
BIOCONJUGATES MADE FROM RECOMBINANT N-GLYCOSYLATED PROTEINS 
FROM PROCARYOTIC CELLS 

Field of the Invention 

5 The present invention relates to bioconjugates, specifically bioconjugate vaccines, made 

from recombinant glycoproteins, namely N-glycosylated proteins. The invention comprises one 

or more introduced N-glycosylated proteins with optimized amino acid consensus sequence(s), 

nucleic acids encoding these proteins as well as corresponding vectors and host cells. In addition, 

the present invention is directed to the use of said proteins, nucleic acids, vectors and host cells 

10 for preparing bioconjugate vaccines. Furthermore, the present invention provides methods for 

producing bioconjugate vaccines. 

Background of the Invention 

Glycoproteins are proteins that have one or more covalently attached sugar polymers. N-

linked protein glycosylation is an essential and conserved process occurring in the endoplasmic 

15 reticulum of eukarotic organisms. It is important for protein folding, oligomerization, stability, 

quality control, sorting and transport of secretory and membrane proteins (Helenius, A., and 

Aebi, M. (2004). Roles of N-linked glycans in the endoplasmic reticulum. Annu. Rev. Biochem. 

73, 1019-1049). 

Protein glycosylation has a profound influence on the antigenicity, the stability and the 

20 half-life of a protein. In addition, glycosylation can assist the purification of proteins by 

chromatography, e.g. affinity chromatography with lectin ligands bound to a solid phase 

interacting with glycosylated moieties of the protein. It is therefore established practice to 

produce many glycosylated proteins recombinantly in eukaryotic cells to provide biologically 

and pharmaceutically useful glycosylation patterns. 

25 It has been demonstrated that a bacterium, the food-borne pathogen Campylobacter jejuni, 

can also N-glycosylate its proteins (Szymanski, et al. (1999). Evidence for a system of general 

protein glycosylation in Campylobacter jejuni. Mol. Microbiol. 32, 1022-1030). The machinery 

required for glycosylation is encoded by 12 genes that are clustered in the so-called pgl locus. 
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Disruption of N-gylcosylation affects invasion and pathogenesis of C. jejuni but is not lethal as 

in most eukaryotic organisms (Burda P. and M. Aebi, (1999). The dolichol pathway of N-linked 

glycosylation. Biochim Biophys Acta 1426(2):239-57). It is possible to reconstitute the N-

glycosylation of C. jejuni proteins by recombinantly expressing the pgl locus and acceptor 
5 glycoprotein in E. coli at the same time (Wacker et al. (2002). N-linked glycosylation in 

Campylobacter jejuni and its functional transfer into E. coli. Science 298, 1790-1793). 

Diarrheal illness is a major health problem associated with international travel in terms of 

frequency and economic impact. Traveller's diarrhea refers to an enteric illness acquired when a 

person travels from a developed to a developing country. Today, over 50 million people travel 

10 each year from developed countries to developing countries and up to 50% of these travelers 

report having diarrhea during the first 2 weeks of their week of their stay. There has been no 

significant decline in the incidence of traveller's diarrhea since the 1970s, despite efforts made 

by the tourism industry to improve local infrastructure. 

Traveller's diarrhea is acquired through the ingestion of faecally contaminated food and 

15 less commonly water. Bacteria are the main cause of traveller diarrhea's, being responsible for 

up to 80% of the infections. Enterotoxigenic E. coli (ETEC) is the most frequently isolated 

bacterium in all parts of the world associated with traveler's diarrhea, followed by Shigella spp 

and C. jejuni. 

Shigellosis remains a serious and common disease. In addition to causing watery diarrhea, 

20 Shigellae are a major cause of dysentery (fever, cramps, and blood and/or mucus in the stool). 

Man is the only natural host for this bacterium. The estimated number of Shigella infections is 

over 200 million annually. About 5 million of these cases need hospitalization and a million 

people die. Three serogroups are mostly responsible for the disease described as bacillary 

dysentery: S. dysenteriae, S. Jlexneri and S. sonnei. 

25 S. dysenteriae and S. jlexneri are responsible for most infections in the tropics, with case 

fatalities up to 20%. Shigellosis occurs both endemically and as epidemics. In many tropical 

countries, endemic infection is largely due to S. Jlexneri whereas major epidemics of S. 
dysenteriae have occurred in Central America, Central Africa and Southeast Asia. These 
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epidemics are major public-health risks. Infections, primarily due to S. sonnei and less frequently 

S. jlexneri continue to occur in industrialized countries. 

Conjugate vaccines have shown promising results against Shigella infections. O-specific 

polysaccharides of S. dysenteriae type 1 have been used to synthesize a conjugate vaccine that 

5 has elicited an immune response in mice. Such vaccines have been synthesized chemically and 

conjugated to human serum albumin or has been developed where the O-polysaccharide has been 

purified from Shigella. The O-specific polysaccharides of S. sonnei and S. jlexneri also have 

been conjugated chemically to P. aeruginosa exotoxin and have elicited a significant immune 

response in mice. Additionally, they have been shown to be immunogenic and safe in humans. 

10 However, chemical conjugation is an expensive and time-consuming process that does not 

always yield reliable and reproducible vaccines. This leads to good manufacturing practices 

(GMP) problems when seeking to develop such bioconjugate vaccines on a commercial scale. 

Summary of the Invention 

In one aspect, the present invention is directed to a bioconjugate vaccine comprising: a 

15 protein carrier comprising an inserted consensus sequence, D/E - X - N - Z - S/T, wherein X 

and Z may be any natural amino acid except proline; at least one antigenic polysaccharide from 

at least one bacterium, linked to the protein carrier, wherein the at least one antigenic 

polysaccharide is at least one bacterial O-antigen from one or more strains of Shigella, E. coli or 

Pseudomonas aeruginosa; and, optionally, an adjuvant. 

20 

In another aspect, the present invention is directed to a Shigella bioconjugate vaccine 

comprising: a protein carrier comprising Exotoxin of Pseudomonas aeruginosa (EPA) that has 

been modified to contain at least one consensus sequence D/E - X - N - Z - S/T, wherein X and 
Z may be any natural amino acid except proline; at least one polysaccharide chain linked to the 

25 protein carrier and having the following structure: 
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a 
L-Rha " • L-Rha " • D-Gal ——•D-GlcNAc 

1,3 1,2 1,3 
; and, optionally, an 

adjuvant. 

In yet another aspect, the present invention is directed to a Shigella dysenteriae Ol 

bioconjugate vaccine comprising: a protein carrier having the sequence provided in SEQ. ID 

NO.: 7; at least one polysaccharide chain linked to the protein carrier and having the following 

structure: 

10 

a 
L-RhaL-Rha D-Gal -^-•D-GlcNAc 

1,3 1,2 1,3 
; and an adjuvant. 

In yet additional aspects, the present invention is directed to: a plasmid comprising SEQ. 

ID NO. 5; a genetic sequence comprising SEQ. ID NO. 5; an amino acid sequence comprising 

SEQ. ID NO. 6; an amino acid sequence comprising SEQ. ID NO. 7; or vector pGVXN64. 

15 In another aspect, the present invention is directed to an expression system for producing 

a bioconjugate vaccine against at least one bacterium comprising: a nucleotide sequence 

encoding an oligosaccharyl transferase (OST/OTase); a nucleotide sequence encoding a protein 

carrier; and at least one antigenic polysaccharide synthesis gene cluster from the at least one 

bacterium, wherein the antigenic polysaccharide is a bacterial O-antigen. 

20 

In still another aspect, the present invention is directed to an expression system for 

producing a bioconjugate vaccine against Shigella dysenteriae 01 comprising: a nucleotide 

sequence encoding PgIB having SEQ. ID NO. 2 ; a nucleotide sequence encoding a modified 

EPA having SEQ. ID NO. 6; and a polysaccharide synthesis gene cluster comprising SEQ. ID 

25 NO. 5. 
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In yet another aspect, the present invention contemplates a method of producing an 01-

bioconjugate in a bioreactor comprising the steps: expressing in bacteria: modified EPA 

containing at least one consensus sequence, D/E - X - N - Z - S/T, wherein X and Z may be any 

natural amino acid except proline, or AcrA; PgIB; and one or more 01-polysaccharides; growing 

the bacteria for a period of time to produce an amount of the Ol-bioconjugate comprising the 

AcrA or the modified EPA linked to the one more 01-polysaccharides; extracting periplasmic 

proteins; and separating the 01-bioconjugate from the extracted periplasmic proteins. 

In an additional aspect, the present invention contemplates a method of producing an S. 
dysenteriae bioconjugate vaccine, said method comprising: assembling a polysaccharide of S. 

dysenteriae in a recombinant organism through the use of glycosyltransferases; linking said 

polysaccharide to an asparagine residue of one or more target proteins in said recombinant 

organism, wherein said one or more target proteins contain one or more T-cell epitopes. 

In a further aspect, the present invention contemplates a method of producing an S. 

dysenteriae bioconjugate vaccine, said method comprising: introducing genetic information 

encoding for a metabolic apparatus that carries out N-glycosylation of a target protein into a 

prokaryotic organism to produce a modified prokaryotic organism, wherein the genetic 

information required for the expression of one or more recombinant target proteins is introduced 

into said prokaryotic organism, and wherein the metabolic apparatus comprises specific 

glycosyltransferases for the assembly of a polysaccharide of S. dysenteriae on a lipid carrier and 

an oligosaccharyltransferase, the oligosaccharyltransferase covalently linking the polysaccharide 

to an asparagine residue of the target protein, and the target protein containing at least one T-cell 

epitope; producing a culture of the modified prokaryotic organism; and obtaining glycosylated 

proteins from the culture medium. 

Description of the Figures 

Fig. 1 illustrates the N-glycosylation of Lip proteins derived from constructs A to C (see 

example 1 ). E. coli Top 10 cells carrying a functional pgl operon from C. jejuni (Wacker et al., 

2002, supra) and a plasmid coding for constructs A (lane 2), B (lane 1), and C (lane 3) or a 



mutant of construct C with the mutation D121A (lane 4). Proteins were expressed and purified 

from periplasmic extracts. Shown is the SDS-PAGE and Coomassie brilliant blue staining of the 

purified protein fractions. 

Fig. 2 shows the N-glycosylation analysis of the different proteins that were analyzed for 

5 the sequence specific N-glycosylation by the C. jejunipgl operon (Wacker et al., 2002, supra) in 

CLM24 cells (Feldman et al., (2005). Engineering N-linked protein glycosylation with diverse O 

antigen lipopolysaccharide structures in Escherichia coli. Proc. Natl. Acad. Sci. USA 102, 3016-

3021) or ToplO cells (panel E lanes 1-6) or SCM7 cells (Alaimo, C, Catrein, I., Morf, L., 

Marolda, C. L., Callewaert, N., Valvano, M. A., Feldman, M. F., Aebi, M. (2006). Two distinct 

10 but interchangeable mechanisms for flipping of lipid-linked oligosaccharides. EMBO Journal 25, 

967-976) (panel E, lanes 7, 8) expressing said proteins from a plasmid. Shown are SDS-PAGE 

separated periplasmic extracts that were transferred to a nitrocellulose membrane and visualized 

with specific antisera. In panels A-D, the top panels show immunoblots probed with anti AcrA 

antiserum (Wacker et al. 2002, supra; Nita-Lazar, M., Wacker, M., Schegg, B.; Amber, S., and 

15 Aebi, M. (2005). The N-X- S/T consensus sequence is required but not sufficient for bacterial N-

linked protein glycosylation. Glycobiology 15, 361-367), whereas the bottom panels show 

immunoblots probed with R12 antiserum (Wacker et al., 2002, supra). + and - indicate the 

presence of the functional or mutant pgl operon in the cells. Panel A contains samples of the 

soluble wildtype AcrA with the pelB signal sequence and the hexa histag (SEQ ID NO: 24) 

20 (lanes 1 , 2), AcrA- N273Q (lane 3, 4), and AcrA-D121A (lane 5). Panel B: AcrA (lanes 1, 2), 

AcrA-T145D (lane 3), AcrA-N123Q-N273Q-T145D (lanes 4, 5). Panel C: AcrA-Fl 15D-T145D 

(lanes 1,2), AcrA-N123Q-N273Q-N272D (lanes 3, 4). Panel D: AerA-N273Q (lanes 1, 2), 

AcrA-N273Q-F122P (lanes 3, 4). Panel E: CtxB (lanes 1,2), CtxB-W88D (lanes 3, 4), CtxB-

Q56/DSNIT (lanes 5, 6), and CtxB-W88D-Q56/DSNIT. 'DSNIT' disclosed as SEQ ID NO: 25. 

25 Fig. 3 shows the engineering of multiple glycosylation sites in OmpHl. The AwaaL 

strain SCM6 was co-transformed with plasmid pACYCpgl (encoding entire pgl locus) and 

plasmids expressing wild type OmpHl (lane 1), OmpHlN139S-myc (lane 2), OmpHlICGN_>NIT* 
HFGDD-.DSN.T _myc ̂  ̂ QmpHjRGD^NIT,HFGDD-.DSN1T _myc ̂  ̂ 0mp}U™^T, 

RGD-,NIT -myc (lane 5)KGN-NIT' RGD "N'T HFGDD^DSN.T _myc (lane fi) or 0mpHlRGD *N,T> V83T-myc 

30 (lane 7). 'HFGDD' and 'DSNIT' disclosed as SEQ ID NOS 26 and 25, respectively. The cells 
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were grown aerobically, induced with 0.5% arabinose for 3 hours prior to analysis. Whole cell 

lysates were TCA precipitated after equalizing the optical density of the cultures as described in 

the materials and methods section. The proteins were separated by 15% SDS-PAGE and 

transferred onto a PVDF membrane. First panel, immunoblot of whole cell lysates probed with 

5 anti-myc tag antobodies. Bottom panel, immunoblot of whole cell lysates probed with glycan-

specific antiserum. The positions of unglycosylated- and glycosylated OmpHl are indicated on 

the right. 

Fig. 4. shows fluorescence microscopy of cells expressing various OmpHl variants. 

Fluorescence microscopy was performed by the using an Axioplan2 microscope (Carl Zeiss). 

10 Images were combined by using Adobe Photoshop, version CS2. SCM6 cells expressing 
OmpHl (panel A), OmpHlN,39S (panel B), OmpHlC20S (panel C), OmpHl KGN-NIT,HFGDD->DSNIT 

(panel D), OmpHlRGD-N!T'HFGDD^DSN,T (panel E), OmpHlKGN^NIT" RGD^NIT (pane! F), 

OmpHlV83T,tiGN^N1T (panel G), and OrnpH 1KGN^N,T'RGD"'NIT'HF0DD >DSNiT (panel H). 'HFGDD' 

and 'DSNIT' disclosed as SEQ ID NOS 26 and 25, respectively. The first column is a merge of 

15 the pictures in columns 2, 3, and 4 represented in greytones on black background. Column 2: 

blue fluorescence in greytones from DAPI stain, column 3: green fluorescence from glycan 

specific fluorescence, column 4: red fluorescence from anti-myc staining. 

Fig. 5A shows a schematic of the capsular polysaccharides and lipopolysacharides in 

Gram-positive and Gram-negative bacteria. 

20 Fig. 5B shows genomic DNA, with integrated PgIB and EPA, and plasmid DNA, which 

is interchangeable (i.e., exchangeable), encoding a polysaccharide synthesis gene cluster. 

Fig. 6A shows the production process of conjugate vaccines using technology of the 

invention. 

Fig. 6B shows the construction of the Shigella dysenteriae Ol antigen expression 

25 plasmid pGVXN64. 

Figs. 7A and 7B show schematics of the protein glycosylation pathway utilized in the 

present invention. 
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Figs. 8A and 8B are schematics depicting expression platforms for bioconjugate 

production of the present invention. 

Fig. 9 shows production of Shigella bioconjugates. 

Fig. 10A shows polysaccharide biosynthesis of the O-antigen of S. dysenteriae Serotype 

5 Ol on undecaprenolpyrophosphate (UPP). 

Fig. 10B shows a schematic of a carrier protein, such as EPA, onto which N-

glycosylation sites can be designed. 

Fig. 11 shows bicoonjugates that elicit an immune response against Shigella 01 

polysaccharide in mice. 

10 Fig. 12 shows results from the production of a Shigella 01-EPA bioconjugate (e.g., 01-

EPA) in a bioreactor. 

Fig. 13 shows purification of 01-EPA. 

Fig. 14A shows a Western blot analysis of a series of specimens of Shigella 01-AcrA 

bioconjugates produced in an LB shake flask taken under various conditions. 

15 Fig. 14B provides different serotypes of Shigella and the polysaccharide structure that 

defines their antigenicity (i.e., Shigella O-antigens). 

Fig. 15 shows the expansion of the anomeric region of 1H NMR spectrum of an example 

of a S. dysenteriae Serotype Ol bioconjugate of the invention. 

Fig. 16A shows protein samples of a Shigella 01 Bioconjugate (e.g., EPA-01) 

20 normalized to biomass concentration (0.1 ODeoonm of cells/lane). 

Fig. 16B shows the periplasmic extract from a Shigella 01 Bioconjugate production 

process which was loaded on a 7.5% SDS-PAGE, and stained with Coomasie to identify EPA 

and EPA-Ol. 
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Fig. 17A shows protein fractions from 1. Source Q analyzed by SDS-PAGE and stained 

by Coomassie to identify the Shigella 01 bioconjugate. 

Fig. 17B shows protein fractions from 2. Source Q column analyzed on SDS-PAGE and 

stained by Coomassie to identify the Shigella 01 bioconjugate. 

5 Fig. 18A shows protein fractions from Superdex 200 column analyzed by SDS-PAGE 

and stained by Coomassie stained to identify the Shigella 01 bioconjugate. 

Fig. 18B shows Shigella bioconjugates from different purification steps analyzed by 

SDS-PAGE and stained by Coomassie. 

Detailed Description of the Invention 

10 Introduction to Invention 

The present invention provides a versatile in vivo glycosylation platform. 

European Patent Application No. 03 702 276.1 (European Patent 1 481 057) teaches a 

procaryotic organism into which is introduced a nucleic acid encoding for (i) specific 

glycosyltransferases for the assembly of an oligosaccharide on a lipid carrier, (ii) a recombinant 

15 target protein comprising a consensus sequence "N - X - S/T", wherein X can be any amino acid 

except proline, and (iii) an oligosaccharyl transferase of C. jejuni (OTase) that covalently links 

said oligosaccharide to the consensus sequence of the target protein. Said procaryotic organism 

produces N-glycans with a specific structure which is defined by the type of the specific 

glycosyltransferases. 

20 The known N-glycosylation consensus sequence in a protein allows for the N-

glycosylation of recombinant target proteins in procaryotic organisms comprising the 

oligosaccharyl transferase (OTase) of C. jejuni. 

The object of the present invention is to provide proteins as well as means and methods 

for producing such proteins having an optimized efficiency for N-glycosylation that can be 

25 produced in procaryotic organisms in vivo. Another object of the present invention aims at the 
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more efficient introduction of N-glycans into recombinant proteins for modifying antigenicity, 

stability, biological, prophylactic and/or therapeutic activity of said proteins. A further object is 

the provision of a host cell that efficiently displays recombinant N-glycosylated proteins of the 

present invention on its surface. 

5 In a first aspect, the present invention provides a recombinant N-glycosylated protein, 

comprising one or more of the following N-glycosylated optimized amino acid sequence(s): 

D/E - X - N - Z - S/T, (optimized consensus sequence) 

wherein X and Z may be any natural amino acid except Pro, and wherein at least one of said N-

glycosylated partial amino acid sequence(s) is introduced. 

10 It was surprisingly found that the introduction of specific partial amino acid sequence(s) 

(optimized consensus sequence(s)) into proteins leads to proteins that are efficiently N-

glycosylated by the oligosaccharyl transferase (OST, OTase) from Campylobacter spp., 

preferably C. jejuni, in these introduced positions. 

The term "partial amino acid sequence(s)" as it is used in the context of the present 

15 invention will also be referred to as "optimized consensus sequence(s)" or "consensus 

sequence(s)". The optimized consensus sequence is N-glycosylated by the oligosaccharyl 

transferase (OST, OTase) from Campylobacter spp., preferably C. jejuni, much more efficiently 

than the regular consensus sequence "N - X - S/T" known in the prior art. 

