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Abstract

spectinomycin/ streptomycin resistance gene (aad A) facilitated the selection of transformants when co- transcribed with favorite genes. A

A polycistronic expression vector, pKGA-NTFI, was constmucted for the cyanobacterium. Within this vectos the

natural glnA gene was selected as the platform to introduce the plasmid into a neutral site of the Synechowccus sp. PCC 7002 chromo-
some. Function of the vector was demonstrated by the insertion of a modified human Trefoil factor 3 gene ( NTFI ) to upstream of the aa-
dA gene and by the analyses of the transformed strains. Antibiotics resistance assays showed that the dicistronic expresson cassette con
ferred high spectinomycin resistance to both the E. wli cells and the Synechococcus cells. PCR analysis and Westernblot analysis were
carried out to confim the integration and expression of the NTFI gene respectively. Thiough simple molecular manipuhtions, the artifi-
cial polycistronic structure described here can be conveniently used to express other favorable genes or operons in cyanobacteria and to
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study the cyanobacterial gene expression as well.

Keywords:
tor construction.

Cyanobacteria have been becoming more and
more attractive as low-cost hosts for the expression of
beneficial genes due to their unique characteristics in-
cluding the high photosynthetic efficiency, low activi-
ty of proteases simple growth requirements and
primitive cell construction. Most cyanobacteria are
nonpathogenic and nontoxic to human being, but
very nutrient. At the same time, the availability of
pow erful genetic toold ! and complete genomic se-
quences enhances the potentialities of the cyanobacte-
rial biotechnology for commercial production or envi-
ronmental application. Convenient and efficient ex-
pression veclors are called for these requirements.

Polycistronic expression is quite useful for the
improvement of cyanobacterial expression vector, in
addition to the routine considerations. On the con-
trary to plant and animal monocistronic translation of
nuclear genes, most genes in cyanobacteria are co-
transcribed' ', which permits the expression of multi-
ple genes for entire pathways or pharmaceutical pro-
teins via a single transformation event. Fewer but
stronger transcription regulation elements promise
more efficient ex pression of the favorable gene, while
bring the host cells less burden. Recently, several

*

cyanobacterial transformation. human Trefoil factor 3. polycistronic expression. Synechococcus sp. PCC 7002, vec-

novel pathw ay s were successfully created in cyanobac-
teria for the production of beneficial organics, for ex-
ample the eicosapentaenoic acid” and ethanol 7.
However, as the shuttle vector they employed, the
foreign genes were easy to be lost by the host cells
when cultured under stressless circumstances. For
stable engineered cyanobacteria, the integrative vec-
tor should be more suitable. The gene expression cas-
sette will be integrated into the host chromosomes
through DN A recombinant events, where they will be
replicated and inherited along with the native genes.
In traditional
marker genes are always separated from the target
genes. When the total plasmid is integrated into the
host chromosome through a single crossover ex-

cyanobacterial expression vectors

change event, parts of it might be lost ', which will
then result in the false positive or negative pheno-
typed . De Cosaet al. have constructed a very suc-
cessful chloroplast expression vector for the ex pression
of Bacillus thuringiensis (Bt) cyr2A2a operon in
tabacco 7.
transcription structure of the selectable marker gene

This chloroplast vector contained a co-

and the cyr2A2a operon. As cyanobacteria are evolu-
tionarily linked to the chloroplast, we applied this
strategy to cyanobacterial vector construction with
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some modifications. The compact dicistronic ex pres-
sion of the target gene and the antibiotic resistant
gene described here can prevent the gene-loss that
happens in the single cross-over exchange event.

