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Description

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit under 35 U.S.C. § 119(e) of U.S. Provisional Patent Application No.
61/272,931, filed November 19, 2009, herein incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to the use of a biosynthetic system and proteins for preparing a vaccine. In
addition, the invention relates to a recombinant prokaryotic biosynthetic system having an epimerase that initiates the
synthesis of an oligo- or polysaccharide with a specified monosaccharide at the reducing terminus. The invention further
relates to N-glycosylated proteins produced with glycans in an expression system and bioconjugate vaccines made from
said N-glycosylated proteins comprising immunogenic glycans, and provides methods for producing N-glycosylated
proteins.

BACKGROUND OF THE INVENTION

[0003] Glycoproteins are proteins that have one or more covalently attached sugar polymers. N-linked protein glyco-
sylation is an essential and conserved process occurring in the endoplasmic reticulum of eukaryotic 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).
[0004] Protein glycosylation has a profound influence on the
immunogenicity, the stability and the 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 bio-
logically and pharmaceutically useful glycosylation patterns.
[0005] WO 2003/07467 (Aebi et al.) demonstrated that the food-borne pathogen Campylobacter jejuni, which is a
bacterium, could N-glycosylate its proteins, which was a unique feature among known prokaryotic organisms except for
certain species of archaea. The machinery required for glycosylation is encoded by 12 genes that are clustered in the
so-called pgl locus. Disruption of N-glycosylation 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. Biochem
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 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).
[0006] N-glycans have a glycan attached to a consensus sequence in a protein. The known N-glycosylation consensus
sequence in a protein allows for the N-glycosylation of recombinant target proteins in prokaryotic organisms. Such
organisms comprise an oligosaccharyl transferase ("OT"; "OTase"), such as, for example, an oligosaccharyl transferase
of C. jejuni, which is an enzyme that transfers the glycan to the consensus sequence of the protein.
[0007] WO 2003/07467 (Aebi et al.) teaches a prokaryotic 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 target
protein comprising a consensus sequence "N - X - S/T", wherein X can be any amino acid except proline, and (iii) an
oligosaccharyl transferase, such as, for example, an oligosaccharyl transferase of C. jejuni that covalently links said
oligosaccharide to the consensus sequence of the target protein. Said prokaryotic organism produces N-gl yeans with
a specific structure which is defined by the type of the specific glycosyltransferases.
[0008] WO 2006/1 19987 (Aebi et al.) describes proteins, as well as means and methods for producing proteins, with
efficiency for N-glycosylation in
prokaryotic organisms in vivo. It further describes an efficient introduction of N-glycans into recombinant proteins for
modifying immunogenicity, stability, biological, prophylactic and/or therapeutic activity of said proteins, and the provision
of a host cell that efficiently displays recombinant N-glycosylated proteins of the present disclosure on its surface. In
addition, it describes 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
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amino acid sequence(s) is introduced. The introduction of specific partial amino acid sequence(s) (optimized con-
sensus sequence(s)) into proteins leads to proteins that are efficiently N- glycosylated by an oligosaccharyl trans-
ferase in these introduced positions.

[0009] The biosynthesis of different polysaccharides is conserved in bacterial cells. The polysaccharides are assembled
on carrier lipids from common precursors (activated sugar nucleotides) at the cytoplasmic membrane by different glyc-
osyltransferases with defined specificity. Lipopolysaccharides ("LPS") are provided in gram-negative bacteria only, e.g.
Shigella spp., Pseudomonas spp. and E. coli (ExPEC, EHEC).
[0010] The synthesis of LPS starts with the addition of a monosaccharide to the carrier lipid undecaprenyl phosphate
("Und-P-P") 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. 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.
[0011] Such synthesized complexes of oligo- or polysaccharides (i.e., sugar residues) and proteins (i.e., protein car-
riers) can be used as conjugate vaccines to protect against a number of bacterial infections. Conjugate vaccines have
been successfully used to protect against bacterial infections. The conjugation of an antigenic polysaccharide to a protein
carrier is required for protective memory response, as polysaccharides are T-cell independent immunogens. Polysac-
charides have been conjugated to protein carriers by different chemical methods, using activation reactive groups in the
polysaccharide as well as the protein carrier.
[0012] Conjugate vaccines can be administered to children to protect against bacterial infections and also can provide
a long lasting immune response to adults. Constructs of WO 2009/104074 (Fernandez, et al.) 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 correlates with immune protection in humans. (Passwell, J.H. et al., "Safety andIm-
rnunogenicity 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 residues) 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.
[0013] E. coli 0157 is an enterohemorrhagic strain responsible for approximately two-thirds of all recent cases of
hemolytic-uremic syndrome and poses serious human health concerns (Law, D. (2000) J. App. Microbiol., 88, 729-745;
Wang, L., and Reeves, P. R. (1998) Infect. Immun. 66, 3545-3551).
[0014] Escherichia coli strain 0157 produces an O-antigen containing the repeating tetrasaccharide unit (4-N-acetyl
perosamine->fucose- glucose->GaINAc) (a-D-PerNAc-cc-L-Fuc-P-D-Glc-cc-D-GaINAc) (Perry, M. B., MacLean, L. and
Griffith, D. W. (1986) Biochem. Cell. Biol., 64, 21 -28). The tetrasaccharide is preassembled on undecaprenyl pyrophos-
phate. The E. coli cell envelope contains an inner plasma membrane, a stress-bearing peptidoglycan layer and an
asymmetric outer membrane consisting of a phospholipid inner monolayer and an outer
monolayer composed of bacterial LPS. LPS contains three components, the lipid A anchor, the 3-deoxy-D-manno-oct-
2-ulosonic acid-containing core, and the O-antigen region (see: Raetz, C. R. H. and Whitfield, C. (2002) Annu. Rev.
Biochem., 71, 635-700; Whitfield, C. (2006) Ann. Rev. Biochem. 75, 39-68; Samuel, G. and Reeves, P. R. (2003)
Carbohydrate Research, 338, 2503-2519; and refs. therein for reviews on the assembly of O-antigens of bacterial LPS).
[0015] The O-antigen components of bacterial LPS are large, extremely diverse polysaccharides that can be either
homopolymeric, composed of a single repeating monosaccharide, or heteropolymeric, containing 10-30 repeats of 3-6
sugar units (Reeves, P. R., Hobbs, M.., Valvano, M. A., Skurnik, M., Whitfield, C, Coplin, D., ido, N., lena, J., Maskell,
D., Raetz, C. R. H., and Rick, P. D. (1996) Trends Microbiol., 4, 495-503). O-antigens are, thus, the dominant feature
of the bacterial cell surface and constitute important determinants of virulence and pathogenicity (Law, D. (2000) J. App.
Microbiol, 88, 729-745; Spears, K. J., Roe, A. J. and Gaily, D. L. (2006) FEMS Microbiol. Lett., 255, 187-202; Liu, B.,
Knirel, Y. A., Feng, L., Perepelov, A. V., Senchenkova, S. N., Wang, Q., Reeves, P. R. and Wang, L (2008) FEMS
Microbiol. Rev. 32, 627-653; Stenutz, R., Weintraub, A. and Widmalm, G. (2006) FEMS Microbiol. Rev. 30, 382-403).
E. coli strains with more than 180 individual O-serotypes, attributed to unique O-antigen structures, have been identified
(Stenutz, R., Weintraub, A. and Widmalm, G. (2006) FEMS Microbiol. Rev. 30, 382-403).
[0016] O-antigen repeat units are pre-assembled on the cytosolic face of the inner membrane attached to undecaprenyl
pyrophosphate. The lipid-linked repeat units diffuse transversely (flip-flop) to the periplasmic surface of the inner mem-
brane and are polymerized before transport to the outer membrane and ligation to LPS. Most heteropolymeric O-antigen
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repeat units have either N-acetylglucosamine ("GlcNAc") or N-acetylgalactosamine ("GalNAc") at the reducing terminus.
[0017] It had been assumed that the biosynthesis of the lipid intermediates is initiated by the transfer of GlcNAc-P or
GalNAc-P from their respective sugar nucleotide derivatives to undecaprenyl monophosphate ("Und-P") catalyzed by
WecA (Samuel, G. and Reeves, P. R. (2003) Carbohydrate Research, 338, 2503-2519;
Alexander, D. C. and Valvano, M. A. (1994) J. Bacteriol, 176, 7079-7084; Zhang, L., Radziejewska-Lebrecht, J., Kra-
jewska-Pietrasik, D., Tolvanen, P. and Skurkik, M. (1997) Mol. Microbiol. 23, 63-76; Amor, P. A. and Whitfield, C. (1997)
Mol.
[0018] Microbiol. 26 (145-161); Wang, L. and Reeves, P. R. (1998) Infect. Immun. 66, 3545-3551). Although the
properties and specificity of the GlcNAc-phosphotransferase activity of WecA have been characterized (Rush, J. S.,
Rick, P. D. and Waechter, C. J. (1997) Glycobiology, 7, 315-322), the conclusion that WecA catalyzes the synthesis of
GalNAc-P-P-Und was based on genetic studies (Wang, L. and Reeves, P. R. (1998) Infect. Immun. 66, 3545-3551).
Such earlier genetic studies indicated that the biosynthesis of the lipid-linked tetrasaccharide intermediate was initiated
by the enzymatic transfer of GalNAc-P from UDP-GalNAc to Und-P catalyzed by WecA (Wang, L. and Reeves, P. R.
(1998) Infect. Immun. 66, 3545-3551). However, there was no direct enzymological evidence demonstrating that WecA
utilizes UDP-GalNAc as a GalNAc-P donor.
[0019] Furthermore, the E. coli 055 gne and gnel genes were previously proposed to encode a UDP-GlcNAc 4-
epimerase (Wang, L., Huskic, S., Cisterne, A., Rothemund, D. and Reeves, P.R. (2002) J. Bacterid. 184, 2620-2625;
Guo, H., Yi, W., Li, L. and Wang, P. G. (2007) Biochem. Biophys. Res. Commun., 356, 604-609). Previous reports
identified two genes from E. coli 055 (Wang, L., Huskic, S., Cisterne, A., Rothemund, D. and Reeves, P.R. (2002) J.
Bacterid. 184, 2620-2625) and E. coli 086 (Guo, H., Yi, W., Li, L. and Wang, P. G. (2007) Biochem. Biophys. Res.
Commun., 356, 604-609), E. coli 055 gne and E. coli 086 gnel, respectively, that are 100% identical to a Z3206 gene
within the same gene family.
[0020] Accordingly, one of skill would have been led to believe that the Z3206 gene also encodes a UDP-GlcNAc/UDP-
GalNAc epimerase.
[0021] Feldman et al Proc. Natl. Acad. Sci US (2005) vol. 102, no.8 page 3016-3021 discloses engineering N-linked
protein glycosylation with diverse O antigen lipopolysaccharide structures in E. coli. Rush et al J. Biol. Chem. (2009)
vol. 285, no.3, pages 1671-1680 discloses a novel epimerase that converts GlcNAc-P-P-undecaprenol to GalNAc-P-P-
undecaprenol in E. coli 0157.