In general, the term "recombinant N-glycosylated protein" refers to any heterologous 

20 poly- or oligopeptide produced in a host cell that does not naturally comprise the nucleic acid 

encoding said protein. In the context of the present invention, this term refers to a protein 

produced recombinantly in any host cell, e.g. an eukaryotic or prokaryotic host cell, preferably a 

procaryotic host cell, e.g. Escherichia ssp., Campylobacter ssp., Salmonella ssp., Shigella ssp., 

Helicobacter ssp., Pseudomonas ssp., Bacillus ssp., more preferably Escherichia coli, 

25 Campylobacter jejuni, Salmonella typhimurium etc., wherein the nucleic acid encoding said 

protein has been introduced into said host cell and wherein the encoded protein is N-glycosylated 

by the OTase from Campylobacter spp., preferably C. jejuni, said transferase enzyme naturally 

occurring in or being introduced recombinantly into said host cell. 
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In accordance with the internationally accepted one letter code for amino acids the 

abbreviations D, E, N, S and T denote aspartic acid, glutamic acid, asparagine, serine, and 

threonine, respectively. Proteins according to the invention differ from natural or prior art 

proteins in that one or more of the optimized consensus sequence(s) D/E - X - N - Z - S/T is/are 

5 introduced and N-glycosylated. Hence, the proteins of the present invention differ from the 

naturally occurring C. jejuni proteins which also contain the optimized consensus sequence but 

do not comprise any additional (introduced) optimized consensus sequences. 

The introduction of the optimized consensus sequence can be accomplished by the 

addition, deletion and/or substitution of one or more amino acids. The addition, deletion and/or 

10 substitution of one or more amino acids for the purpose of introducing the optimized consensus 

sequence can be accomplished by chemical synthetic strategies well known to those skilled in the 

art such as solid phase-assisted chemical peptide synthesis. Alternatively, and preferred for larger 

polypeptides, the proteins of the present invention can be prepared by standard recombinant 

techniques. 

15 The proteins of the present invention have the advantage that they may be produced with 

high efficiency and in any procaryotic host comprising a functional pgl operon from 

Campylobacter spp., preferably C. jejuni. Preferred alternative OTases from Campylobacter spp. 

for practicing the aspects and embodiments of the present invention are Campylobacter coli and 

Campylobacter lari (see Szymanski, C.M. and Wren, B.W. (2005). Protein glycosylation in 

20 bacterial mucosal pathogens. Nat. Rev. Microbiol. 3:225-237). The functional pgl operon may 

be present naturally when said procaryotic host is Campylobacter spp., preferably C. jejuni. 

However, as demonstrated before in the art and mentioned above, the pgl operon can be 

transferred into cells and remain functional in said new cellular environment. 

The term "functional pgl operon from Campylobacter spp., preferably C. jejuni" is meant 

25 to refer to the cluster of nucleic acids encoding the functional oligosaccharyl transferase (OTase) 

of Campylobacter spp., preferably C. jejuni, and one or more specific glycosyltransferases 

capable of assembling an oligosaccharide on a lipid carrier, and wherein said oligosaccharide can 

be transferred from the lipid carrier to the target protein having one or more optimized amino 

acid sequence(s): D/E - X N - Z - S/T by the OTase. It to be understood that the term "functional 
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pgl operon from Campylobacter spp., preferably C. jejuni' in the context of this invention does 

not necessarily refer to an operon as a singular transcriptional unit. The term merely requires the 

presence of the functional components for N-glycosylation of the recombinant protein in one 

host cell. These components may be transcribed as one or more separate mRNAs and may be 

regulated together or separately. For example, the term also encompasses functional components 

positioned in genomic DNA and plasmid(s) in one host cell. For the purpose of efficiency, it is 

preferred that all components of the functional pgl operon are regulated and expressed 

simultaneously. 

It is important to realize that only the functional oligosaccharyl transferase (OTase) 

should originate from Campylobacter spp., preferably C. jejuni, and that the one or more specific 

glycosyltransferases capable of assembling an oligosaccharide on a lipid carrier may originate 

from the host cell or be introduced recombinantly into said host cell, the only functional 

limitation being that the oligosaccharide assembled by said glycosyltransferases can be 

transferred from the lipid carrier to the target protein having one or more optimized consensus 

sequences by the OTase. Hence, the selection of the host cell comprising specific 

glycosyltransferases naturally and/or incapacitating specific glycosyltransferases naturally 

present in said host as well as the introduction of heterologous specific glycosyltransferases will 

enable those skilled in the art to vary the N-glycans bound to the optimized N-glycosylation 

consensus site in the proteins of the present invention. 

As a result of the above, the present invention provides for the individual design of N-

glycan-patterns on the proteins of the present invention. The proteins can therefore be 

individualized in their N-glycan pattern to suit biological, pharmaceutical and purification needs. 

In a preferred embodiment, the proteins of the present invention may comprise one but 

also more than one, preferably at least two, preferably at least 3, more preferably at least 5 of 

said N-glycosylated optimized amino acid sequences. 

The presence of one or more N-glycosylated optimized amino acid sequence(s) in the 

proteins of the present invention can be of advantage for increasing their antigenicity, increasing 

their stability, affecting their biological activity, prolonging their biological half-life and/or 

simplifying their purification. 
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The optimized consensus sequence may include any amino acid except proline in 

position(s) X and Z. The term "any amino acids" is meant to encompass common and rare 

natural amino acids as well as synthetic amino acid derivatives and analogs that will still allow 

the optimized consensus sequence to be N-glycosylated by the OTase. Naturally occurring 

5 common and rare amino acids are preferred for X and Z. X and Z may be the same or different. 

It is noted that X and Z may differ for each optimized consensus sequence in a protein 

according to the present invention. 

The N-glycan bound to the optimized consensus sequence will be determined by the 

specific glycosyltransferases and their interaction when assembling the oligosaccharide on a lipid 

10 carrier for transfer by the OTase. Those skilled in the art can design the N-glycan by varying the 

type(s) and amount of the specific glycosyltransferases present in the desired host cell. 

N-glycans are defined herein as mono-, oligo- or polysaccharides of variable 

compositions that are linked to an s-amide nitrogen of an asparagine residue in a protein via an 

N-glycosidic linkage. Preferably, the N-glycans transferred by the OTase are assembled on an 

15 undecaprenol-pyrophosphate lipid-anchor that is present in the cytoplasmic membrane of gram-

negative or positive bacteria. They are involved in the synthesis of O antigen, O polysaccharide 

and peptidoglycan (Bugg, T. D., and Brandish, P. E. (1994). From peptidoglycan to 

glycoproteins: common features of lipid-linked oligosaccharide biosynthesis. FEMS Microbiol 

Lett 119, 255-262; Valvano, M. A. (2003). Export of O-specific lipopolysaccharide. Front Biosci 

20 8, S452-471). 

In a preferred embodiment, the recombinant protein of the present invention comprises 

one or more N-glycans selected from the group of N-glycans from Campylobacter spp., 

preferably C. jejuni, the N-glycans derived from oligo- and polysaccharides transferred to O 

antigen forming O polysaccharide in Gram-negative bacteria or capsular polysaccharides from 

25 Gram-positive bacteria, preferably: P. aeruginosa 09, 011 ; E. coli 07, 09, 016, 0157 and Shigella 
dysenteriae Ol and engineered variants thereof obtained by inserting or deleting 

glycosyltransferases and epimerases affecting the polysaccharide structure. 
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In a further preferred embodiment, the recombinant protein of the present invention 

comprises two or more different N-glycans. 

For example, different N-glycans on the same protein can prepared by controlling the 

timing of the expression of specific glycosyltransferases using early or late promoters or 

5 introducing factors for starting, silencing, enhancing and/or reducing the promoter activity of 

individual specific glycosyltransferases. Suitable promoters and factors governing their activity 

are routinely available to those in the art. 

There is no limitation on the origin of the recombinant protein of the invention. 

Preferably said protein is derived from mammalian, bacterial, viral, fungal or plant proteins. 

10 More preferably, the protein is derived from mammalian, most preferably human proteins. For 

preparing antigenic recombinant proteins according to the invention, preferably for use as active 

components in vaccines, it is preferred that the recombinant protein is derived from a bacterial, 

viral or fungal protein. 

In a further preferred embodiment, the present invention provides for recombinant 

15 proteins wherein either the protein and/or the N-glycan(s) is (are) therapeutically and/or 

prophylactically active. The introduction of at least one optimized and N-glycosylated consensus 

sequence can modify or even introduce therapeutic and/or prophylactic activity in a protein. In a 

more preferred embodiment, it is the protein and/or the N-glycan(s) that is (are) 

immunogenically active. In this case, the introduced N-glycosylation(s) may have a modifying 

20 effect on the proteins biological activity and/or introduce new antigenic sites and/or may mask 

the protein to evade degrading steps and/or increase the half-life. 

The recombinant proteins of the present invention can be efficiently targeted to the outer 

membrane and/or surface of host cells, preferably bacteria, more preferably gram- negative 

bacteria. For assisting the surface display and/or outer membrane localization, it is preferred that 

25 the recombinant protein of the invention further comprise at least one polypeptide sequence 

capable of targeting said recombinant protein to the outer membrane and/or cell surface of a 

bacterium, preferably a gram-negative bacterium. 
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In a preferred embodiment, the recombinant protein of the invention is one, wherein said 

targeting polypeptide sequence is selected from the group consisting of type II signal peptides 

(Paetzel, M., Karla, A., Strynadka, N.C., and Dalbey, R. E. 2002. Signal peptidases. Chem Rev 

102: 4549-4580.) or outer membrane proteins (reviewed in Wemerus, H., and Stahl, S. 2004. 
Biotechnological applications for surface-engineered bacteria. Biotechnol Appl Biochem 40: 

209-228.), preferably selected from the group consisting of the full length protein or the signal 

peptides of OmpHl from C. jejuni, JIpA from C. jejuni, outer membrane proteins from E. coli, 
preferably OmpS, OmpC, OmpA, OprF, PhoE, LamB, Lpp'OmpA (a fusion protein for surface 

display technology, see Francisco, JAj Earhart, C. F., and Georgiou, G. 1992. Transport and 

anchoring of beta- lactamase to the external surface of Escherichia coli. Proc Natl Acad Sci U S 

A 89: 2713- 2717.), and the lnp protein from Pseudomonas aeruginosa. 

In a different aspect, the present invention relates to a nucleic acid encoding a 

recombinant protein according to the invention. Preferably, said nucleic acid is a mRNA, a DNA 

or a PNA, more preferably a mRNA or a DNA, most preferably a DNA. The nucleic acid may 

comprise the sequence coding for said protein and, in addition, other sequences such as 

regulatory sequences, e.g. promoters, enhancers, stop codons, start codons and genes required to 

regulate the expression of the recombinant protein via the mentioned regulatory sequences, etc. 

The term "nucleic acid encoding a recombinant protein according to the invention" is directed to 

a nucleic acid comprising said coding sequence and optionally any further nucleic acid 

sequences regardless of the sequence information as long as the nucleic acid is capable of 

producing the recombinant protein of the invention in a host cell containing a functional pgl 
operon from Campylobacter spp., preferably C. jejuni. More preferably, the present invention 

provides isolated and purified nucleic acids operably linked to a promoter, preferably linked to a 

promoter selected from the group consisting of known inducible and constitutive prokaryotic 

promoters, more preferably the tetracycline promoter, the arabinose promoter, the salicylate 

promoter, lac-, trc-, and tac promotors (Baneyx, F. (1999). Recombinant protein expression in 

Escherichia coli. Curr Opin Biotechnol 10, 411-421 ; Billman-Jacobe, H. (1996). Expression in 

bacteria other than Escherichia coli. Curr Opin Biotechnol 7, 500-504.). Said operably linked 

nucleic acids can be used for, e.g. vaccination. 



Furthermore, another aspect of the present invention relates to a host cell comprising a 

nucleic acid and/or a vector according to the present invention. The type of host cell is not 

limiting as long as it accommodates a functional pgl operon from C. jejuni and one or more 

nucleic acids coding for recombinant target protein(s) of the present invention. Preferred host 

5 cells are prokaryotic host cells, more preferably bacteria, most preferably those selected from the 

group consisting of Escherichia ssp., Campylobacter ssp., Salmonella ssp., Shigella ssp., 

Helicobacter ssp., Pseudomonas ssp., Bacillus ssp., preferably Escherichia coli, more 

preferably E. coli strains ToplO, W3110, CLM24, BL21 , SCM6 and SCM7 (Feldman et al., 

(2005). Engineering N-linked protein glycosylation with diverse O antigen lipopolysaccharide 

10 structures in Escherichia coli. Proc. Natl. Acad. Sci. USA 102, 3016-3021 ; Alaimo, C, Catrein, 

I., Morf, L., Marolda, C. L., Callewaert, N., Valvano, M. A., Feldman, M. F., Aebi, M. (2006). 

Two distinct but interchangeable mechanisms for flipping of lipid-linked oligosaccharides. 

EMBO Journal 25, 967-976) and S. enterica strains SL3261 {Salmonella enterica sv. 

Typhimurium LT2 (delta) aroA, see Hoiseth, S. K., and Stocker, B.A. 1981 , Aromatic-

15 dependent Salmonella typhimurium are non-virulent and effective as live vaccines. Nature 

291 :238-239), SL3749 {Salmonella enterica sv. Typhimurium LT2 waaL, see Kaniuk et al., J. 

Biol. Chem. 279: 36470-36480) and SL3261 AwaaL. 

In a more preferred embodiment, the host cell according to the invention is one that is 

useful for the targeting to the outer membrane and/or surface display of recombinant proteins 

20 according to the invention, preferably one, wherein said host cell is a recombinant gram-negative 

bacterium having: 

i) a genotype comprising nucleotide sequences encoding for 

a) at least one natural or recombinant specific glycosyltransferase for the 

assembly of an oligosaccharide on a lipid carrier, 

25 b) at least one natural or recombinant prokaryotic oligosaccharyl transferase 

(OTase) from Campylobacter spp., preferably C. jejuni, 

c) at least one recombinant protein according to the invention, preferably a protein 

further comprising a targeting polypeptide, and 
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ii) a phenotype comprising a recombinant N-glycosylated protein according to the 

invention that is located in and/or on the outer membrane of the gram-negative bacterium. 

The host cell for the above embodiment is preferably selected from the group consisting 

of Escherichia ssp., Campylobacter ssp., Shigella ssp, Helicobacter ssp. and Pseudomonas ssp., 

5 Salmonella ssp., preferably E. coli, more preferably E. coli strains ToplO, W3110, CLM24, 

BL21 , SCM6 and SCM7, and S. enterica strains SL3261 , SL3749 and SL326i5waaL (see 

Hoiseth, S. K., and Stocker, B.A. 1981. Aromatic- dependent Salmonella typhimurium are non-

virulent and effective as live vaccines. Nature 291 : 238-239), SL3749 (Kaniuk, N.A., 

Vinogradov, E., and Whitfield, C. 2004. Investigation of the structural requirements in the 

10 lipopolysaccharide core acceptor for ligation of O antigens in the genus Salmonella: WaaL 

"ligase" is not the sole determinant of acceptor specificity. J Biol Chem 279: 36470-36480). 

Because preferred proteins of the present invention may have a therapeutic or 

prophylactic activity by themselves and/or due to the introduced N-glycosylation sites, they can 

be used for the preparation of a medicament. The type of protein for practicing the invention is 

15 not limited and, therefore, proteins of the invention such as EPO, IFN- alpha, TNFalpha, IgG, 

IgM, IgA, interleukins, cytokines, viral and bacterial proteins for vaccination like C. jejuni 
proteins such as HisJ (Cj0734c), AcrA (Cj0367c), OmpHl (Cj0982c), Diphteria toxin (CRM 

197), Cholera toxin, P. aeruginosa exoprotein, to name just a few, and having introduced therein 

the optimized N-glycosylated consensus sequence are useful for preparing a medicament 

20 (Wyszynska, A., Raczko, A., Lis, M., and Jagusztyn-Krynicka, E. K. (2004). Oral immunization 

of chickens with avirulent Salmonella vaccine strain carrying C. jejuni 72Dz/92 cjaA gene elicits 

specific humoral immune response associated with protection against challenge with wild-type 

Campylobacter. Vaccine 22, 1379-1389). 

In addition, the nucleic acids and/or vectors according to the invention are also useful for 

25 the preparation of a medicament, preferably for use in gene therapy. 

Moreover, a host cell according to the invention, preferably one that has a phenotype 

comprising an N-glycosylated recombinant protein of the invention that is located in and/or on 

the outer membrane of a bacterium, preferably a gram-negative bacterium, more preferably one 
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of the above-listed gram-negative bacteria, is particularly useful for the preparation of a 

medicament. 

More preferably, a protein of the invention is used for the preparation of a medicament 

for the therapeutic and/or prophylactic vaccination of a subject in need thereof. 

5 In a more preferred embodiment, the present invention relates to the use of a nucleic acid 

and/or a vector according to the invention for the preparation of a medicament for the therapeutic 

and/or prophylactic vaccination of a subject in need thereof, preferably by gene therapy. 

The host cells of the invention displaying said N-glycosylated recombinant proteins are 

particularly useful for preparing vaccines, because the displayed N-glycosylated proteins are 

10 abundantly present on the host cell s surface and well accessible by immune cells, in particular 

their hydrophilic N-glycans, and because the host cells have the added effect of an adjuvant, that, 

if alive, may even replicate to some extent and amplify its vaccination effects. 

Preferably, the host cell for practicing the medical aspects of this invention is an 

attenuated or killed host cell. 

15 Another advantage of the use of the inventive host cells for preparing medicaments, 

preferably vaccines, is that they induce IgA antibodies due to the cellular component. 

Preferably, said host cells are used according to the invention for inducing IgA antibodies 

in an animal, preferably a mammal, a rodent, ovine, equine, canine, bovine or a human. It is 

preferred that said subject in need of vaccination is avian, mammalian or fish, preferably 

20 mammalian, more preferably a mammal selected from the group consisting of cattle, sheep, 

equines, dogs, cats, and humans, most preferably humans. Fowls are also preferred. 

A further aspect of the present invention relates to a pharmaceutical composition, 

comprising at least one protein, at least one nucleic acid, a least one vector and/or at least one 

host cell according to the invention. The preparation of medicaments comprising proteins or 

25 host cells, preferably attenuated or killed host cells, and the preparation of medicaments 

comprising nucleic acids and/or vectors for gene therapy are well known in the art. The 

preparation scheme for the final pharmaceutical composition and the mode and details of its 
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administration will depend on the protein, the host cell, the nucleic acid and/or the vector 

employed. 

In a preferred embodiment, the pharmaceutical composition of the invention comprises a 

pharmaceutically acceptable excipient, diluent and/or adjuvant. 

5 The present invention provides for a pharmaceutical composition comprising at least one 

of the following, (i) a recombinant protein, a host cell, a nucleic acid and/or a recombinant vector 

being/encoding/expressing a recombinant protein according to the present invention, and (ii) a 

pharmaceutically acceptable excipient, diluent and/or adjuvant. 

Suitable excipients, diluents and/or adjuvants are well-known in the art. An excipient or 

10 diluent may be a solid, semi-solid or liquid material which may serve as a vehicle or medium for 

the active ingredient. One of ordinary skill in the art in the field of preparing compositions can 

readily select the proper form and mode of administration depending upon the particular 

characteristics of the product selected, the disease or condition to be treated, the stage of the 
disease or condition, and other relevant circumstances {Remington s Pharmaceutical Sciences, 

15 Mack Publishing Co. (1990)). The proportion and nature of the pharmaceutically acceptable 

diluent or excipient are determined by the solubility and chemical properties of the 

pharmaceutically active compound selected, the chosen route of administration, and standard 

pharmaceutical practice. The pharmaceutical preparation may be adapted for oral, parenteral or 

topical use and may be administered to the patient in the form of tablets, capsules, suppositories, 

20 solution, suspensions, or the like. The pharmaceutically active compounds of the present 

invention, while effective themselves, can be formulated and administered in the form of their 

pharmaceutically acceptable salts, such as acid addition salts or base addition salts, for purposes 

of stability, convenience of crystallization, increased solubility, and the like. 

A further aspect of the present invention is directed to a method for producing N-linked 

25 glycosylated proteins, comprising the steps of: 

a) providing a recombinant organism, preferably a prokaryotic organism, comprising 

nucleic acids coding for 

i) a functional pgl operon from Campylobacter spp., preferably C. jejuni, and 
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ii) at least one recombinant target protein comprising one or more of the 

following N-glycosylated optimized amino acid consensus sequence(s): 

D/E - X - N - Z - S/T, 

wherein X and Z may be any natural amino acid except Pro, and wherein at least one of 

said N-glycosylated optimized amino acid consensus sequence(s) is introduced, and 

b) culturing the recombinant organism in a manner suitable for the production and N-

glycosylation of the target protein(s). 

Preferably, the target protein is one of the above described recombinant proteins according to the 

invention. 

In a preferred method of the invention, the functional pgl operon from Campylobacter 
spp., preferably C. jejuni, comprises nucleic acids coding for 

i) recombinant OTase from Campylobacter spp., preferably C. jejuni, and 

ii) recombinant and/or natural specific glycosyltransferases from Campylobacter spp., 

preferably C. jejuni, and/or 

iii) recombinant and/or natural specific glycosyltransferases from species other than 

Campylobacter spp., 

for the assembly of an oligosaccharide on a lipid carrier to be transferred to the target protein by 

the OTase. 