The well-characterized and highly transformable
Synechococcus sp. PCC 7002 (Agmenellum quadru -
plicatum PR-6) was selected as a model cy anobacteri-
al system, together with the modified human Trefoil
factor 3 as a heterogenous gene to develop a new ex-
strategy for
biomedicine or nutrient food. As a species of unicellu-

pression the production of edible

lar marine cyanobacteria, Symechococcus 7002 is quite
easy to cultivate and is naturally transformable'® .
Trefoil factor 3 (TFF3), also named intestinal trefoil
factor (ITF), is supposed to protect the gastrointesti-
nal epithelial layers from damages and participate in

F M ainly

the subsequent epithelial reconstruction
expressed in the intestine of human, rats and adult
mices TFF3 is extremely stable toward acid, heat
degradation, and proteolytic digestion due to its com-
pact three-leafed structure, which exists universally
in the Trefoil factor family (TFF) peptided 3. In
this study, we developed an N-terminal modified mu-
tant of TFF3 (named NTF1) which is more stable
and suitable for genetic engineering than the natural
TFF3. A model system to demonstrate the operon
expression of favorable gene and selectable marker
gene via cyanobacteria was then established.

1 Materials and methods
1.1 Plasmids and genes

Plasmid patpX, provided by Chinese Academy of
Agricultural Sciences, conferred the bacterial aad A4
gene cassette with the 5 promoter and leader se-
quence (5" PL) of atpA gene and the 3"-untranslated
region (3-UTR) of rbcl gene from Chlamy-
domonas reinhardtii chloroplastd® . The gene glnA
from Synechowccus sp. strain PCC 7002, as the inte-
gration platform, was cloned into plasmid KS to de-
rive the plasmid pKS-GInA!"" . NTFI gene, an N-
terminal modified human TFF3 gene, was cloned in
the plasmid pPIC 9K-NTF1 in our laboratory (un-
published data).

1.2 Construction of the expression vector

The NTFI gene was amplified by a PCR reac-
tion from the plasmid pPIC 9K-NTF1, using the fol-
lowing two primers; primer 1P (5'-CTACA CCATGG-
AGGAATACCOGGGCGAA -3). anneals, with the 5~

terminus of the gene, with Nwl site underlined and
the start codon overstriking; primer 1M (5'-ACCT-
GCCATGGCTCGAGCTCTTACTAGAAGGTGCAT-
TCTGCTTCC-3") anneals with the 3’ portion of the
gene, with Ncol and Sacl sites underlined and the

two tandem stop codons overstriking. After an initial
5min denaturation at 95 C, samples were run for
30 PCR cydles as follows: 95 Cfor I min, 60 C for
1 min and 72 C for 30 sec. The amplified product
was digested with the endonuclease Ncol, and then
inserted into the plasmid patpX to generate the di-
cistronic structure under the control of the atpA pro-
moter and the rbcL terminator from Chlamydomonas
reinhardtii chloroplasts. DN A sequence analy sis con-
firmed the correct orientation of NTFI gene, the
polylinker sequence, as well as the translational fu-
sions of the ATGs within the two resulting Nwl sites
with NTFI gene and aadA gene, respectively. This
generated plasmid, named patpX-NTF 1, was digest-
ed by EcoRV and Sall to generate the 2. 2kb atpX-
NTF1 cassette fragment to be cloned into the pKS-
GInA plasmid, which had been prepared by the diges-
tion with BamH]I blunt ended with Klenow frag-
ment, and redigested with Sall. The cyanobacterial
pKGA-NTF1,

expression vector, was finally ob-

tained (Fig. 1(a)).
1.3 Strains, culture conditions and transformation

The marine cyanobacterium Synechowccus sp.
PCC 7002, from the Institute of Botany, Chinese
Academy of Sciences, was cultivated in liquid Medi-
um A at 29 G illuminated by cool white fluorescent
lamps (100 #E ‘m s '), oscillated at 135 r/min
and subcultivated every 15 days'". Cells were also
maintained on solid Medium A with 1.2 % Bacto a-
gar. The transformation of Synechococcus cells was
carried out by natural transformation as described pre-
vioudy' 9 with a little modification. Following incu-
bation under moderate light for 48 h, the nylon filters
covered with Synechowccus cells were transferred to
selective medium containing either 20 Pg ampicillin/
mL, or 5#g spectinomycin/mL, or both of the an-
tibiotics at each concentration. After 2 to 3 weeks in-
cubation under the above growth conditions resistant
transformants appeared and were subsequently re-
streaked several times onto the fresh selective medium
containing 30 g ampicillin/mL, 10 #g spectino-
mycin/mL and 10 g streptomycin/ mL, respectively.
These antibiotic concentrations were also applied to
liquid culture of the transformants.
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1.4 PCR confirmation