BRIEF SUMMARY OF THE INVENTION

[0022] It has now been surprisingly discovered that an epimerase encoded by the Z3206 gene in E. coli 0157 catalyzes
a reaction that synthesizes N-acetylgalactosamine ("GalNAc") on undecaprenyl pyrophosphate, which initiates the for-
mation of an oligo- or polysaccharide.

1. In one aspect, the present invention relates to a recombinant prokaryotic organism which is E. coli comprising
nucleic acids encoding:

i) an epimerase that synthesizes N-acetylgalactosamine on undecaprenyl pyrophosphate, wherein said nucleic
acid encoding said epimerase is at least 95% identical to SEQ ID NO: 1;

ii) glycosyltransferases that assemble an oligo- or polysaccharide on a lipid carrier;

iii) an oligosaccharyl transferase from Campylobacter jejuni; and

iv) a protein comprising one or more of a recombinantly introduced consensus sequence, D/E-X-N-Z-S/T,
wherein X and Z are independently any natural amino acid except proline

wherein the oligosaccharide assembled by said glycosyltransferases can be transferred from the lipid carrier to the target
protein having one or more optimised consensus sequences by the oligosaccharyl transferase.
The disclosure further includes glycosyltransferases that synthesize all or a portion of a polysaccharide having GalNAc
at the reducing terminus, and still further includes glycosyltransferases that synthesize all or a portion of an antigenic
polysaccharide having GalNAc at the reducing terminus.
[0023] In another aspect, the disclosure is directed to an epimerase to produce GalNAc on undecaprenyl pyrophos-
phate, and, in a further aspect, the epimerase is encoded by the Z3206 gene.
[0024] In an additional aspect, the present disclosure is directed to an expression system for producing an /V-glyco-
sylated protein comprising: a nucleotide sequence encoding an oligosaccharyl transferase; a nucleotide sequence en-
coding a protein carrier; at least one oligo- or polysaccharide gene cluster from at least one bacterium, wherein the
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polysaccharide contains GalNAc at the reducing terminus; and a nucleic acid sequence encoding an epimerase.
[0025] In a still further aspect, the instant disclosure is directed to a recombinant prokaryotic biosynthetic system
comprising Z3206 gene which encodes an epimerase that converts GlcNAc-P-P-Und to GalNAc -P-P-Und.
[0026] In yet an additional aspect, the present disclosure is directed to a recombinant prokaryotic biosynthetic system
comprising E. coli 055 gne gene or E. coli 086 gne J gene which encodes an epimerase that converts GlcNAc-P-P-Und
to GaINAc-P-P-Und.
[0027] In yet another aspect, the present disclosure relates to an N-glycosylated protein comprising at least one
introduced consensus sequence, D/E - X - N - Z-S/T, wherein X and Z can be any natural amino acid except proline,
and a glycan having ^-acetylgalactosamine at the reducing terminus.
[0028] In still another aspect, the present disclosure is directed to a bioconjugate vaccine comprising an N-glycosylated
protein having at least one introduced consensus sequence, D/E - X - N - Z - S/T, wherein X and Z can be any natural
amino acid except proline; an immunogenic glycan having N-acetylgalactosamine at the reducing terminus; and an
adjuvant.
[0029] In an addition aspect, the invention relates toa method of producing an N-linked glycosylated protein, comprising:

a.) introducing into an E. coli host organism nucleic acids encoding:

i.) an epimerase that synthesizes N-acetylgalactosamine on undecaprenyl pyrophosphate, wherein said nucleic
acid encoding said epimerase is at least 95% identical to SEQ ID NO: 1;

ii.) glycosyltransferases that assemble an oligo- or polysaccharide on a lipid carrier;

iii.) an oligosaccharyl transferase from Campylobacter jejuni; and

iv.) a protein comprising one or more of an introduced consensus sequence, D/E - X-N- Z - S/T, wherein X and
Z can be any natural amino acid except proline; and

b.) culturing said host organism until at least one N-glycosylated protein is produced.

[0030] In a further aspect, the present disclosure relates to the use of a biosynthetic system and proteins for preparing
a bioconjugate vaccine.
[0031] In an additional aspect, the present disclosure is directed to methods for producing mono-, oligo- and polysac-
charides, and in a still further aspect the disclosure directed to methods for producing antigenic glycans and N-glycosylated
proteins.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032]

FIG. 1 shows the time course of [3H]GlcNAc/GalNAc-P-P-Und synthesis by membrane fractions from E. coli 0157.
The membrane fraction from E. coli strain 0157 was incubated with UDP-[3H]GlcNAc for the indicated times at 37°C.
The [3H]lipid products were extracted and the incorporation of [3H]GlcNAc into [3H]GlcNAc-P-P-Und (O) and [3H]Gal-
NAc-P-P-Und (·) was assayed as described in Example 2.

FIG. 2 shows the proposed biosynthetic pathway for the formation of GaINAc-P-P-Und from GlcNAc-P-P-Und.

FIG. 3 shows purification and characterization of [3H]GalNAc-P-P-Und synthesized by membrane fractions from E.
coli strain 0157. Membrane fractions from E. coli 0157 were incubated with UDP-[3H]GlcNAc, and the
[3H] GalNAc lipids were purified as described in Example 3. FIG. 3A, preparative thin layer chromatogram of
[H]HexNAc lipids on borate-impregnated silica gel G (Quantum 1) after purification on DEAE-cellulose is shown.
FIG. 3B, thin layer chromatography of purified [3H]GalNAc-P-P-Und on borate-impregnated silica gel G (Baker,
Si250) after recovery from the preparative plate in panel A is shown. FIG. 3C, descending paper chromatogram
(borate-impregnated Whatman No. 1 paper) of the [H]-amino sugar recovered after mild acid hydrolysis of [H]GalNAc-
P-P-Und purified in FIG. 3B is shown. FIG. 3D, descending paper chromatogram (Whatman No. 3MM) of the
[3H]HexNAc-alditol produced by reduction of the [3H] amino sugar from FIG. 3C with NaBFU.

FIG. 4 shows metabolic labeling of E. coli 21546 cells and E. coli 21546 cells after transformation with pMLBAD:Z3206.
E. coli 21546 (FIG. 4A) and E. coli 21546:pMLBAD/Z3206 (FIG. 4B) were labeled metabolically with [3H]GlcNAc for
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5 min at 37°C. [3H]GlcNAc/GalNAc-P-P-Und were extracted, freed of water soluble contaminants and separated by
thin layer chromatography on borate-impregnated silica gel plates (Baker Si250) as described in Example 3. Radi-
oactive lipids were detected using a Bioscan chromatoscanner. The chromatographic positions of GalNAc-P-P-Und
and GlcNAc-P-P-Und are indicated by arrows.

FIG. 5 shows thin layer chromatography of [3H]GlcNAc/GalNAc-P-P-Und formed by incubation of membrane fractions
from E. coli strains with UDP-[3H]GlcNAc. Membrane fractions from E. coli strains K12 (FIG. 5A), 0157 (FIG. 5B),
21546 (FIG. 5C), and 21546:pMLBAD/Z3206 (FIG. 5D) were incubated with UDP-[3H]GlcNAc for 10 min at 37°C,
and the [3H]lipid products were extracted, freed of water-soluble contaminants by partitioning, and separated by
thin layer chromatography on borate-impregnated silica gel plates (Baker Si250) as described in Example 3. The
chromatographic positions of GalNAc-P-P-Und and GlcNAc-P-P-Und are indicated by arrows.

FIG. 6 shows discharge of GlcNAc-P by incubation with UMP. Membrane fractions from E. coli 21546:Z3206 were
preincubated with UDP-[3H]GlcNAc to enzymatically label GlcNAc-P-P-Und for 10 min (FIG. 6A) at 37°C followed
by a second incubation period with 1 mM UMP included for either 1 min (FIG. 6B) or 2 min (FIG. 6C). After the
indicated incubation periods
[3H]GlcNAc/GalNAc-P-P-Und were extracted and resolved by thin layer
chromatography on borate-impregnated silica gel plates (Baker Si250) as described in Example 3. The chromato-
graphic positions of GalNAc-P-P-Und and GlcNAc-P-P-Und are indicated by arrows.

FIG. 7 shows conversion of exogenous [3H]GlcNAc-P-P-Und and [3H]GalNAc-P-P-Und to the pertinent [3H]HexNAc-
P-P-Und product catalyzed by membranes from strain 21546 expressing Z3206. Membrane fractions from E. coli
strain 21546 (FIG. 7B and FIG. 7E) and 21546:pMLBAD/Z3206 (FIG. 7C and FIG. 7F) were incubated with purified
[3H]GlcNAc-P-P-Und (FIG. 7A, FIG. 7B, and FIG. 7C) or [3H]GalNAc-P-P-Und (panels at FIG. 7D, FIG. 7E, and
FIG. 7F) (dispersed ultrasonically in 1 % Triton X-1 00) for 1 min at 37°C. [3H]GlcNAc/GalNAc-P-P-Und were
extracted, resolved by thin layer chromatography on borate-impregnated silica gel plates (Baker Si250) and detected
with a Bioscan AR2000
radiochromatoscanner as described in Example 3.