Moreover, in a preferred embodiment the present invention relates to a method for 

preparing a host cell according to the invention comprising the steps of: 

i) providing a gram-negative bacterium, 

ii) introducing into said bacterium at least one nucleotide sequence encoding for 

a) at least one recombinant specific glycosyltransferase for the assembly of an 

oligosaccharide on a lipid carrier, and/or 
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b) at least one recombinant oligosaccharyl transferase (OTase) from 

Campylobacter spp., preferably C. jejuni, and/or 

c) at least one recombinant protein comprising one or more of the following N-

glycosylated optimized amino acid consensus sequence(s): 

5 D/E - X - N - Z - S/T, 

wherein X and Z may be any natural amino acid except Pro, and wherein at least one of 

said N-glycosylated optimized amino acid consensus sequence(s) is introduced, and 

iii) culturing said bacterium until at least one recombinant N-glycosylated protein coded 

by the nucleotide sequence of c) is located in and/or on the outer membrane of the gram-negative 

10 bacterium. 

For practicing the preferred methods above, the recombinant procaryotic organism or 

host cell is preferably selected from the group of bacteria consisting of Escherichia ssp., 

Campylobacter ssp., Salmonella ssp., Shigella ssp., Helicobacter ssp., Pseudomonas ssp., 

Bacillus ssp., preferably Escherichia coli, preferably E. coli strains Top 10, W3110, 

15 W31 lOAwaaL, BL21 , SCM6 and SCM7, and S. enterica strains SL3261 , SL3749 and 

SL3261AwaaL. 

Another preferred method for producing, isolating and/or purifying a recombinant protein 

according to the invention comprises the steps of: 

a) culturing a host cell, 

20 b) removing the outer membrane of said recombinant gram-negative bacterium; and 

c) recovering said recombinant protein. 

Exemplary methods for removing the outer membrane of a cell, preferably a prokaryotic 

cell, more preferably a gram-negative bacterial cell, are suitable enzymatic treatment methods, 

osmotic shock detergent solubilisation and the French press method. 
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Most preferred, the present invention relates to a method, wherein recombinant or natural 

specific glycosyltransferases from species other than Campylobacter spp., preferably C. jejuni, 
are selected from the group of glycosyltransferases and epimerases originating from bacteria, 

archea, and/or eukaryota that can be functionally expressed in said host cell. 

Bioconjugate Vaccines 

An embodiment of the invention involves novel bioconjugate vaccines. A further 

embodiment of the invention involves a novel approach for producing such bioconjugate 

vaccines that uses recombinant bacterial cells that directly produce immunogenic or antigenic 

bioconjugates. In one embodiment, bioconjugate vaccines can be used to treat or prevent 

bacterial diseases, such as diarrhea, nosocomial infections and meningitis. In further 

embodiments, biooconjugate vaccines may have therapeutic and/or prophylactic potential for 

cancer or other diseases. 

Conjugate vaccines can be administered to children to protect against bacterial infections 

and can provide a long lasting immune response to adults. Constructs of the invention have been 

found to generate an IgG response in animals. It has been found that an IgG response to a 

Shigella O-specific polysaccharide-protein conjugate vaccine in humans correllates with immune 

protection in humans. (Passwell, J.H. et al., "Safety and Immunogenicity of Improved Shigella 

O-Specific Polysaccharide-Protein Conjugate Vaccines in Adults in Israel" Infection and 

Immunity, 69(3): 1351-1357 (Mar. 2001).) It is believed that the polysaccharide (i.e. sugar 

residue) triggers a short-term immune response that is sugar-specific. Indeed, the human 

immune system generates a strong response to specific polysaccharide surface structures of 

bacteria, such as O-antigens and capsular polysaccharides. However, since the immune response 

to polysaccharides is IgM dependent, the immune system develops no memory. The protein 

carrier that carries the polysaccharide triggers an IgG response that is T-cell dependent and that 

provides long lasting protection since the immune system develops memory. 

A typical vaccination dosage for humans is about 1 to 25 (xg, preferably about 1 p.g to 

about 10|xg, most preferably about 10 jxg. Optionally, a vaccine, such as a bioconjugate vaccine 

of the present invention, includes an adjuvant. 
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Synthesized complexes of polysaccharides (i.e., sugar residues) and proteins (i.e., protein 

carriers) can be used as conjugate vaccines to protect against a number of bacterial infections. In 

one aspect, the instant invention is directed to a novel bioengineering approach for producing 

5 immunogenic conjugate vaccines that provide advantages over classical chemical conjugation 

methods. In one embodiment, the approach involves in vivo production of glycoproteins in 

bacterial cells, for example, Gram-negative cells such as E. coli. 

The biosynthesis of different polysaccharides is conserved in bacterial cells. The 

10 polysaccharides are assembled on carrier lipids from common precursors (activated sugar 

nucleotides) at the cytoplasmic membrane by different glycosyltransferases with defined 

specificity. Lipopolysaccharides (LPS) are provided in gram-negative bacteria only, e.g. 

Shigella spp., Pseudomonas spp. and E. coli (ExPEC, EHEC). 

15 The synthesis of lipopolysaccharides (LPS) starts with the addition of a monosaccharide 

to the carrier lipid undecaprenyl phosphate at the cytoplasmic side of the membrane. The antigen 

is built up by sequential addition of monosaccharides from activated sugar nucleotides by 

different glycosyltransferases and the lipid-linked polysaccharide is flipped through the 

membrane by a flippase. The antigen-repeating unit is polymerized by an enzymatic reaction. 

20 The polysaccharide is then transferred to the Lipid A by the Ligase WaaL forming the LPS that 

is exported to the surface, whereas the capsular polysaccharide is released from the carrier lipid 

after polymerization and exported to the surface. The biosynthetic pathway of these 

polysaccharides enables the production of LPS bioconjugates in vivo, capturing the 

polysaccharides in the periplasm to a protein carrier. Bioconjugates, such as LPS bioconjugates, 

25 are preferred in the present invention. 

As shown in Figure 5A, both Gram-positive and Gram-negative bacteria have a cell 

membrane that is surrounded by capsular polysaccharides. Gram-negative bacteria additionally 

have an outer membrane over the cell membrane, with a periplasmic space separating the two 

30 membranes. In addition, they contain lipopolysacharides at the surface. When Gram-negative 
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bacteria, such as E. coli, is used to produce a conjugate vaccine of the present invention, the 

glycoprotein used in the conjugate vaccine is assembled in the periplasmic space. 

Conjugate vaccines have been successfully used to protect against bacterial infections. 

5 The conjugation of an antigenic polysaccharide to a protein carrier is required for protective 

memory response, as polysaccharides are T-cell independent antigens. Polysaccharides have 

been conjugated to protein carriers by different chemical methods, using activation reactive 

groups in the polysaccharide as well as the protein carrier. 

10 Figure 6A shows the production process of conjugate vaccines using technology of the 

invention compared to the currently used process. Currently, conjugate vaccines are produced 

using two fermentation runs and after several purification and chemical cleavage steps, as 

schematically shown in the top panel. This current approach has a number of problems. First, 

large scale cultivation of pathogenic organisms is required. Second, the conjugation approach is 

15 dependent on the polysaccharide. Third, the approach has low reproducibility. Fourth, the 

approach has low homogeneity due to unspecific conjugation. Fifth, the approach also has low 

purity due to excess of polysaccharide in conjugation. Finally, the current approach provides 

yields of less than 20%. 

20 As shown in the bottom panel of Figure 6A, in an embodiment, the innovative technology 

of the invention can be used to develop conjugate vaccines (e.g., bioconjugate vaccines) 

completely in vivo with non-pathogenic cells, avoiding chemical reactions and providing high 

purity after a few purification steps. This novel method also allows for the production of 

bioconjugate vaccines that are not feasible using current methods. Moreover, the conjugation 

25 and purification process is independent of the polysaccharide antigen that is used. As a result, 

bioconjugate vaccines can be engineered faster using novel glycan structures. The increased 

homogeneity of resulting conjugates and the improved reproducibility (i.e., no batch to batch 

variability) of such conjugates makes this a highly attractive process from quality control and 

regulatory perspectives. In addition, the novel method provides good yield (30-60 mg/L and up 

30 to 200 mg/L). 
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The present invention is directed to a novel conjugation process involving engineering 

bacterial cells to produce the final bioconjugate vaccines. One embodiment of the invention 

allows the production of bioconjugate vaccines in vivo, circumventing the chemical conjugation 

and therefore simplifying the production process. The technology includes a novel 

5 genetic/enzymatic mechanism for the in vivo synthesis of novel bioconjugates consisting of 

protein-linked saccharides. 

The basis of one aspect of the invention includes the discovery that Campylobacter jejuni 
contains a general N-linked protein glycosylation system, an unusual feature for prokaryotic 

10 organisms. Various proteins of C. jejuni have been shown to be modified by a heptasaccharide. 

This heptasaccharide is assembled on undecaprenyl pyrophosphate, the carrier lipid, at the 

cytoplasmic side of the inner membrane by the stepwise addition of nucleotide activated 

monosaccharides catalyzed by specific glycosyltransferases. The lipid-linked oligosaccharide 

then flip-flops (diffuses transversely) into the periplasmic space by a flipppase, e.g., PglK. In the 

15 final step of N-linked protein glycosylation, the oligosaccharyltransferase (e.g., PgIB) catalyzes 

the transfer of the oligosaccharide from the carrier lipid to Asn residues within the consensus 

sequence Asp/Glu-Xaa-Asn-Zaa-Ser/Thr (i.e., D/E - X - N - Z - S/T), where the Xaa and Zaa 

can be any amino acid except Pro (Figure 7A). We have successfully transferred the 

glycosylation cluster for the heptasaccharide into E. coli and were able to produce N-linked 

20 glycoproteins of Campylobacter. 

We have been able to demonstrate that PgIB does not have a strict specificity for the 

lipid-linked sugar substrate. The antigenic polysaccharides assembled on undecaprenyl 

pyrophosphate are captured by PgIB in the periplasm and transferred to a protein carrier 

25 (Feldman, 2005; Wacker, M., et al., Substrate specificity of bacterial oligosaccharyltransferase 

suggests a common transfer mechanism for the bacterial and eukaryotic systems. Proc Natl Acad 

Sci USA, 2006. 103(18): p. 7088-93.) The enzyme will also transfer a diverse array of 

undecaprenyl pyrophosphate (UPP) linked oligosaccharides if they contain an N-acetylated 

hexosamine at the reducing terminus. The nucleotide sequence for pgIB is provided at SEQ. ID 

30 NO. 1, whereas the amino acid sequence for PgIB is provided at SEQ. ID. NO. 2. 
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Figures 7 A and 7B show schematics of the protein glycosylation pathway (i.e., N-

glycosylation system) of the present invention. In an embodiment, the protein glycosylation 

pathway of C. jejuni (e.g., including pgl operon) can be introduced into E. coli. In Figure 7A, an 

oligosaccharide, specifically a heptasaccharide made of five N-acetyl-D-galactosamine units, one 

5 glucose unit and one 2,4-diacetamido-2,4,6-trideoxy-D-glucose unit, is assembled onto a lipid 

carrier, undecaprenylpyrophosphate (UDP), using glycosyltransferases (e.g., pglA, pglC, pglH, J; 

I) at the cytoplasmic side of the inner membrane and is transferred to the periplasmic space by 

way of a flippase called PglK. Separately, a carrier protein depicted as a spiral and containing 

consensus sequence D/E - X - N - Z - S/T (i.e., Asp/Glu-Xaa-Asn-Zaa-Ser/Thr) is translated 

10 in the cytoplasm and is secreted into the periplasmic space. In the final step, an oligosaccharyl 

transferase (OST or OTase) (e.g., PgIB) transfers the heptasaccharide to Asn residues within a 

consensus sequence of the carrier protein to produce a glycoprotein. 

Figure 7B also shows biosynthesis of a polysaccharide (i.e., an antigenic polysaccharide 

15 or antigen) by stepwise action of glycosyltransferases, and transfer of the O-antigen to the 

periplasm by way of flippase, followed by polymerization into a polysaccharide using a 

polymerase (e.g., wzy). Separately, a carrier protein, such as EPA, is produced and secreted into 

the periplasm. An oligosaccharyl transferase (OST or OTase), such as PgIB, has relaxed 

substrate specificity and transfers the polysaccharide from a lipid carrier to Asn in the consensus 

20 sequence within EPA. 

Figure 8A shows a schematic depicting an embodiment of the expression platform for 

bioconjugate production of the present invention. The technology of the invention is versatile in 

that various existing carrier proteins can be employed, so long as the carrier protein contains or is 

25 modified to contain the consensus sequence, as discussed earlier. In particular, Figure 8A 

illustrates the construction of an expression host, such as an engineered E. coli bacterium in an 

embodiment of the invention. Such an E. coli contains the general components of a 

glycosylation system (i.e., an OST/OTase, e.g., PgIB, and a protein carrier, e.g. EPA). Such 

components can be integrated into the genome of an E. coli strain. In addition, the Ligase WaaL 

30 as well as WecG are deleted. Additionally, specific components for polysaccharide antigen 

expression (i.e., a polysaccharide synthesis gene cluster containing, for example, glycosyl 
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transferase, polymerase, flippase, and sugar biosynthesis enzymes) can be provided by the 

addition of an exchangeable plasmid. This construction allows for specific glycosylation of the 

protein carrier with a polysaccharide of choice in vivo. 

5 In an embodiment of the expression system for a bacterial bioconjugate that is compatible 

with Good Manufacturing Practices (GMP), DNA encoding the inducible 

oligosaccharyltransferase and carrier protein can be stably integrated into a bacterial (e.g., E. 

coli) genome such that genes for antibiotic selection can be omitted. For example, as shown in 

Figure 5B, PgIB and EPA is integrated into genomic DNA, whereas plasmid DNA, which is 

10 interchangeable (i.e., exchangeable), encodes a polysaccharide synthesis gene cluster. 

In another embodiment, Figure 8B shows an expression system for a bacterial 

bioconjugate that includes three plasmids. A first plasmid codes for the carrier protein, e.g., 

AcrA from Campylobacter jejuni, which has two N-glycosylation sites and is directed to the 

15 periplasm by a PelB signal peptide. A second plasmid codes for the OST/OTase, e.g., PgIB from 

C. jejuni, which is membrane-bound. A third plasmid is a native plasmid that codes, e.g., for a 

polysaccharide (O antigen) synthesis cluster, such as that for Shigella dysenteriae 01. 

In an embodiment, an expression plasmid for a bacterial O antigen, such as the Shigella 

20 dysenteriae 01 antigen, can be constructed as in pGVXN64 shown in Figure 6B. This plasmid 

encodes all enzymes necessary to synthesize the polysaccharides in the Shigella dysenteriae 
strain that make up the 01 serotype. These enzymes are listed in the left-hand column of Figure 

6B. Vector pGVXN64 expressing the Shigella dysenteriae 01 antigen was constructed by 

digestion of pLARFRl (Vanbleu, E. et al., "Genetic and physical map of the pLAFRl vector" 

25 DNA Seq. 15(3):225-227 (2004)) with EcoRl followed by insertion of an oligonucleotide 

cassette (5' -AATT CT GC AGGATCCTCT AG A AGCTT GG (SEQ. ID NO. 3) and 5-

AATTCCAAGCTTCTAGAGGATCCTGCAG (SEQ. ID NO. 4). The BamHl fragment of 

pSDM7 (Fait, I. et al., "Construction of recombinant aroA salmonellae stably producing the 

Shigella Dysenteriae serotype 1 O-antigen and structural characterization of the 

30 Salmonella/Shigella hybrid LPS" Microb. Pathog. 20(1): 11-30 (1996)) containing the rfb and rfp 

cluster of Shigella dysenteriae 01 was then cloned via the BamHl site into the oligonucleotide 
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cassette containing pLAFRl. The complete nucleotide sequence encoding the Shigella 
dysenteriae 01 antigen in the pGVXN64 plasmid is set forth as SEQ. ID NO.: 5 in the Sequence 

Listing provided below. 

The host organism for an expression system of the invention can be, e.g., an Escherichia 

coli strain such as Escherichia coli W311 lOAwaaL. The deletion of WaaL prevents the transfer 

of any polysaccharide to the lipid A core. The chromosomal copy of WaaL can also be replaced 

by PgIB. The strain also contains mutation in wbbL, therefore it does not produce any E. coli 
016 polysaccharide. To further increase the production of carrier lipid linked polysaccharide, 

wecG has been deleted to prevent the formation of ECA (Entero Common Antigen). 

In one aspect, the instant invention is further directed to the development of bioconjugate 

vaccines, preferably LPS bioconjugate vaccines, against one or more Shigella species, which are 

invasive, gram-negative bacteria. Shigella species cause Shigellosis, a severe inflammation of 

the colon. There are 165 million cases in the world every year, with 70% of such cases being in 

children under 5 years of age. In developing countries, Shigellosis causes 1.1 million of deaths 

per year. This is a serious disease that is spread via the fecal-oral route and is highly 

transmissible. Potential groups that would benefit from immunization against Shigella species 

include, for example, children, travelers and people in refugee camps. 

There are four different serogroups of Shigella, namely, S. dysenteriae, S. Jlexneri, S. 

sonnei and S. boydii. In embodiments of the present invention, immunogenic bioconjugates can 

be made against each of these different serogroups of Shigella. For example, Figure 14B 

provides different serotypes of Shigella and the polysaccharide structure that defines their 

antigenicity (i.e., Shigella O-antigens). 

In further embodiments of the present invention, immunogenic LPS bioconjugates could 

be made against other bacteria using the teachings in this specification, including bacteria: (1) 

that cause nosocomial infections, such as Pseudomonas aeruginosa", and (2) that cause urinary 

tract infection, such as Extraintestinal E. coli (ExPEC). 



In an embodiment, the inventors have developed a Shigella dysenteriae 01 LPS 

bioconjugate vaccine (also referred to as a S. dysenteriae bioconjugate), using genetically 

engineered E. coli with simple fermentation and purification methods. Figure 9 shows 

production of Shigella bioconjugates. The top panel shows the synthesis of bioconjugates in E. 

coli. In an embodiment, the O-antigen repeating unit of S. dysenteriae 01 is assembled on the 

carrier lipid undecaprenyl pyrophosphate (UPP), flipped to the periplasmic space and 

polymerized. The structure of S. dysenteriae 01 is as follows and is also provided in the middle 

right of Figure 9: 

10 

a L-Rha L-Rha D-Gal -^D-GlcNAc 
1,3 1,2 1,3 

PgIB transfers the activated polysaccharide to Asn residues of protein carriers, forming the 

Shigella bioconjugates. The protein carrier can be, for example, AcrA or a protein carrier that 

has been modifed to contain the consensus sequence for protein glycosylation, i.e., D/E — X — N 

15 - Z - S/T, wherein X and Z can be any amino acid except proline (e.g., a modified Exotoxin 

Pseudomonas aeruginosa (EPA)). EPA has been used successfully in conjugate vaccines. 

In an embodiment illustrated in Figure 9, periplasmic proteins of E. coli cells expressing 

the modified EPA in the presence of PgIB and the Ol polysaccharide cluster were separated by 

20 SDS page and, after transfer to nitrocellulose, EPA was immunodetected with an antiserum that 

was raised against EPA (lane 2). In lane 1, periplasmic proteins of E. coli cells expressing the 

Campylobacter protein AcrA in the presence of PgIB and the Ol polysaccharide cluster were 

separated and immunodetected with an antiserum that was raised against AcrA. Both proteins 

were glycosylated with the 01-polysaccharide cluster. In the lowest panel of Figure 9, the LPS 

25 from E. coli were separated by SDS-PAGE and visualized by Silver Staining. The left lane 

depicts the LPS extracted from a strain not expressing the WaaL, whereas the right lane shows 

the typical 01 LPS pattern. Both strains are expressing the polysaccharide biosynthesis cluster of 

S. dysenteriae 01. 
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The production of a bacterial bioconjugate, such as a Shigella bioconjugate, is described 

in an embodiment in further detail with reference to Figures 10A and 10B. Prior to assembly of 

the bacterial bioconjugate using a bacterial system, such as E. coli, it is necessary to introduce 

into the bacterial system certain genetic sequences coding for the various enzymes and proteins 

5 to be used, as discussed earlier with reference to Figures 8A and 8B. For example, this includes 

an OST/Otase, preferably from C. jejuni (e.g., PgIB), a protein carrier (e.g. EPA) and a gene 

cluster directed to antigenic polysaccharide synthesis (e.g., the gene cluster for S. dysenteriae 01 

polysaccharide synthesis). 

10 Figure 10A shows Step 1 in the development of a bacterial bioconjugate, namely, the 

biosynthesis of a polysaccharide, such as the O-antigen of S. dysenteriae Serotype 01. In this 

step, the antigen is synthesized on the carrier lipid undecaprenyl pyrophosphate (UPP), and then 

transferred into the periplasm using a flippase. The antigen is polymerized by the polymerase 

Wzy and transferred to the lipid A core by the ligase WaaL. To transfer the polysaccharide to a 

15 protein carrier, the ligase is replaced by the oligosaccharyltransferase; PgIB. 