For PCR analysis, total DNAs were extracted
from the putative transgenic samples and wild-ty pe
Synechococcus as described below . The cells were cul-
tured as described above and 100—500 #L of each
mid-log liquid culture was collected. The precipitation
was then sufficiently mixed with 20L sterile H2O on
avortex mixer. The suspension was boiled for 5 min,
then centrifuged at 4 ‘C (Smin at 120001/ min), and
10" L of the supernatants was used as templates in
PCR reactions. To assay the integration event, three
primers targeting to different positions of the foreign
gene expression cassette were employed. Following
the same protocols mentioned above, the ~200 bp of
NTFI gene fragment was amplified with primers 1P
and IM. Meanwhile, the combination of primer 1P
and primer 2M (ocated within the 3UTR of ricL,
5-AAGTTCTGGAGACCATTTAC-3") produced a
1.1kb fragment containing both the NTFI gene and
the aadA gene under the follow ing protocol: 1 min at
94 C, 1min at 55 G 2min at 72 C; 30 cycles. All
PCR products were separated on 0. 9% agarose gels.

1.5 Western blot analysis

Cyanobacterial cultures for assays were harvested
at late-log phase. Crude protein was extracted from
Synechococcus cells as described by Luo et al.l'!
10#g standard TFF3 protein and 30#¢g total proteins
from both wild and transgenic cyanobacterial cells
were loaded for protein analysis. The protein extract
was separated on a 15% SDS-PAGE gel, and then
transferred onto nitrocellulose membranes by elec-
troblotting'?. The blot was probed with the TFF3
antiserum (1 200 dilution), followed by horseradish
peroxidase-conjugated goat anti-rabbit IgG (Zhong
Shan Biotechnology, 1 *5000 dilution).

1.6 Growth of the transgenic Synechococcus

For growth rate determination, the growth of
both the wild-type and the transgenic Synechococcus
cells was determined by measuring optical density at
750 nm . The transgenic Synediococcus sp. PCC 7002
was cultivated in liquid Medium A supplemented with
30 #g ampicilli/ mL, 10 g spectinomycin/ m L. and
10"g streptomycin/ mL, respectively. The wild type
Synechococcus cells were cultured in liquid M edium A
with or without.these antibiotics.

2 Results
2.1 Construction of the expression vector

The structure of the cyanobacterial expression
vector pKGA-NTF1 (6.46 kb) constructed by poly-
cistronic strategy is shown in Fig. 1(a). The NTFI
gene, encoding a modified human intestinal mucin-as-
sociated peptide, was inserted into the unique Ncol
site within the aadA cassette of plasmid patpX to
form a dicistron structure. A linker sequence joined
the two genes, which contained two tandem stop
codons to efficiently terminate the translation of the
upstream NTFI gene and an additional Sacl site to
facilitate the future m anipulation of gene substitution.
The vector contained a 5 promoter region from
chloroplast atpA4 gene cluster driving the aadA
( aminoglycoside 3,*adenyly1transferase) gene for
spectinomy cin selection” and the NTFI gene. The
atpA gene encoding the a-subunit of the coupling-fac-
tor-1 ATP synthase has a high homology (71.84%)

