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Abstract Four E. coli-Bifidobacterium shuttle

vectors were constructed using Bifidobacterium

plasmids, pB44 and pB80. The vectors carry two

bifidobacterial promoters, a signal peptide-encoding

sequence, sec2, of Bifidobacterium breve, and a

transcriptional terminator from hup gene of Bifido-

bacterium longum. Functionality of the constructs

were tested using human FGF-2 gene. The expression

of FGF-2 was detected by Western blotting in

B. breve transformed with three of the vectors.

The highest amount of FGF-2 was produced upon

transformation with pESH86, which is a pB80-based

plasmid carrying FGF-2 under control of a hup

promoter (Phup). Similarly, the level of FGF-2

mRNA transcribed from pESH86 was approximately

threefold higher, 882 ± 70 AU (arbitrary units), when

compared to those transcribed from pB44-based

pESH46 (Phup) (289 ± 65 AU) and pESH47 (Pgap)

(282 ± 37 AU). These results suggest the vectors

have the potential for production of exported fusion

proteins in bifidobacteria and the expression levels

can be regulated through the employment of different

bifidobacterial promoters and/or replicons.

Keywords Bifidobacterium � Colitis � Expression �
Fibroblast growth factor � Vectors

Introduction

Genus Bifidobacterium are anaerobic Gram-positive

rods that are generally non-pathogenic. They constitute

a prominent component of human indigenous intestinal

and vaginal microflora that exert multiple beneficial

effects toward the host (Biavati and Mattarelli 2006).

During the last decade, the commercial interest in

bifidobacteria has also grown due to their use as

‘‘health-promoting’’ components of various dairy

foods and probiotic formulations. The whole-genome

sequencing projects (Schell et al. 2002) started to

revolutionize our understating of physiology of the

bifidobacteria and the mechanisms underlying their

interactions with the host and pathogens. However, the

ability to genetically manipulate bifidobacteria is

essential for the confirmation of functional genomics

data through generation of specific mutants, future

systems biology and, possibly, metagenomics studies.

The proper tools of genetic access are also required in

order to design bifidobacteria-based biotherapeuticals

such as vaccines, targeted immunomodulators and

antimicrobials, as well as the technologically superior

probiotic cultures for the industry. Currently, there are
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few reports describing the production of foreign

proteins in bifidobacteria (Moon et al. 2005; Takata

et al. 2006; Reyes Escogido et al. 2007). Apparently,

the progress in this area is hampered by lack of

convenient and freely available genetic tools, namely

versatile expression vectors, high-efficiency transfor-

mation protocols, and suitable host strains. Recently,

we have sequenced and characterized four cryptic

plasmids isolated from infant bifidobacteria and

employed them for construction of several sets of

shuttle cloning vectors based on two distinct replicons

(Smeianov et al. 2002; Gibbs et al. 2006). Here, we

describe further improvement of these vectors into a

series of modular expression vehicles capable of

driving constitutive expression and secretion of cloned

human basic Fibroblast Growth Factor (FGF-2) gene in

bifidobacteria.

Materials and methods

Bacterial strains and growth conditions

Bifidobacterium breve UCC2003 (MacConaill et al.

2003), Bifidobacterium longum VMKB44 (Korschu-

nov et al. 1998), and Bifidobacterium bifidum ATCC

15696 were propagated anaerobically either in MRS

(Difco), or in TPY (Biavati and Mattarelli 2006)

media supplemented with 0.05% L-cysteine � HCl

and 5 lg erythromycin/ml, when needed. E. coli

strain XL-1Blue (Stratagene) was grown in LB

medium supplemented with 100 lg ampicillin/ml or

500 lg erythromycin/ml, when needed.

DNA isolation and manipulation

Total DNA from bifidobacteria to be used for PCR was

isolated using 5 min boiling lysis in TE buffer

(Sambrook and Russell 2001). Plasmid DNA from

E. coli was isolated using an alkaline lysis procedure

as described elsewhere (Sambrook and Russell 2001).