Step 2 in the production of a bacterial bioconjugate involves engineering a suitable 

protein carrier. Protein carriers that are useful preferably should have certain immunological and 

pharmacological features. From an immunological perspective, preferably, a protein carrier 

20 should: (1) have T-cell epitopes; (2) be capable of delivering an antigen to antigen presenting 

cells (APCs) in the immune system; (3) be potent and durable; and (4) be capable of generating 

an antigen-specific systemic IgG response. From a pharmacological perspective, preferably, a 

protein carrier should: (1) be non-toxic; and (2) be capable of delivering antigens efficiently 

across intact epithelial barriers. More preferably, in addition to these immunological and 

25 pharmacological features, a protein carrier suitable for the production of a bacterial bioconjugate 

should: (1) be easily secreted into the periplasmic space; and (2) be capable having antigen 

epitopes readily introduced as loops or linear sequences into it. 

The inventors have found genetically detoxified Pseudomonas aeruginosa Exotoxin 

30 (EPA) and the Campylobacter protein AcrA to be suitable protein carriers, most preferably EPA. 

AcrA contains natural glycosylation sites whereas EPA needs to be modified to encode 
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glycosylation sites. Preferably, EPA is modifed to introduce two glycosylation sites directed to 

the Shigella Ol antigen. More preferably, two consensus sequences are introduced as discussed 

in Example 10. 

5 The amino acid sequence of EPA, as modified in an embodiment of this invention to 

contain two glycosylation sites, is provided as SEQ. ID NO.: 6 (with signal sequence) and SEQ. 

ID NO.: 7 (without signal sequence) in the Sequence Listing provided below. The glycosylation 

sites in each of SEQ. ID NO.: 6 and SEQ. ID NO.: 7 are denoted with an underline. 

10 Figure 10B shows a schematic of a carrier protein, such as EPA onto which N-

glycosylation sites can be designed as Step 3 in the production of a bacterial bioconjugate. N-

glycosylation sites require introduction of the consensus sequences discussed previously, namely, 

insertion of D/E - X - N - Z-S/T sequons, wherein X and Z may be any natural amino acid 

except proline. We have found that such consensus sequences preferably are introduced through 

15 surface loops, by insertion rather than mutation and considering using flanking residues to 

optimize the operation of the N-glycosylation site. 

Figure 11 shows bicoonjugates that elicit an immune response against Shigella Ol 

polysaccharide in mice. 01-AcrA and 01-EPA was purified by affinity column and anionic 

20 exchange. The pure bioconjugate was injected into mice (n=10). Serum of mice that were 

immunized with Ol-AcrA (top) or 01-EPA (bottom) three times (day 1,21, 60) was pooled and 

analyzed by ELISA at day 70 for a sugar specific IgG response. The plates (Nunc, polysorb) 

were coated with LPS isolated from S. dysenteriae 01 and incubated with the serum and anti 

mouse Polyvalent-HRP. Mice that received either conjugate developed an IgG response against 

25 the polysaccharide, confirming the presence of T-cell epitopes on the two protein carriers. 

Consequently, the bacterial bioconjugates of the present invention show in vivo 

immnogenicity. In an embodiment, bacterial bioconjugates are capable of exhibiting: (1) a 

carbohydrate specific response; and (2) a carrier specific response or a similar response 

irrespective of the carrier protein. Moreover, an IgG specific response shows T-cell dependency 

30 of the immune response, such that memory of the response is expected. 
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10 

Figure 12 reflects production of a Shigella 01 bioconjugate, e.g., 01-EPA, in a bioreactor. 

E. coli cells expressing EPA, PgIB and the 01-polysaccharide were grown in a bioreactor to 

OD600 = 40 by two nutrient pulses. Expression of PgIB and EPA was induced and the cells were 

grown overnight by linear feed of nutrients. The growth curve is depicted in the top panel. 

Whole cell extracts were separated by SDS-PAGE and expression and glycosylation of EPA was 

analyzed by immunodetection using a polyclonal antierserum that was raised against EPA 

(bottom). The cells efficiently glycosylate EPA at high cell density. The process is reproducible 

and leads to a total optical density (OD) of 90, which is a 45-fold increase compared to the shake 

flask culture. Consequently, scale-up is possible using the fed-batch process. 

Figure 13 shows an example of purification of 01-EPA. More specifically, Figure 13 

shows the fractionation and chromatographic purification of S. dysenteriae 01 bioconjugate. E. 

coli cells expressing the 01-EPA were grown in the bioreactor to high cell density (See Figure 

12). The cells were pelleted by centrifugation and periplasmic proteins were extracted by 

15 osmotic shock. Periplasmic proteins were separated by anionic exchange (Source Q). Fractions 

enriched for 01-EPA were further purified by a second column (Fluoroapatite). The different 

fractions were separated by SDS-PAGE and the proteins were visualized by Coomassie Blue. 

Lane 1 shows whole cells extracts, lane 2 periplasmic proteins after osmotic shock, lane 3 

periplasmic proteins loaded on anionic exchange, lane 4 and 5 eluates from anionic exchange 

20 and lane 6 01-EPA eluate after the second purification column. This process allows the 

purification of 01-EPA at large scale. In this embodiment, the purification process is: (1) 

efficient (at > 10 mg/L culture); (2) possible at large scale; and (3) compatible with Good 

Manufacturing Practices (GMP). Following such purification, the EPA-01 yield for glycerol-LB 

fed-batch was up to 200 mg/L, which is substantially higher than the yield for LB shake flask, 

25 which was 0.6 mg/L. 

Figure 14A shows a Western blot analysis of a series of specimens of AcrA -Shigella 01 

bioconjugates produced in an LB shake flask taken under various conditions, including pre-

induction, 4 hours after induction, and 4 hours and 19 hours after induction under oxygen-limited 

30 circumstances. After extraction and purification, periplasmic proteins were separated by SDS-

PAGE. AcrA and AcrA-Shigella 01 bioconjugates were detected using anti-AcrA antibody and 
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chemiluminescent detection via a secondary antibody. Loaded samples were normalized to 

culture OD600 at time of sampling. 

In summary, in one aspect, the technology of the present invention has been used to 

5 develop a vaccine against S. dysenteriae 01 infection. For example, the polysaccharide of S. 

dysenteriae Ol can be conjugated to EPA in E. coli. This is very beneficial since EPA 

previously has been successfully used in clinical trials with different conjugate vaccines. In the 

instant invention, the S. dysenteriae 01 bioconjugate was produced in a bioreactor at 31 scale. 

The cells were grown to high OD and the bioconjugate was extracted by osmotic shock. The 

10 bioconjugates were purified to 98% purity by anionic exchange and size exclusion 

chromatography. The bioconjugates were injected into different mice strains. After two as well 

as three injections, a sugar specific IgG response against the polysaccharide was detected using 

LPS from Shigella dysenteriae 01 for analysis (Figure 11). As expected, IgM specific response 

was elicited when the LPS was injected. The bioconjugates raised a specific IgG response 

15 against the polysaccharide isolated from S. dysenteriae. IgG response against the corresponding 

sugar antigen, which was chemically coupled to a carrier protein, has been shown to correlate 

with protection in humans. 

These results strongly suggest that our inventive E. coli strain is suitable for the potential 

20 production of an antigenic bacterial vaccine, such as an antigenic Shigella vaccine. In an 

embodiment, the EPA-Shigella bioconjugate was characterized intensively by different methods, 

like NMR, HPLC and MS. Figure 15 shows the expansion of the anomeric region of 1H NMR 

spectrum of an example of a S. dysenteriae Serotype 01 bioconjugate of the invention. The 

bioconjugate contains a sugar/protein ratio of 0.15, with 13.2 repeating units of the antigen being 

25 linked to the protein, and 1-2 sites being glycosylated. Two consensus sequences for 

glycosylation were introduced into EPA and about 20% of the protein is fully glycoslyated. The 

polysaccharide is linked via the reducing end to the protein carrier; therefore, the antigen 

epitopes of the polysaccharide are unmodified. In addition, the in vivo conjugation method 

attaches just the O-antigen repeating units to the protein, but no monosaccharides of the lipid A 

30 core are attached. 
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Using this technology, bacterial bioconjugates can be produced that are immunogenic. 

Genetic modifications can be made allowing in vivo conjugation of bacterial polysaccharides in 

desired proteins and at desired positions. For example, in an embodiment and as discussed 

above, the antigenic polysaccharide of S. dysenteriae Ol can be expressed in E. coli and 

conjugated to two different protein carriers in vivo (i.e., EPA and AcrA). Both bioconjugates 

elicit a specific IgG response against the polysaccharide in mice. As another example, Table 1 

below depicts different polysaccharide substrates for bacterial OSTs/OTases such as PgIB that 

can be used in the in vivo method of the present invention for conjugating a protein carrier with 

the polysaccharide. 

Table 1 

^ ..... . Q a a a 
C. jejuni N-alycan GalNAc •GalNAc——•GalNAc •GalNAc • GalNAc 

1.4 1,4 ^ , 1,4 1,4 

Shigella dysenteriae 01 

Pseudomonas aeruginosa 011 

£. coli 016 

1,3 

PT1.3 
Glc 

L-Rha "» L-Rha ° • D-Gal 
1,3 1,2 

1,2 

1,2 

D-GIc •L-FucNAc 
1,3 

OAc 
|2 

D-Galf • D-GIc "» L-Rha 1,6 1,3 

1,3 <*• 
1,3 

P 
1,3 

M 

P DATDH • 
1 

D-GlcNAc 

D-FucNAc 

D-GIc 
a f 1, 6 

D-GlcNAc 

Table 2 below depicts yet additional different LPS polysaccharide substrates that could 

be utilized in the present invention with respect to various strains of Shigella and E. coli., as well 

as of Pseudomonas aeruginosa Oil and Francisella tularensis. 

34 



Table 2 

Shigella dysenteriae Ol 

5. fhxneriZe 

$. ttexnori 3a 

S. tiexneri 3b 

5. fferneri 6 

S. sonner 

e. coG04KS2(ExPEC) 

£.ccti04:KB (ExPEC) 

E. cofiOeiKZ (ExPEC) 

E coli 06.K54 (ExPEC) 

£. cof/022 (ExPEC) 

£ coB07B (ExPEC) 

E.coff083 (ExPEC) 

L-Rha 
1,3 
-• L-Rha - D-Gal 

1,3 
D-GtcNAc 

1,2 
L-Rha • L-Rha L-Rha —^D-GlcNAc 

1,2 • 
a \l, 

1,3 

1,2 

1,2 

L-Rha ' • • L-Rha L-Rha2Ae » D-GlcNAc 

tl, 2 1,3 1,3 
1,3 

O-Gtc 

a a. 
L-Rha • L-Rha —->• L-Rha2Ac —-• O-GlcNfle 

1,2 1.3 1,3 

® ^ P . 
L-Rha 3Ac—-—• L-Rha —• P-GalA- • D-Ga IN Ac 

1,2 1,4 1,3 

D-FucNAc4N • D-ARNAc A 
1,4 

1,2 
—«• O-Glc —• L-FtcNAc • O-GlcNAc 
1,6 1,3 1,3 

1,2 
i-.-H.ff •t.. 1,6 
« 11,3 
O-Glc 

1,4 

D-GIc —• L-FucNAc • P-GtcNAc 
1,3 1,3 

D-Ga(NAc •• • • D-Mar> • D-Man 
1,3 ^ 1,4 

,2 
D-GIc 

"Man 

1,3 
->> D-GIc N Ac 

D-GalNAc—^ D-Man —-#• D-Man 
1,3 1,3 

->• D-GlcNAc 

D-GIc —D-GIcA •—• 0-GalNAc3Ac • D-Gal •—• D-Gal N Ac 
1,4 1,4 1,3 1,3 

1,3 
D-Gal L-Rha O-GlcNAc 

4 x-^ P|M 
1,3 

D-Man 

O-Glc —-• D-GkrA —• D-Gal • D-Gal fr-D-GlcNAc 
1,4 1,6 1,4 1,4 
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Table 2 (continued) 

1,3 1,2 
D-Man -• D-Gal —• D-GlcNAc 

tl, 4 1,3 
1,3 

D-Man 

t3 
CH, 

1,3 
D-Man •D-ftten —-• D-Man 

1,2 1,2 

1,2 

• D-Man • D-Man • D-GlcNAc 
1,3 1,3 1,3 

OAc 
2| i . *t 

• D-GIc • L-Rha 
1,6 1,3 1,3 

a | 6 
D-GIc NAc 

1, 3 
D-QuHNAcGly • D-GalNAcAN—• D-Gal NAcA E D-GlcNAc 

1,4 • 1,4 1,3 

OAc(60%) 

£ co//0157 (EHEC) D-PerNAc • L-Fuc E D-GIc • D-GalNAc 
1,3 1,4 1,3 

Pseudomonas aeruginosa Ol 1 ... . . 1 3 

Francisella tularensis 
1,2 

D-Qui4hFm 1 

1, 4 
D-Ga INAcAN- • D-GaINAcAN-

1,4 
D-QuiNAc 

QuMNFm, 4,6-dideoxy-4-formamido-D-glucose 
GalNAcAN, 2-acetafrido-2-deojy-D-galacturonamide 
QuiNAc, 2-acetamido-2,6-dideoxy-D-glucose 
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For example, in a further embodiment of the invention, bioconjugate vaccines against E. 
coli can also be developed. E. coli is a well-known bacterial species. From a genetic and clinical 

perspective, E. coli strains of biological significance to humans can be broadly categorized as 

commensal strains, intestinal pathogenic strains and extraintestinal pathogenic E. coli (ExPEC). 

5 ExPEC strains can be part of the normal intestinal flora and are isolated in 11% of healthy 

individuals. They do not cause gastroenteritis in humans but their main feature is their capacity 

to colonize extraintestinal sites and to induce infections in diverse organs or anatomical sites. 

They are the main cause of urinary tract infections (UTI), are involved in septicemia, diverse 

abdominal infections and meningitis. Bacteremia can arise with a risk of severe sepsis. Severe 

10 sepsis due to ExPEC was associated with 41,000 estimated deaths in 2001. ExPEC strains have 

been susceptible to antibiotics; however more and more antibiotic resistant strains have evolved, 

both in hospital and in the community. This antimicrobial resistance is making the management 

of ExPEC infections more difficult; therefore, new vaccines would be an alternative strategy to 

prevent these infections. 

15 

In animal models, passive or active immunization against capsule, O-specific antigen and 

different outer membrane proteins have afforded protection against systemic infections and 

immunization with these different antigens are protective against urinary tract infections from 

ExPEC strains expressing these virulence factors. The serotypes 04, 06, 014, 022, 075 and 

20 083 cause 75% of UTI. In one embodiment, the novel technology of the present invention can 

be used to develop a monovalent LPS bioconjugate including one antigen (e.g., serotype 06, one 

of the major serotypes) and even a multivalent LPS bioconjugate including these 6 antigens. For 

example, the gene cluster encoding for the enzymes that synthesize the O-antigen for ExPEC 

could be amplified and then expressed in the Shigella production strain. 

25 

The instant invention involves a highly efficient production process with high potential 

yields that can be used for industrial scale preparations in a cost-efficient process. This novel, 

cost efficient bioengineering approach to producing bioconjugate can be applied to other 

conjugates and for other applications. An additional feature of the invention involves a 

30 considerable simplification of the production of bacterial vaccines with high reproducibility and 

a potentially reduced risk of lot failures. 

37 



Process for Manufacturing Conjugate Vaccine 

It is now possible to engineer bacterial expression systems so that specific bioconjugates 

are produced that are biologically active. For example, the O-specific polysaccharide of S. 

5 dysenteriae has been conjugated to different protein carriers and the resulting bioconjugate has 

elicited a specific IgG response against the polysaccharide in mice. In an embodiment, the 

technology of the invention makes use of an oligosaccharyl transferase, for example, PgIB of 

Campylobacter jejuni to couple bacterial polysaccharides (O antigens) in vivo to simultaneously 

express recombinant carrier proteins, yielding highly immunogenic bioconjugate vaccines. 
10 

A production process has been established that can be used on an industrial scale. This 

opens up the possibility that a multitude of various conjugate vaccines can be developed and 

manufactured using simple bacterial fermentation. The process has several advantages compared 

to the in vitro conjugation method depicted in the top panel of Figure 6A. As it is a complete in 

15 vivo process, the cost and risk of failures are reduced significantly and the process is more 

reproducible. In addition, the consensus capture sequence allows the conjugation of 

polysaccharides to defined proteins at specific built-in sites, thereby facilitating regulatory 

acceptance and quality control. Finally, the development of conjugate vaccines is much faster 

since the process is simplified and requires only biotechnology tools. In addition, the in vivo 

20 conjugation process is suited for application where polysaccharide compositions prevent 

chemical cross-linking. 

In an embodiment, the instant invention relates to the scaled-up production of 

recombinant glycosylated proteins in bacteria and factors determining glycosylation efficiency. 

25 For example, recombinant glycosylated proteins of the present invention can be made using the 

shakeflask process. Bioconjugates have previously been mainly produced in LB shake flask 

cultures. More preferably, in one aspect of the invention, a first fed-batch process can be used 

for the production of recombinant glycosylated proteins in bacteria. In a preferred manufacturing 

process, the aim is to achieve markedly increased final biomass concentrations while maintaining 

30 glycosylation efficiency and recombinant protein yield per cell and while maintaining simplicity 

and reproducibility in the process. 
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In one embodiment, bacterial bioconjugates of the present invention can be manufactured 

on a commercial scale by developing an optimized manufacturing method using typical E. coli 
production processes. First, one can use various types of feed strategies, such as batch, 

5 chemostat and fed-batch. Second, one can use a process that requires oxygen supply and one that 

does not require an oxygen supply. Third, one can vary the manner in which the induction 

occurs in the system to allow for maximum yield of product. 

It has found been that, in contrast to expression of the carrier protein, the degree of N-

10 linked glycosylation strongly reacts to changes in nutrient availability, type of carbon- and 

energy source, oxygen supply and time-point of induction. For example, in a fed-batch process, 

the addition of inducers to the batch and fed-batch cultures immediately leads to a 3-fold 

decrease in specific growth rate, indicating a high metabolic burden and/or stress due to 

synthesis of the carrier protein and membrane-bound oligosaccharyltransferase. Based on the 

15 inventors' finding of a recurring retardation of the appearance of glycosylated carrier protein 

compared to the non-glycosylated form after induction, it is concluded that glycosylation appears 

to be the rate-limiting step in bioconjugate biosynthesis. 

Based on these results, in an example of an embodiment of the invention, the following 

20 process design for cultivation has been developed: fed-batch cultivation mode for achieving 

high cell densities; extended incubation after induction to facilitate maximal glycosylation; 

surplus nutrient supply (e.g., LB components yeast extract and tryptone) during biomass build-up 

until induction to provide a sufficient supply of building blocks for the production process; and 

glycerol as the main carbon and energy source to prevent catabolite repression and acetate 

25 formation. This bioprocess allows a 50-fold increase in yield compared to LB batch culture, 

paving the way towards a cost-effective production of conjugate vaccines in recombinant 

Escherichia coli. In this example, one can have oxic conditions throughout the production 

process, for example, achieved through oxygen-enriched aeration; however, low oxygen content 

is also feasible. Example 9 sets forth this example of a fed-batch process in greater detail. It 

30 should be recognized, however, that other processes may be used to produce the bacterial LPS 

bioconjugates of the present invention. 
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Consequently, in one embodiment of the invention, E. coli can be used for in vivo 
production of glycosylated proteins and is suitable for industrial production of glycosylated 

proteins. 

5 The following examples serve to illustrate further the present invention and are not 

intended to limits its scope in any way. 

Examples 

Example 1: Selection of AcrA as model protein for optimizing N-glvcosvlation 

To optimize the acceptor protein requirements for N-glycosylation detailed studies were 

10 performed on the C. jejuni glycoprotein AcrA (Cj0367c). AcrA is a periplasmic lipoprotein of 

350 amino acid residues. It has been shown that secretion to the periplasm but not lipid-

anchoring is a prerequisite for glycosylation (Nita-Lazar et al., 2005, supra). The signal for 

export can either be the native AcrA signal sequence or the heterologous PelB signal when 

expressed in E. coli. Of the five potential XMinked glycosylation sequons (N117, N123, N147, 

15 N273, N274) the same two ones are used in C. jejuni and E. coli (N123 and N273 (Nita-Lazar et 

al., 2005, supra)). AcrA was chosen as model because it is the only periplasmic N-glycoprotein 

of C. jejuni for which detailed structural information is available. Recently, the crystal structure 

of an AcrA homologue, the MexA protein from the Gram-negative bacterium P. aeruginosa, was 

published (Higgins et al., (2004). Structure of the periplasmic component of a bacterial drug 

20 efflux pump. Proc. Natl. Acad. Sci. USA 70fi 9994-9999). Both proteins are members of the 

so-called periplasmic efflux pump proteins (PEP,(Johnson, J. M. and Church, G. M. (1999). 