between the cyanobacteria genomes and the higher
[ 13

plant chloroplast genomes I,

and this promoter
transcribes a natural chloroplast gene cluster in
Chlamydomonas reinhardtii'™® . These dicistronic
transcripts were stabilized by a chloroplast rbcL 3
end. Through a single-crossover event, the recombi-
nation platform —a g/nAd gene fragment from the host
cell, allowed the integration of the atpX-NTF1 ex-
pression cassette into a neutral site of the Symnechowc-
cus sp. PCC 7002 genome. The glnA gene encodes a
key enzyme, glutamine synthetase (GS), involved in
the assimilation of newly fixed nitrogen, but Syne-
chococcus  cells have another enzyme—carbamoyl
phosphate synthetase to maintain this assimilation ac-
tivity when glnd is inactivated ™ . Our previous
work also confirmed that the insertion of the foreign
DN A immediately upstream of g/nA gene had no sig-

- . . 10
nificant influence on the cyanobacteria grow th .

2. 2 Transformation of Synechococcus sp. and
screening

The pKGA-NTF1 expression vector and the
empty plasmid pKS-GInA were transferred to Syne-
chococcus cells and the correct transformants were se-
lected with ampicillin or spectinomycin or both the
different
transformants implied the diversity of the markers

antibiotics.  Correspondently, yields of
themselves as well as the different expression strate-
gies that they represented. The expression vector

pKGA-NTFEI contains two selectable marker genes
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Fig. 1.  Expression vector pKGA-NTFI and PCR assays of the
Synechococcus transformants. (a) Plasmid pPKGA-NTF1 (6. 46kb)
with PCR primer targeting sites and expected fragment sizes. (b)
PCR products of the wild type and putative transformed Syne-
chococcus using two primer sets; 1P2M (hnes 2-4) and 1P1IM
(lines 57). Lane 1, 1 kb DNA ladder (MBD); lane<2, 5, wild-
type genomic DNAs were taken as templates and no products were
shown; lanes 3, 6, genomic DNAs of putative transformants were

used as PCR templates and corresponding products were detected;
lane<4, 7, pKGA-NTF1 plasmid DNA was taken as the positive

control.

one is the E. wli bla gene inherited from pKS-
GInA, and the otheris aadA gene acquired by the in-
sertion of the atpX-NTF1 expression cassette. Ac-
cording to pET System M anual (10th ed. 2003), the
bla gene, encoding B-lactamase, is considered to be
an inefficient selectable marker. In this experiment,
the single ampicillin selection gave birth to the over-
growth of the wild-type cells during a long-term cul-
ture (Fig. 2 (a)). Furthermore, as the bla gene is
not tightly linked to the target gene expression cas-
sette in pKGA-NTF1 (Fig. 1(a)), DNA loss might
have taken place during the integration into the

. 1
cyanobacteria chromosomed "

There were some re-
ports about the invalidation of ampicillin resistance
phenoty pe due to the random losses of the plasmid
DNA accompanying the transform ation' From
these points on, high screening efficiency calls for
stable selective markers in a tight-link fashion for in-
tegrative vector construction. In order to meet this
requirement, we constructed the dicistronic cyanobac-
terial expression vector pKGA-NTF1 as described
above. Compared to the individual expression of bla
gene, the co-transcribed aad A gene was quite more
efficient (Fig. 2), and the separation events accom-

panying the single-cross recombination haye been suc-

cessively overcome. About 32 to 155 transformants
were obtained per g DNA. The co-transcription of
selective marker gene and interest gene was first re-
ported here in the cyanobacterial transgene study.

