
Diarrhea caused by enteropathogenic Escherichia

coli is one of the most widespread diseases of humans and

farm animals. Heat�labile enterotoxin (LT) is one of the

pathogenicity factors, resembling cholera toxin in its

immunological and physicochemical properties [1, 2]. LT

belongs to the AB5 class of toxins and includes one 27�kD

A�subunit, exhibiting proper toxic ADP�ribosyl trans�

ferase activity, and a pentamer formed due to noncovalent

binding of five 11.6�kD B�subunits (LTB). The interac�

tion of LT with intestinal cells is the result of specific

binding of the pentamer formed by B�subunits to the cel�

lular receptor—GM1 ganglioside.

LTB is an efficient immunogen providing for forma�

tion of protective immunity against E. coli diarrhea [3].

Immunization by LTB can be oral with generation of a

high titer of specific serum and mucosal antibodies [4, 5].

Moreover, in the case of oral or intranasal immunization,

LTB can be used as an adjuvant providing for formation of

the efficient mucosal immune response to the simultane�

ously introduced antigen [6]. All these properties make

LTB an interesting object for creation of plant systems for

its production with the promise of orally administered

“edible” vaccine.

Production in plants of various proteins for medi�

cine, agriculture, and industry is a promising trend in

biotechnology. The advantage of plant “biofactories” over

animal or microbial cells is the easy growing, determining

the low final cost of the product, and the absence of

pathogens in common for humans and plants. Transgenic
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Abstract—A synthetic gene of the B�subunit of Escherichia coli heat�labile toxin, optimized for expression in plants, was

designed and synthesized. The recombinant viral vector was constructed on the basis of potato virus X containing the LTB

gene instead of the removed triple block of transport genes and the coat protein gene, which provides for LTB expression in

plants. The vector is introduced into the plant cells during cell infiltration by agrobacteria incorporating a binary vector, the

T�DNA region of which contains a cDNA copy of the recombinant viral genome. Under conditions of posttranscriptional

gene silencing inhibition, the LTB yield in Nicotiana benthamiana plants is 1�2% of total soluble protein; in this case, LTB

synthesized in plants forms pentameric complexes analogous to those found in the native toxin. The designed viral system

of LTB transient expression can be used to obtain in plants a vaccine against enteropathogenic Escherichia coli.
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potato plants have been designed [7, 8], and it was shown

that the obtained LTB was able to induce both systemic

and mucosal immune response. However, the LTB

expression levels in transgenic plants did not exceed 0.01

and 0.19% of total soluble protein in transgenic tobacco

[9] and potato [7] plants, respectively, which is an obsta�

cle in the economically competitive production of vac�

cine preparations [10]. Higher levels of LTB expression

were achieved in seeds of transgenic maize plants [11�13],

but expression levels varied greatly both between different

transgenic lines and between plants of different genera�

tions of the same line. Thus, in transgenic maize plants

expressing LTB under gamma�zein promoter control the

LTB production levels in seeds in most cases was only one

hundredth part of a percent, while in some cobs they

reached 1�3% of total soluble protein [13].

An alternative to transformation of the plant nuclear

genome is genetic transformation of chloroplasts, which

makes it possible to achieve significantly higher expression

levels due to the gene dose effect [14]. Thus, LTB expres�

sion levels in tobacco transplastome plants were 2�2.5%

[15]. However, it should be noted that genetic transforma�

tion of chloroplasts is complicated and time consuming,

and so far it has been achieved for only a few plant species.

An alternative to transgenic plants is the use of viral

expression systems allowing rapid expression in plants of

significant amounts of target proteins, in some cases up to

30�40% of total soluble protein [16]. Vectors based on

plant virus genomes are successfully used for production

in plants of proteins for medical purpose, including vac�

cine proteins for rabies [17] and plague [18] pathogens,

antibodies [19], and many others (see review 20]). The

goal of this work was to design a system for LTB produc�

tion in plants using a recombinant vector based on the

potato virus X genome.

MATERIALS AND METHODS

Media, reagents, and synthetic oligonucleotides.
Bacteria were grown in LB broth or in plates with LB agar

at 37°C (E. coli) or at 30°C (Agrobacterium tumefaciens). If

necessary, the following antibiotics were added to the

media: ampicillin (100 µg/ml), kanamycin (50 µg/ml),

rifampicin (50 µg/ml), or gentamicin (24 µg/ml). To

clone the sequence encoding the mature part of LTB in

expression vector pQE30, the oligonucleotides LTB�F

(GCGGATCCGCTCCCCAGTCTATTACAGAACTA)

and LTB�R (AACCTGCAGGCTAGTTTTCCATACT�

GATTGCC) were used.