FIG. 8 shows SDS-PAGE analysis of unglycosylated and glycosylated AcrA protein. Periplasmic extracts prepared
from E. coli DH5a cells carrying the AcrA expression plasmid and the pgl operon Agne complemented with pML-
BAD:Z3206 (lane 1), pMLBAD:gne (lane 2) or the vector control pMLBAD (lane 3) were separated by 10% SDS-
PAGE and transferred to nitrocellulose membranes. AcrA and its glycosylated forms were detected with anti AcrA
antisera. The position of bands corresponding to unglycosylated (AcrA) and glycosylated AcrA (gAcrA) is indicated.

FIG. 9 shows the genes that have been identified by Liu B et al. {Structure and genetics of Shigella O antigens
FEMS Microbiology Review, 2008. 32: p. 27).

FIG. 10 is a scheme showing the DNA region containing the genes required to synthesize the S. flexneri 6 O antigen.

FIG. 11 shows expression of the S. flexneri 6 O antigen in E. coli. LPS was visualized by either silver staining or by
transfer to nitrocellulose membranes and detection by antibodies directed against S. flexneri 6.

FIG. 12 shows HPLC of O antigen. LLO analysis of E. coli cells (SCM3) containing S. flexneri - Z3206, E. coli cells
(SCM3) containing S. flexneri + Z3206 or empty E. coli (SCM3) cells.

FIG. 13 shows Western blot of Nickel purified proteins from E. coli cells expressing EPA, pglB and S. flexneri 6 O-
antigen +/- Z3206

DETAILED DESCRIPTION OF THE INVENTION

[0033] The present disclosure encompasses a recombinant prokaryotic biosynthetic system comprising nucleic acids
encoding an epimerase that synthesizes an oligo- or polysaccharide having N-acetylgalactosamine at the reducing
terminus, and N-glycosylated proteins having N-acetylgalactosamine at the reducing terminus of the glycan.
[0034] The term "partial amino acid sequence(s)" is also referred to as "optimized consensus sequence(s)" or "con-
sensus sequence(s)." The optimized consensus sequence is N-glycosylated by an oligosaccharyl transferase ("OST,"
"OTase"), much more efficiently than the regular consensus sequence "N - X - S/T."
[0035] In general, the term "recombinant N-gl cosylated protein" refers to any poly- or oligopeptide produced in a host
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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 a prokaryotic host cell, for example, Escherichia spp., Campylobacter
spp., Salmonella spp., Shigella spp., Helicobacter spp., Pseudomonas spp., Bacillus spp., and in further embodiments
Escherichia coli, 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, said transferase
enzyme naturally occurring in or being introduced recombinantly into said host cell.
[0036] 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.
[0037] Proteins according to the disclosure comprise one or more of an optimized consensus sequence(s) D/E - X -
N - Z - S/T that is/are introduced into the protein and N-glycosylated. Hence, the proteins of the present disclosure differ
from the naturally occurring C. jejuni N-glycoproteins which also contain the optimized consensus sequence but do not
comprise any additional (introduced) optimized consensus sequences.
[0038] 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 substitution of one or more amino acids for the
purpose of introducing the optimized consensus sequence can be accomplished by chemical synthetic strategies, which,
in view of the instant disclosure, would be 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 recombinant techniques that would be art-standard techniques in light of the disclosure.
[0039] The proteins of the present disclosure have the advantage that they may be produced with high efficiency and
in any host. In one embodiment of the disclosure, the host comprises a functional pgl operon from Campylobacter spp.,
for example, from C. jejuni. In further embodiments, oligosaccharyl transferases from Campylobacter spp. for practicing
the disclosure are from Campylobacter coli or Campylobacter lari. In view of the disclosure, oligosaccharyl transferases
would be apparent to one of skill in the art. For example, oligosaccharyl transferases are disclosed in references such
as Szymanski, CM. and Wren, B.W. (2005) Protein glycosylation in bacterial mucosal pathogens, Nat. Rev. Microbiol.
3:225-237. The functional pgl operon may be present naturally when said prokaryotic host is
Campylobacter spp., or, for example, 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.
[0040] The term "functional pgl operon from Campylobacter spp., preferably C. jejuni" is meant to refer to the cluster
of nucleic acids encoding the functional oligosaccharyl transferase (OTase) of Campylobacter spp., for example, 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 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, in one embodiment all components of the functional pgl operon are regulated and expressed simultaneously.
[0041] The oligosaccharyl transferase can originate, in some embodiments, from Campylobacter spp., and in other
embodiments, from C. jejuni. In additional embodiments, the oligosaccharyl transferase can originate from other organ-
isms which are known to those of skill in the art as having an oligosaccharyl transferase, such as, for example, Wolinella
spp. and eukaryotic organisms.
[0042] 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 replacing 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 disclosure.
[0043] As a result of the above, the present disclosure provides for the individual design of N-glycan-patterns on the
proteins of the present disclosure. The proteins can therefore be individualized in their N-glycan pattern to suit biological,
pharmaceutical and purification needs.
[0044] In embodiments of the present disclosure, the proteins may comprise one but also more than one, such as at
least two, at least 3 or at least 5 of said N-glycosylated optimized amino acid sequences.
[0045] The presence of one or more N-glycosylated optimized amino acid sequence(s) in the proteins of the present
disclosure can be of advantage for increasing their immunogenicity, increasing their stability, affecting their biological
activity, prolonging their biological half-life and/or simplifying their purification.
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[0046] 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 common and rare amino acids are preferred for X and Z. X and Z may be the same or different.
[0047] It is noted that X and Z may differ for each optimized consensus sequence in a protein according to the present
disclosure.
[0048] The N-glycan bound to the optimized consensus sequence will be determined by the specific glycosyltrans-
ferases and their interaction when assembling the oligosaccharide on a lipid carrier for transfer by the OTase. In view
of the instant disclosure, those skilled in the art would be able to design the N-glycan by varying the type(s) and amount
of the specific glycosyltransferases present in the desired host cell.
[0049] "Monosaccharide" as used herein refers to one sugar residue.
"Oligo- and polysaccharide" refer to two or more sugar residues. The term "glycans" as used herein refers to mono-,
oligo- or polysaccharides. "/V-glycans" are defined herein as mono-, oligo- or polysaccharides of variable compositions
that are linked to an ε-amide nitrogen of an asparagine residue in a protein via an N-glycosidic linkage. In an embodiment,
the N-glycans transferred by the OTase are assembled on an undecaprenol pyrophosphate ("Und-P-P") 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 8, S452-471).
[0050] Studies were conducted to determine whether the biosynthesis of a lipid-linked repeating tetrasaccharide (4-
N-acetyl
perosamine->fucose->glucose- GaINAc) was initiated by the formation of GaINAc-P-P-Und by WecA. When membrane
fractions from E. coli strains K12, 0157, and PR4019, a WecA-overexpressing strain, were incubated with UDP-[3H]Gal-
NAc, neither the enzymatic synthesis of [3H]GlcNAc-P-P-Und nor [3H]GalNAc-P-P-Und was detected. However, when
membrane fractions from strain 0157 were incubated with UDP-[3H]GlcNAc, two enzymatically labeled products were
observed with the chemical and chromatographic properties of [3H]GlcNAc-P-P-Und and [3H]GalNAc-
P-P-Und, confirming that strain 0157 contained an epimerase capable of
interconverting GlcNAc-P-P-Und and GalNAc-P-P-Und. The presence of an epimerase was also confirmed by showing
that exogenous [H]GlcNAc-P-P-Und was converted to [3H]GalNAc-P-P-Und when incubated with membranes from strain
0157. When strain 0157 was metabolically labeled with [3H]GlcNAc, both
[3H]GlcNAc-P-P-Und and [3H]GalNAc-P-P-Und were detected. Transformation of E. coli strain 21546 with the Z3206
gene enabled these cells to synthesize GaINAc-P-P-Und in vivo and in vitro. The reversibility of the epimerase reaction
was demonstrated by showing that [3H]GlcNAc-P-P-Und was reformed when membranes from strain 0157 were incu-
bated with exogenous [H]GalNAc-P-P-Und. The inability of Z3206 to complement the loss of the gne gene in the ex-
pression of the
Campylobacter jejuni N-glycosylation system in E. coli indicated that it does not function as a UDP-GlcNAc/UDP-GalNAc
epimerase. Based on these results, it was confirmed that GalNAc-P-P-Und is synthesized reversibly by a GlcNAc-P-P-
Und epimerase following the formation of GlcNAc-P-P-Und by WecA in E. coli 0157.
[0051] The initiating reaction of E. coli 0157 O-antigen subunit assembly was investigated to confirm that GalNAc-P-
P-Und synthesis is catalyzed by some previously unknown mechanism rather than by WecA. The evidence presented
herein shows that GalNAc-P-P-Und is not synthesized by GalNAc-P transfer from UDP-GalNAc catalyzed by WecA but
rather by the reversible epimerization of the 4-OH of GlcNAc-P-P-Und catalyzed by an epimerase encoded by the Z3206
gene in E. coli 0157.
[0052] Accordingly, the disclosure encompasses a novel biosynthetic pathway for the assembly of an important bac-
terial cell surface component as well as a new biosynthetic route for the synthesis of GalNAc-P-P-Und. A further
embodiment of the disclosure includes the bacterial epimerase as a new target for antimicrobial agents.
[0053] E. coli 0157 synthesizes an O-antigen with the repeating tetrasaccharide structure (4-N-acetyl perosamine-
fucose->glucose->GalNAc). It is shown herein that the biosynthesis of the lipid-linked tetrasaccharide intermediate was
not initiated by the enzymatic transfer of GalNAc-P from UDP-GalNAc to Und-P catalyzed by WecA, contrary to earlier
genetic studies (Wang, L. and Reeves, P. R. (1998) Infect. Immun. 66, 3545-3551). The disclosure described herein,
obtained by homology searches and then confirmed by results from genetic, enzymology, and metabolic labeling ex-
periments, demonstrates that WecA does not utilize UDP- GalNAc as a substrate, but that WecA is required to synthesize
GlcNAc-P-P-Und which is then reversibly converted to GalNAc-P-P-Und by an epimerase encoded by the Z3206 gene
in strain 0157.
[0054] The Z3206 gene of the present disclosure belongs to a family of genes present in several strains that produce
surface O-antigen repeat units containing GalNAc residues at their reducing termini (Table 1). The Z3206 gene sequence
is shown in SEQ ID NO: 1. Previous reports identified two genes from E. coli 055 (Wang, L., Huskic, S., Cisterne, A.,
Rothemund, D. and Reeves, P.R. (2002) J.Bacteriol. 184, 2620-2625) and E. coli 086 (Guo, H., Yi, W., Li, L. and Wang,
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P. G. (2007) Biochem. Biophys. Res. Comm., 356, 604-609), E. coli 055 gne and E. coli 086 gneI, respectively, that are
100% identical to a Z3206 gene (Table 1). The E. coli 055 gne gene sequence is shown as SEQ ID NO: 3, and E. coli
086 gneI gene sequence is shown as SEQ ID NO: 5.