Alignment and structure prediction of divergent protein families: periplasmic and outer 

membrane proteins of bacterial efflux pumps. J. Mol. Biol. 287, 695-715)). The elongated 

molecule contains three linearly arranged subdomains: an a-helical, anti-parallel coiled-coil 

25 which is held together at the base by a lipoyl domain, which is followed by a six-stranded P-

barrel domain. The 23-28 residues at the jV-terminus and 95-101 residues in the C- terminus are 

unstructured in the crystals. MexA and AcrA protein sequences are 29.3% identical and 50 % 

similar. Thus, the two proteins likely exhibit a similar overall fold. 
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Example 2: Elucidation of the primary peptide sequence that triggers glycosylation 

It is known that lipoyl domains similar to MexA of P. aeruginosa and accordingly also in 

AcrA of C. jejuni form a compact protein that can be individually expressed in E. coli (reviewed 

by Berg, A., and de Kok, A. (1997). 2-Oxo acid dehydrogenase multienzyme complexes. The 

5 central role of the lipoyl domain. Biol. Chem. 378, 617-634). To check which acceptor peptide 

sequence was required for N-glycosylation by the pgl machinery in E. coli the lipoyl domain of 

AcrA was taken. It was used as a molecular scaffold to transport peptides of different lengths to 

the periplasm and present them to the pgl machinery in vivo. 

Therefore, a plasmid coding for the lipoyl domain (Lip) was constructed and N-

10 terminally fused to the signal sequence of OmpA (Choi, J. H., and Lee, S. Y. (2004). Secretory 

and extracellular production of recombinant proteins using Escherichia coli. Appl Microbiol 

Biotechnol 64, 625-635) and C-terminally to a hexa histag (SEQ ID NO: 24). Cloning was 

performed to place the gene expression under the control of the arabinose promoter. For the Lip 

domain borders amino acid positions were chosen that appeared at the same positions as the 

15 domain borders of the Lipoyl domain part in MexA. To test different peptides for their ability to 

accept an N-glycan stretches of the sequence were inserted between the two hammerhead-like 

parts of the Lip domain. The stretches consisted of sequences comprising the N-glycosylation 

site N 123 of C. jejuni AcrA. The resulting open reading frames consisted of the sequences 

coding for the OmpA signal sequence, the N-terminal hammerhead-like part of AcrA (D60-D95, 

20 the numbering of the amino acids refers to the mature AcrA polypeptide sequence numbering), 

the" different stretches containing the native N 123 glycosylation site of AcrA (see below), the C-

terminal hammerhead-like part of AcrA-Lip (LI 67-D210) and the C-terminal his-tag. 

Construction of the plasmids was achieved by standard molecular biology techniques. 

Three stretches containing the native N123 glycosylation site of AcrA of different lengths were 

25 inserted between the two halves of Lip resulting in three different ORFs: 

Construct A contains Al 18-S130 resulting in a protein sequence of: 
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MKKTAIAIAVALAGFATVAOADVIIKPOVSGVIVNKLFKAGDKVKKGOTLFIIEODOASK 

DFNRSKALFSQLDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADGS/tf/tf 

HHII(SEQ. ID NO. 8). 

Construct B contains F122-E138 resulting in a protein sequence of: 

5 MKKTAIAIAVALAGFATVAOADVIIKPOVSGVIVNKLFKAGDKVKKGOTLFIIEODOFN 

RSKALFSQSAISQKELDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADGS 

HHHHHH(SEQ. ID NO. 9). 

Construct C contains D121-A127 resulting in a protein sequence of: 

MKKTAIAIAVALAGFATVAOADVIIKPOVSGVIVNKLFKAGDKVKKGOTLFIIEODODF 

10 NRSKALDHTEIKAPFDGTIGD ALVNIGD Y VSASTTELVRVTNLNPIYADGS///fflffi/// 

(SEQ. ID. NO. 10). 

The underlined stretches of sequence indicate the OmpA signal peptide, singly underlined 

residues were introduced for cloning reasons or to render the protein resistant to degradation. 

Bold: glycosylation site corresponding to N 123 of AcrA. Italics: hexa-histag (SEQ ID NO: 24). 

15 The corresponding genes were expressed under the control of the arabinose promoter in the 

backbone of the plasmid pEC415 (Schulz, H., Hennecke, H., and Thony-Meyer, L. (1998). 

Prototype of a heme chaperone essential for cytochrome c maturation. Science 281,1197-1200). 

To check which of the three stretches triggered glycosylation of the Lip proteins protein 

expression experiments were performed. E. coli ToplO cells (Invitrogen, Carlsbad, CA, USA) 

20 carrying pACYCpgl or pACYCpg/mut (Wacker et al., 2002, supra) and a plasmid coding 

constructs Ai B or C were grown in LB medium containing ampicillin and chloramphenicol up 

to an OD of 0.5 at 37°C. For induction 1/1000 volume 20% arabinose (w/v) solution was added 

and the cells were grown for another 2 hrs. The cells were then harvested by centrifugation and 

resuspended in 20 mM Tris/HCI, pH 8.5, 20% sucrose (w/v), 1 mM EDTA, 1 mM PMSF, and 1 

25 g/1 (w/v) lysozyme and incubated at 4°C for 1 hr. Periplasmic extracts were obtained after 

pelletting of the spheroblasts and diluted with 1/9 volume (v/v) of lOx buffer A (3 M NaCI, 0.5 

M Tris/HCI, pH 8.0 and 0.1 M imidazole) and MgS04 added to 2.5 mM. Ni-affinity purification 
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was performed on 1 ml Ni-Sepharose columns from Amersham Pharmacia Biotech (Uppsala, 
Sweden) in buffer A. Proteins were eluted in buffer A containing 0.25 M imidazole. 

Fig. 1 shows Coomassie brilliant blue stained SDS-PAGE gel of the peak elution 
fractions from the Ni-purified periplasmic extracts. The expression analysis showed that 

5 construct B produced a prominent single protein species (Fig. 1 , lane 1). Constructs A and C 
both lead, in addition to the prominent protein, to a second protein band with slower 
electrophoretic mobility (Fig. 1 , lanes 2 and 3). That the heavier protein species was indeed 
glycosylated was proven by MALDI-TOF/TOF (not shown). The only amino acid missing in 
construct B but present in A and C was D121 , the aspartate residue 2 positions N-terminally to 

10 the glycosylated N123. This demonstrates that Dl 21 plays an important role for glycosylation 
by the OTase. To verify that D121 is essential for glycosylation it was mutated to alanine in 
construct C. Expression analysis resulted in only one protein band (Figure 1, lane 4), thus 
showing that D121 is important for glycosylation. Furthermore, the fact that an artificial peptide 
display protein can be glycosylated shows that a short peptide of the D/E-X-N-Y-S/T type 

15 contains all information for C. jejuni-borne N-glycosylation to occur. 

Example 3: Verification of Example 2: AcrA-D121A is not glycosylated atN 123 

To confirm the findings from the peptide display approach an aspartate to alanine 
mutation was inserted at position 121 (D121 A, i.e. 2 residues before the glycosylated N 123) in 
the full length soluble version of the AcrA protein and it was tested whether the site N123 could 

20 still be glycosylated in E. coli. In order to test this AcrA-D121A was expressed and its 
glycosylation status was analyzed. For the analysis an engineered AcrA was used. It differed 
from the original C. jejuni gene in that it contains the PelB signal sequence (Choi and Lee, 2004, 
supra) for secretion into the periplasm and a C- terminal hexa histag (SEQ ID NO: 24) for 
purification. It has been shown that this AcrA variant gets secreted, signal peptide-cleaved and 

25 glycosylated as the lipid anchored, native protein (Nita-Lazar et a!., 2005, supra). The following 
is the amino acid sequence of the soluble AcrA protein: 

MKYLLPTAAAGLLLLAAOPAMAMHMSKEEAPKIOMPPOPVTTMSAKSEDLPLSFTYPA 
KLVSDYDVIIKPQVSGVIVNKLFKAGDKVKKGQTLFIIEQDKFKASVDSAYGQALMAKA 
TFENASKDFNRSKALFSKSAISQKEYDSSLATFNNSKASLASARAQLANARIDLDHTEIK 
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APFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADFFISDTDKLNLVRNTQSGKWDLD 

SIHANLNLNGETVQGKLYFIDSVIDANSGTVKAKAVFDNNNSTLLPGAFATITSEGFIQK 

NGFKVPQIGVKQDQNDVYVLLVKNGKVEKSSVHISYQNNEYAIIDKGLQNGDKIILDNF 

KKIQVGSEVKEIGAQLEHHHHHH (SEQ. ID NO. 11) 

5 The underlined residues are the PelB signal peptide, italics the hexa-histag (SEQ ID NO: 

24), and bold the two natural glycosylation sites at N 123 and N273. A plasmid containing the 

ORF for the above protein in the pEC415 plasmid (Schulz et al., 1998) was constructed to 

produce pAcrAper. 

The assay to test the glycosylation status of AcrA and mutants thereof (see below) was as 

10 follows: expression of AcrA was induced with 0.02% arabinose in exponentially growing E. coli 

CLM24 (Feldman et al., 2005, supra) cells containing the plasmid-bomepgl operon in its active 

or inactive form (pACYCpg/ or pACYCpg/mut, see (Wacker et al., 2002, supra)) and a plasmid 

coding for AcrA (pAcrAper). After four hours of induction, periplasmic extracts were prepared 

as described above and analyzed by SDS-PAGE, elcctrotransfer and immunodetection with 

15 either anti-AcrA antiserum or R12 antiserum. The latter is specific for C. jejuni N-glycan 

containing proteins (Wacker et al., 2002, supra). 

The first two lanes of Fig. 2A show AcrA in the absence and presence of a functional pgl 

operon. Only one band appears in the absence but three in the presence of the functional pgl 

operon (Fig. 2A, top panel). These correspond to unglycosylated AcrA (lane 1) and un-, mono-

20 and diglycosylated AcrA (lane 2). That the two heavier proteins in lane 2 were glycosylated was 

confirmed by the R12 western blot (lane 2, bottom panel). When the mutant AcrA-N273Q was 

expressed the same way, only the monoglycosylated AcrA was detected in presence of the 

functional glycosylation pgl operon (lane 3). Unglycosylated AcrA was detected in absence of 

the functional pgl locus (lane 4). Analysis of the mutant AcrA-D121 A produced only two bands, 

25 one of them glycosylated (lane 5) as observed with AcrA-N273Q in lane 3. This means that 

D121 is essential for efficient glycosylation at position 123-125. 

Example 4: Introducing artificial glycosylation sites into AcrA 
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To test if the introduction of an aspartate residue could generate a glycosylation site, 

AcrA mutants were generated in which the residue in the -2 position of the not used 

glycosylation sites in positions N117 and N147 of soluble AcrA were exchanged for aspartate 

(F115D, T145D). It was then tested whether the modified glycosylation sites could be 

5 glycosylated by the same assay as described in example 2. Both mutations were individually 

inserted either into the wildtype sequence of the soluble version of AcrA or in the double mutant 

in which both used glycosylation sites were deleted (N123Q and N273Q). Periplasms extracts of 

cultures induced for 4 hrs were prepared, separated by SDS page and analyzed by Western 

blotting (Fig. 2B). As controls the samples of wildtype glycosylated and non glycosylated AcrA 

10 were run on the same gel (lanes 1 and 2). The T145D mutation affected the -2 position of the 

natively not used glycosylation sequon N147-S149. Upon expression of AcrA-T145D Western 

blotting with anti AcrA antiserum resulted in four bands, the highest of them with slower 

electrophoretic mobility than the doubly glycosylated protein in lane 2 (lane 3 in figure 2B). The 

R12 blot confirmed that the fourth band was a triply glycosylated AcrA. Despite the low 

15 intensity towards anti AcrA the heaviest band gave the strongest signal with the glycosylation 

specific R12 antiserum. When the same mutant AcrA-T145D was expressed in the absence of 

the native N-glycosylation sequence (AcrA-N123Q-N273Q-T145D), only monoglycosylated 

AcrA was detected in the presence of a functional pgl operon (Fig. 2B, lane 4), that was missing 

in absence of a functional pgl operon (lane 5). This demonstrates that the heavier band in lane 4 

20 was glycosylated. Hence, by simply introducing the T145D mutation an optimized glycosylation 

site was generated (DFNNS) (SEQ ID NO: 27). 

To further confirm that it is possible to introduce a glycosylation site by inserting an 

aspartate residue in the -2 position, the natively not used sites NII7-S119 and N274-T276 were 

changed to optimize N-glycosylation. For this purpose further mutants were generated (Fig. 2C). 

25 Expression of AcrA-Fl 15D-T145D in the above described system resulted in five protein species 

detected with the anti AcrA antiserum (lane 2). This is indicative for four glycosylates taking 

place on the same AcrA molecule. When the detection was performed with the C. jejuni N-

glycan-specific R12 antiserum, a ladder of five bands was detected. The lowest faint band is 

unglycosylated AcrA because it is also present in the absence of glycosylation (lane 1), the 

30 highest results in a strong signal probably due to the five antigenic determinants in a fourfold 

glycosylated AcrA. Thus, the two introduced sites (at Nl 17 and N 147) and the two natively 
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used sites (N123 and N273) are used and glycosylated by the pgl machinery. Expression of 
AcrA-N123Q-N273Q-N272D with and without the pgl operon demonstrated that a third 
artificially introduced glycosylation site, N274 (DNNST) (SEQ ID NO: 28), was also recognized 
by the pgl operon (Fig. 2C, lanes 3 and 4). 

5 The above experiments confirm the finding that the bacterial N-glycosylation site 
recognized by the OTase of C. jejuni consists partly of the same consensus as the eukaryotic one 
(N - X - S/T, with X/P) but, in addition, an aspartate in the -2 position is required for increasing 
efficiency. Furthermore, they demonstrate that it is possible to glycosylate a protein at a desired 
site by recombinantly introducing such an optimized consensus sequence. 

10 Example 5: Verification of position -1 in the optimized N-glvcosvlation sequence 

A further experiment was performed to test whether the -1 position in the bacterial 
glycosylation site exhibits the same restrictions as the +1 position in eukaryotes (Imperiali, B., 
and Shannon, K. L. (1991). Differences between Asn-Xaa-Thr-containing peptides: a 
comparison of solution conformation and substrate behaviour with oligosaccharyl-transferase. 

15 Biochemistry 30, 4374-4380; Rudd, P. M., and Dwek, R. A. (1997). Glycosylation: 
heterogeneity and the 3D structure of proteins. Crit. Rev. Biochem. Mol. Biol. 32, 1-100). A 
proline residue at +1 is thought to restrict the peptide in such a way that glycosylation is 
inhibited. To test if a similar effect could also be observed in the -1 position a proline residue 
was introduced at that position of the first natively used site in a point mutant that had the second 

20 native site knocked out (AcrA-N273Q-F122P). The control expression of AcrA-N273Q showed 
a monoglycosylated protein in the presence of a functional pgl operon (Fig. 2D, lane 1 and 2). 
However, AcrA-N273Q-F 122P was not glycosylated (Fig. 2D, lanes 3 and 4). This indicates 
that proline inhibited bacterial N-glycosylation when it constitutes the residue between the 
asparagine and the negatively charged residue of the -2 position. 

25 Sequence alignments of al! the sites known to be glycosylated by the C. jejuni pgl 
machinery indicate that they all comprise a D or E in the -2 position (Nita-Lazar et al., 2005, 
supra: Wacker et al., 2002, supra; Young et al., (2002). Structure of the N-linked glycan present 
on multiple glycoproteins in the Gram-negative bacterium, Campylobacter jejuni. J. Biol. Chem. 
277, 42530-42539). Thus, it was established that the glycosylation consensus sequence for 
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bacteria can be optimized by a negatively charged amino acid in the -2 position, resulting in D/E 

- X - N - Z - S/T, wherein X & Z ± P. 

Example 6: N-glycosylation of a non-C. jejuni protein 

To demonstrate that the primary sequence requirement (optimized consensus sequence) is 

5 sufficient for N-glycosylation in bacteria, it was tested whether a non-C. jejuni protein could be 

glycosylated by applying the above strategy. Cholera toxin B subunit (CtxB) was employed as a 

glycosylation target. The corresponding gene was amplified from Vibrio cholerae in such a way 

that it contained the coding sequence of the OmpA signal sequence on the N-terminus and a 

hexahistag (SEQ ID NO: 24) at the C-terminus, just the same as constructs A through C in 

10 example I. The resulting DNA was cloned to replace construct A in the plasmids employed in 

example 1. A point mutation of W88 to D or a D insertion after W88 generated an optimized 

glycosylation site (DNNKT) (SEQ ID NO: 29). The wildtype and W88D CtxB proteins 

containing the signal sequence and his-tag were expressed in E. coli Top 10 and other cell types 

in the presence and absence of the functional pgl locus from C. jejuni. When periplasmic 

15 extracts from Top 10 cells were analyzed by SDS-PAGE, electrotransfer and consecutive 

immunoblotting with a CtxB antiserum, only CtxB W88D produced a higher and thus 

glycosylated band in the pgl locus background (Fig. 2E, compare lanes 3 and 4). A consensus 

sequence (DSNIT) (SEQ ID NO: 25) was also inserted by replacing G54 or Q56 of CtxB (the 

latter is denoted CtxB-Q56/DSNIT) (SEQ ID NO: 25), i.e. in one of the loops that was reported 

20 to contribute to the ganglioside GM 1 binding activity of CtxB. Lanes 5 and 6 of Figure 2E 

demonstrate that the engineered protein (exemplified by the construct which contains the peptide 

sequence DSNIT (SEQ ID NO: 25) instead of Q56 expressed in Top10 cells) produced a lower 

mobility and thus glycosylated band in glycosylation competent but not glycosylation-deficient 

cells when analyzed in the same way as described above. It was also demonstrated that a CtxB 

25 containing two manipulations, i.e. the insertion of D after W88 as well as DSNIT (SEQ ID NO: 

25) replacing Q56, was double-glycosylated in SCM7 cells (Alaimo et al., EMBO Journal 25: 

967-976 (2006)) (panel E, lanes 7 and 8). The double- glycosylated protein CtxB shown in lane 

7 was Ni2+ affinity-purified and analyzed by ESI- MS/MS after in-gel trypsinization according to 

standard protocols. The expected glycopeptides were detected confirming that bacterial N-

30 glycosylation can also be directed to a non-C jejuni protein by mutating or inserting the 
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optimized consensus sequence according to the invention for bacterial N-glycosylation (not 
shown). Examples of other suitable exemplary E. coli strains for practicing the present invention 
are W3110, CLM24, BL21 (Stratagene, La JoIIa, CA, USA), SCM6 and SCM7. 

The amino acid sequence of the CtxB protein used here is indicated below (recombinant 
5 OmpA signal sequence underlined, hexa-histag (SEQ ID NO: 24) italics, W88 bold): 

MKKTAIAIAVALAGFATVAOATPONITDLCAEYHNTOIHTLNDKIFSYTESLAGKREMAI 
ITFKNGATFQVEVPGSQHIDSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAI 
SMANGSHHHHHH (SEQ. ID NO. 12) 

Example 7: Introduction of artificial N-glvcosvlation sites into the C. jejuni outer membrane 
10 protein. OmpHl 

A potential application of the N-glycosylation in bacteria is the display of the glycan on 
the surface of a bacterial host cell in order to link the pheno- to the genotype and thereby select 
for specific genetic mutations. To demonstrate that N-glycans can be presented on outer 
membrane proteins the OmpHl protein was engineered in a way that it contained multiple 

15 optimized consensus sites according to the invention. The sites were engineered into loop 
regions of the protein as deduced from the known crystal structure (Muller, A., Thomas, G. H., 
Horler, R., Brannigan, J.A., Blagova, E., Levdikov, V.M., Fogg, M.J., Wilson, K.S., and 
Wilkinson, A.J. 2005. An ATP-binding cassette-type cysteine transporter in Campylobacter 
jejuni inferred from the structure of an extracytoplasmic solute receptor protein. Mol. Microbiol. 

20 57: 143-155). Previous experiments showed that the best glycosylation sequons were generated 
by the mutations V83T, K59N-G601-N61T, R190N-G1911-D192T and H263D-F264S-G265N-
D266I-D267T. For surface display it was desired to evaluate different combinations of those 
introduced sites in order to establish the most N-glycan-specific sample. The combinations were 
generated in a wild type OmpHl encoding plasmid construct and tested in a similar manner as 

25 described for AcrA. Figure 3 shows the analysis of various OmpH 1 variants harboring multiple 
glycosylation sequons in addition to the existing wild type sequon. OmpHl variants were 
generated with three (lane 3, 4, 5 and 7) and four glycosylation sequons (lane 6). A wild type 
OmpHl with only one glycosylation sequon and a mutant lacking the critical asparagine for 
glycosylation were also included in the experiment. All variants tested here did not only 
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demonstrate a high level of glycosylation efficiency but also that every glycosylation sequon was 

utilized. The results were confirmed with Campylobacter jV-glycan specific immuneserum (Fig. 

