis with specific polyclonal
antibodies raised against the ISPS protein. Note the strong antibody cross-reaction with a protein band migrating to ~84 kDa in the L*tev lane and
the weaker cross-reactions with bands of ~84 kd in the double transformants. Also note the absence of a putative ISPS-cl in the anticipated ~63
kDa region. (C) Total protein extracts of (A) were subjected to Western blot analysis with polyclonal antibodies against the CpcB subunit of
phycocyanin. Note the antibody cross-reaction with a protein band migrating to ~84 kDa in the L*fev lane and the much weaker cross-reaction
with bands of ~84 kd in the double transformants. Also note the presence of the CpcB-cl in the anticipated ~21 kDa region.

the fate of the anticipated ISPS-cl polypeptide, three
independent biological replicates of both the L*tev+nptI*TEV
and L*tev+SUMO*TEV double transformants were assayed by
Coomassie-stained SDS-PAGE and Western blot analyses with
polyclonal antibodies specific for the ISPS or CpcB
polypeptides (Figure 6). The Coomassie-stained SDS-PAGE
showed the presence of the abundant ~84 kDa CpcB*ISPS
fusion protein in the L*fev strain, as expected (Figure 6, left
panel). The abundance of this fusion protein was lowered in all
the double transformants, when compared to the L*tev strain,
consistent with the notion of a successful TEV-mediated
cleavage of the fusion protein. The same pattern was observed
upon probing the protein profile of Figure 6 (left panel) with
specific polyclonal antibodies raised against the ISPS protein
(Figure 6, middle panel). It is important that a TEV-induced
lowering of the CpcB*ISPS abundance in the double
transformants, as a result of TEV activity, was not balanced
with the appearance of a protein band at ~63 kDa that could
be attributed to conversion and accumulation of the free ISPS-
cl. This result suggested that ISPS-cl, upon cleavage from the
CpcB*L7*L7*tev*ISPS fusion protein, is unstable and is
readily degraded by the cyanobacteria cells. This hypothesis
was corroborated by the fact that, contrary to ISPS-cl, the
CpcB-cl moiety accumulated in the L*tev+nptI *TEV and L*tev
+SUMO*TEV double transformants, shown by both the SDS-
PAGE Coomassie stained results (Figure 6, left panel) and
Western blot analysis with antibodies raised against the CpcB
protein (Figure 6, right panel), as already demonstrated in the
results of Figure SC and 5D.

The degradation of cleaved ISPS-cl was investigated in
different growth stages of the transformant cultures. In this
effort, high cell-density cultures of WT, L*tev, L*tev
+nptI*TEV, and L*tev+SUMO*TEV strains were diluted to
OD;3 0.05 and then grown autotrophically. Cells were

harvested every 2 days through 6 days of growth. It was of
interest to observe differences in pigmentation between these
cell cultures (Figure 7A). Indeed, after 6 days of growth, WT
cells showed the typical blue-green coloration defined by the
dominant presence of phycocyanin and chlorophyll in
cyanobacteria (Figure 7A, WT), whereas the L*tev trans-
formants showed a faint bluish and mostly green coloration
(Figure 7A, L*tev), suggesting phycocyanin deficiency and
disruption of the phycobilisome light harvesting antenna. By
comparison, the double transformants showed an as yet
greener pigmentation (Figure 7A, L*tev+nptI*TEV and L*tev
+SUMO*TEV). Protein extracts from harvested cells were
analyzed by SDS-PAGE and by Coomassie stain (Figure 7B)
and by Western blot analysis (Figure 7C) using antibodies
specific for the ISPS protein. Wild type samples did not show
the presence of the CpcB*L7*L7%tev*ISPS (L*tev) protein
(~84 kDa). On the contrary, all L*tev cell extracts showed
accumulation of the fusion protein CpcB*ISPS in the
Coomassie stained SDS-PAGE and further confirmed by
Western blot analysis a cross-reaction of the anti-ISPS
antibodies with an ~84 kDa band and with some higher
molecular mass aggregates. It was also of interest that both
L*tev+nptI*TEV and L*tev+SUMO*TEV double transform-
ants showed a pattern of both accumulation of the
CpcB*L7*L7*tev*ISPS fusion protein and cleavage of the
latter (ISPS-cl), as evidenced by the presence of a faint ISPS
band, migrating to about ~63 kDa (Figure 7C, right panel,
shown by slanted red arrows). The pattern showed that the
amount of the CpcB*L7*L7*tev*ISPS ~84 kDa protein was
more pronounced on “day 2” and “day 4” of growth in the
double transformants, although it was less than that of the
L*tev transformant. The double transformant samples were
nearly devoid of the ~84 kDa fusion construct on “day 6” of
growth. Accordingly, this analysis also showed a faint cross-
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Figure 7. Assessment of the presence/accumulation of the ISPS-cl as a function of time during the growth of Synechocystis in batch cultures. (A)
Cultures were inoculated at OD3, = 0.05 and photoautotrophically grown for 6 days. A 50 mL sample from each culture was harvested every 2
days and displayed for comparative appearance. (B) Total cellular protein extracts were resolved by SDS-PAGE and visualized by Coomassie-stain.
Total protein extracts from WT and the cpcB*L7*L7*tev*ISPS (L*tev) transformant (Figure 7B, left panel), as well as the L*tev+nptI*TEV and
L*tey+SUMO*TEV double transformants, were loaded onto the SDS-PAGE lanes, as indicated. Sample loading corresponds to 0.5 ug of
chlorophyll. Individual native and heterologous proteins of interest are marked to the right of the gel. (C) Total protein extracts of (B) were
subjected to Western blot analysis with specific polyclonal antibodies raised against the ISPS protein. Note the faint presence of the ISPS-cl in the
early stages of growth in the cultures (2 and 4 days of cultivation) and the absence at longer times (e.g, 6 days).