[0055] Accordingly, we conclude that E. coli 055 gne and E. coli 086 gne I also encode epimerases capable of converting
GlcNAc-P-P-Und to GalNAc-P-
P-Und in strains 055 and 086, respectively, which also produce O-antigen repeat units with GalNAc at the reducing
termini (Table 1).
[0056] Two experimental approaches in this study indicate that the Z3206 protein does not catalyze the epimerization
of UDP-GlcNAc to UDP-GalNAc in strain 0157. First, when membranes from strain 0157 were incubated with [3H]UDP-
GalNAc, neither [3H]GlcNAc-P-P-Und nor [3H]GalNAc-P-P-Und was detected (Table 3). If Z3206 catalyzed the conver-
sion of [3H]UDP-GalNAc to [3H]UDP-GlcNAc, it would be expected that [3H]GlcNAc-P-P-Und should be observed.
[0057] Second, we have shown that hemagglutinin-tagged Z3206 was incapable of complementing the UDP-GaINAc-
dependent C. jejuni N-glycosylation reporter system (FIG. 8).
[0058] E. coli 055 gne gene from strain 055 (Wang, L., Huskic, S., Cisterne, A., Rothemund, D. and Reeves, P.R.
(2002) J. Bacteriol. 184, 2620-2625) was also assayed for epimerase activity by incubating crude extracts with UDP-
GalNAc and indirectly assaying the conversion to UDP-GlcNAc by measuring an increase in reactivity with p-dimethyl-
aminobenzaldehyde after acid hydrolysis. In both studies, the formation of the product was based on changes in reactivity
with p-dimethylaminobenzaldehyde, and not a definitive characterization of the sugar nucleotide end product. A 90%
pure polyhistidine-tagged E. coli 086 gneI was also shown to have a low level of UDP-glucose epimerase activity relative
to Gne2 in a coupled assay.
[0059] Accordingly, an embodiment of the invention is directed to a recombinant prokaryotic biosynthetic system
containing Z3206 gene, E. coli 055 gne gene or E. coli 086 gneI gene that converts GlcNAc-P-P-Und to GalNAc-P-P-Und.
[0060] It is significant that E. coli 086, which synthesizes an O-antigen containing two GalNAc residues, which would
presumably require UDP-GalNAc as the glycosyl donor for the additional, non-reducing terminal GalNAc, also possesses
an additional GlcNAc 4-epimerase gene, termed gne2, within the O-antigen gene cluster (Guo, H., Yi, W., Li, L. and
Wang, P. G. (2007) Biochem. Biophys. Res.
[0061] Commun., 356, 604-609). This additional epimerase gene has high homology with the galE gene of the colanic
acid gene cluster and appears to be a UDP-GlcNAc 4-epimerase capable of synthesizing UDP-GalNAc.
[0062] The Z3206 gene appears to be highly conserved in E. coli O-serotypes initiated with GalNAc. In a recent study,
62 E. coli strains, with established O-antigen repeat unit structures, were screened for expression of Z3206 by a polymer-
ase chain reaction based method using nucleotide primers designed to specifically detect the E. coli 0157 Z3206 gene
(Wang, L., Huskic, S., Cisterne, A., Rothemund, D. and Reeves, P.R. (2002) J. Bacteriol. 184, 2620-2625). In this study
Z3206 was detected in 16 of the 22 E. coli strains that were known to contain
[0063] GalNAc, and in only 4 of the 40 strains lacking GalNAc. Moreover, a similar screen of the 22 GalNAc-containing
strains with primers designed to detect an alternative epimerase with UDP-GlcNAc 4-epimerase activity (the GalE gene
of E. coli 01 13) detected no strains carrying this gene, indicating that Z3206 is the GlcNAc 4-epimerase gene most
commonly associated with the presence of a reducing-terminal GalNAc in O-antigen repeat units of E. coli.
[0064] Analysis of the Z3206 protein sequence by a variety of web-based topological prediction algorithms indicates
that the Z3206 protein is not highly hydrophobic. The majority of the topological prediction algorithms indicate that Z3206

TABLE 1

Correlation of Z3206 gene in bacterial strains expressing O-antigen chains with GalNAc at the reducing termini.

% Identity with Z3206 GalNAc at the reducing terminus of O-
antigen repeat unit

E. coli OSS gne (SEQ ID NO: 3) 100 Yes

E. coli 086 gneI (SEQ ID NO: 5) 100 Yes

Shigella boydii O18 gne (SEQ ID NO: 7) 88 Yes

Salmonella enterica O30 gne (SEQ ID 
NO: 9)

94 Yes

C. jejuni gne (SEQ ID NO.: 11) 21 No

E. coli K12 galE (SEQ ID NO: 13) 27 No

E. coli O86 gne2 (SEQ ID NO: 15) 18 Yes



EP 2 501 406 B1

10

5

10

15

20

25

30

35

40

45

50

55

is a soluble 37 kDa protein, although TMPred (Hofmann, K., and Stoffel, W. (1993) Biol. Chem. Hoppe-Seyler 374, 166
(abstr.)) predicted a single weak N-terminal transmembrane helix. However, Western blotting after SDS-PAGE of cellular
fractions from E. coli cells expressing hemagglutinin-tagged Z3206 clearly shows that the tagged protein is associated
with the particulate fraction following hypotonic lysis of the cells. Preliminary experiments show that the protein remains
associated with the particulate fraction following incubation of the membrane fraction with 1 M KC1, but is solubilized in
an active form by incubation with 0.1 % Triton X-100.
[0065] E. coli 0157 Z3206 has significant sequence homology with the short-chain dehydrogenase/reductase family
of oxido-reductases including the GXXGXXG motif (Rossman fold), consistent with the NAD(P) binding pocket (Allard,
S. T. M., Giraud, M. F., and Naismith, J. H. (2001) Cell. Mol. Life Sci. 58, 1650-1655) and the conserved S 3/44Yª
sequence, involved in proton abstraction and donation (Field, R. A. and Naismith, J. H. (2003) Biochemistry 42,
7637-7647). Molecular modeling based on crystal structures of UDP-Glc 4-epimerase, another member of the short-
chain dehydrogenase/reductase family, suggests that, after
hydride abstraction, the 4-keto intermediate rotates around the β phosphate of UDP to present the opposite face of the
keto intermediate and allow re-insertion of hydride from the opposite side, thus inverting the configuration of the hydroxyl
at carbon 4. The presence of these conserved sequences suggests that Z3206 likely functions via a similar mechanism.
Although the equilibrium distribution of the epimerase products, seen in FIG. 7, seems to favor the formation of GlcNAc-
P-P-Und, the utilization of GalNAc-P-P-Und for O-antigen repeat unit assembly would drive the epimerization reaction
in the direction of GalNAc-P-P-Und by mass action.
[0066] Epimerization of the glycosyl moieties of polyisoprenoid lipid intermediates has not been widely reported in
nature. In one previous study the 2-epimerization of ribosyl-P-decaprenol to form arabinosyl-P-decaprenol, an arabinosyl
donor in arabinogalactan biosynthesis in mycobacteria, was reported (Mikusova, K., Huang, H., Yagi, T., Holsters, M.,
Vereecke, D., D’Haeze, W., Scherman, M. S., Brennan, P. J., McNeil, M. R., and Crick, D. C. (2005) J. Bacteriol. 187,
8020-8025). Arabinosyl-P-decaprenol is formed via a two-step oxidation/reduction reaction requiring two mycobacterial
proteins, Rv3790 and Rv3791. Although epimerization was modestly stimulated by the addition of NAD and NADP,
neither Rv3790 nor Rv3791 contain either the Rossman fold or the S 24YXXXK motif, characteristic of the short-chain
dehydrogenase/reductase family (Allard, S. T. M., Giraud, M.-F. and Naismith, J. H. (2001) Cell. Mol. Life Sci. 58,
1650-1655; Field, R. A. and Naismith, J. H. (2003) Biochemistry 42, 7637-7647).
[0067] In summary, a novel biosynthetic pathway for the formation of GaINAc-P-P-Und by the epimerization of GlcNAc-
P-P-Und, is described.
[0068] Several antibiotics have been shown to inhibit the synthesis of GlcNAc-P-P-Und, but are limited in their utility
because they also block the synthesis of GlcNAc-P-P-dolichol, the initiating dolichol-linked intermediate of the protein
N-glycosylation pathway. Although GlcNAc-P-P-dolichol is a structurally related mammalian counterpart of the bacterial
glycolipid intermediate, GlcNAc-P-P-Und, there is no evidence for a similar epimerization reaction converting GlcNAc-
P-P-dolichol to GalNAc-P-P-dolichol in eukaryotic cells. Thus, this raises the possibility that in strains where the surface
O-antigen containing GalNAc at the reducing termini are involved in a pathological process, O-antigen synthesis could
potentially be blocked by inhibiting the bacterial epimerases.
[0069] An embodiment of the present disclosure involves an epimerase that converts GlcNAc-P-P-Und (N-
acetylglucosaminylpyrophosphorylundecaprenol) to GalNAc-P-P-Und (N-acetylgalactosaminylpyrophosphorylundeca-
prenol) in E. coli 0157. A still further exemplary aspect of the invention involves the initiation of synthesis of lipid-bound
repeating tetrasaccharide having GalNAc at the reducing terminus.
[0070] The basis of another aspect of the invention includes the discovery that Campylobacter jejuni contains a general
N-linked protein glycosylation system. 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 final step of N-linked protein glycosylation, the oligosaccharyltransferase (e.g., PglB) catalyzes the transfer
of the oligosaccharide from the carrier lipid to asparagine (Asn) residues within the consensus sequence D/E - X - N -
Z - S/T, where the X and Z can be any amino acid except Pro. The glycosylation cluster for the heptasaccharide had
been successfully transferred into E. coli and /V-linked glycoproteins of Campylobacter had been produced.
[0071] It had been demonstrated that PglB does not have a strict specificity for the lipid-linked sugar substrate. The
antigenic polysaccharides assembled on undecaprenyl pyrophosphate are captured by PglB in the periplasm and trans-
ferred to a protein carrier (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 oli-
gosaccharides if they contain an /V-acetylated hexosamine at the reducing terminus. The nucleotide sequence for pglB
and the amino acid sequence for PglB are published at WO2009/104074.
[0072] Accordingly, one embodiment of the disclosure involves a recombinant N-glycosylated protein comprising: one
or more of an introduced consensus sequence, D/E - X - N - Z - S/T, wherein X and Z can be any natural amino acid
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except proline; and an oligo- or polysaccharide having N-acetylgalactosamine at the reducing terminus and N-linked to
each of said one or more introduced consensus sequences by an N-glycosidic linkage.
[0073] In a further embodiment, the present disclosure is directed to a recombinant prokaryotic biosynthetic system
for producing all or a portion of a polysaccharide comprising an epimerase that synthesizes N-acetylgalactosamine
("GalNAc") on undecaprenyl pyrophosphate. In a further embodiment, all or a portion of the polysaccharide is antigenic.
[0074] In another embodiment, the present disclosure is directed to a recombinant prokaryotic biosynthetic system
comprising: an epimerase that synthesizes GalNAc on undecaprenyl pyrophosphate; and glycosyltransferases that
synthesize a polysaccharide having GalNAc at the reducing terminus.
[0075] An embodiment of the disclosure further comprises a recombinant prokaryotic biosynthetic system comprising
an epimerase that synthesizes GalNAc on undecaprenyl pyrophosphate and glycosyltransferases that synthesize a
polysaccharide, wherein said polysaccharide has the following structure: α-D-PerNAc-α-L-Fuc-β-D-Glc-α-D-GalNAc;
and wherein GalNAc is at the reducing terminus of said polysaccharide.
[0076] The recombinant prokaryotic biosynthetic system can produce mono-, oligo- or polysaccharides of various
origins. Embodiments of the invention are directed to oligo- and polysaccharides of various origins. Such oligo- and
polysaccharides can be of prokaryotic or eukaryotic origin. Oligo- or polysaccharides of prokaryotic origin may be from
gram-negative or gram-positive bacteria. In one embodiment of the invention, the oligo- or polysaccharide is from E.
coli. In a further aspect of the invention, said oligo- or polysaccharide is from E. coli 0157. In another embodiment, said
oligo- or polysaccharide comprises the following structure: α-D-PerNAc-α-L-Fuc- β-D-Glc-α-D-GalNAc. In a further em-
bodiment of the invention, the oligo- or polysaccharide is from Shigella flexneri. In a still further embodiment, the oligo-
or polysaccharide is from Shigella flexneri 6. In a still further aspect, said oligo- or polysaccharide comprises the following
structure:

[0077] Embodiments of the disclosure further include proteins of various origins. Such proteins include proteins native
to prokaryotic and eukaryotic organisms. The protein carrier can be, for example, AcrA or a protein carrier that has been
modified to contain the consensus sequence for protein glycosylation, i.e., D/E -X - N - Z - S/T, wherein X and Z can be
any amino acid except proline (e.g., a modified Exotoxin Pseudomonas aeruginosa ("EPA")). In one embodiment of the
invention, the protein is Pseudomonas aeruginosa EPA.
[0078] A further aspect of the disclosure involves novel bioconjugate vaccines having GalNAc at the reducing terminus
of the N-glycan. An additional embodiment of the disclosure involves a novel approach for producing such
bioconjugate vaccines that uses recombinant bacterial cells that contain an epimerase which produces GalNAc on
undecaprenyl pyrophosphate. In one embodiment, bioconjugate vaccines can be used to treat or prevent bacterial
diseases. In further embodiments, bioconjugate vaccines may have therapeutic and/or prophylactic potential for cancer
or other diseases.
[0079] A typical vaccination dosage for humans is about 1 to 25 mg, preferably about 1 mg to about 10mg, most
preferably about 10 mg. Optionally, a vaccine, such as a bioconjugate vaccine of the present invention, includes an
adjuvant.
[0080] In an additional embodiment, the present disclosure is directed to an expression system for producing a bio-
conjugate vaccine against at least one bacterium comprising: a nucleotide sequence encoding an oligosaccharyl trans-
ferase; a nucleotide sequence encoding a protein carrier; at least one polysaccharide gene cluster from the at least one
bacterium, wherein the polysaccharide contains GalNAc at the reducing terminus; and a nucleic acid sequence encoding
an epimerase. In a further embodiment, the polysaccharide gene cluster encodes an antigenic polysaccharide.
[0081] In still a further embodiment, the present invention is directed to an expression system for producing a biocon-
jugate vaccine against at least one bacterium comprising: a nucleotide sequence encoding an oligosaccharyl transferase;
a nucleotide sequence encoding a protein carrier comprising at least one 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 polysaccharide gene cluster from
the at least one bacterium, wherein the polysaccharide contains GalNAc at the reducing terminus; and the Z3206 gene.
In a further embodiment, the polysaccharide gene cluster encodes an antigenic polysaccharide.
[0082] In yet another embodiment, the present disclosure is directed to a bioconjugate vaccine comprising: a protein
carrier; at least one immunogenic polysaccharide chain linked to the protein carrier, wherein said polysaccharide has
GalNAc at the reducing terminus, and further wherein said GalNAc is directly linked to the protein carrier; and an adjuvant.
[0083] In yet an additional embodiment, the present disclosure is directed to a bioconjugate vaccine comprising: a
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protein carrier comprising at least one 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 immunogenic polysaccharide from at least one bacterium, linked to the
protein carrier, wherein the at least one
immunogenic polysaccharide contains GalNAc at the reducing terminus directly linked to the protein carrier; and, op-
tionally, an adjuvant.
[0084] Another embodiment of the disclosure is directed to a method of producing a bioconjugate vaccine, said method
comprising: assembling a
polysaccharide having GalNAc at the reducing terminus in a recombinant organism through the use of glycosyl trans-
ferases; linking said GalNAc 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.
[0085] In a further embodiment, the present disclosure is directed to a method of producing a bioconjugate vaccine,
said method comprising: introducing genetic information encoding for a metabolic apparatus that carries out N-glyco-
sylation 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; wherein the genetic information required for the expression of E. coli strain 0157 epimerase is introduced into
said prokaryotic organism; and wherein the metabolic apparatus comprises glycosyltransferases of a type that assembles
a polysaccharide having GalNAc at the reducing terminus on a lipid carrier, and an
oligosaccharyltransferase, the oligosaccharyltransferase covalently linking GalNAc of the polysaccharide to an aspar-
agine 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.
[0086] A further aspect of the present disclosure relates to a pharmaceutical composition. An additional aspect of the
disclosure involves a pharmaceutical composition comprising at least one N-glycosylated protein according to the in-
vention. In light of the disclosure herein, the preparation of medicaments comprising proteins would be well known in
the art. A still further aspect of the disclosure relates to a pharmaceutical composition comprising an antibiotic that inhibits
an epimerase that converts GlcNAc-P-P-Und to GalNAc-P-P-Und. In a preferred embodiment, the pharmaceutical com-
position of the invention comprises a pharmaceutically acceptable excipient, diluent and/or adjuvant.
[0087] Suitable excipients, diluents and/or adjuvants are well-known in the art. An excipient or 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, 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, solution, suspensions, or the like. The
pharmaceutically active compounds of the present disclosure, while effective themselves, can be formulated and ad-
ministered 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.
[0088] In instances where specific nucleotide or amino acid sequences are noted, it will be understood that the present
disclosure encompasses homologous sequences that still embody the same functionality as the noted sequences. In an
embodiment of the disclosure, such sequences are at least 85% homologous. In another embodiment, such sequences
are at least 90% homologous. In still further embodiments, such sequences are at least 95% homologous.
[0089] The determination of percent identity between two nucleotide or amino acid sequences is known to one of skill
in the art.
[0090] Nucleic acid sequences described herein, such as those described in the sequence listing below, are examples
only, and it will be apparent to one of skill in the art that the sequences can be combined in different ways. Additional
embodiments of the disclosure include variants of nucleic acids. A variant of a nucleic acid (e.g., a codon-optimized
nucleic acid) can be substantially identical, that is, at least 80% identical, for example, 80%, 85%, 90%, 91 %, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99% or 99.5% identical, to SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO: 5, SEQ ID
NO: 7, SEQ ID NO: 9, SEQ ID NO: 1 1, SEQ ID NO: 13, SEQ ID NO: 15, SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO:
19, SEQ ID NO: 20, SEQ ID NO: 21, SEQ ID NO: 22, SEQ ID NO: 23, SEQ ID NO: 24, SEQ ID NO: 27, SEQ ID NO:
28 or SEQ ID NO: 29. Nucleic acid variants of a sequence that contains SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO: 5,
SEQ ID NO: 7, SEQ ID NO: 9, SEQ ID NO: 1 1, SEQ ID NO: 13, SEQ ID NO: 15, SEQ ID NO: 17, SEQ ID NO: 18, SEQ
ID NO: 19, SEQ ID NO: 20, SEQ ID NO: 21, SEQ ID NO: 22, SEQ ID NO: 23, SEQ ID NO: 24, SEQ ID NO: 27, SEQ
ID NO: 28 or SEQ ID NO: 29 include nucleic acids with a substitution, variation, modification, replacement, deletion,
and/or addition of one or more nucleotides (for example, 2, 3, 4, 5, 6, 7, 8, 9, 10, 1 1, 12, 13, 14, 15, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 125, 150, 175 or 200
nucleotides) from a sequence that contains SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO: 5, SEQ ID NO: 7, SEQ ID NO:
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9, SEQ ID NO: 1 1, SEQ ID NO: 13, SEQ ID NO: 15, SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID NO: 20,
SEQ ID NO: 21 , SEQ ID NO: 22, SEQ ID NO: 23, SEQ ID NO: 24, SEQ ID NO: 27, SEQ ID NO: 28 or SEQ ID NO: 29,
or parts thereof.
[0091] For example, in an embodiment of the instant disclosure, such variants include nucleic acids that encode an
epimerase which converts GlcNAc-P-P-Und to GalNAc-P-P-Und and that i) are expressed in a host cell, such as, for
example, E. coli and ii) are substantially identical to SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO: 5, SEQ ID NO: 7 or
SEQ ID NO: 9, or parts thereof.
[0092] Nucleic acids described herein include recombinant DNA and synthetic (e.g., chemically synthesized) DNA.
Nucleic acids can be double-stranded or single-stranded. In the case of single-stranded nucleic acids, the nucleic acid
can be a sense strand or antisense strand. Nucleic acids can be synthesized using oligonucleotide analogs or derivatives.
[0093] Plasmids that include a nucleic acid described herein can be transfected or transformed into host cells for
expression. Techniques for transfection and transformation are known to those of skill in the art.
[0094] It is to be understood that the term "or," as used herein, denotes alternatives that may, where appropriate, be
combined; that is, the term "or" includes each listed alternative separately as well as their combination. As used herein,
unless the context clearly dictates otherwise, references to the singular, such as the singular forms "a,"
an," and "the," include the plural, and references to the plural include the singular.
[0095] The invention is further defined by reference to the following examples that further describe the compositions
and methods of the present invention, as well as its utility. It will be apparent to those skilled in the art that modifications,
both to compositions and methods, may be practiced which are within the scope of the invention.