Plasmid DNA from bifidobacteria was isolated using

the E. coli protocol modified through the incorporation

of a lysozyme treatment step, 30 mg lysozyme/ml in

Solution I, 30 min at 37�C, before the addition of

Solution II. Restriction enzymes, T4 DNA polymer-

ase, T4 DNA ligase, and Taq/Pfu DNA polymerase

mix were purchased from Sibenzyme (Moscow,

Russian Federation) and used according to the

manufacturer’s protocols. The PCR primers used to

amplify B. longum VMKB44 hup promoter/Transla-

tion Initiation Region (TIR), B. longum VMKB44 gap

promoter/TIR, B. longum VMKB44 hup terminator,

and B. breve UCC2003 sec2 signal peptide coding

sequences were as follows (underlined are recognition

sites for restriction enzymes KpnI, NcoI, BamHI,

EcoRI, and NdeI, respectively): Phup-F (CGGTACC

TACTGGCTGCGTATTCCG), Phup-R (GCCCATGG

AGCATCCTTCTTGGGT), Pgap-F (GCGGTACCTG

ATGATTCGAGACATTCCT), Pgap-R (TTACCATGG

TATTCTCCCTTGTAGGGTGG), Thup-F (CGGATCC

TGACCTTCTGCTCGTA), Thup-R (CGAATTCGC

TGAACTAGTCCGGA), Sec2-F (GGCCATGGAACA

CATGAAGATGTTC), Sec2-R (GTACATATGCAAT

GCCACCCAGTCG). For use in cloning, restriction

fragments and PCR products were purified through 1%

(w/v) agarose gels followed by gel-elution using DNA

extraction kit (Fermentas, Vilnius, Lithuania). The

overview of construction of plasmids for this study is

given in Fig. 1. Plasmid constructs were verified

by sequencing of inserts and junction points on an

ABI Prizm 3100 automated sequencer at Pynny

Joint Stock Company (Moscow, Russian Federation;

www.punny.ru).

Transformation of bacteria

E. coli strains were transformed using the CaCl2
protocol (Sambrook and Russell 2001). B. breve

UCC2003 was transformed via electroporation using

the following protocol: several well-isolated colonies

were inoculated into TPY-cysteine � HCl broth sup-

plemented with 0.5 M mannitol and the culture was

incubated for 20 h; cells were pelleted and washed

twice in a buffer containing 0.5 M mannitol and

1 mM ammonium citrate (pH 6.0), resuspended in the

same buffer, and electroporated at 200 X, 25 lF,

12 kV/cm, using GenePulser instrument (BioRad).

Transformants were selected on TPY-cystein plates

with 0.5 M mannitol (optional) and 2 lg erythromy-

cin/ml. B. bifidum ATCC 15696 was transformed

according to Argnani et al. (1996).

Quantitative RT-PCR

Mid-growth cultures of B. breve grown in 5 ml of

TPY broth were pelleted and resuspended in 100 ll

TES buffer (50 mM NaCl, 100 mM Tris/HCl pH 8.0,
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70 mM EDTA) supplemented with 30 mg lysozyme/

ml. After incubation at 37�C for 1 h, total RNA was

extracted from protoplasts using YellowSolve RNA

isolation kit (Clonogene, St.-Petersburg, Russian

Federation). The integrity of RNA was confirmed

by agarose gel electrophoresis, and the amounts of

rRNA in the samples were calculated based on the

bands intensity using ImageJ software (available

from http://rsb.info.nih.gov/ij/). Synthesis of first

strand cDNA was accomplished with RevertAid

reverse trascriptase (Fermentas) and FGF2-R primer

(see below). Quantitative PCR was performed on an

ANK-32 thermocycler (Syntol, Moscow, Russian

Federation) using 2.59 EvaGreen premixed PCR

components, primers FGF2-F (ATGGCAGCAGGAT

CAATAAC) and FGF2-R (GTACCAGGAGGTGTA

TTTAC), and the following program: initial dena-

turation at 95�C for 300 s; 40 cycles of 94�C for 20 s,

52�C for 20 s, and 72�C for 30 s. Specificity of

reaction products was confirmed by melting

Fig. 1 Construction of

expression/secretion vectors

used in the study.