reaction between the antibodies and ISPS-cl, in the double
transformants, but only in samples harvested on day 2 and day
4, referring to the early exponential growth phase of these
cultures. ISPS-cl could no longer be discerned after 6 days of
growth in both double transformants. These results give
credence to the hypothesis that the CpcB*L7*L7*tev¥ISPS
fusion confers stability to the recombinant ISPS protein.
However, the free ISPS protein, emanating either as a direct
expression or as a cleaved protein from a CpcB*ISPS fusion is
inherently unstable in cyanobacteria cells and subject to
degradation. This instability apparently does not apply to
CpcB-cl, the upstream moiety of the CpcB*L7*L7*tev*ISPS
fusion protein that is released upon TEV action, evidenced by
the fact that the CpcB-cl was detected in the Coomassie
stained SDS-PAGE analysis of the double transformants at all
times (0 to 6 d) of culture sampling (Figures 6 and 7B, right
panels, CpcB-cl).

Measurements of isoprene production in the L*tev, L*tev
+nptl-TEV, L*tev+nptI*TEV, and L*tev+SUMO*TEV trans-
formants were conducted, as recently described.”> Isoprene
accumulated in the headspace of the reactors and was sampled
upon 48 and 96 h of photoautotrophic growth of cyanobacteria
transformants. The overall productivity of the cyanobacterial
cells (mg isoprene:g biomass) was considerably greater in the
L*tev and L*tev+nptl-TEV strains, compared to the L*fev
+nptI*TEV and L*tev+SUMO*TEYV lines, after both 48 and 96
h of incubation (Figure S2). Indeed, the L*tev transformant
showed the best productivity of isoprene (~4 mg/g), followed
by the L*tev+nptI-TEV transformant (~3.3 mg/g). It was
noted that L*tev+nptI*TEV and L*tev+SUMO*TEV trans-
formants showed the lowest productivity upon 96 h of growth
(~2.4 mg/g). All of the above suggested that stability of the
ISPS as a fusion protein, and its consequential accumulation
(Figure 7) played a role in sustaining isoprene production.
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Figure 8. Assessment of the presence/accumulation of cleaved a-interferon (IFN-cl) as a function of time during the growth of transformant
Synechocystis in batch cultures. (A) Schematic of the cpcB*tev*IFN construct for expressing the codon-optimized human a-interferon (IFN) gene as
a fusion construct with the phycocyanin-encoding f-subunit cpcB gene, with the latter in the leader sequence position. The construct was adapted
from previous work replacing the factor Xa cleavage site with the TEV cleavage site (tev). (B) Cultures were inoculated at OD,3, = 0.05 and
photoautotrophically grown for 12-days. A 50 mL sample from each culture was harvested every 2 days through day 6 and eventually after 12 days
of growth, displayed here for comparative appearance. (C) Total cellular protein extracts from WT, cpcB*tev*IFN (Figure 8C, left panel), and two
biological replicates of cpcB*tev*IFN+SUMO*TEV double transformants (Figure 8C, right panel) were resolved by SDS-PAGE and visualized by
Coomassie-stain. Sample loading corresponds to 0.5 ug of chlorophyll. Individual native and heterologous proteins of interest are indicated to the
right of the gel. One nanogram of recombinant IFN was also loaded as a control (r-IFN). (D) Total protein extracts of (C) were subjected to
Western blot analysis with specific polyclonal antibodies raised against the IFN protein. Note the faint presence of the IFN-cl in the early stages of
growth in the cultures (0—4 days of cultivation) and the declining or absent IFN-cl at longer times (e.g, 6—12 days).