Examples

[0096] Bacterial Strains and Plasmids- E. coli strains PR4019 (Rush, J. S., Rick, P. D. and Waechter, C. J. (1997)
Glycobiology, 7, 315-322) and PR21546 (Meier-Dieter, U., Starman, R., Barr, K., Mayer, H. and Rick, P. D. (1990) J.
Biol. Chem., 265, 13490-13497) were generous gifts from Dr. Paul Rick, Bethesda, MD, and E. coli 0157:H45 (Stephan,
R., Borel, N., Zweifel, C, Blanco, M., and Blanco, J.E. (2004) BMC Microbiol 4: 10) was a gift from Dr. Claudio Zweifel,
Veterinary Institute, University of Zurich. E. coli H5or(Invitrogen) was used as the host for cloning experiments and for
protein glycosylation analysis. Plasmids used are listed in Table 2.

[0097] Materials- [I,6-3H]GlcNAc (30 Ci/mmol), UDP-[I-3H]GlcNAc (20 Ci/mmol) and UDP-[6-3H]GalNAc (20 Ci/mmol)
were obtained from American Radiolabeled Chemicals (St. Louis, MO). Quantum 1 silica gel G thin layer plates are a
product of Quantum Industries (Fairfield, NJ), and Baker Si250 Silica Gel G plates are manufactured by Mallinckrodt
Chemical Works. Yeast extract and Bacto-peptone were products of BD Biosciences. All other chemicals were obtained
from standard commercial sources. Trimethoprim (50 mg/ml), chloramphenicol (20 mg/ml), ampicillin (100 mg/ml), and
kanamycin (50 g ml) were added to the media as needed.
[0098] Construction of Recombinant Plasmid- E. coli strain DH5a was used for DNA cloning experiments and con-
structed plasmids were verified by DNA sequencing. The Z3206 gene was amplified from E. coli 0157:H45 by PCR with
oligonucleotides Z3206-Fw and Z3206-RvHA (AAACCCGGGATGAACGATAACG TTTTGCTC (SEQ ID NO: 17) and
AAATCTAGATTAAGCGTAATCTGGAACATCGTATGGGTACTCAGAAACAA ACGTTATGTC (SEQ ID NO: 18); restric-

TABLE 2

Plasmids used in Examples

Plasmid Description Ref

pMLBAD Cloning vector, TmpR Lefebre & Valvano 
(2002)

pMLBAD:Z3206 (SEQ ID 
NO: 23)

Z3206 in pMLBAD, TmpR, expression controlled by 
arabinose-inducible promoter

Examples herein

pMLBAD:gne (SEQ ID NO: 
24)

gne in pMLBAD, TmpR,expression controlled by arabinose-
inducible promoter

Examples herein

pACYCpgI C. jejuni pgl cluster CmR Wacker, et al. (2002)

pACYCgne::kan C. jejuni pgl cluster containing a kan cassette in gne, CmR, 
KanR

Linton, et al. (2005)

pWA2 Soluble pariglasmic hexa-His-tagged AcrA under control of 
Tet promoter in pBR322, AmpR

Feldman, et al. (2005)
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tion sites are underlined). The PCR fragment was digested with Smal and Xbal and ligated into Smal-Xbal cleaved
pMLBAD vector (Lefebre, M. D. and Valvano M. A. (2002) Appl Environ Microbiol 68: 5956-5964). This resulted in
plasmid pMLBAD:Z3206 (SEQ ID NO: 23) encoding Z3206 with a C-terminal hemagglutinin tag.
[0099] The gne gene was amplified from pACYCpgI (Wacker, M., Linton, D., Hitchen, P.G., Nita-Lazar, M., Haslam,
S.M., North, S.J., Panico, M., Morris, H.R., Dell, A., Wrenn, B.W., Aebi, M. (2002) Science 298, 1790-1793), encoding
Campylobacter jejuni pgl cluster, with oligonucleotides gne-Fw and gne-RV (AAACCATGGATGAAAATTCTTATT-
AGCGG (SEQ ID NO: 19) and
AAATCTAGATTAAGCGTAATCTGGAACATCGTATGGGTAGCACTGTTTTTC CCAATC (SEQ ID NO: 20); restriction
sites are underlined). The PCR product was digested with Ncol and Xbal and ligated into the same sites of pMLBAD to
generate plasmid pMLBAD: gne (SEQ ID NO: 24) which encodes Gne with a C-terminal hemagglutinin tag (Table 2).
[0100] Growth Conditions, Protein Expression and Immunodetection- E. coli strains were cultured in Luria-Bertani
medium (1 % yeast extract, 2% Bacto-peptone, 0.6% NaCl) at 37°C with vigorous shaking. Arabinose inducible expression
was achieved by adding arabinose at a final concentration of 0.02-0.2% (w/v) to E. coli cells grown up to an A6oo of
0.05-0.4. The same amount of arabinose was added again 5 h post-induction, and incubation continued for 4-15 h.
[0101] Analytical Procedures- Protein concentrations were determined using the BCA protein assay (Pierce) after
precipitation of membrane proteins with deoxycholate and trichloroacetic acid according to the Pierce Biotechnology
bulletin "Eliminate Interfering Substances from Samples for BCA Protein Assay." Samples were analyzed for radioactivity
by scintillation spectrometry in a Packard Tri-Carb 2100TR liquid scintillation spectrometer after the addition of 0.5 ml
of 1 % SDS and 4 ml of Econosafe Economical Biodegradable Counting Mixture (Research Products International,
Corp., Mount Prospect, IL).

Example 1: Identification of an E. coli 0157 Gene Encoding GlcNAc-P-P-Und 4-Epimerase

[0102] We describe herein the surprising discovery of a new biosynthetic pathway in which GalNAc-P-P-Und is formed
by the epimerization of the 4-OH of GlcNAc-P-P-Und catalyzed by the previously unknown action of a 4-epimerase. In
this pathway, GlcNAc-P-P-Und is formed by the transfer of GlcNAc-P from UDP-GlcNAc, catalyzed by WecA, and then
GlcNAc-P-P-Und is epimerized to GaINAc-P-P-Und by GlcNAc-P-P-Und -4-epimerase, which was a previously unknown
pathway (FIG. 2).
[0103] The gene encoding a candidate for the GlcNAc-P-P-Und 4-epimerase was identified by DNA homology search-
es. Homology searches were performed using the U.S. National Library of Medicine databases found at
http://blast.ncbi.nlm.nih.gov/Blast.cgi. Genomic sequences of different bacteria encoding O antigen repeating units hav-
ing a GalNAc at the reducing terminus were screened. One group with a repeating unit containing a GalNAc at the
reducing terminus, and a second group lacking a terminal GalNAc in the repeating unit were compared to identify potential
epimerases. Using these criteria, Z3206 was identified as a candidate GlcNAc-P-P-Und 4-epimerase (Table 1).
[0104] The GlcNAc 4-epimerase genes present in E. coli strains with O-antigen repeat units containing GalNAc can
be separated into two homology groups as shown in Table 1. It was surprisingly discovered that one homology group
(containing gnel) clearly was correlated with the presence of GalNAc as the initiating sugar on the O-antigen repeat unit.
It was further surprisingly discovered that the second group (containing gnel) exhibits a high degree of similarity to the
UDP-Glc epimerase, GalE, and is found in E. coli strains that do not initiate O-antigen repeat unit synthesis with GalNAc.
Z3206 in E. coli 0157, a gene with a high degree of homology to gneI, was identified as a candidate GlcNAc-P-P-Und
4-epimerase. The genomic location of the Z3206 gene is consistent with a role in this pathway, as it resides between
galF of the O-antigen cluster and wcaM which belongs to the colanic acid cluster.
[0105] The research described in Examples 2-1 1 further confirms the above discoveries, including identifying the
GlcNAc 4-epimerase (E. coli 0157 Z3206) as catalyzing the formation of GalNAc-P-P-Und.