P, promoter regions;

T, transcriptional terminator

regions; ery194,

erythromycin resistance

gene; bla, b-lactamase

gene; repA, replication

initiator gene of pB80;

repB, replication initiator

gene of pB44. Please see

Sect. ‘‘Results and

discussion’’ section for

additional description
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temperature analysis (from 70 to 95�C with 0.5�C/15 s

increments). Quantification was accomplished by

comparing C(t) values to the calibration curve gener-

ated from serial tenfold dilutions of plasmid pESH46.

The obtained values were normalized to the amounts of

rRNA present in each sample.

Western blotting

Culture supernatants were filtered through 0.22 lm

cellulose acetate membranes and precipitated by the

addition of trichloroacetic acid to give 15% (w/v).

Pellets obtained after centrifugation were washed

with acetone, dried and resuspended in 19 SDS

gel-loading buffer. SDS-PAGE electrophoresis and

western blotting were performed as described else-

where (Sambrook and Russell 2001). Proteins were

transferred onto Hybond P (GE-Amersham) and, after

blocking nonspecific binding in PBS containing 0.2%

(v/v) of Tween20, were sequentially hybridized with

goat anti-human FGF-2 antibodies (sc1390, Santa-

Cruz Biotechnology, SantaCruz, CA) and HRP-

conjugated rabbit anti-goat IgG antibodies (sc2768,

SantaCruz). Blots were developed using ECL kit

(GE-Amersham).

Results and discussion

Construction of FGF-2 expression/secretion

cassettes using pB44- and pB80-based vectors

Our choice of human FGF-2 (bFGF) as a model

protein was due to its relatively small size and

stability at acidic pH, which is characteristic for

bifidobacterial culture supernatant. Construction of

the FGF-2-producing Bifidobacterium strains may

also have therapeutic applications in treatment of

inflammatory bowel disease and acute intestinal

radiation injury since these condition can be amelio-

rated by the bFGF treatment in the murine

experimental models (Paris et al. 2001; Kojima

et al. 2007).

Previously, we have utilized two bifidobacterial

plasmids, pB44 and pB80, to construct a series of

E. coli-Bifidobacterium shuttle vectors (Smeianov

et al. 2002; Gibbs et al. 2006; GenBank accession

numbers AY066026 and DQ305402). Two of these

vectors, pSUW64/123 and pESH80, derived from

pB44 and pB80, respectively, both of which harbor

ery194 as a selectable marker, were employed in the

construction of the expression vectors.

To obtain the first constitutive expression cassette,

promoter/TIR and terminator regions of hup gene

encoding the histone-like protein HU (Takeuchi et al.

2002) were PCR-amplified from B. longum VMKB44

total DNA. These two PCR products were cloned into

pESH44 resulting in pESH45 (Fig. 1). The former

plasmid, pESH44, is pSUW64/123 from which the

BamHI site was removed by T4-polymerase treat-

ment of the BamHI-linearized plasmid followed by

the blunt-end self-ligation. PCR-amplification of a

region encoding for a signal peptide and the first 11

N-terminal amino acids of a mature polypeptide of

the bifidobacterial Sec2 secreted protein (MacConaill

et al. 2003) was performed using B. breve UCC2003

total DNA as a template. The signal peptide-encoding

fragment was inserted into pESH45 simultaneously

with a NdeI/BamHI fragment of pkFGFB, which

carries the synthetic human FGF-2 gene (Seeger et al.

1995). This construct, named pESH46, contains a

chimeric open reading frame coding for Sec2-FGF-2

fusion protein under the control of Phup, TIR, and a

transcriptional terminator.

To construct a vector with different constitutive

promoter, the fragment correspondent to the pro-

moter/TIR of B. longum VMKB44 gene gap (Klijn

et al. 2006) was PCR-amplified from the total DNA

and was used to replace a Phup/TIR fragment in

pESH46 resulting in the pESH47 vector.

Our prior experiments showed that pESH80, albeit

larger than pSUW64/123, demonstrates higher segre-

gational stability, and replicates at higher copy numbers

in B. breve UCC2003 (Shkoporov et al., submitted). To

obtain the pESH80-based expression constructs, the

Sec2-FGF-2 cassettes along with ery194 gene were

transferred from pESH46 and pESH47 into pESH80 as

ClaI/EcoRI fragments, resulting in plasmids pESH86

and pESH87, respectively.