This was also corroborated by the evidence that the double about 12% of the total cellular protein.”” However, it was not

transformants, which did not substantially accumulate ISPS-c],
showed the lowest isoprene productivity.

Recombinant a-Interferon Stability in Cyanobacteria.
In an effort to develop a better understanding on the stability
of recombinant proteins in cyanobacteria, expression of the
human a-interferon (IFN) was selected for testing. Recent
work from this lab showed that IFN, as a CpcB*IFN fusion
construct, could accumulate in transformant cyanobacteria to

clear whether cleaved IFN from a CpcB*IFN fusion construct
could be stable in the cyanobacterial cytosol. To address this
question, the cpcB*IFN construct’® was modified to install the
cleavage tev sequence immediately prior to the IFN-encoding
DNA (Figure 8A).

The resulting recombinant strain, hereafter referred to as
cpcB*tev*IFN, was then transformed again using the
SUMO*TEV construct (Figure 1D). Upon achievement of
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Figure 9. Assessment of the presence/accumulation of cleaved tetanus toxin fragment C (TTFC-cl) as a function of time during the growth of
transformant Synechocystis in batch cultures. (A) Schematic of the DNA construct for expressing the codon-optimized tetanus toxin fragment C
(TTFC) gene, as a fusion with the phycocyanin-encoding f-subunit cpcB gene, with the latter in the leader sequence position. The cpcB*tev *TTFC
construct was followed by a spectinomycin resistance cassette (smR) in an operon configuration. The L7 comprises DNA encoding seven amino
acids, as in Figure 3, whereas Hiss, and tev encode the 6xHisTag and TEV cleavage sites, respectively. This construct is referred to as the
cpcB*tev*TTFC. (B) Genomic DNA PCR analysis of the WT, cpcB*L7*L7*tev*ISPS (L*tev), and the cpcB*tev*TTFC strains testing for transgenic
DNA copy homoplasmy in Synechocystis transformants. cpc_S’ forward and cpcA_rv reverse primers were used for the PCR analysis of WT and the
L#tev strains (Figure 3), whereas the cpcB_fw forward and cpcA_rv reverse primers were used to analyze the three cpcB*tev*TTFC lines. The
absence of L*tev PCR product in the transformant lines indicated achievement of transgenic DNA copy homoplasmy. (C) Total cellular protein
extracts from wild type (WT), cpcB*L7*L7%tev*ISPS (L*tev), and the cpcB*tev*TTFC transformants, as well as three replicates of the
cpcB*tev*TTFC+SUMO*TEV double transformants cells, were resolved by SDS-PAGE and visualized by Coomassie-stain. Sample loading
corresponds to 0.5 pg of chlorophyll. Individual native and heterologous proteins of interest are indicated to the right of the gel. (D) Total protein
extracts of (C) were subjected to Western blot analysis with specific polyclonal antibodies raised against the TTFC protein. Note the accumulation
of the CpcB*tev*TTFC fusion protein as a 73 kDa band in the cpcB*tev*TTFC extracts and the substantial presence of the cleaved TTFC-cl
protein, migrating to ~52 kDa, apparently the result of a TEV cleavage of the CpcB*tev*TTFC fusion protein in the double transformants.

transgenic DNA copy homoplasmy, two independent repli-
cates of the double transformant, hereafter referred to as
cpcB*tev¥*IFN+SUMO*TEV, were cultivated in parallel with
the WT and cpcB*tev*IFN cultures (Figure 8B) in order to
evaluate the cell physiology and recombinant protein stability
upon TEV expression and function, following the protocol
described in the results of Figure 7. Coomassie-stained SDS-
PAGE showed strong accumulation of the ~38 kDa
cpcB*tev*IFN fusion protein (Figure 8C, left panel, cpcB*te-
v*IEN). Consistent with the SDS-PAGE results, Western blot
analysis showed that accumulation of the CpcB*tev*IFN
recombinant protein was greater in the protein extract from the
“12 days” growth than that from the other time samples
(Figure 8D, left panel, cpcB*tev*IFN). Such greater accumu-
lation in dense cultures was likely the result of enhanced cpc
promoter activity in response to the lower average irradiance
seen by the cells in high cell-density cultures. Of interest was
the observation that this fusion protein was nearly absent from
the two double transformants, suggesting high TEV cleavage
activity (Figure 8C and D right panels). Moreover, traces of
the cleaved IFN (IFN-cl) were detected via Western blot
analysis only during the early cell growth exponential phase
(day 2 and day 4 of growth), as previously observed with ISPS-
cl (Figure 7C). Indeed, IFN-cl was not detected after “6 days
of growth” in either of the double transformants (Figure 8D,
right panel, slanted red arrows). A 1-ng sample of recombinant
IFN (Figure 7C and D, r-IFN) was used as the control (Novus