Example 2: UDP-GalNAc Is Not a Substrate for E. coli WecA (GlcNAc-phosphotransferase)

[0106] To determine if E. coli WecA will utilize UDP-GalNAc as a GalNAc-P donor to form GalNAc-P-P-Und, membrane
fractions from E. coli strains K12, PR4019, a WecA-overexpressing strain, and 0157, which synthesize a tetrasaccharide
O-antigen repeat unit with GalNAc at the reducing terminus presumably initiated by the synthesis of GalNAc-P-P-Und,
were incubated with UDP-[3H]GalNAc.
[0107] Preparation ofE. coli membrane- Bacterial cells were collected by centrifugation at 1,000 X g for 10 min, washed
once in ice-cold phosphate-buffered saline, once with cold water, and once with 10 mM Tris-HCl, pH 7.4, 0.25 M sucrose.
The cells were resuspended to a density of ∼ 200 A6oo units/ml in 10 mM Tris-HCl, pH 7.4, 0.25 M sucrose, 10 mM
EDTA containing 0.2 mg/ml lysozyme, and incubated at 30°C for 30 min. Bacterial cells were recovered by centrifugation
at 1,000 X g for 10 min, quickly resuspended in 40 volumes of ice-cold 10 mM Tris-HCl, pH 7.4, and placed on ice. After
10 min the cells were homogenized with 15 strokes with a tight-fitting Dounce homogenizer and supplemented with 0.1
mM phenylmethylsulfonyl fluoride and sucrose to a final concentration of 0.25 M. Unbroken cells were removed by
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centrifugation at 1,000 X g for 10 min, and cell envelopes were recovered by centrifugation at 40,000 X g for 20 min.
The membrane fraction was resuspended in 10 mM Tris-HCl, pH 7.4, 0.25 M sucrose, 1 mM EDTA and again sedimented
at 40,000 X g and resuspended in the same buffer to a protein concentration of ∼ 20 mg/ml. Membrane fractions were
stored at -20°C until needed.
[0108] Assay For the Biosynthesis of [3H]GlcNAc-P-P-Und and [3H]GalNAc-P-P-Und in E. coli Membranes In Vitro-
Reaction mixtures for the synthesis of GlcNAc-P-P-Und and GalNAc-P-P-Und contained 50 mM Tris-HCl, pH 8, 40 mM
MgCl2, 5 mM dithiothreitol, 5 mM 5’AMP, E. coli membrane fraction (50-200 mg membrane protein, and either 5 mM
UDP-[3H]GlcNAc/GalNAc (500-2500 dpm/pmol) in a total volume of 0.05 ml. After incubation at 37°C, reactions were
terminated by the addition of 40 volumes of CHCl3/CH3OH (2: 1), and the total lipid extract containing [H]HexNAc-P-P-
undecaprenols was prepared as described previously (Waechter, C. J., Kennedy, J. L. and Harford, J. B. (1976) Arch.
Biochem. Biophys. 174, 726-737). After partitioning, the organic phase was dried under a stream of nitrogen and redis-
solved in 1 ml CHCl3/CH3OH (2: 1), and an aliquot (0.2 ml) was removed, dried in a scintillation vial, and analyzed for
radioactivity by liquid scintillation spectrometry in a Packard Tri-Carb 2100 TR liquid scintillation spectrometer. To de-
termine the rate of synthesis of [3H]GlcNAc-P-P-Und or
[3H]GalNAc-P-P-Und, the lipid extract was dried under a stream of nitrogen, redissolved in a small volume of
CHCl3/CH30H (2: 1), and spotted on a 10 X 20-cm borate-impregnated Baker Si250 silica gel plate, and the plate was
developed with CHCl3, CH3OH, H20, 0.2 M sodium borate (65:25:2:2). Individual glycolipids were detected with a Bioscan
AR2000 Imaging Scanner (Bioscan, Washington, D.C). The biosynthetic rates for each glycolipid were calculated by
multiplying the total amount of radioactivity in [3H]GlcNAc/GalNAc-P-P-Und by the percentage of the individual [3H]
glycolipids.
[0109] Membrane fractions from different E. coli strains (K12, PR4019 and 0157) were incubated with either
UDP-[3H]GlcNAc or UDP-[3H]GalNAc and the incorporation into [3H]GlcNAc/GalNAc-P-P-Und was determined as de-
scribed above. As seen in Table 3, no labeled glycolipids were detected after the incubation with UDP-[3H]GalNAc, only
GlcNAc-P-P-Und was detectable when membrane fractions were incubated with UDP-[3H]GlcNAc

[0110] Moreover, neither the addition of exogenous Und-P to incubations with membranes from PR4019, the WecA-
overexpressing strain, or the addition of
cytosolic fractions from 0157 cells resulted in the formation of GalNAc-P-P-Und from UDP-GalNAc. These results dem-
onstrate that UDP-GalNAc is not a substrate for WecA and suggest that GalNAc-P-P-Und is formed by an alternative
mechanism.
[0111] When membranes from strain K12 were incubated with UDP-[3H]GlcNAc, [3H]GlcNAc-P-P-Und was synthe-
sized as expected (Rush, J. S., Rick, P. D. and Waechter, C. J. (1997) Glycobiology, 7, 315-322). However, when
membranes from strain 0157 were incubated with UDP-[H]GlcNAc, in addition to [3H]GlcNAc-P-P-Und, a second labeled
lipid shown to be [3H]GalNAc-P-P-Und (see below) was observed. When the time course for the formation of the two
glycolipids was examined, the incorporation of radioactivity into [3H]GlcNAc-P-P-Und (FIG. 1, O) occurred more quickly
and to a higher extent than into [3H]GalNAc-P-P-Und (FIG. 1, ·), compatible with a precursor-product relationship (FIG. 2).
[0112] The observation that E. coli 0157 membranes do not utilize UDP-GalNAc as a GalNAc-P donor for the synthesis
of GalNAc-P-P-Und is one example which confirms the biosynthetic pathway for the formation of GalNAc-P-P-Und
illustrated in FIG. 2. In this scheme, GlcNAc-P-P-Und is formed by the transfer of GlcNAc-P from UDP-GlcNAc, catalyzed
by WecA, and then GlcNAc-P-P-Und is epimenzed by the action of a previously unknown 4-epimerase to produce

TABLE 3

Synthesis of [H]GlcNAc/GalNAc-P-P-undecaprenol in E. coli membrane fractions using either UDP-[3H]GlcNAc or 
UDP-[3H]GalNAc as substrate

Source of membranes Sugar nucleotide added [3H]Glycolipid formed

GlcNAc-P-P-Und GalNAc-P-P-Und

(pmol/mg) (pmol/mg)

K12 UDP-[3H]GlcNAc 6.4 <0.01

K12 UDP-[3H]GalNAc <0.01 <0.01

PR4019 UDP-[3H]GlcNAc 44 <0.01

PR4019 UDP-[3H]GalNAc <0.01 <0.01

O157 UDP-[3H]GlcNAc 1.5 0.5

O157 UDP-[3H]GalNAc <0.01 <0.01



EP 2 501 406 B1

16

5

10

15

20

25

30

35

40

45

50

55

GalNAc-P-P-Und.

Example 3: Characterization of [3H]GalNAc-P-P-Und Formed in Vitro with Membrane Fractions from E. coli Strain 0157

[0113] Consistent with the additional 0157-specific glycolipid product detected in FIG. 1, as GalNAc-P-P-Und, it was
stable to mild alkaline methanolysis (toluene/methanol 1 :3, containing 0.1 N KOH, 0°C, 60 min), retained by DEAE-
cellulose equilibrated in CHC13/CH30H/H20 (10: 10:3), and eluted with
CHC13/CH3OH/H20 (10: 10:3) containing 20 mM ammonium acetate as reported previously for [3H]GlcNAc,-2-P-P-Dol
(Waechter, C. J. and Harford, J. B. (1977) Arch. Biochem. Biophys. 181, 185-198).
[0114] [3H]GalNAc-P-P-Und was clearly resolved from [3H]GlcNAc-P-P-Und by thin layer chromatography on borate-
impregnated silica gel G (Kean, E. L. (1966) J. Lipid Res. 7, 449-452) and purified by preparative TLC as shown in FIG.
3A and FIG. 3B.
[0115] Preparation of Borate-impregnated Thin Layer Plates and Whatman No. 1 Paper- Silica gel thin layer plates
were impregnated with sodium borate by briefly immersing the plates in 2.5% Na2B4C«7 I0 H20 in 95% methanol as
described by Kean (Kean, E. L. (1966) J. Lipid Res. 7, 449-452). The borate-impregnated TLC plates were dried overnight
at room temperature and stored in a vacuum dessicator over Drierite until use. Immediately before chromatography, the
plates were activated by heating briefly (-10- 15 min) to 100°C. Whatman No. 1 paper was impregnated with sodium
borate by dipping 20 X 30-cm sheets of Whatman 1 paper in 0.2 M
Na2B O7 10 H20. The Whatman No. 1 paper sheets were pressed firmly between two sheets of Whatman No. 3MM
paper and allowed to dry at room temperature for several days, as described by Cardini and Leloir (Cardini, C. E. and
Leloir, L. F. (1957) J. Biol. Chem. 225, 317-324).
[0116] Characterization of Glycan Products Formed in in Vitro Reactions- The glycans of the individual glycolipids
([3H]GalNAc-P-P-Und and [3H]GlcNAc-P-P-Und) were characterized by descending paper chromatography after release
by mild acid hydrolysis. The GlcNAc/GalNAc lipids were dried under a stream of nitrogen in a conical screw-cap tube
and heated to 100°C, 15 min in 0.2 ml 0.01 M HC1. After hydrolysis the samples were applied to a 0.8-ml mixed-bed
ion-exchange column containing 0.4 ml of AG50WX8 (H+) and 0.4 ml AG 1X8 (acetate form) and eluted with 1.5 ml
water. The eluate was dried under a stream of nitrogen, redissolved in a small volume of H20 (0.02 ml), spotted on a
30-cm strip of borate-impregnated Whatman No. 1 paper, and developed in descending mode with
butanol/pyridine/water (6:4:3) for 40-50 h. After drying, the paper strips were cut into 1-cm zones and analyzed for
radioactivity by scintillation spectrometry. GlcNAc and GalNAc standards were detected using an aniline-diphenylamine
dip reagent (Schwimmer, S. and Benvenue, A. (1956) Science 123, 543-544).
[0117] Glycan products were converted to their corresponding alditols by reduction with 0.1 M NaBttt in 0.1 M NaOH
(final volume 0.1 ml) following mild acid hydrolysis as described above. After incubation at room temperature overnight,
the reactions were quenched with several drops of glacial acetic acid and dried under a stream of nitrogen out of methanol
containing 1 drop of acetic acid, several times. The alditols were dissolved in water, desalted by passage over 0.5 ml
columns of AG50WX8 (H+) and AG 1X8 (acetate), dried under nitrogen, and spotted on 30-cm
strips of Whatman No. 3MM paper. The Whatman No. 3 MM strips were developed overnight in descending mode with
ethyl acetate, pyridine, 0.1 M boric acid
(65:25:20), dried, cut into 1-cm zones, and analyzed for radioactivity by scintillation spectrometry. GlcNAcitol and Gal-
NAcitol standards were visualized using a modification of the periodate-benzidine dip procedure (Gordon, H. T., Thorn-
burg, W. and Werum, L. N. (1956) Anal. Chem. 28, 849-855). The paper strips were dipped in acetone, 0.1 M NaI04
(95:5), allowed to air dry for 3 min, and then dipped in acetone/acetic acid/H20/o-tolidine (96:0.6:4.4:0.2 gm). Alditols
containing m-diols stain as yellow spots on a blue background.
[0118] Mass Spectrometry ("MS") of Glycolipids- Purified glycolipids were analyzed using an ABI/MDS Sciex 4000 Q-
Trap hybrid triple quadrupole linear ion trap mass spectrometer with an ABI Turbo V electrospray ionsource (ABI/MDS-