Transformation of bifidobacteria and expression

of FGF-2

All four vectors constructed, i.e., pESH46, pESH47,

pESH86, and pESH87 transformed B. breve

UCC2003 to erythromycin resistance (Fig. 2a, b),

and pESH46 (contains Phup/TIR-Sec2-FGF2 cas-

sette) also transformed B. bifidum ATCC 15696.
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However, B. breve UCC2003 (pESH87) showed

impaired growth, possibly due to toxicity associated

with the higher expression level, and was excluded

from the further study. One may further hypothesize

that this, in turn, is due to the higher copy number of

the pESH80 backbone as compared to that of

pSUW64/123.

The results of immunodetection of FGF-2 in

bifidobacteria are shown in Fig. 2c. The FGF-2

immunoreactivity was only found in supernatants of

B. breve UCC2003, but not in the cytoplasmic

fraction. The target protein was not detected in either

supernatant or cytoplasm of B. bifidum ATCC 15696.

The expression level of FGF-2 appeared to be the

highest in pESH86-transformed B. breve UCC2003,

followed by the pESH47- and pESH46-transformed

cells. In the supernatants of pESH86 transformants, a

large portion of the immunoreactivity was repre-

sented by a band of ca. 19 kDa that corresponds to

calculated molecular weight of a mature fusion

protein. However, an additional, lower molecular

weight band of ca. 14 kDa was also detected in all

cases, and this form was a predominant one detected

in the pESH46 transformants. The reason for appear-

ance of the 14 kDa aberrant form is not clear, but it

may be resulted from either premature translation

termination or posttranslational degradation of the

fusion protein. When the pSUW64/123 was used as

the backbone, Pgap/TIR (pESH47) led to the higher

production of FGF-2 than hup regulatory sequences

(pESH46).

The results of quantitative RT-PCR for FGF-2

transcript in B. breve transformants are shown on

Fig. 3. In line with immunoblotting results, the cells

Fig. 2 Transformation of Bifidobacterium breve UCC2003

with Sec2-FGF-2 fusion protein-encoding plasmids and

expression of target protein therein (a) Colony PCR analysis

of transformants using primers FGF2-F and FGF2-R; lanes

1–3, transformation with pESH46; lanes 4–6, transformation

with pESH47; lanes 7–9 transformation with pESH86; lane

10, negative control. (b) Isolation of plasmid DNA from

transformed B. breve: lane 1, supercoiled DNA ladder

(Invitrogen); lanes 2–4, pESH86; lane 5 pESH47; lane 6,

pESH46. (c) Immunoblotting analysis of FGF-2 expression in

the culture supernatants of transformed strains; Lanes 1–2,

pESH46; lanes 3–4, pESH47; lanes 5–6, pESH80 (negative

control); lanes 7–8, pESH86

Fig. 3 Quantitative RT-PCR analysis of Bifidobacterium breve
transformed with three Sec2-FGF-2 expression plasmids

(a) Calibration curve generated from serial tenfold dilutions of

plasmid pESH46 (b) Determination of relative abundance of

cDNA generated from FGF-2 transcripts in B. breve trans-

formed with three different plasmids. Amounts of the transcripts

normalized to rRNA levels were 289 ± 65 arbitrary units (AU)

(pESH46 transformants), 282 ± 37 AU (pESH47 transfor-

mants), and 882 ± 70 AU (pESH86 transformants). The

experiments were performed in triplicate; bars on the graphs

indicate standard deviation
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transformed with pESH86 generated the highest

numbers of FGF-2 transcripts. The expression levels

in the pESH46 and pESH47 transformants were more

than 3-fold lower than in the case of pESH86, and

were very close to each other. Therefore, it appears

that the higher amount of the immunoreactive protein

observed in the pESH47 transformants may be due to

the higher activity of gap TIR as compared to hup

TIR present in pESH46.

In summary, the results show that the pSUW64/

123- and pESH80-derived expression vectors are able

to drive the production of human FGF-2 fused to the

Sec2 signal peptide in B. breve UCC2003. The reason

for the absence of detectable FGF-2 expression in the

B. bifidum ATCC 15696 requires further investigation

and emphasizes the importance of the host strain

choice for the production of foreign proteins in

bifidobacteria.
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