Biologicals, Centennial, CO). These results suggested a low
stability of the recombinant cleaved IFN-cl product, as
observed with the ISPS-cl above.

The above results exemplify the fact that eukaryotic proteins
ISPS and IEN are not well-expressed, and/or are unstable in
cyanobacteria, and also provide evidence that this difficulty can
be overcome by the fusion constructs approach.

Recombinant Tetanus Toxin Fragment C (TTFC)
Stability in Cyanobacteria. ISPS and IFN are two very
different proteins in terms of structure and function, deriving
from a eukaryotic plant and animal system, respectively. Thus,
we decided to evaluate the cyanobacterial stability, in fusion
and free form, of a third protein, the prokaryotic-origin tetanus
toxin fragment C (TTFC), which is noted as a candidate for a
vaccine against the tetanus disease.”® Construct
cpcB*tev*TTFC was designed for expression of the cpcB and
TTFC genes as a fusion construct, along with the
spectinomycin resistance cassette (smR), in a modified cpc
operon from the L*tev construct (Figure 9A).

Upon transformation of the Synechocystis L*tev cells,
transgenic DNA copy homoplasmy was tested by genomic
DNA PCR reaction analysis using specific primers cpc S’
forward and cpcA_rv reverse for the WT and L*tev strain, or
cpcB_fw and cpcA_rv reverse for the cpcB¥tev*TTFC trans-
formants (Figure 3A). This set of PCR reactions generated
products of 1,289 bp and 3,840 bp using genomic DNA from
WT and recipient L*fev strain, respectively (Figure 9B).
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Figure 10. Expression of the TTFC protein directly under the control of the strong cpc operon promoter without employment of the fusion
constructs approach. (A) Schematic of the DNA construct for expression of the codon-optimized tetanus toxin fragment C (TTFC) gene in
Synechocystis transformants. The TTFC DNA sequence was followed by a spectinomycin resistance cassette (smR) in an operon configuration. This
construct is referred to as the Acpc-TTFC. (B) Genomic DNA PCR analysis testing for transgenic DNA copy homoplasmy in Synechocystis
transformants using cpc_S’ forward and cpc_3’ reverse primers. The WT strain served as the recipient for the Acpc-TTFC transformation. The
absence of WT PCR product in the Acpc-TTFC transformants indicated achievement of transgenic DNA copy homoplasmy. (C) Total cellular
protein extracts from wild type (WT), cpcB*tev*TTFC, and three replicates of the Acpc-TTFC transformants were loaded onto the SDS-PAGE
lanes. Sample loading corresponds to 0.4 pg of chlorophyll. Individual native and heterologous proteins of interest are indicated to the right of the
gel. (D) Total protein extracts of (C) were subjected to Western blot analysis with specific polyclonal antibodies raised against the TTFC protein.
Note the substantial accumulation of the ~73 kDa CpcB*tev*TTFC protein and the considerably lower level of the free TTFC protein from the
Acpc-TTFC transformants.

Whereas PCR amplifications using DNA from three replicates Confirmation of the identity of the latter was provided by
of cpcB*tev*TTFC transformants generated the anticipated Western blot analysis using specific polyclonal antibodies
product of 2,698 bp. The absence of WT or L*tev PCR against TTFC (Antibodies-Online, Limerick, PA, United
product in the cpcB*tev*TTFC transformants indicated States). These results showed that TTFC-cl, emanating upon
transgenic DNA copy homoplasmy in the latter. cleavage of the CpcB*tev*TTFC fusion protein, accumulated

The cpcB*tev*TTFC strain was then transformed again with in the cultures to amounts that seemed to be substantially
the SUMO*TEV construct in the psbA2 gene locus (Figure greater than that of the uncleaved fusion, suggesting a far

1D), conferring expression of TEV. Upon transgenic DNA greater stability of TTFC-cl in the cells than that shown by the
copy homoplasmy, tested and verified as previously shown in ISPS-cl and IEN-cl polypeptides.