To obtain the synthetic gene of LTB the following

synthetic oligonucleotides were used: LTBP�1

(CGGGATCCAAAAAAATGGCTAA); LTBP�2 (GGT�

TAAGTGTTATGTTCTTTTTACTGCTCTTCT�

TTCTTCTCTTTGTGCTTATGGAGCACC); LTBP�3

(ACAATCTATTACTGAACTTTGTTCTGAATATAG�

GAATACTCAAATTTATACTATTAATGA); LTBP�4

(TAAGATTCTTTCTTATACTGAATCTATGGCTG�

GAAAGAGGGAAATGGTTATTATTACTTT); LTBP�5

(TAAGTCTGGAGCTACTTTTCAAGTTGAAG�

TTCCAGGATCTCAACATATTGATTCTCAAAAGA);

LTBP�6 (AAGCTATTGAAAGGATGAAGGATACT�

CTTAGGATTACTTATCTTACTGAAACTAAGATT);

LTBP�7 (GATAAGCTTTGTGTTTGGAATAATAAGA�

CTCCAAATTCTATTGCTGCTATTTCTATGGA);

LTBP�8 (AAATTCTGAAAAGGATGAACTTTAAAT�

TTCTAGATTGAGCTCCG); LTBP�9 (CGGAGCT�

CAATCTAGAAATTTAAAG); LTBP�10 (TTCATC�

CTTTTCAGAATTTTCCA); LTBP�11 (TAGAAATA�

GCAGCAATAGAATTTGGAGTCTTATTATTCCAAA�

CACAAAGCTTATCAATC); LTBP�12 (TTAGTTTCA�

GTAAGATAAGTAATCCTAAGAGTATCCTTCATC�

CTTTCAATAGCTTTCTT); LTBP�13 (TTGAGAAT�

C A A T A T G T T G A G A T C C T G G A A C T T C A A �

CTTGAAAAGTAGCTCCAGACTTAAAAG); LTBP�14

(TAATAATAACCATTTCCCTCTTTCCAGCCATA�

GATTCAGTATAAGAAAGAATCTTATCAT); LTBP�15

(TAATAGTATAAATTTGAGTATTCCTATATTCA�

GAACAAAGTTCAGTAATAGATTGTGGTG); LTBP�

16 (CTCCATAAGCACAAAGAGAAGAAAGAAGAG�

CAGTAAAAAGAACATAACACTTAACCTTAG);

LTBP�17 (CCATTTTTTTGGATCCCG). Before assem�

bly of the synthetic gene, the oligonucleotide 5′ ends were

phosphorylated using T4 polynucleotide kinase.

Producing vectors used in plant agroinfiltration
experiments. Plasmid pBIN_HcPro is a binary vector in

which the HcPro gene is cloned under 35S promoter con�

trol. In binary vector pBIN_PME, the full�sized pectin

methyl esterase (PME) gene of Nicotiana tabacum was

cloned under control of the 35S promoter in direct orien�

tation, and in vector pBIN_asPME in reverse orientation

[21]. Gene p19 of the tomato bushy stunt virus was cloned

in vector pBIN_P19 under 35S promoter control.

Viral vector pA7248LTBP was constructed in two

steps. In the first step, the sLTB synthetic gene was

excised from plasmid pUC�LTBP using restriction

endonucleases BamHI and Ecl136II and cloned in auxil�

iary plasmid pA7231 (IC2 in [22]) instead of GFP genes at

BamHI and BsrGI sites. In the second step, the AvrII�

SacI of the resulting plasmid pA7231LTBP was trans�

ferred into vector pVXdt�GFP [22]. The scheme of the

resulting vector pA7248LTBP is shown further.

Agroinfiltration of plants. Agrobacteria containing

recombinant binary vectors were grown for 12 h on a

shaker at 30°C. Cells (1.5 ml) were pelleted by centrifuga�

tion (4000g, 5 min), the pellet was resuspended in 1.5 ml

buffer containing 10 mM MES (pH 5.5) and 10 mM

MgCl2, and the optical density was adjusted to A600 = 0.2.

The N. benthamiana leaves were injected with agrobacte�

rial suspension using a syringe without needle.