3 lower panel). 

The following is the amino acid sequence of the OmpHl protein of Campylobacter jejuni 

5 (strain 81-176) with attached myc tag in italics: 

MKKILLSVLTTFVAVVLAACGGNSDSKTLNSLDKIKONGWRIGVFGDKPPFGYVDEKG 

NNQGYD1ALAKRIAKELFGDENKVQFVLVEAANRVEFLKSNKVDIILANFTQTPERAEQ 

VDFCLPYMKVALGVAVPKDSNITSVEDLKDKTLLLNKGTTADAYFTQDYPNIKTLKYD 

QNTETFAALMDKRGDALSHDNTLLFAWVKDHPDFKMG1KELGNKDVIAPAVKKGDKE 

10 LKEFIDNLIIKLGQEQFFHKAYDETLKAHFGDDVKADDWIEGGKILE0mS££DZ(SEQ. 

ID NO. 13) 

The native glycosylation site in the protein is bold, the signal sequence underlined. 

Example 8: Surface display of N-qlvcans from C. jejuni on OmpHl on the outer membrane of E. 

coli cells 

15 In order to answer the question whether multiple glycosylated OmpHl variants can be 

displayed on the surface of bacterial cells, immunofluorescence was performed on bacterial 

CLM24 or SCM6 (which is SCM7 AwaaL) cells expressing various OmpHl variants. A wild 

type OmpHl and a mutant lacking the critical asparagine for glycosylation were included in the 

experiment. In addition, a C20S mutant was constructed in order to retain the protein in the 

20 periplasm, thus serving as a control in the experiment. Immunostaining was carried out on the 

cells treated with paraformaldehyde. Paraformaldehyde fixes cells without destroying the cell 

structure or compartimentalization. The c-Myc- and jV-glycan- specific immuneserum in 

combination with corresponding secondary antibodies conjugated to FITC and Cy3 were used to 

detect the protein (red fluorescence) and jV-glycan (green) on the bacterial cell surface, 

25 respectively. Additionally, 4,6-diamino-2-phenylindole (DAPI, blue) was employed to stain for 

bacterial DNA to unambiguously differentiate between bacterial cells and cellular debris. When 

the cells expressing wild type OmpHl were stained, immunofluorescence specific to the protein 

as well as the vV-glycan was detected (Fig. 4 A). When a mutant lacking the critical asparagine 
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N139S was stained with both anti-Myc- and N-glycan- specific immuneserum only the protein 

but not glycan specific signals were obtained (panel 4 B) indicating specificity of the JV-glycan-

specific immune serum. When the protein was retained within the periplasm as in the C20S 

mutant, no protein specific, red immunofluorescence was detected indicating that the antibodies 

5 were unable to diffuse within the cell and were competent enough to detect any surface 

phenomenon (panel 4 C). Next, cells expressing multiple OmpHl variants different in 

glycosylation were stained: OmpHl KGN^NIT>'HFGDD-*DSNIT (panel 4 D), 

OmpHlRGD^NTr,HFGDD^DSNIT (panel 4 E), OmpHlKGN^NIT'RGD^N,T(panel 4 F), 
OmpHl V™N^N,T (panel 4 G) and OmpHl KGN-NIT RGD^NH,HFGDD^DSNIT (pand 4 H) 

10 'HFGDD' and 'DSNIT' disclosed as SEQ ID NOS 26 and 25, respectively. All the OmpHl 

variants were double-stained indicating the presence of glycosylated protein on the bacterial 

surface. Figure 4 is represented in grayscale, the first column is a merge picture of the other 

pictures of the same row. 

Figure 4 shows fluorescence microscopy of cells expressing various OmpHl variants. 

15 Cultures of E. coli strains CLM24 or SCM6 containing the expression plasmid for the wild type 

OmpHl and its variants were equalized to OD^oo of 0.25/ml. Cells were washed two times with 

phosphate-buffered saline (PBS), pH 7.4 and 100 pi cell suspensions was dropped onto 

gelatinized glass slides and incubated at room temperature (RT) for 30 min inside a humidified 

chamber. All subsequent steps in the whole-cell immunofluorescence labeling were done at 

20 room temperature inside a humidified chamber. The unbound cells were removed and rest was 

fixed with 4% paraformaldehyde containing PBS for 30 min at RT. Importantly, 

paraformaldehyde is considered not to permeabilize cells but keeping the compartimcntalization 

by membranes intact. Fixed cells were washed two times with PBS and resuspended blocking 

buffer containing 5% BSA in PBS. After blocking, the cells were incubated with anti-myc 

25 monoclonal mouse IgG (1:50, Calbiochem) and/or anti-glycan antiserum (1:4000) for 1 h in 100 

pi of PBS containing 5% BSA. The cells were washed three times with 100 pi of PBS for 5 min 

each and incubated with secondary anti-rabbit antibody conjugated to FITC (1:250, Jackson 

Immunoresearch Laboratories) and/or anti-mouse antibody conjugated to Cy3 (1:250, Jackson 

Immunoresearch Laboratories) for 1 h in 100 pi of PBS containing 5% BSA. If required, 4, 6-

30 diamino-2-phenylindoIe (DAP1) (Sigma) (0.5 pg/ml) was added at the time of secondary 

antibody incubation to stain for bacterial DNA. The secondary antibody was rinsed from the 
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cells PBSi and coverslips were mounted on slides by using vectashield (Vector Laboratories) 

mounting medium and sealed with nail polish. Fluorescence microscopy was performed by the 

using an Axioplan2 microscope (Carl Zeiss). Images were combined by using Adobe Photoshop, 

version CS2. SCM6 cells expressing OmpHl (panel A), OmpHlN139S (panel B), OmpHlC20S 

5 (panel C), OmpHl KGN">NIT- HFGDD-DSNIT (pane] D)? OmpH1ROD-'NIT.HFGDD—»DSNIT (panel E)> 

OmpH 1KGN_kNIT RG°-*NIT (pane| F), OmpH 1 V83T'KGN"N,T (panel G), and 

OmpHlKGN^NIT'RGD""NIT,HFGDD^DSNIT(panel H). 'HFGDD' and 'DSNIT' disclosed as SEQ ID 

NOS 26 and 25, respectively. The First column is a merge of the pictures in columns 2, 3, and 4 

represented in greytones on black background. Column 2: blue fluorescence in greytones from 

] 0 DAPI stain, column 3: green fluorescence from glycan specific fluorescence, column 4: red 

fluorescence from anti-myc staining. 

Example 9: An Example of a Production Process for Shigella Ol LPS Bioconjugate 

This is an example of a production process; however, different conditions also lead to similar 

product formation. 

15 A. Production process 

E. coli strain W311 OAwaaL containing three plasmids expressing PgIB, EPA and the 

enzymes for the biosynthesis of the Shigella 01 polysaccharide was used for the production of 

the LPS bioconjugate. A single colony was inoculated in 50 ml LB medium and grown at 37°C 

O/N. The culture was used to inoculate a 11 culture in a 21 bioreactor. The bioreactor was stirred 

20 with 500 rpm, pH was kept at 7.0 by auto-controlled addition of either 2 M KOH or 20% H3PO4 

and the cultivation temperature was set at 37°C. The level of dissolved oxygen (p02) was kept 

between 0 and 10% oxygen. The cells were grown in a semi defined glycerol medium containing 

Kanamycin to an ODeoo = 15. The medium contained the following ingredients: 

330 mM Glycerol, 10 g Yeast extract, 20 g Tryptone, 34 mM K2HPO4, 22 mM KH2PO4, 38 mM 

25 (NH4)2S04, 2 mM MgSO^ 7 H2O and 5mM Citric acid. After an initial batch phase around 5h, a 

first nutrient pulse was added to sustain fast biomass build-up (glycerol, tryptone and yeast 

extract). After an additional 1.5 h the culture reached an OD600 = 30. At this timepoint a second 

nutrient pulse of glycerol and tryptone was added together with the required inducers 1% L-

arabinose and 1 mM IPTG. In order to keep induction at maximum levels and supply further 
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amino acids for recombinant protein synthesis, a linear nutrient/inducer feed (28.8ml/h) was 

started with the addition this pulse. The feed was sustained until the end of the process. The 

bioreactor culture was harvested after a total of ~ 24 h cultivation, when it should have reached 

an OD6OO of ±80. 

The production process was analyzed by Western blot as described previously (Wacker, 

M., et al., N-linked glycosylation in Campylobacter jejuni and its functional transfer into E. coli. 

Science, 2002. 298(5599): p. 1790-3.). After being blotted on nitrocellulose membrane, the 

sample was immunostained with the specific anti-EPA (Wacker, M., et al., N-linked 

10 glycosylation in Campylobacter jejuni and its functional transfer into E. coli. Science, 2002. 

298(5599): p. 1790-3.). Anti-rabbit IgG-HRP (Biorad) was used as secondary antibody. 

Detection was carried out with ECL™ Western Blotting Detection Reagents (Amersham 

Biosciences, Little Chalfont Buchinghamshire). 

15 Figure 16A shows proteins extracted of the Shigella Ol LPS Bioconjugate (i.e., EPA-01) 

from a fed-batch process that were normalized to biomass concentration (0.1 ODeoonm of 

cells/lane). The proteins were separated by SDS-PAGE transferred to Nitrocellulose membrane 

and visualized by rabbit anti EPA antibody. The induction time for PgIB and EPA expression 

was 1 h and O/N. 

20 

B. Periplasmic protein extraction 

The cells were harvested by centrifugation for 20 min at 10,000 g and resuspended in 1 

volume 0.9% NaCl. The cells were pelleted by centrifugation during 25-30 min at 7,000 g. The 

cells were resuspended in Suspension Buffer (25% Sucrose, 100 mM EDTA 

25 200 mM Tris HC1 pH 8.5, 250 OD/ml) and the suspension was incubated under stirring at 4-8°C 

during 30 min. The suspension was centrifuged at 4-8°C during 30 min at 7,000-10,000 g. The 

supernatant was discarded, the cells were resuspended in the same volume ice cold 20 mM Tris 

HC1 pH 8.5 and incubated under stirring at 4-8°C during 30 min. The spheroblasts were 

centrifuged at 4-8°C during 25-30 min at 10,000 g, the supernatant was collected and passed 

30 through a 0.2 fi membrane. 
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As shown in Figure 16B, the periplasmic extract was loaded on a 7.5% SDS-PAGE, and 

stained with Coomasie to identify EPA and EPA-Ol. EPA is a thick band that runs above the 

70kDa marker. 01-EPA (i.e., EPA-Ol) runs as a leader between 100 and 170 kDa. 

5 C. Bioconjugate Purification 

The supernatant containing periplasmic proteins obtained from 100,000 OD of cells was 

loaded on a Source Q anionic exchange column (XK 26/40 ~ 180 ml bed material) equilibrated 

with buffer A(20 mM Tris HCl pH 8.0). After washing with 5 column volumes (CV) buffer A, 

the proteins were eluted with a linear gradient of 15CV to 50% buffer B (20mM Tris HCl + 1M 

10 NaCl pH 8.0) and then 2CV to 100% buffer B. Protein were analyzed by SDS-PAGE and 

stained by Coomassie. Fractions containing Ol-EPA were pooled. Normally the bioconjugate 

eluted at conductivity between 6-17 mS. The sample was concentrated 10 times and the buffer 

was exchanged to 20 mM Tris HCl pH 8.0. 

15 As shown in Figure 17A, protein fractions from 1. Source Q were analyzed by SDS-

PAGE and stained by Coomassie. Fractions CI to G9 contained Ol bioconjugate and were 

pooled. 

The Ol-Bioconjugate was loaded a second time on a Source Q column (XK 16/20 ~ 28 

20 ml bed material) that has been equilibrated with buffer A: 20 mM Tris HCl pH 8.0. The identical 

gradient that was used above was used to elute the bioconjugate. Protein were analyzed by SDS-

PAGE and stained by Coomassie. Fractions containing Ol-EPA were pooled. Normally the 

bioconjugate eluted at conductivity between 6-17 mS. The sample was concentrated 10 times 

and the buffer was exchanged to 20 mM Tris HCl pH 8.0. 

25 

As shown in Figure 17B, protein fractions from 2. Source Q column were analyzed on 

SDS-PAGE and stained by Coomassie. Fractions All to B3 containing Ol bioconjugate were 

pooled. 

30 The Ol-Biconjugate was loaded on Superdex 200 (Hi Load 26/60, prep grade) that was 

equilibrated with 20 mM Tris HCl pH 8.0. 
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As shown in Figure 18A, protein fractions from Superdex 200 column were analyzed by 

SDS-PAGE and stained by Coomassie stained. Fractions F1 to F11 were pooled. 

5 As shown in Figure 18B, Shigella bioconjugate from different purification steps were 

analyzed by SDS-PAGE and stained by Coomassie. Ol-EPA was purified to more than 98% 

purity using the process, showing that Ol-EPA bioconjugate can be successfully produced using 

this technology. 

10 Example 10: Engineering of Exotoxin A of Pseudomonas aeruginosa for glycosylation with 

antigenic carbohydrates 

Exotoxin A of Pseudomonas aeruginosa (EPA) is a 67 kDa extracellulary secreted 

protein encoding mature 613 amino acids in its mature form and containing four disulfide 

15 bridges (CI 1 -CI5, C197-C214, C265-C287, C372-C379). To enable its glycosylation in E. coli, 

the protein must locate to the periplasmic space for glycosylation to occur. Therefore, a the 

signal peptide of the protein DsbA from E. coli was genetically fused to the N-terminus of the 

mature EPA sequence. A plasmid derived from pEC415 [Schulz, H., Flennecke, H., and Thony-

Meyer, L., Prototype of a heme chaperone essential for cytochrome c maturation, Science, 281, 

20 1197-1200, ¥998] containing the DsbA signal peptide code followed by a RNase sequence was 

digested (Ndel to EcoRI) to keep the DsbA signal and remove the RNase insert. EPA was 

amplified using PCR (forward oligo was 5'-AAGCTAGCGCCGCCGAGGAAGCCTTCGACC 

(SEQ. ID NO. 14) and reverse oligo was 5'-

AAGAATTCTCAGTGGTGGTGGTGGTGGTGCTTCAGGTCCTCGCGCGGCGG (SEQ. ID 

25 NO. 15)) and digested Nhel/EcoRI and ligated to replace the RNase sequence removed 

previously. The resulting construct (pGVXN69) encoded a protein product with an DsbA signal 

peptide, the mature EPA sequence and a hexa-histag (SEQ ID NO: 24). Detoxification was 

achieved by mutating/deleting the catalytically essential residues L552VAE553 according to 

[Lukac, M., Pier, G.B., and Collier, R.J., Toxoid of Pseudomonas aeruginosa exotoxin A 

30 generated by deletion of an active-site residue, Infect Immun, 56, 3095-3098, 1988] and [Ho, 

M.M., et al., Preclinical laboratory evaluation of a bivalent Staphylococcus aureus saccharide-
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exotoxin A protein conjugate vaccine, Hum Vaccin, 2, 89-98, 2006] using quick change 

mutagenesis (Stratagene) and phosphorylated oligonucleotides 5'-

GAAGGCGGGCGCGTGACCATTCTCGGC (SEQ. ID NO. 16) and 5'-

GCCGAG A AT GGTCACGCGCCCGCCTTC (SEQ. ID NO. 17) resulting in construct 

5 pGVXN70. 

It is known that insertion of a pentapeptide sequence of the type D/E-Z-N-X-S/T into a 

suitable position results in glycosylation. To glycosylate EPA in E. coli cells, two different 

glycosylation sites were inserted into the previously described constructs according to the 

10 following description. 

To insert a site at position 375, two steps were performed. First, quick change 

mutagenesis using oligos 5'-CCTGACCTGCCCCGGGGAATGCGCGG (SEQ. ID NO. 18) and 

5'- CCGCGCATTCCCCGGGGCAGGTCAGG (SEQ. ID NO. 19) with pGVXN70 as a template 

15 resulted in a construct containing a single Smal site at amino acid position 375 of EPA protein 

sequence by deleting three residues but otherwise keeping the starting protein sequence intact. 

In a second step, an insert composed of two complementary, phosphorylated oligonucleotides 

coding for (i) the previously deleted residues (when inserting the Smal site), (ii) the pentapeptide 

glycosylation sequon and (iii) additional lysine residues flanking the consensus for optimization 

20 of glycosylation efficiency (as was found by further experiments) was ligated into this Smal site 

(5'- GTCGCCAAAGATCAAAATAGAACTAAA (SEQ. ID NO. 20) and 5'-

TTTAGTTCTATTTTGATCTTTGGCGAC (SEQ. ID NO. 21). The resulting construct was 

pGVXN137. 

25 To insert an additional glycosylation site in the construct at amino acid 240, a one step 

procedure using quick change mutagenesis with oligonucleotides 5'-

CATGACCTGGACATCAAGGATAATAATAATTCTACTCCCACGGTCATCAGTCATC 

(SEQ. ID NO. 22) and 5'-

GATGACTGATGACCGTGGGAGTAGAATTATTATTATCCTTGATGTCCAGGTCATG 

30 (SEQ. ID NO. 23) was applied on construct pGVXN 137. The resulting construct thus contained 
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various changes compared to the wild type EPA protein: two glycosylation sites, a DsbA signal 
peptide, detoxification mutation. 

While this invention has been particularly shown and described with references to 
5 embodiments thereof, it will be understood by those skilled in the art that various changes in 

form and detail may be made therein without departing from the scope of the invention 
encompassed by the claims. Moreover, in instances in the specification where specific 
nucleotide or amino acid sequences are noted, it will be understood that the present invention 
encompasses homologous sequences that still embody the same functionality as the noted 

10 sequences. Preferably, such sequences are at least 85% homologous. More preferably, such 
sequences are at least 90% homologous. Most preferably, such sequences are at least 95% 
homologous. 
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Sequence Listing 

SEQ. ID NO. 1: NUCLEOTIDE SEQUENCE FOR PgIB 

LOCUS pglb 2169 bp DNA SYN 17-FEB-2009 
5 DEFINITION 

ACCESSION pglb 
KEYWORDS . 
SOURCE . 

ORGANISM C. jejuni 81116 
10 

REFERENCE 1 (bases 1 to 2169) 
AUTHORS Self 
JOURNAL Unpublished. 