Figure 1E and F (results not shown), three independent Accumulation of the bacterial TTFC-cl and the apparent
replicates of the double transformant, hereafter referred to as stability of this cleaved protein in cyanobacteria, as opposed to
cpcB*tev*TTFC+SUMO*TEV, were cultivated in parallel with that of the ISPS-cl and IFN-cl, raised the question of whether
WT, L*tev, and cpcB*tev*TTFC cultures. Coomassie-stained TTFC could be substantially expressed by itself (no fusion

SDS-PAGE (Figure 9C) showed strong accumulation of the approach needed) under the control of a strong promoter. To
CpcB*ISPS fusion protein (~84 kDa) in the L*fev recipient address this question, we compared the TTFC expression level
strain, as already shown above in Figure 5. TTFC accumulated with and without employment of the fusion constructs
as a CpcB*tev*TTFC fusion protein, migrating to about 73 approach, under the control of the same strong cyanobacterial
kDa. Densitometric analysis of Coomassie-stained gels, aiming cpc promoter. The Acpc-TTFC construct (Figure 10A) was
to determine the percent accumulation of target protein over designed to express the TTFC gene, along with a
the total protein in the SDS-lanes, showed that CpcB*L7*te- spectinomycin resistance cassette (smR), replacing all
v¥ISPS and CpcB*tev*TTFC fusion proteins accumulated to endogenous genes in the cpc operon. Upon transformation of
17% and 13% of total lane protein, respectively. Evidence of WT cells through double homologous recombination, trans-
successful TEV cleavage activity in all three replicates of the genic DNA copy homoplasmy was verified by genomic DNA
cpcB¥tev*TTFC+SUMO®TEV double transformants was given PCR reaction analysis using primers cpc_S’ forward and cpc_3’

by the accumulation of cleaved CpcB (21 kDa CpcB-cl moiety reverse, designed from the flanking regions of the DNA
in Figure 9C) and by the presence in all cpcB*tev*TTFC insertion site (Figure 10A). The PCR reaction using DNA
+SUMO*TEV double transformants of an abundant protein from the WT strain generated a product of 4,683 bp. Three
band migrating to ~52 kDa, attributed to the cleaved TTFC independent biological replicates of the Acpc-TTFC trans-
polypeptide (52 kDa TTFC-cl moiety in Figure 9C). formant generated the anticipated PCR products of 3,476 bp
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only (Figure 10B). The absence of wild type PCR products
indicated achievement of transgenic DNA copy homoplasmy.
Subsequently, three independent replicates of the Acpc-TTFC
transformants were cultivated in parallel with the WT and
cpcB*tev*TTFC cultures. Coomassie-stained SDS-PAGE (Fig-
ure 10C) showed strong accumulation of the
CpcB*tev*TTFC (~73 kDa) in the cpcB*tev*TTFC strain.
No evidence for the accumulation of the pure TTFC (~52
kDa) could be detected in the Acpc-TTFC samples, although
visualization of the pure TTFC protein was difficult because of
the presence of native proteins in the same MW region.
However, Western blot analysis with specific antibodies against
TTFC (Figure 10D) clarified the picture by showing that
accumulation of free TTFC from the Acpc-TTFC samples was
lower than that from the cpcB*tev*TTFC sample. This
evidence corroborated the importance of the fusion constructs
approach for the accumulation of the TTFC polypeptide in
Synechocystis transformants.

It is noteworthy that the combination of the in wvivo
cpcB*tev*TTFC+SUMO*TEV fusion construct and cleavage
product approach resulted in a substantially greater accumu-
lation of TTFC than what was observed in the case of the
cpcB*tev*TTFC fusion alone (Figure 9D). The visual evidence
was corroborated by densitometric measurements of the
Western blot analysis, where proteins were probed with
antibodies against the TTFC (Table S2). This approach
showed two main bands attributed to the TTFC protein
(Figure 9D and 10D). A main band of ~73 kDa was attributed
to the CpcB*tev*TTFC protein, whereas the second band of
~250 kDa was attributed to a putative aggregate containing the
CpcB*tev*TTFC. The origin of such an aggregate can be
explained since optimized solubilization procedures appeared
to always leave some fusion aggregates migrating to a higher
molecular weight in the gel. Cleaved TTFC accumulation in
the cpcB*tev*TTFC+SUMO*TEV double transformant was
2.4-fold greater than that of the ~73 kDa band in the
cpcB*tev*TTFC fusion sample. The sum of the two bands
(~73 and 250 kDa) detected in the cpcB*tev*TTFC sample
was quantitatively similar to the TTFC accumulation in the
cpcB*tev*TTFC+SUMO*TEV sample (Table S2). This result
suggested that, upon TEV cleavage, TTFC-cl accumulated in
the cyanobacterial cells thanks to its high inherent stability. By
comparison, TTFC accumulated poorly in the Acpc-TTFC
samples, i.e., to less than 40% as compared to the
cpcB*tev*TTFC transformant. The integration of the densito-
metric analyses of Coomassie-stained SDS-PAGE (Figure 9C)
and Western blot using a-TTFC antibodies (Figure 9D)
defined the accumulation of TTFC-cl in the cpcB*tev*TTFC
+SUMO*TEV sample. As a result, TTFC-cl was found to
accumulate to more than 15% of the total cell protein.