Protein isolation from plant tissue. Leaf material

(10 mg) was ground to a homogeneous suspension in
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extraction buffer (0.4 M sucrose, 50 mM Tris buffer,

pH 8.0, 5 mM MgCl2, 10% glycerol, 5 mM β�mercap�

toethanol). The resulting mixture was centrifuged at

14,000g for 15 min, and the supernatant containing pro�

teins was taken for protein determination according to

Bradford.

Raising of antibodies to LTB. To obtain hyperimmune

serum, mice were intraperitoneally injected with 100 µg

purified LTB with incomplete Freund’s adjuvant. The

mice were immunized four times with 14�day intervals;

sera were taken on the fifth day after the last injection.

Western�blot analysis of LTB production. Protein

electrophoresis was carried out in 10% polyacrylamide gel

in the presence of SDS. Proteins were transferred from

the gel onto Hybond�P membrane (Amersham, Great

Britain) by electroblotting. To exclude unspecific binding

of antibody to the membrane, the latter was treated in 5%

solution of dry milk in TBS�T buffer. Then the membrane

was hybridized with polyclonal mouse antibodies to LTB,

and finally with the peroxidase�conjugated second�layer

antibodies. Specific protein complexes were detected

using a Western Blot ECL Plus kit (Amersham). The

revealed band intensities were quantified by analysis of a

digital photo using the TINA�PCBas program.

RESULTS AND DISCUSSION

Design and synthesis of an artificial LTB gene opti�
mized for expression in plants. Since the nucleotide

sequence of the natural LTB gene from enteropathogenic

E. coli is not optimal for expression in plants owing to

codon composition and the existence of potential internal

sites of polyadenylation and splicing, we designed a syn�

thetic LTB gene. The nucleotide sequence of the synthet�

ic sLTB gene was constructed on the basis of amino acid

sequence of LTB protein using synonymic codons most

frequent in the highly�expressed potato and tobacco

genes. For this purpose, computer analysis of context

characteristics of mRNA of these species was carried out

using bioinformatic methods [23�25], which revealed the

optimal synonymic codons and structure of translation

initiation and termination signals. Along with codon

composition, the existence in the sLTB sequence of

potential sites of mRNA processing, which can be recog�

nized in plant cells, was taken into consideration. Thus,

the use of synonymic codons made it possible to remove

from the sequence a potential polyadenylation site

AATAAA (Fig. 1). To stabilize LTB within the plant cell,

nucleotides encoding the signal of localization in the

Fig. 1. Sequences of the plant�optimized synthetic sLTB gene and original bacterial nLTB. Different nucleotides in sequences are shown in

gray; a potential site of mRNA polyadenylation in the nLTB sequence is underlined. Amino acid sequences of the N�terminal signal peptide

(amino acids 1�21) and those of the signal of localization in the endoplasmic reticulum (SEKDEL), introduced into sLTB, are italicized.

Amino acids
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endoplasmic reticulum, SEKDEL, were introduced into

the 3′ terminus of the sLTB sequence (Fig. 1).

The sequence of N�terminal signal peptide, provid�

ing for export of the mature part of the protein into the

periplasm space in bacteria [26] and guiding it into the

endoplasmic reticulum in yeasts [27], was preserved in

sLTB.

To obtain the synthetic LTB gene, equimolar

amounts of synthetic oligonucleotides were mixed (see

“Materials and Methods”), the mixture was denatured by

heating to 94°C, then the oligonucleotides were

hybridized by slow cooling of the mixture to 25°C. To

obtain the full�sized gene, the annealed oligonucleotides

were ligated by T4 DNA ligase and used as template for

amplification by PCR with terminal primers LTBP1 and

LTBP9. The PCR product was cloned in pUC19 vector at

BamHI and SacI sites, whose recognition sites were

introduced into sequences of the terminal primers. The

correctness of the synthesis was confirmed by sequencing

sLTB in the recombinant plasmid pUC�LTBP.

Preparation of LTB�producing E. coli strain.
Preparations of LTB proteins and corresponding antibod�

ies are necessary for the following analysis of producing

plants by Western blotting. To obtain the producing

strain, the LTB gene sequence corresponding to the

mature part of the protein (minus the 21�amino acid N�

terminal signal peptide) was obtained from genomic

DNA of enteropathogenic E. coli by PCR with LTB�F

and LTB�R primers. The sequences were cloned in

expression vector pQE30 with formation of hybrid genes

encoding LTB fused with six histidine residues at the N�

terminus. The recombinant protein was isolated and puri�

fied by standard methods using metal�affinity chromatog�

raphy. The isolated LTB protein was used for immuniza�

tion of mice and following production of antibody prepa�

rations. The anti�LTB antibodies could detect 0.2 ng LTB

protein by Western�blotting.