BASE COUNT 650 a 264 c 386 g 8691 
15 ORIGIN 

1 ATGTTGAAAA AAGAGTATTT AAAAAACCCT TATTTAGTIT TGTTTGCGAT GATTATATTA 
61 GCTTATGTTT TTAGTGTATT TTGCAGGTTT T ATTGGGTTT GGTGGGCAAG TG AGTTT A AT 
121 GAGTATTTTT TCAATAATCA GTTAATGATC ATTTCAAATG ATGGCTATGC TTTTGCTGAG 
181 GGCGCAAGAG ATATGATAGC AGGTTTTCAT CAGCCTAATG ATTTGAGTTA TTATGGATCT 

20 241 TCTTTATCCG CGCTTACTTA TTGGCTTTAT AAAATCACAC CTTTTTCTTT TGAAAGTATC 
301 ATTTTATATA TGAGTACTTT TTTATCTTCT TTGGTGGTGA TTCCTACTAT TTTGCTAGCT 
361 AACGAATACA AACGTCCITT AATGGGCTTT GTAGCTGCTC TTTTAGCAAG TATAGCAAAC 
421 AGTTATTATA ATCGCACTAT GAGTGGGTAT T ATG AT ACGG AT ATGCTGGT AATTGTTTTG 
481 CCTATGTTTA TTTTATTTTT TATGGTAAGA ATGATTTTAA AAAAAGACTT TTTTTCATTG 

25 541 ATTGCCTTGC CGTTATTTAT AGGAATTTAT CTTTGGTGGT ATCCTTCAAG TTATACTTTA 
601 AATGTAGCTT TAATTGGACT TTTTTTAATT TATACACTTA TTTTTCATAG AAAAGAAAAG 
661 ATTTTTTATA TAGCTGTGAT TTTGTCTTCT CTTACTCTTT CAAATATAGC ATGGTTTTAT 
721 CAAAGTGCCA TTATAGTAAT ACTTTTTGCT TTATTCGCCT TAG AGC A AAA ACGCTTAAAT 
781 TTTATGATTA TAGGAATTTT AGGTAGTGCA ACTTTGATAT TTTTGATTTT AAGTGGTGGG 

30 841 GTTG ATCCTA TACTTT ATCA GCTTAAATTT TATATTTTTA GA AGTG ATG A AAGTGCGAAT 
901 TTAACGCAGG GCTTTATGTA TTTTAATGTC AATCAAACCA TACAAGAAGT TGAAAATGTA 
961 GATCTTAGCG AATTTATGCG AAGAATTAGT GGTAGTGAAA TTGTTTTTTT GTTTTCTTTG 
1021 TTTGGTTTTG TATGGCTTTT GAGAAAACAT AAAAGTATGA TTATGGCTTT ACCTATATTG 
1081 GTGCTTGGGT TTTTAGCCTT AAAAGGGGGG CTTAGATTTA CCATTTATTC TGTACCTGTA 

35 1141 ATGGCCTTAG GATTTGGTTT TTTATTGAGC GAGTTTAAGG CTATAATGGT TAAAAAATAT 
1201 AGCCAATTAA CTTCAAATGT TTGTATTGTT TTTGCAACTA TTTTGACTTT AGCTCCAGTA 
1261 TTT ATCC AT A TTT AC AACT A T AAAGCGCC A ACAGTTTTTT CTCAAAATGA AGCATCATTA 
1321 TTAAATCAAT TAAAAAATAT AGCC A AT AG A G AAG ATT ATG TGGTAACTTG GGCGGCTTAT 
1381 GGTT ATCCT G TGCGTT ATT A TAGCGATGTG AAAACTTTAG TAGATGGTGG AA AGCATTT A 

40 1441 GGTAAGGATA ATTTTTTCCC TTCTTTTGCT TTAAGCAAAG ATGAACAAGC TGCAGCTAAT 
1501 ATGGCAAGAC TT AGTGTAG A AT AT ACAG A A AAAAGCTTTT ATGCTCCGCA AAATGATATT 
1561 TT A AAAAC AG ACATTTTGCA AGCCATGATG A A AGATTAT A ATCAAAGCAA TGTGGATTTG 
1621 TTTCTAGCTT CATTATCAAA ACCTG ATTTT AAAATCG AT A CGCCAAAAAC TCGTGATATT 
1681 TATCTTTATA TGCCCGCTAG AATGTCTTTG ATTTTTTCTA CGGTGGCTAG TTTTTCTTTT 

45 1741 ATTAATTTAG ATACAGGAGT TTTGGATAAA CCTTTTACCT TTAGCACAGC TTATCCACTT 
1801 GATGTT AAAA ATGGAGAAAT TTATCTTAGC AACGGAGTGG TTTT AAGCG A TG ATTTT AGA 
1861 AGTTTTAAAA TAGGTGATAA TGTGGTTTCT GTAAATAGTA TCGT AGAG AT TAATTCTATT 
1921 AAACAAGGTG AATACAAAAT CACTCCAATT G ATG ATA AGG CTCAGTTTTA TATTTTTTAT 
1981 TTAAAGGATA GTGCTATTCC TTACGCACAA TTT ATTTT AA TGGATAAAAC CATGTTTAAT 

50 2041 AGTGCTTATG TGCAAATGTT TTTTTTAGGA AATTATGATA AGAATTTATT TGACTTGGTG 
2101 ATTAATTCTA GAG ATGCT A A GGTTTTTAAA CTTAAAATTT ACCCAT ACG A TGTTCCAGAT 
2161 TACGCTTAA 
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SEQ. ID NO. 2: AMINO ACID SEQUENCE FOR PgIB 

722 AA 

5 MLKKEYLKNPYLVLFAMIILAYVFSVFCRFYWVWWASEFNEYFFNNQLMIISNDGYAFAE 
GARDMIAGFHQPNDLSYYGSSLSALTYWLYKITPFSFESIILYMSTFLSSLVVIPTILLA 
NEYKRPLMGFVAALLASIANSYYNRTMSGYYDTDMLVIVLPMFILFFMVRMILKKDFFSL 
IALPLFIGIYLWWYPSSYTLNVALIGLFLIYTLIFHRKEKIFYIAVILSSLTLSNIAWFY 
QSAIIVILFALFALEQKRLNFMIIGILGSATLIFLILSGGVDPILYQLKFYIFRSDESAN 

10 LTQGFMYFNVNQT1QEVENVDLSEFMRRISGSEIVFLFSLFGFVWLLRKHKSMIMALPIL 
VLGFLALKGGLRFTIYSVPVMALGFGFLLSEFKAIMVKKYSQLTSNVCIVFATILTLAPV 
FIHIYNYKAPTVFSQNEASLLNQLKN1ANREDYVVTWAAYGYPVRYYSDVKTLVDGGKHL 
GKDNFFPSFALSKDEQAAANMARLSVEYTEKSFYAPQNDILKTDILQAMMKDYNQSNVDL 
FLASLSKPDFKIDTPKTRDIYLYMPARMSLJFSTVASFSFINLDTGVLDKPFTFSTAYPL 

15 DVKNGEIYLSNG VVLSDDFRSFKIGDNVVSVNSIVEINSIKQGEYKITPIDDK.AQFYIFY 
LKDSAIPYAQFILMDKTMFNSAYVQMFFLGNYDKNLFDLVINSRDAKVFKLKIYPYDVPD 
YA 

SEQ. ID NO. 3: OLIGONUCLEOTIDE CASSETTE IN pGVXN64 PLASMID 
20 

5" -AATTCTGCAGGATCCTCTAG AAGCTTGG 

SEQ. ID NO. 4: OLIGONUCLEOTIDE CASSETTE IN pGVXN64 PLASMID 

25 5'AATTCCAAGCTTCTAGAGGATCCTGCAG 

SEQ. ID NO. 5: COMPLETE NUCLEOTIDE SEQUENCE ENCODING THE 
SHIGELLA DYSENTERIAE Ol ANTIGEN IN THE PGVXN64 

30 PLASMID 

LOCUS i-OlCluste 10174 bp DNA SYN 23-JAN-2009 
DEFINITION Inverted Ol Cluster 
ACCESSION i-OlCluste 

35 KEYWORDS . 
SOURCE Unknown. 

ORGANISM Unknown 
Unclassified. 

REFERENCE 1 (bases 1 to 10174) 
40 AUTHORS Self 

JOURNAL Unpublished. 
BASE COUNT 3223 a 1581c 2074 g 32961 
ORIGIN 

45 I ATGAAAAACC ATAAGGTTAG TATTATCATC CCCTGTTTTA ATAACGGAAA AACTATAGAA 
61 AGATGCGTTC TTTCCGCATT AAAACAAACC CATAGAAATA TAGAGATTAT TTGTATAAAT 
121 GATGGACCGT CAGATAATAG CTGGAATATT TTA AAG AA AT T AAGCTC ATT GTATGGAAAT 
181 GTTTTTGCTT TTAATAATGA GGACAATTCA GGGCCGTCAT TTTCCAGGAT TAAAGGGGTT 
241 TCACTATCTA CGGGGCATTT TTTGTCATTT TTGGATGCAG ATGATTACTG GCATCCAAAA 

50 301 AAACTAGAAT TACAACT ATC ATTTATTAAT GATGAAAACT TGGATTTTTT AGGTTCAACG 
361 TGTTCCATTG GTGAGAAAAA TAACCAAGAA ATT AACC A AG GA ATT A AA AA AGAACATTTA 
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421 AAATTAAAAA T AATTTC ATT TAACATGATG TTGTTT A AG A ATTATTTCCA GACTCCAGCT 
481 GTCATTATGA AA AG AGAT AT TITTATTCCA TTTAATGAGA ATCAGCGTTT TTCAGAGGAC 
541 TACATGTCAT GGCTTGTTAT CGTTTATAAT AAAAAAACAA ATGTGGATTT AATATATGGA 
601 AGGGATTTGG TTTTTCTCGA TAAATTTAAC TTTGGAGTGT CAGGGTTGAG TGGTAATTTA 
661 TGGTTGATGG AGAAGTGGGA GTTAAAAAAT ATATTTAACT TCTTGTTGAA AGGTAAAATA 
721 ATGGCAGTGC CTGCGATCTT GTTTTCTTTG ATAAAATATG AA AG A AG ATG CGCTTTAACA 
781 AAG AAAAAT A AAGGTAAGGG TAATAAATAA TGAAGATCTC A AT AATAGGG AACACAGCAA 
841 ATGCTATGAT TTTGTTTAG A TTGGATTTAA T A AAAAC ACT AACCAACAAA GGGATTTCAG 
901 TCTATGCTTT TGCTACTGAC TATAATGATT CATCCAAGGA AAT AAT A AAA AAAGCAGGCG 
961 CCATTCCTGT TGATT AT AAT TTAAGTCGCA GTGGTATTAA CCTTGCTGGT GATTTATGGA 
1021 AT ACTTACTT ATTAAGTAAA AAACT A AAG A AGAT AAAACC AGATGCTATT TTATCTTTTT 
1081 TTTCAAAGCC CTCTATCTTT GGATCGTTGG CTGGTATTTT TTCAGGCGTT AAAAATAATA 
1141 ACGCTATGCT TGAGGGGTTA GGTTTTTTAT TTACAGAGCA GCCACATGGA ACTCCGTT A A 
1201 AAACAAAGTT ACTTAAAAAT ATCCAGGTTC TCCTGTATAA AATAAT ATTT CCACATATCA 
1261 ACTCATTAAT ACTCCTTAAC AAGGATGATT ATC ATG ATTT GATAGATAAA TACAAAATAA 
1321 AATTAAAATC TTGCC AT ATT CTTGGTGGCA TTGGTTTAGA TATGAATAAT TACTGTAAAA 
1381 GCACGCCACC AACAAATGAA ATATCATTCA TTTTT AT AGC TCGTTTGCT A GCAGAAAAAG 
1441 GAGTCAATGA GTTTGTTGCT GCCGCAAAAA AA AT AAA AAA AACACATCCC AATGTTGAAT 
1501 TT ATTATACT TGGCGCTATA GATAAGGAAA ACCCCGGAGG GTT ATCTG A A TCTGACGTAG 
1561 ATACTTTAAT TAAATCAGGA GTTATTTCTT ATCCCGGATT TGTTTCTAAT GTGGCTGATT 
1621 GGATTGAAAA ATCAAGCGTA TTTGTTCTTC CTTCCTATTA TCGAGAGGGA GTTCCTCGTA 
1681 GTACACAAGA AGCGATGGCT ATGGGGAGGC CGATTTTAAC TACTAATTTA CCAGGCTGCA 
1741 AAGAAACAAT TATTGATGGT GTGAATGGAT ATGTTGTAAA AAAATGGTCA CATGAAGATC 
1801 TTGCAGAAAA AATGCTGAAG TTAATTAATA ATCCTGAAAA AATA ATC AGT ATGGGAGAAG 
1861 AAAGTTATAA GTTAGCAAGA GAAAGATTCG ATGCAAATGT AAATAATGTA A AGTTATT AA 
1921 AAATACTAGG GATTCCTGAT TAATAAACGA AAAGCGGCTC TGATTCATTC GGAACTAAGA 
1981 ACCTATCTCA ATAGGAGCTA AATTCATGAC CTTACCCAGC CATATCGACC TGCAGCCTGA 
2041 CTGATGCCAT TGCCGAACTG GCGAAAAAAC AGTCCGTTGA TGCCATGCTG ATGACTGGAG 
2101 ACAGCTACGA CTGCGGAAAA AAAATGGGCT ATATGCAGGC GTTTGTGAAG TATGGGCTGC 
2161 GCAACCTCAA AGAAGGGGCG AAGTTCCGTA AAGGGATTGA GAAGCTGTTA AGCGAATAAT 
2221 GAAAATCTGA CCGAATGTAA CGGTTGATAA GAAAATTATA ACGGCAGTGA AGATTCGTGG 
2281 CG A A AGTAAT TTGTTGCGAA TATTCCTGCC GTTGTTTTAT ATA A AC A ATC AG A AT AAC A A 
2341 AG AGTT AGC A AT AG G ATTTT CGTCAAAGTT TTCCAGGATT TTCCTTGTTT CCAGAGCGGA 
2401 TTGGT AAG AC A ATTAGTGTT TGAATTTTTC GGGTTTAGCG CGAGTGGGTA ACGCTCGTCA 
2461 CATCGTGGAC ATGTATGCAG TGCTCTGGTA GCTGTAAAGC CAGGGGCGGT AGCGTGCATT 
2521 AATACCTCTA TT A ATC AAAC TGAGAGCCGC TTATTTCACA GCATGCTCTG A AGTAAT ATG 
2581 G A ATAATAAA GTG A AG AT AC TTGTTACTGG TGGCGCAGGA TTTATTGGTT CTGCTGTAGT 
2641 TCGTCACATT ATAAATAATA CGCAGGATAG TGTTGTT AAT GTCGATAAAT TAACGTACGC 
2701 CGGAAACCTG GAGTCACTTG CTGATGTTTC TGACTCTAAA CGCTATGTTT TTGAACATGC 
2761 GGATATTTGC GATGCTGCTG CAATGGCGCG GATTTTTGCT CAGCATCAGC CGGATGCAGT 
2821 GATGCACCTG GCTGCTGAAA GCCATGTGGA TCGTTCAATT ACAGGCCCTG CGGCATTTAT 
2881 TGAAACCAAT ATTGTTGGTA CTTATGTCCT TTTGGAAGCG GCTCGCAATT ACTGGTCTGC 
2941 TCTTGATGGC GACAAGAAAA ATAGCTTCCG TTTTCATCAT ATTTCTACTG ACGAAGTCTA 
3001 TGGTGATTTG CCTCATCCTG ACGAAGTAAA TAATAAAGAA CAATTACCCC TCTTTACTGA 
3061 GACGACAGCT TACGCGCCTA GTAGTCCTTA TTCCGCATCA AAAGCATCCA GCGATCATTT 
3121 AGTCCGTGCG TGGAAACGTA CCT ATGGTTT ACCGACCATT GTG ACTA ACT GTTCG A AT AA 
3181 CTACGGTCCT TATCACTTTC CGGAAAAATT GATTCCACTA GTAATTCTTA ATGCTCTGGA 
3241 AGGTAAGGCA TTACCTATTT ATGGCAAAGG GGATCAAATT CGTGACTGGC TGTATGTTGA 
3301 AGATCATGCG CGTGCGTTAT ATATCGTCGT AACCGAAGGT AAAGCGGGTG AAACTTATAA 
3361 CATTGGTGGA CACAACGAAA AGAAAAACAT CGATGTAGTG CTC ACT ATTT GTGATTTGTT 
3421 GGATGAGATT GTACCGAAAG AGAAATCTTA CCGCGAGCAA ATTACTTATG TTGCCGATCG 
3481 CCCGGGACAC GATCGCCGTT ATGCGATTGA TGCAGAGAAG ATTAGCCGCG AATTGGGCTG 
3541 GAAACCGCAG GAAACGTTTG AGAGCGGGAT TCGTAAAACG GTGGGATGGT ACCTCTCCAA 
3601 TACAAAATGG GTTGATAATG TAAAAAGTGG TGCCTATCAA TCGTGGATTG A AC AG A ACTA 
3661 TGAGGGCCGC CAGTAATGA^ TATCCTCCTT TTCGGCAAAA CAGGGCAGGT AGGTTGGGAA 
3721 CTACAGCGTG CTCTGGCACC TCTGGGTAAT TTGATTGCTC TTGATGTTCA CT CC ACTG AT 
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3781 TACTGTGGTG ATTTTAGTAA TCCTGAAGGT GTAGCTGAAA CCGTAAGAAG CATTCGGCCT 
3841 GATATTATTG TCAACGCAGC CGCTCACACC GCAGTAGACA AAGCAGAATC AGAACCGGAG 
3901 TTTGCACAAT TACTTAACGC GACGAGTGTC GAAGCGATCG CGAAAGCAGC CAATGAAGTC 
3961 GGCGCCTGGG TTATTCACTA CTCTACTGAC TACGTATTTC CGGGGACCGG TGAAATACCA 
4021 TGGCAGGAGG CGGATGCAAC CGCACCGCTA AATGTTTACG GTGAAACCAA GTTAGCTGGA 
4081 GAAAAAGCAT TACAAGAGCA TTGTGCGAAG CACCTAATTT TCCGTACAAG CTGGGTCTAT 
4141 GCAGGTAAAG GAAATAACTT CGCCAAAACG ATGTTGCGTC TGGGAAAAGA GCGTGAAGAA 
4201 TTAGCCGTTA TTAATGATCA GTTTGGTGCG CCAACAGGTG CTGAACTGCT GGCTGATTGT 
4261 ACGGCACATG CAATTCGTGT GGCACTGAAT AAACCAGAAG TCGCAGGCTT GTACCATCTG 
4321 GTAGCCACTG GT ACC AC AAC CTGGCACGAT TATGCTGCGC TGGTTTTTGA AGAGGCACGA 
4381 AAAGCAGGTA TTCCCCTTGC ACTCAACAAG CTCAACGCAG TACCAACAAC AGCTTATCCT 
4441 ACACCAGCTC GTCGTCCACA TAACTCTCGC CTTAATACAG AAAAATTTCA GCAAAATTTT 
4501 GCGCTTGTTT TGCCTGACTG GCAGGTTGGC GTGAAACGAA TGCTCAACGA ATTATTTACG 
4561 ACTACAGCAA TTTAATAGTT TTTGCATCTT GTTCGTGATG ATGGAGCAAG ATG A ATT AAA 
4621 AGGAATGATG T A ATGA AA AC GCGTA A AGGT ATTATTTTAG CGGGTGGCTC TGGTACTCGT 
4681 CTTTATCCTG TGACTATGGC TGTC AGT AAA C AGCTATT AC CTATTT ATGA T A AGCCG ATG 
4741 ATCTATTACC CGCTCTCTAC ACTGATGTTG GCGGGTATTC GCG AT ATTCT GAIT ATT AGT 
4801 ACGCCACAGG ATACTCCTCG TTTTCAACAA CTCCTGGGTG ATGGTAGCCA GTGGGGGTTA 
4861 AATCTTCAGT ACAAAGTGCA ACCGAGTCCA GATGGTCTTG CGCAGGCATT TATCATCGGT 
4921 GAAGAGTTTA TCGGTGGTGA TGATTGTGCT CTGGTTCT CG GTG ATA AT AT CTTCTACGGT 
4981 CATGATCTGC CG A AGTT AAT GGATGTCGCT GTCAACAAAG AAAGTGGTGC AACGGT ATTT 
5041 GCCTATCACG TTAATGATCC TGAACGCTAC GGTGTTGTTG AGTTTG AT AA AAACGGTACG 
5101 GCAATCAGCC TGGAAGAAAA ACCGCT AC AA CCAAAAAGTA ATTATGCGGT AACCGGGCTT 
5161 TATTTCTATG ATAACGACGT TGTCGAAATG GCGAAAAACC TTAAGCCTTC TGCCCGTGGT 
5221 GAACTGGAAA TTACCGATAT TAACCGTATT TATATGGAGC AGGGGCGTTT ATCCGTTGCC 
5281 ATGATGGGAC GTGG'ITATGC ATGGCTGGAC ACGGGGACAC ATCAAAGTCT TATTGAAGCA 
5341 AGCAACTTCA TTGCAACAAT TGAAGAGCGC CAAGGGTTAA AGGTATCTTG CCTGGAAGAG 
5401 ATTGCTTATC GTAAAGGCTT TATTGACGCA GAGCAGGTTA ATGTATTAGC CGAACCGCTA 
5461 AAGAAAAATG CTTATGGTCA GTATCTGTTG AAAATGATTA AAGGTTATTA AAAATGAATG 
5521 TAATTAAAAC TGAAATTCCA GATGTATTAA TTTTCGAGCC GAAAGTTTTT GGTGATGAAC 
5581 GTGGTTTTTT TATGGAAAGC TTTAACC AG A AAGTTTTCGA AG AGGCTGT A GGGCGGAAGG 
5641 TTGAATTTGT TCAGGATAAC CATTCTAAAT CAACTAAGGG TGTGTTACGC GGACTGCACT 
5701 ATCAGITGGA ACCTTATGCT CAAGGTAAAT TAGTTCGTTG TGTTGTCGGT GAAGTTTTTG 
5761 ATGTAGC AGT TGATATTCGT AAATCGTCAC CTACATTTGG GAAATGGA1T GGGGTGAATT 
5821 TGTCTGCTGA GAATAAGCGT CAGTTGTGGA TACCTGAAGG ATTTGCGCAT GGATTTTTGG 
5881 TGCTGAGTGA AACGGCTGAG TTTGTTTATA AAACAACAAA CT ATT AC AAT CCAAGTTTTG 
5941 AAAAAAGTAT TTCATACTCA GATCCTACCA TTAAAATTCA GTGGCCCAAT TTACAGGATA 
6001 TGCATTTTAA ATT ATC AA AT AAGGATTTGA ATGCTAAGAA CTTTTTTAAT AAC AAT AGTT 
6061 TAATGCAATG AAGAAAAATA TATTGCTCTT GTTCTTAGTA CATGGGGCAA ATTATTTGTT 
6121 CCCGTTTATA GTTCTTCCAT ATCAAACTCG AATATTAAGC ATCGAGACAT TCGCAGATGT 
6181 AGCAAAAATT CAAGCCGCTG TGATGCTTTT ATCTTTAATC GTAA ATTATG GAT AT AACTT 
6241 ATCAAGTACA AGAGCTATAG CTAGGGCCGT ATCTCAAGCA G A A AT A AAT A AGATCTATAG 
6301 TGAGACTCTT ATTGTAAAAT TATTATTGGC AACCATTTGT CTTGCACTTG GTTGCGT AC A 
6361 TTTG ATGTAT GTCAAAGAGT ACTCATTGAT ATATCCTTTT AT AATC AGTT CGATATATCT 
6421 TTATGGTAGT GCATTATTTG CTACTTGGTT ATTCCAAGGA CTTGAGAAAA TGAAAGCGGT 
6481 CGTTATAGCA ACAACAATCG CT A AACTGAC TGGTGTGATA CTTACTTTTA TTTTAGTT AA 
6541 GTCTCCAAAT GATATAGTTG CAGCTCTTTT TACACAAAAC ATTGGGATGT TT AT AAGTGG 
6601 TATAATATCT ATTTAnTGG T A AGG AA AAA CAAATATGCA ACCGTAATAT GTTTTCGACT 
6661 T AAAAAT ATT ATTGTAAGCT TAAAAGAAGC GTGGCCGTTT TTTTTATCAT T AGCTGC AAC 
6721 AAGTGT AT AT ACATA TTTTA ATGTG ATTTT ATTATCTTTT TATGCTGGCG ACTATGTTGT 
6781 GGCAAATTTT AATGCTGCTG ATAAATTAAG AATGGCTGCT CAAGGGTTAC TTATTCCAAT 
6841 AGGACAGGCT GTTTTCCCAC GATTATCTAA ACT AG AGGGC TATGAATATA GTTCTAAACT 
6901 TAAAATTTAT GCAATAAGGT ATGCTATTTT TGGTGTTTGC ATTAGTGCGG GACTTGTATT 
6961 TTTAGGTCCC ATGTTAACTA CTATTT ATTT AGGCAAAGAA TATTCGTTGT C AGG AG AAT A 
7021 TCTTCAAAGT ATGTTTTTAC TACCTGCCAC TATTTCAATA TCGACTATAC TGAGTCAATG 
7081 GATGTTGATA CCTCAAGGCA A AG A AAAAAT ATTAAGCAGA ATCT AT ATTC TAGGCGCCAT 
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7141 TGTCCATTTA TTATATGCAT TTCCTTTAGT TTACTATTAT GGGGCTTGGG GCATGGTAAT 
7201 ATCAATTTTA TTTACTGAAG TCTTAATTGT ATTATTTATG CTTAAGGCTG TGAAATGACT 
7261 TACTTTACTG GTTTTATTTT AATATTGTTT GCTATTATAA TT AA AAG ATT AACTCCAAGT 
7321 CAAAGCAAGA AAAATATTGT CTTAATAGCT AATGCGTTTT GGGGAATATT GTTGGTAGGT 
7381 T ATGCTTTC A ATG AACA AT A TTTCGTACCA TTAAGTGCAA CAACCTTGTT TTTT AT ACTT 
7441 GCATTCTTAT TTTTCTTTAG TATGACTTAT ATTTTAATTG CTAGGAGTGG AAGGGTTGTT 
7501 TTTTCTTTCG GTACTGGTTT T AT AG AAAGC AAATATATTT ACTGGTTTGC TGGGATGATT 
7561 AATATTATTA GTATCTGCTT TGGC ATT ATC CTTTTATATA ATAATCATTT TTCTTTAAAA 
7621 GTAATGAGAG AAGGAATTTT AGATGGTTCT ATTAGTGGGT TTGGATTGGG GATAAGTTTG 
7681 CCACTTTCCT TCTGCTGTAT GTATTTAGCA AGACATGAGA ATAAAAAAAA TTATTTCTAT 
7741 TGTTTT AC AC TACTTTCATT CTTGCTTGCG GTGTTATCAA CTTCAAAGAT CTTCTTAATA 
7801 TT ATTCCTTG TATATATTGT TGGAATAAAT AGTT ATGT A A GCAAAAAGAA ATTGCTT ATT 
7861 TATGGAGTGT TTGTATTTGG ACTGTTCGCT TTATCAAGTA TTATCTTGGG TAAGTTCTCT 
7921 TCAGACCCTG AAGGCAAGAT TATTTCAGCA ATATTTGATA CGTTAAGGGT TTATCTTTTC 
7981 TCGGGATTGG CAGCCTTTAA TCTTTATGTT GAAAAGAATG CCACGCTCCC CG A AAA TTT A 
8041 CTTTTGTATC CATTTAAGGA GGTTTGGGGG ACGACAAAAG ATATTCCCAA AACTGATATT 
8101 TTGCCTTGGA TCAACATTGG TGTATGGGAC ACGAATGTAT ATACAGCTTT TGCACCATGG 
8161 TATCAGTCAT TGGGATTATA TGCAGCTATA ATTATTGGTA TTCTCTT AGG GTTTT ATT AC 
8221 GGGATATGGT TTAGCTTTCG T C AAA ATTT A GCTGTGGGTT TTTATC AA AC ATTTTTGTGT 
8281 TTTCCTCTTT TAATGTTGTT TTTCCAGGAG CATTATTTGT TGTCATGGAA AATGCATTTT 
8341 ATTTATTTTT T ATGTGC AAT TTT ATTAGCG ATGAGAAAAG CATTAGAGTA TGAATAAATA 
8401 TTGTATCTTA GTACTATTTA ATCCAGATAT AAGTGTTTTT ATTGATAATG TCAAAAAGAT 
8461 TTTATCTTTG GATGTAAGTT TATTTGTATA TGACAATTCA GCAAATAAAC ATGCATTCCT 
8521 TGCTCTATCC TCACAAGAGC AA AC AAAG AT AAATTACTTT TCGATATGTG AAAATATCGG 
8581 ATTGTCGAAA GCTTATAATG AGAC ACT AAG GCATATTCTT G A ATTT AAT A AGAATGTGAA 
8641 AAATAAAAGC ATTAATGATA GTGTGCTTIT TCTCGACCAA GACTCTGAAG TTG ATTT AAA 
8701 TTCCATCAAT ATTTTGTTTG AA ACT ATATC AGC AGC AG AG TCTAATGTGA TGAT AGTCGC 
8761 GGGGAATCCC ATAAGGAGAG ATGG ACT ACC GT AT AT AGAT TACCCCCACA CTGTAAACAA 
8821 TGTAAA ATTT GTAATTAGTA GTTATGCTGT GTATCGCTTA G ACGCATTT A GAAACATCGG 
8881 CTTGTTTCAA GAAGATTTTT TT AT AG ATC A T ATCG ATAGT GATTTTTGTT CAAGGCTGAT 
8941 AAAAAGCAAT TACC AA ATTC TCCTTAGAAA AGATGCCTTT TTTTATCA AC C AAT AGG A AT 
9001 AAAACCATTC AATCTCTGTG GTAGAT ATTT ATTCCCTATC CC ATC AC AAC ACCGAACATA 
9061 TTTTCAAATT AGAAATGCTT TTTTAAGTTA CAGGCGCAAT GGTGTTACAT TTAATTTTTT 
9121 ATTTAGGGAA ATTGTAAATA GATTGATTAT GAGTATATTC TCAGGCCTTA ACGAGAAAGA 
9181 CTTATTGAAA CGATTGCATT TATATTTAAA AGGAATAAAA GATGGTCTTA AAATGTAATT 
9241 CTTGGCTAGA AGTGGGGGCG TTGTG ATTA A AAAAAAAGTG GCGGCGATAA TTATAACATA 
9301 T AATCC AG AT CT A ACAATTC TGCGAGAAAG TT AT ACG AGT CTATATAAGC AAGTCGATAA 
9361 AATAATTCTT A'lTG AT AACA ACTCTACAAA CTATCAAGAA CTTAAGAAGT TATTCGAAAA 
9421 AAAAGAAAAA ATAAAAATAG TGCCCTTGAG TGATAATATA GGACTAGCAG CAGCTCAAAA 
9481 TTTAGGTTTG AACTTAGCTA TTAAAAATAA CTATACTTAT GCT ATTTT AT TCGATCAGGA 
9541 TAGCGTCTTA CAAGACAATG G AATT AAC AG TTTCTTTTTT GAATTTGAGA AATTAGTTAG 
9601 TGAAGAAAAA TT AA AT AT AG TTGCCATTGG GCCAAGTTTT TTTGACGAAA AGACAGGAAG 
9661 ACGCTTTCGG CCT AC AA AAT TT AT CGGTCC CTTTTTATAT CCCTTTCGTA AAATAACCAC 
9721 AAAAAATCCT CTAACAGAAG TTGACTTCTT GATTGCTTCT GGTTGTTTCA TAAAATTGGA 
9781 GTGTATTAAA TCAGCCGGAA TGATGACTGA ATCGTTATTC ATCGATTATA TTGATGTTGA 
9841 ATGGTC AT AT CGTATGCGTT CGTATGGCTA TAAGCTATAT ATTC AT A ATG AT ATTC AC AT 
9901 GAGTCATTTA GTGGGAGAAT CTCG AGTT A A TTT AGG ATTG AAA ACT ATTT CTTT ACATGG 
9961 GCCGCT AAGA CGATATTACT TATTTAGGAA TT AT ATTTC A ATTTTAAAAG TG AG ATAT AT 