On the basis of the above-described results (Figures 9 and
10), the application of the fusion constructs approach
combined with an in vivo cleavage appears to be the muost
effective method to successfully accumulate the heterologous
prokaryotic TTFC protein in cyanobacteria.

B DISCUSSION

Earlier work from this and other laboratories has shown that
eukaryotic plant and animal genes do not express well, at the
protein level, in cyanobacteria and other photosynthetic
microorganisms. This was the case of recombinant proteins
. . e . 36-38
encoding genes of the isoprenoid biosynthetic pathway, as
well as a variety of biopharmaceutical proteins.””*>*** The

slow or impeded rate of translation of eukaryotic recombinant
proteins in cyanobacteria and possibly the chloroplast of
microalgae was discussed as one of the reasons for the low
yield.”* This is typically manifested as a relatively high-density
polyribosomes (ribosome-binding mRNAs), implicating a long
ribosome dwell time on the respective mRNA.*' The slow
ribosome movement progression on the mRNA is causing a
pile-up during translation, resulting in a slower rate of synthesis
and relatively low levels of accumulation of such recombinant
proteins.

A different hindrance is the possible toxicity of recombinant
proteins to the prokaryotic cell. An example is offered by the
work of Desplancq et al,”” who showed that eukaryotic
(human) oncogene proteins, when transgenically expressed in
cyanobacteria, are toxic to the cells. In such cases, culture
growth is inhibited. To manage the toxicity, they resorted to
using the inducible nitrate assimilation NIR promoter of the
filamentous cyanobacterium Anabaena, as the promoter of
their transgenes. The latter is repressed in the presence of
ammonium (NH,*) salts but induced in the absence of
ammonium and the presence of nitrate (NO;”). They
promoted Anabaena growth to high cell density in the
presence of ammonium (NH,'), thereby blocking the
expression of the transgenes. When ammonium was replaced
with nitrate salts, cells then activated the NIR promoter, as
they were forced to rely on nitrate nutrients for further growth.
This induction process, entailing terminal cell growth and
product generation, offered some success in overcoming
product toxicity but cannot be easily applied to scale.

Results in this work showed a third level of difficulty in the
attempt to overexpress eukaryotic recombinant proteins in
photosynthetic microorganisms, that of product instability in
the host cell. The latter is evidenced by the fact that diverse
eukaryotic recombinant proteins, exemplified by the kudzu
isoprene synthase and the human a-interferon, can be
overexpressed to 10—20% of the total cellular protein as
fusion constructs. However, when cleaved from their stabilizing
leader sequence and released in the cyanobacterial cytosol,
they were efficiently degraded and either could not be detected
or could be detected as residual faint protein bands (Figures 7
and 8).

Paradoxically, the above difficulties did not seem to apply to
bacterial overexpression of a variety of prokaryotic recombi-
nant proteins.”””>** In this context, the tetanus toxin fragment
C protein was overexpressed in this work, as a fusion construct
with the cpcB gene, to about 20% of the total cellular protein.
Importantly, when cleaved from its leader sequence in vivo and
released in the cyanobacterial cytosol, the free TTFC appeared
to accumulate as a soluble protein even further, apparently
untouched by the cellular proteolysis apparatus (Figures 9B
and 9C). In the context of this work, and among the
recombinant proteins examined, only the TTFC proved to be
stable, whereas the other recombinant proteins (ISPS and
IFN) were degraded by the cell (Figure 11).