Construction of the recombinant viral vector based on
potato virus X genome providing for sLTB expression in
Nicotiana benthamiana. Earlier we constructed a number

of recombinant PVX�based viral vectors providing for

sLTB expression, but the product yield was far below the

expected level (about 0.01% of total soluble protein).

These vectors contained the sLTB gene under control of

subgenomic RNA promoter inserted in the PVX genome

between the triple gene block and the coat protein gene.

However, it is known that: (i) the closer to the 5′ end of

the PVX genome the target gene is located the higher is its

expression level, and (ii) the incorporation of a second

gene into subgenomic RNA decreases the efficiency of

expression of the first gene. Keeping this in mind, we have

designed a vector in which the sLTB gene under control of

subgenomic RNA promoter was inserted immediately

after the PVX replicase gene. In this case, the triple gene

block and the coat protein gene were removed from this

recombinant vector.

Viral vector PVXdt�GFP, based on the genome of

PVX strain UK3 [22], was used as the basis for vector

design. This vector includes 5′�nontranslated region of

the PVX genome, polymerase gene, the first promoter of

subgenomic RNA, the target gene, the last 60 nucleotides

of the coat protein gene, and the 3′�nontranslated region

of the PVX genome. The whole construct was placed

between 35S promoter and 35S terminator and cloned in

the binary vector pBIN19 within the T�DNA region. The

delivery into plant cells using agroinfiltration of leaves is

accompanied by infection of most leaf cells in the infect�

ed region, T�DNA transfer into the nucleus, and tran�

scription of the viral RNA copy from 35S promoter. The

following stage includes viral vector replication and prod�

uct synthesis at a high level [22]. The scheme of recombi�

nant vector pA7248LTBP is shown in Fig. 2.

Production of LTB in N. benthamiana. For experi�

ments on sLTB expression in N. benthamiana plants, vec�

tor pA7248LTBP was introduced into the strain A. tumefa�

ciens GV3101, and the recombinant agrobacteria were used

for infiltration of N. benthamiana leaves. The non�recom�

binant vector pVXdt�GFP was used as negative control.

Fig. 2. LTB production in N. benthamiana cells. a) Structure of

the pA7248LTBP vector. Sequences from the cDNA copy of the

PVX genome are shown in gray, and the subgenomic RNA pro�

moter 1 is shown by the bent arrow. sLTB is synthetic gene encod�

ing LTB with the attached peptide SEKDEL at the C end; 35S is

promoter; 35S�T is terminator of 35S RNA of cauliflower mosa�

ic virus; RB and LB are positions of boundaries of the binary vec�

tor T�DNA region. b) Western�blot analysis of LTB production in

agroinfiltrated plants. LTB is mature protein expressed in E. coli,

its calculated molecular mass being 13.1 kD (25 and 10 ng). Ten

micrograms of protein from producing plants infiltrated by

agrobacteria were applied on each lane. The agrobacteria con�

tained the following vectors: 1) PVXdt�GFP (negative control);

2) pA7248LTBP; 3) pA7248LTBP + pBIN_HcPro; 4)

pA7248LTBP + pBIN_asPME; 5) pA7248LTBP +

pBIN_PME + pBIN_P19.

Leaf 1              Leaf 2              Leaf 3
b

a
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One of the main factors restricting viral infection and,

in particular, expression of target proteins in viral expres�

sion systems is the development of posttranscriptional gene

silencing (PTGS) activated by double�stranded replicative

forms of viral RNA [28]. In this connection, the influence

of PTGS suppressors on the efficiency of LTB expression

was studied. Two known PTGS suppressor proteins were

tested: HcPro of potato virus Y and P19 of tomato bushy

stunt virus. In addition, we used the tobacco pectin methyl

esterase (PME) gene, a factor of the cell antivirus protec�

tion. It was shown previously [29] that inhibition of expres�

sion of this gene in tobacco plants sharply stimulates repro�

duction of viral vector. To estimate the effect of PTGS sup�

pressors on the level of sLTB production, the N. benthami�

ana leaves were simultaneously infiltrated by agrobacterial

strain GV3101/pA7248LTBP, as well as by the GV3101�

containing plasmids pBIN_HcPro, or pBIN_asPME, or

GV3101/pBIN_PME together with GV3101/pBIN_P19.