Fig. 2. Selection of the transgenic Synechococcus sp. strain PCC
7002 on the Medium A plate containing different kinds of antibi-
otics: (a) 25M¢g ampicillin/ mL, (b) 5—10%g spectinomycin/m L
and (¢) 5tg spectinomyecin/ m L together with 25%g ampicilin/m L.
In every plate, the top nylon film is spread with wild-type Syne-
chococcus cells, the left below with empty vector pKS-GInA trans-
formed cells, and the right below with the expression vector pK GA-
NTF1 transformed cells

2.3 PCR and Western blot analysis

PCR analysis confirmed the successful integra-
tion of the foreign genes. Two sets of PCR primers
were employed to test the integration of the pKGA-
NTF1. the primer pair 1P/IM generated the
~0.2kb NTFI gene fragment and the 1P/2M pair
could amplify a ~1. 1 kb DNA fragment containing
both the NTFI and the aadA genes. When total
DNA from the supposed transgenic Synechowccus
cells was taken as templates, both the PCR products
in each size could be obtained, just like the positive
control plasmid pKGA-NTF1 did. Untransformed
cells as expecteds showed neither PCR products

(Fig. 1(h)).

In order to verify the expression of the NTFI
gene, whole-cell extracts were prepared from the
pKGA-NTF1
and those from wild-type Symechococcus were taken
as control. Western blotting with anti-TFF3 anti-
serum was carried out for the immunological analysis

transformed cyanobacteria cultures,

(Fig. 3). Specific cross-reaction was only observed in
the transformed cyanobacterial cell extracts (lane 3),
whereas no significant signal w as detected in the wild-
type total protein sample (lane 2). The precipitate of
culture medium of the transformants did not cross-re-
act with the NTF1 antiserum either (lane 4). Com-
pared to the strong signal given by the yeast-produced
NTF1 dimers (lane 1),
formed cyanobacteria cells gave a much fainter im-

the extracts from trans-

munostaining band representing a lower molecular
weight. One reasonable explanation could be that the



802 www. tandf. co. uk/journals Progress in Natural Science Vol. 15 No.9 2005

NTFI gene was translationally fused to the 5 coding
region of the chloroplast atpA gene, which resulted
in an appendant 28 extra amino acids to the N termi-
nal of the protein product. Therefore the molecular
mass of the fusion protein was 11.8 kD, bigger than
that of the NTF1 monomer (6.5kD), but slightly
smaller than that of the dimer (13.6 kD). At the
same time, the relatively large appendent might have
influenced the antigenic integrity of the 59-amino-acid
NTF1 peptide. Based on these results, conclusions
can be made that the NTF1 peptide has been ex-
pressed in these transgenic Synechowccus cells as a
fusion protein, which presented in monomer form and
reserved partial antigenicity.

Fig. 3.  Western blots of transgenic Synechococcus using anti-
hTFF3 poly-clonal antibody. Lane I, standard TFF3 dimmer; lane
2, the extracts from the wild type as a control; lane 3, total pro-
teins from the pKGA-NTF1 trandomed Synechococcus; hne 4
the precipitate of the transformants culture medium. Arrow A indi-
cates the TFF3 dimer and arrow B indicates the fusion form NTF1

produced by the tranfomed cyanobacteria.

2.4 Growth and stability analysis

In an attempt to determine whether the expres-
sion of NTFI and aadA had any side-effects on the
physiology of the host cells, growth curves of the
pKGA-NTF1 transformants and the wild-type Syne-
chococcus cells were measured. As expected, in liquid
10 H¢
spectinomycin/ m L. and 10 #g streptomycin/mL, re-

Medium A containing 30 g ampicillin/ mL,

spectively, the wild-type Synechococcus cells were not
able to grow, while the transformants grew rapidly,
which was only somewhat lower than the wild-type
cells in Medium A without any antibiotics (Fig. 4),
indicating that the insertion and expression of het-
erogenous genes had little influence on the physiologi-
cal functions of the host cells.