These results exemplify how eukaryotic proteins ISPS and
IFEN are unstable in cyanobacteria and also point to the fact
that this difficulty can be overcome by the fusion constructs
approach employed in this work. They also corroborate the
accumulating evidence that at least some recombinant bacterial
proteins can be heterologously overexpressed in cyanobacteria
by using strong endogenous or exogenous promoters, with or
without the fusion constructs approach,'®*' ~>**7#*
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Figure 11. Schematic depicting the activity of TEV on the
CpcB*tev*ISPS (upper), CpcB*tev*IFN (middle), and
CpcB*tev*TTFC (lower) fusion protein constructs. In all cases,
proteolytic cleavage of the “tev” domain by the TEV protease resulted
in the separation and release of the ISPS, IFN, and TTFC from the
CpcB fusion configuration, respectively. The schematic also depicts
how the eukaryotic isoprene synthase (ISPS), a vascular plant protein,
and interferon (IFN), a human protein, were unstable as free proteins
and were degraded by the cyanobacterial cytosol. On the contrary, the
prokaryotic tetanus toxin fragment C protein (TTFC) was stable
upon cleavage of the “tev” domain and accumulated as a free protein
to high levels in the cyanobacterial cells.

Further support for the apparent compatibility of prokary-
otic protein expression in cyanobacteria is offered by the work
of Zhou et al,** who described the function of a modified
(partial) endogenous cyanobacterial promoter (Pcpc560),
derived from the native cyanobacterial Pcpc promoter, and
examined the efficacy of this modified promoter to express (i)
the trans-enoyl-CoA reductase (Ter) protein from Treponema
denticola, a Gram-negative, obligate anaerobic bacterium, and
(ii) the p-lactate dehydrogenase (DIdhE) protein from
Escherichia coli. Both of these bacterial-origin genes and
recombinant proteins were overexpressed in cyanobacteria
under the control of the Pcpc promoter, consistent with
findings on the expression of other heterologous bacterial
genes (see below). Similarly, the npt] gene from Escherichia
coli, encoding a kanamycin resistance protein,”’ the cmR gene
from Escherichia coli, encoding a chloramphenicol resistance
protein,45 and the isopentenyl diphos;)hate isomerase (fni)
gene from Streptococcus pneumoniae,” all were easily and
directly overexpressed in Synechocystis under the control of
different promoters and as part of different transgenic DNA
construct configurations.

It is of interest that a low level of TEV (Figure 2), when
coexpressed along with the cpcB*L7*L7%tev*ISPS, cpcB*te-
v*IFN, and cpcB*tev*TTFC fusion constructs was necessary
and sufficient to cleave and release recombinant proteins
(ISPS, IFN, or TTFC) from their fusion construct
configuration (Figures 7, 8 and 9). However, the low
expression level of the TEV, in spite of concerted efforts in
the course of this work to overexpress it, may suggest that viral
proteins are also unstable in cyanobacteria, even under the
control of strong promoters such as those of the psbA2 and

Prpc.
B METHODS

Strains, Recombinant Constructs, and Culture Con-
ditions. 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 tetanus toxin fragment C (Genbank
AF154828.1), SUMO (ENA EDNG60828, depleted of the
three 3’ codons encoding the C-terminus residues ATY), and
TEV protease (https://qb3.berkeley.edu/facility/qb3-macro-
lab/#:~:text=Your%20TEV%20Protease&text=Your%20box
%200f%20TEV%20contains,subtractive%20nickel%20column
%20with%20it, without the N-terminal His-tag) were codon
optimized for protein expression in Synechocystis using the IDT
open software (https://www.idtdna.com/CodonOpt). DNA
constructs for Synechocystis transformation were synthesized at
Biomatik USA (Wilmington, DE). Constructs for expressing
the kudzu isoprene synthase (ISPS) and the a-interferon in
Synechocystis were available in the lab from previous
experimental work.””*® Generation of mutations, insertions,
or deletions in plasmid DNA constructs were conducted via
the QS Site-Directed Mutagenesis Kit (New England Biolabs,
Ipswich, MA). Sequences of the various DNA constructs are
shown in the Supporting Information.

Synechocystis transformations were carried out according to
established protocols.’®***” Wild type and transformants were
maintained on BG11 media supplemented with 1% agar, 10
mM TES-NaOH (pH 8.2), and 0.3% sodium thiosulfate.
Liquid cultures of BG11 were buffered with 25 mM sodium
bicarbonate and 25 mM dipotassium hydrogen phosphate and
incubated in the light upon slow continuous bubbling with air
at 26 °C. Transgenic DNA copy homoplasmy in the cells was
achieved upon transformant incubation on agar in the presence
of increasing concentrations of the proper antibiotic
(chloramphenicol, kanamycin spectinomycin, 3—25 pg/mL).
Growth of the cells was promoted by using a balanced
combination of white LED bulbs supplemented with
incandescent light to yield a final photosynthetically active
radiation (PAR) intensity of ~100 ymol photons m™> s™".