The plant tissue preparations from agroinfiltration

zones were taken for LTB immunodetection seven days

after beginning of infection. In plants agroinfiltrated with

GV3101/PVXdt�GFP, accumulation of GFP was esti�

mated visually by fluorescence intensity under ultraviolet

light, and the maximum of expression was observed on

the seventh day. The yield of target product sLTB was

determined by Western blot analysis (Fig. 3). The LTB

protein preparation obtained in E. coli (mature protein

without signal sequence) was used as control. It was

found that the sLTB expression level was about 5 ng per

10 µg total soluble protein (0.05%) in the case of infiltra�

tion by GV3101/pA7248LTBP strain without PTGS sup�

pressors. The use of known PTGS suppressors HcPro

and asPME several times increased the sLTB yield.

However, the combination of P19 with PME provided

20�50�fold increase in sLTB synthesis compared to the

level obtained in the absence of PTGS suppressors. In

this case, the yield of sLTB was 1.5�2.0% of total soluble

protein. This result exceeded by more than one order of

magnitude the maximal LTB yield obtained in transgenic

plants [30, 31].

In the only publication on LTB production in plants

using viral vectors, a vector based on the tobacco mosaic

virus genome was applied, and the product yield was

about 0.75% of total soluble protein [32]. The bacterial

LTB gene was cloned under control of the additional

subgenomic RNA promoter between genes of transport

and coat proteins. However, the vector used by those

authors was intruded into the plant cells by mechanical

inoculation by the mRNA transcript, obtained in vitro,

with following systemic infection of the plant by recom�

binant virus. On one hand, this is labor�consuming and

makes difficult process scaling, while on the other hand

this suggests generation of infectious virus, which restricts

the use of this expression system in accordance with

biosafety requirements.

Posttranslational processing and pentamer formation
by sLTP expressed in plants. The amino acid sequence of

sLTB contains the N�terminal signal peptide providing

for the localization of LTB in the periplasm space of E.

coli. Later this peptide is split off and is absent from the

mature protein. Upon expression in yeasts, the signal

peptide guides the protein to the endoplasmic reticulum

and is also split off as soon as the mature LTB form

appears [27]. In previous works on LTB expression in

transgenic plants, the full�sized LTB gene was used along

with its fragment corresponding to the mature part, and

the correct processing of the leader peptide was observed

in tobacco leaves [9]. Western�blot analysis carried out in

our laboratory on sLTB isolated from plant producers has

shown that the leader peptide is efficiently split off with

formation of mature protein: the molecular mass of LTB

obtained in plants corresponds to the mature part with

account for the SEKDEL signal, namely to 12.4 kD,

whereas the size of LTB with the leader peptide would be

14.7 kD.

An important characteristic of LTB expressed in

plants is its ability to form pentamers, which are an

immunogenic form of the protein [33]. It is known that

LTB efficiently forms pentamers in E. coli cells, but pen�

Fig. 3. Formation of pentameric forms by LTB synthesized in N.

benthamiana cells. 1) The sLTB preparation was isolated from pro�

ducing plants. Buffer for isolation contained 2% SDS, and before

application the protein preparation was heated for 5 min at 95°C;

2) same as on lane 1, but buffer for isolation contained 0.2% SDS,

and before application the protein preparation was heated for

10 min at 37°C.

1           2

62 kD

12.4 kD
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tamers might dissociate with formation of monomers

under heating in the presence of SDS. Note that for the

above�described Western�blot analysis of expression level,

protein preparations were obtained by extraction from the

plant tissue using the buffer for application on SDS�

PAGE, which contains SDS and mercaptoethanol, and

before application the preparations were heated for 5 min

at 95°C. Therefore, as expected, the bulk of LTB was in

the form of monomers.

To check the supposition that LTB expressed in plant

cells in vivo forms pentamers, we modified the procedure

for obtaining and analyzing the protein preparations. For

this purpose, the protein was extracted in buffer contain�

ing SDS and mercaptoethanol at different concentra�

tions, and before application the preparations were heat�

ed at different temperatures. The result of one experiment

is shown in Fig. 3. In this case the protein was extracted

using buffer containing 0.2% SDS, and before elec�

trophoresis the preparation was heated for 10 min at

37°C. Results of Western�blot analysis show that a signif�

icant portion of the LTB is present in the form of pen�

tamers. Thus, LTB synthesized using phytoviral vectors in

N. benthamiana is able to form pentamers, the immuno�

genic form of the protein.

This work was supported by the Federal Agency on

Science and Innovations (contract No. 02.512.11.2104).
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