The transformants obtained extremely high
spectinomycin resistance and the foreign genes were
inherited stably. To estimate the antibiotic resistance
ability, the transformed Synechowccus cells and the
wild-type cells were cultivated on solid or in liquid
Medium A containing increasing concentrations of

spectinomycin. The transformants were able to grow

on solid medium at coneentrations of spectinomy cin as
high as 200 Pg/mL and in liquid medium up to
300#¢/mL (data not shown),
the wild-ty pe Synechococcus were unable to grow at a

respectively, while

level of spectinomycin as low as S5tg/mL. Spectino-
mycin-resistant colonies could still be obtained on se-
lective plates after S5-week free antibiotic culture.
These results correspondingly confirmed that the for-
eign gene ex pression cassette had been stably integrat-
ed into the Synechococcus genome and inherited along
with the host genes.

4.07

-1

-2
—3

0 10 20 30 40
Days

Fig. 4. The growth cuwe of the transgenic Synechowccus sp.
strain PCC 7002 in 100 mL liquid Medium A supplemented with
30#g/ mL ampicillin, 10 #g/ mL spectinomycin and 10 #g/mL
streptomycin respectively. 1, Wild type without antibiotics; 2,
wild type with antibiotics; 3, pKGA-NTF1 transformed Syne-

chocous with antibiotics

3 Discussion

Polycistronic expression has many advantages
over the traditional cyanobacterial ex pression system.
First of all, multiple genes, single- or multiple-ori-
gin, from plants or animals, could be transferred via a
single transformation event, which significantly im-
proves the efficiency of bioengineering and affords the
transformants much more beneficial properties. Sec-
ondly, stronger but few er transcription regulation ele-
ments not only ensure the efficient expression of the
favorable gene, but also bring less foreign DNA into
the host genome. What is more, since the favorite
gene (NTFI ) was placed upstream of the selectable
marker gene (aadA4) in pPKGA-NTF 1, the spectino-
mycinresistant phenoty pe here could also be consid-
ered as a convincing proof for the correct expression of
the proceeding gene, in addition to its selection func-
tion. The foreign DNA size can be further reduced
when double integration platform is used to integrate
the polycistronic expression cassette into the Syne-
chococcus chromosome, and which is a more appropri-
ate strategy for cyanobacterial transformation. Final-
ly, the expression activity of the cyanobacterial vec-
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tors in E. coli cells is quite helpful for the manipula-
tion of the vector construction. We observed that
E. wli DH5a cells carrying pKGA-NTF1 were able
to tolerate high spectinomycin concentrations (data
not shown).

This cyanobactrerial expression vector can be
conveniently used for different experimental purpos-
es. Some restriction enzyme recognition sites were
designed to ensure the easy substitutions of single or
multiple elements by a single step cloning process per-
formed in E. coli. First of all, as an expression vec-
tor, the correct reading frame allows simple beneficial
gene insertion. Different promoter or terminator se-
quences could be tested to achieve the highest expres-
sion of the target gene in Synechococcus. If one wants
to study the activity of a special promoter; a reporter
gene like gfp (green fluorescence protein) could be
inserted between the promoter and the marker gene.
In addition, the antibiotic resistance gene could also
be changed when necessary. Mutations can be easily
obtained with this vector when the target cyanobacte-
rial gene is taken as the integration platform.

We describe here an integrative expression sys-
tem that has successfully expressed a therapeutic pro-
tein coding gene (NTFI ) and a selectable marker
gene (aadA) in a dicistron fashion in Synechococcus
sp. PCC 7002. Because the conformation and biologi-
cal activity of the NTF1 peptide is influenced by an
unw anted fusion, promoters without coding sequences
should be tested in the future. Since the co-tran-
scribed spectinomy cin-resistance ( aad4 ) gene is
highly efficient for the recovery of cyanobacteria
transformation, it is more appropriate to integrate the
portable expression cassette into the host chromosome
via a double-recombination than to integrate the
whole plasmid mediated by single-crossover event em-
ployed here. Attentions should also be paid to the ef-
fects of culture conditions to improve the expression
level of NTF 1 in Synechococcus cells. With some fur-
ther optimizations, we hope to develop an excellent
expression system for the production of biologically
active therapeutic proteins based on the simple pho-

toautotrophic organism.
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