Genomic DNA PCR Analysis of Synechocystis Trans-
formants. Genomic DNA templates were prepared, as
previously described."* A 20 uL culture aliquot was provided
with an equal volume of 100% ethanol followed by brief
vortexing. A 200 uL aliquot of a 10% (w/v) Chelex100 Resin
(BioRad, Hercules, CA) suspension in water was added to the
sample prior to mixing and heating at 98 °C for 10 min to lyse
the cells. Following centrifugation at 16,000g for 10 min to
pellet cell debris, S uL of the supernatant was used as a
genomic DNA template in a 25 L PCR reaction mixture. QS
DNA polymerase (New England Biolabs, Ipswich, MA) was
used to perform the genomic DNA PCR analyses. Transgenic
DNA copy homoplasmy in Synechocystis was tested using
suitable primers listed in the Supporting Information Table S1.
The genomic DNA location of these primers is indicated in the
figures with forward and reverse arrows for the appropriate
DNA constructs.

Protein Analysis. Cells in the mid-exponential growth
phase (OD,3, = ~ 1) were harvested by centrifugation at
4,000g 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 S0 mg
tablet was added per SO mL suspension). Cells were broken by
passing the suspension through a French press cell at 1,500 psi.
A slow speed centrifugation (350 g for 3 min) was applied to
remove unbroken cells and sizable cell debris. For protein
electrophoretic analysis, cell extracts were solubilized upon
incubation for 20 min at 42 °C in the presence of 1x Laemmli
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Sample Buffer (BioRad, Hercules, CA), supplemented with
both 2 M urea and 5% f-mercaptoethanol. During the 20 min
incubation, samples were vortexed every 10 min for 10 s. SDS-
PAGE was performed using Mini-PROTEAN TGX precast
gels (BioRad, Hercules, CA). Densitometric quantification of
target proteins, as a percentage of the total cellular protein, was
performed using the BioRad (Hercules, CA) Image Lab
software. A subsequent Western blot analysis entailed transfer
of the SDS-PAGE-resolved proteins to a 0.2 ym pore size
PVDF membrane (Life Technologies, Carlsbad, CA). Protein
transfer to PVDF, conducted overnight at constant 20 V and 4
°C, was followed by protein probing with rabbit-raised CpcB-
(PhytoAB, Redwood City, CA), TEV- (BioVision, Milpitas,
CA), TTEC- (Antibodies-Online, Limerick, PA), ISPS-,>>*¢ or
IFN-specific polyclonal antibodies.*’

Isoprene and Biomass Accumulation. Liquid cultures
for isoprene production were grown photoautotrophically.
Glass bottle bioreactors (1 L volume) designed in this lab*®
were loaded with ~550 mL liquid BG11 growth medium,
buffered with K,HPO, and NaHCO;, and then inoculated with
Synechocystis starter cultures to an OD730 nm = 0.65. Unless
otherwise indicated, the bioreactors were further loaded with
inorganic carbon, delivered to the liquid culture by slowly
bubbling 500 mL of 100% CO, gas through the bottom of the
liquid culture to fill the reactor headspace. Bioreactors were
then sealed and cultures were stirred slowly and continuously
at 28 °C under constant illumination at around 100 gmol
photons m™2 57",

Isoprene accumulation in the headspace of the reactor was
determined by gas chromatography (Shimadzu 8A GC-FID)
analysis of 1 mL gaseous samples from the bioreactor
headspace. Isoprene quantification was determined based on
a calibration of the isoprene standard (Acros Organics, Fair
Lawn, NJ, USA), as described. Biomass accumulation in the
liquid phase of the reactor was determined upon collection of
50 mL aliquots, followed by centrifugation and cell
resuspension in 2 mL of deionized water. The latter were
transferred onto aluminum trays, dried overnight at 60 °C, and
weighed to determine the dry cell weight (dcw).

Data Availability Statement. All data sets generated and
analyzed in this work are included in the manuscript’s
Supporting Information. Moreover, the codon-optimized
nucleotide sequences, as expressed in Synechocystis for the
purposes of this work, and the nucleotide sequences of the full
constructs that were synthesized and employed are also shown
in the Supporting Information.

Statistical Analysis of the Results. Measurements were
conducted in triplicate with essentially the same results,
although a single representative figure from each experiment is
shown.
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