10021 ACCGTTAGGA TATAAAATAC GTGAGGGTTT TTTT AAT ATC GGAAG ATTTT TGGTAAGTAT 
10081 GATTATAACT AAAAAT AG A A AAACTTTAAT TTT ATAC ACT ATAAAAGCAA TTAAGGACGG 
10141 A AT AA AT AAT GAAATGGGGA AAT AT A AAGG CTAA 
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SEQ. ID NO. 6: EPA AA SEQUENCE (643 AA), CONTAINING TWO 

GLYCOSYLATION SITES, WITH SIGNAL SEQUENCE 

MKKIWLALAGLVLAFSASAAEEAFDLWNECAKACVLDLKDGVRSSRMSVDPAIADTN 
5 GQGVLHYSMVLEGGNDALKLAIDNALSITSDGLTIRLEGGVEPNKPVRYSYTRQARGSW 

SLNWLVPIGHEKPSNIKVFIHELNAGNQLSHMSPIYTIEMGDELLAKLARDATFFVRAHE 
SNEMQPTLAISHAGVSVVMAQAQPRREKRWSEWASGKVLCLLDPLDGVYNYLAQQRC 
NLDDTWEGKIYRVLAGNPAKHDLDIKDNNNSTPTVISHRLHFPEGGSLAALTAHOACHL 
PLEAFTRHRQPRGWEQLEQCGYPVQRLVALYLAARLSWNQVDQVIRNALASPGSGGDL 

10 GEAIREOPEOARLALTLAAAESERFVROGTGNDEAGAASADVVSLTCPVAKPONRTKG 
ECAGPADSGDALLERNYPTGAEFLGDGGDVSFSTRGTQNWTVERLLQAHRQLEERGYV 
FVGYHGTFLEAAQSIVFGGVRARSQDLDAIWRGFYIAGDPALAYGYAQDQEPDARGRIR 
NGALLRVYVPRWSLPGFYRTGLTLAAPEAAGEVERLIGHPLPLRLDAITGPEEEGGRVTI 
LGWPLAERTVVIPSAIPTDPRNVGGDLDPSSIPDKEQAISALPDYASQPGKPPREDLK 

15 

SEQ. ID NO. 7: PROCESSED EPA AA SEQUENCE (624 AA), CONTAINING TWO 
GLYCOSYLATION SITES 

20 AEEAFDLWNECAKACVLDLKDGVRSSRMSVDPAIADTNGQGVLHYSMVLEGGNDALK 
LAIDNALSITSDGLTIRLEGGVEPNKPVRYSYTRQARGSWSLNWLVPIGHEKPSNIKVFIH 
ELNAGNQLSHMSPIYTIEMGDELLAKLARDATFFVRAHESNEMQPTLAISHAGVSVVMA 
QAQPRREKRWSEWASGKVLCLLDPLDGVYNYLAQQRCNLDDTWEGKIYRVLAGNPAK 
HDLDIKDNNNSTPTVISHRLHFPEGGSLAALTAHOACHLPLEAFTRHROPRGWEOLEOC 

25 GYPVQRLVALYLAARLSWNQVDQVIRNALASPGSGGDLGEAIREQPEQARLALTLAAA 
ESERFVROGTGNDEAGAASADVVSLTCPVAKDONRTKGECAGPADSGDALLERNYPTG 
AEFLGDGGDVSFSTRGTQNWTVERLLQAHRQLEERGYVFVGYHGTFLEAAQSIVFGGV 
RARSQDLDAIWRGFYIAGDPALAYGYAQDQEPDARGRIRNGALLRVYVPRWSLPGFYR 
TGLTLAAPEAAGEVERLIGHPLPLRLDAITGPEEEGGRVTILGWPLAERTVVIPSAIPTDPR 

30 NVGGDLDPSSIPDKEQAISALPDYASQPGKPPREDLK 

SEQ. ID NO. 8: CONSTRUCT A CONTAINING A118-S130 FROM EXAMPLE 2 

35 MKKTAIAIAVALAGFATVAOADVIIKPOVSGVIVNKLFKAGDKVKKGOTLFIIEODQASK 
DFNRSKALFSQLDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADGSHHH 
HHH 

40 SEQ. ID NO. 9: CONSTRUCT B CONTAINING F122-E138 FROM EXAMPLE 2 

MKKTAIAIAVALAGFATVAOADVIJKPOVSGV1VNKLFKAGDKVKKGOTLFIIEODOFN 
RSKALFSQSAISQKELDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADGS 
HHHHHH 
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SEQ. ID NO. 10: CONSTRUCT C CONTAINING D121-A127 FROM EXAMPLE 2 

5 MKKTAIAIAVALAGFATVAOADVIIKPOVSGVIVNKLFKAGDKVKKGOTLFIIEODODF 
NRSKALDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADGSHHHHHH 

SEQ. ID NO. 11: AMINO ACID SEQUENCE OF THE SOLUBLE ACRA PROTEIN 

FROM EXAMPLE 3 
10 

MKYLLPTAAAGLLLLAAOPAMAMHMSKEEAPKIOMPPOPVTTMSAKSEDLPLS/TYPA 
KLVSDYDVIIKPQVSGVIVNKLFKAGDKVKKGQTLFIIEQDKFKASVDSAYGQALMAKA 
TFENASKDFNRSKALFSKSAISQKEYDSSLATFNNSKASLASARAQLANARIDLDHTEIK 
APFDGT1GDALVNIGDYVSASTTELVRVTNLNPIYADFFISDTDKLNLVRNTQSGKWDLD 

15 SIHANLNLNGETVQGKLYFIDSVIDANSGTVKAKAVFDNNNSTLLPGAFATITSEGFIQK 
NGFKVPQIGVKQDQNDVYVLLVKNGKVEKSSVHISYQNNEYAIIDKGLQNGDKIILDNF 
KKIQVGSEVKEIGAQLEHHHHHH 

20 SEQ. ID NO. 12: AMINO ACID SEQUENCE OF THE CTXB PROTEIN FROM 

EXAMPLE 6 

MKKTAIAIAVALAGFATVAOATPONITDLCAEYHNTOIHTLNDKIFSYTESLAGKREMAI 
ITFKNGATFQVEVPGSQHIDSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAI 

25 SMANGSHHHHHH 

SEQ. ID NO. 13: AMINO ACID SEQUENCE OF THE OMPH1 PROTEIN OF 

CAMPYLOBACTER JEJUNI (STRAIN 81-176) FROM EXAMPLE 7 
30 

MKKILLSVLTTFVAVVLAACGGNSDSKTLNSLDK1KONGWRIGVFGDKPPFGYVDEKG 
NNQGYDIALAKRIAKELFGDENKVQFVLVEAANRVEFLKSNKVDIILANFTQTPERAEQ 
VDFCLPYMKVALGVAVPKDSNITSVEDLKDKTLLLNKGTTADAYFTQDYPNIKTLKYD 
QNTETFAALMDKRGDALSHDNTLLFAWVKDHPDFKMGIKELGNKDVIAPAVKKGDKE 

35 LKEFIDNLIIKLGQEQFFHKAYDETLKAHFGDDVKADDWIEGGKILEQKL/SEEDL 

SEQ. ID NO. 14: FORWARD OLIGO FOR AMPLIFYING EPA USING PCR IN 

EXAMPLE 10 

40 5'-AAGCTAGCGCCGCCGAGGAAGCCTTCGACC 
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SEQ. ID NO. 15: REVERSE OLIGO FOR AMPLIFYING EPA USING PCR IN 

EXAMPLE 10 

5'-AAGAATTCTCAGTGGTGGTGGTGGTGGTGCTTCAGGTCCTCGCGCGGCGG 
5 

SEQ. ID NO. 16: PHOSPHORYLATED OLIGONUCLEOTIDE USED TO 
CONSTRUCT pGVXN70 IN EXAMPLE 10 

10 5'-GAAGGCGGGCGCGTGACCATTCTCGGC 

SEQ. ID NO. 17: PHOSPHORYLATED OLIGONUCLEOTIDE USED TO 
CONSTRUCT pGVXN70 IN EXAMPLE 10 

15 

5 '-GCCGAGAAT GGTCACGCGCCCGCCTTC 

SEQ. ID NO. 18: OLIGO FOR QUICK CHANGE MUTAGENESIS USING pGVXN70 
AS A TEMPLATE IN EXAMPLE 10 

20 

5'-CCTGACCTGCCCCGGGGAATGCGCGG 

SEQ. ID NO. 19: OLIGO FOR QUICK CHANGE MUTAGENESIS USING pGVXN70 

AS A TEMPLATE IN EXAMPLE 10 
25 

5'-CCGCGCATTCCCCGGGGCAGGTCAGG 

SEQ. ID NO. 20: OLIGO FOR PRODUCTION OF pGVXN137 IN EXAMPLE 10 

30 5'- GTCGCCAAAGATCAAAATAGAACTAAA 
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SEQ. ID NO. 21: OLIGO FOR PRODUCTION OF pGVXN137 IN EXAMPLE 10 

5'- TTTAGTT CT ATTTT GAT CTTT GGCG AC 

5 SEQ. ID NO. 22: OLIGO FOR INSERTION OF ADDITIONAL GLYCOSYLATION 
SITE INTO pGVXN137 IN EXAMPLE 10 

5'-CATGACCTGGACATCAAGGATAATAATAATTCTACTCCCACGGTCATCAGTCATC 

10 SEQ. ID NO. 23: OLIGO FOR INSERTION OF ADDITIONAL GLYCOSYLATION 
SITE INTO pGVXN137 IN EXAMPLE 10 

5'-GATGACTGATGACCGTGGGAGTAGAATTATTATTATCCTTGATGTCCAGGTCATG 
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CLAIMS 

1. A method of producing a composition comprising a bioconjugate, wherein 

said bioconjugate comprises a carrier protein linked to an O antigen, said method 

comprising:  

(i) expressing in bacteria (procaryotic host cell):  modified Exotoxin of 

Pseudomonas Aeruginosa (EPA) protein containing at least one consensus sequence, 

D/E – X – N – Z – S/T, wherein X and Z may be any natural amino acid except proline, 

or the AcrA protein; an oligosaccharyl transferase (OTase); and one or more O 

antigens;  

(ii) growing the bacteria for a period of time to produce an amount of the 

biconjugate comprising the AcrA protein or the modified EPA protein linked to the one or 

more O antigens;  

(iii)  extracting periplasmic proteins from the procaryotic host cell; and 

(iv) separating the bioconjugate from the extracted periplasmic proteins by 

anionic exchange and size exclusion chromatography;  

wherein the periplasmic proteins further comprise at least one polypeptide 

sequence which target said periplasmic proteins to an outer membrane of the 

procaryotic host cell;

� wherein the procaryotic host cell comprises a functional pgl operon from 

Campylobacter ssp, preferably C. jejuni which makes production of proteins more 

efficient;   

wherein said functional pgl operon is a cluster of nucleic acids which encodes 

said OTase; and

�

wherein said O antigen is from extraintestinal pathogenic E. coli (ExPEC), S. 

flexneri 2a, S. flexneri 3a, S. flexneri 3b, S. flexneri 6 or S. sonnei. 

2. The method of claim 1, wherein said oligosaccharyl transferase is from 

Campylobacter. 
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3. The method of claim 2, wherein said oligosaccharyl transferase is from 

Campylobacter jejuni.   

4. The method of claim 1, wherein said composition is at least 98% pure with 

respect to the bioconjugate. 

5. The method of claim 3, wherein said composition is at least 98% pure with 

respect to the bioconjugate. 