Sciex, Toronto, Canada). In brief, samples were infused at 10 m /min with ion source settings determined empirically,
and MS/MS (mass spectroscopy in a second dimension) information was obtained by fragmentation of the molecular
ion in linear ion trap mode.
[0119] When the glycolipid was treated with mild acid (0.01 N HC1, 100°C, 15 min), the water-soluble product co-
chromatographed with [3H]GalNAc on descending paper chromatography with borate-impregnated Whatman No. 1
paper (FIG. 3C). In addition, when the labeled sugar was reduced, it was converted to [3H]alditol, GalNAc-OH (FIG. 3D).
Moreover, negative-ion MS analysis yielded the [M-H]- ion of m/z = 1128, expected for GalNAc-P-P-Und, and the MS/MS
daughter ion spectrum showed a prominent ion at m/z = 907, expected for a glycolipid containing P-P-Und (Guan, Z.,
Breazeale, S. D. and Raetz, C. R. (2005) Anal. Biochem. 345, 336-339). The identification of the glycolipid product
formed by strain 0157 as GalNAc-P-P-Und is also supported by its formation from exogenous GlcNAc-P-P-Und (see
Example 7).
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Example 4: Metabolic Labeling of [3H]GalNAc-P-P-Und (in vivo) with

[0120] [3H]GlcNAc in E. coli Cells Expressing the Z3206 Gene
[0121] To investigate whether expression of the E. coli 0157 Z3206 gene enabled cells to synthesize GalNAc-P-P-
Und, E. coli strain 21546 (Meier-Dieter, U., Starman, R., Barr, K., Mayer, H. and Rick, P. D. (1990) J. Biol. Chem., 265,
13490- 13497) expressing the Z3206 gene was labeled metabolically with [3H]GlcNAc and analyzed for [3H]GlcNAc/Gal-
NAc-P-P-Und formation.
[0122] Metabolic Labeling of Bacterial Cells- E. coli cells were cultured with vigorous shaking in Luria-Bertani medium
at 37°C to an Λ 0o θi 0.5-1.
[0123] [3H]GlcNAc was added to a final concentration of 1 mCi/ml
and the incubation was continued for 5 min at 37°C. The incorporation of radiolabel into glycolipids was terminated by
the addition of 0.5 gm/ml crushed ice, and the cultures were thoroughly mixed. The bacterial cells were recovered by
centrifugation at 4000 X g for 10 min, and the supernatant was discarded. The cells were washed with ice-cold phosphate-
buffered saline two times, resuspended by vigorous vortex mixing in 10 volumes (cell pellet) of methanol, and sonicated
briefly with a probe sonicator at 40% full power. After sonication, 20 volumes of chloroform were added, and the extracts
were mixed vigorously and allowed to stand at room temperature for 15 min. The insoluble material was sedimented by
centrifugation, and the pellet was re-extracted with a small volume of CHCl^CHsOH (2: 1) twice. The combined organic
extracts were then processed as described below.
[0124] Purification of GlcNAc-P-P-Und and GalNAc-P-P-Und-
GlcNAc/GalNAc-P-P-Und was extracted with CHC13/CH30H (2: 1) and freed of water-soluble material by partitioning
as described elsewhere (Waechter, C. J., Kennedy, J. L. and Harford, J. B. (1976) Arch. Biochem. Biophys. 174, 726-737).
The organic extract was then dried under a stream of nitrogen, and the bulk
glycerophospholipids were destroyed by deacylation in toluene/methanol (1:3) containing 0.1 N KOH at 0°C for 60 min.
The deacylation reaction was neutralized with acetic acid, diluted with 4 volumes of CHCi CH^H (2: 1), and washed with
1/5 volume of 0.9% NaCl. The organic (lower) phase was washed with 1/3 volume of CHC13, CH3OH, 0.9 % NaCl
(3:48:47), and the aqueous phase was discarded. The organic phase was diluted with sufficient methanol to accommodate
the residual aqueous phase in the organic phase and applied to a DEAE-cellulose column (5 ml) equilibrated with
CHC13/CH30H (2: 1). The column was washed with 20 column volumes of CHC13/CH30H H20 (10: 10:3) and then eluted
with CHC13/CH30H/H20 (10: 10:3) containing 20 mM ammonium acetate. Fractions (2 ml) were collected and monitored
for either radioactivity, or GlcNAc/GalNAc-P-P-Und using an
anisaldehyde spray reagent (Dunphy, P. J., Kerr, J. D., Pennock, J. F., Whittle, K. J., and Feeney, J. (1967) Biochim.
Biophys. Acta 136, 136-147) after resolution by thin layer chromatography on borate-impregnated silica plates (as
described earlier).
[0125] E. coli strain 21546 was selected as the host for the Z3206 expression studies because a mutation in UDP-
ManNAcA synthesis results in a block in the utilization of GlcNAc-P-P-Und for the synthesis of the enterobacterial
common antigen. Because E. coli 21546 is derived from E. coli K12 it does not synthesize an O-antigen repeat as well
(Stevenson, G., Neal, B., Liu, D., Hobbs, M., Packer, N. H., Batley, M., Redmond, J. W., Lindquist, L. and Reeves, P.
(1994) J. Bacteriol., 176, 4144-4156), and thus, larger amounts of GlcNAc-P-P-Und accumulate for the conversion to
GalNAc-P-P-Und. When strain 21546 and the transformant expressing the Z3206 gene were labeled with [3H]GlcNAc
and the radiolabeled lipids were analyzed by thin layer chromatography on borate-impregnated silica gel plates, the
parental strain (FIG. 4A) synthesized only one labeled lipid, GlcNAc-P-P-Und. However, 21546 cells expressing the
Z3206 gene (FIG. 4B) also synthesized an additional labeled lipid shown to be GalNAc-P-P-Und.

Example 5: Membrane Fractions from E. coli Cells Expressing the Z3206 Gene Synthesize GalNAc-P-P-Und in Vitro

[0126] To corroborate that the protein encoded by the E. coli 0157 Z3206 gene catalyzed the synthesis of GalNAc-P-
P-Und, membrane fractions from E. coli cells expressing the Z3206 gene were incubated with [3H]UDP-GlcNAc and the
[3H]glycolipid products were analyzed by thin layer chromatography
(chromatographic preparation and characterization methods are described in Example 3) on borate-impregnated silica
gel plates as shown in FIG. 5. When membrane fractions from E. coli K12 or the host strain E. coli 21546 cells were
incubated with UDP-[3H]GlcNAc, only [3H]GlcNAc-P-P-Und was observed (FIG. 5A and FIG. 5C). However, membrane
fractions from E. coli 0157 and E. coli 21546 expressing Z3206 formed GalNAc-P-P-Und as well (FIG. 5B and FIG. 5D).

Example 6: Formation of GlcNAc-P-P-Und, but Not GalNAc-P-P-Und, Is Reversed in the Presence of UMP

[0127] To provide additional evidence that GalNAc-P-P-Und is synthesized from GlcNAc-P-P-Und, and not by the
action of WecA using UDP-GalNAc as a
glycosyl donor, the effect of discharging endogenous, pre-labeled [3H]GlcNAc-P-P-Und and [3H]GalNAc-P-P-Und with

´
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UMP was examined. The GlcNAc-phosphotransferase reaction catalyzed by WecA is freely reversible by the addition
of excess UMP re-synthesizing UDP-GlcNAc and releasing Und-P.
[0128] In this experiment membrane fractions from E. coli strain 21546 expressing Z3206 were pre-labeled for 10 min
with UDP-[3H]GlcNAc followed by the addition of 1 mM UMP, and the amount of each labeled glycolipid remaining was
determined. The results illustrated in FIG. 6A show the relative amounts of
[3H]GlcNAc-P-P-Und and [3H]GalNAc-P-P-Und at the end of the 10 min labeling period. After incubation with 1 mM UMP
for 1 min it can be seen that there is a substantial loss of [3H]GlcNAc-P-P-Und, whereas the [3H]GalNAc-P-P-Und peak
is relatively unchanged (FIG. 6B) (chromatographic preparation and characterization methods are described in Example
5). This observation is consistent with the results in Table 3 indicating that WecA does not catalyze the transfer of
GalNAc-P into GalNAc-P-P-Und from UDP-GalNAc. It is noteworthy that during the second minute of incubation with
UMP (FIG. 6C), the loss of GlcNAc-P-P-Und slows, and there is a slight reduction in the peak of [3H]GalNAc-P-P-Und,
suggesting that [3H]GalNAc-P-P-Und is re-equilibrating with the [3H]GlcNAc-P-P-Und pool by reversal of the epimerase
reaction (see Example 7).

Example 7: In tercon version of Exogenous, Purified [3H]GlcNAc-P-P-Und and

[0129] [3H]GalNAc-P-P-Und Catalyzed by Membranes from E. coli Cells Expressing Z3206
[0130] To provide direct evidence that GlcNAc-P-P-Und and GalNAc-P-P-Und can be directly interconverted by mem-
brane fractions from E. coli cells expressing Z3260, purified [3H]GlcNAc-P-P-Und and [3H]GalNAc-P-P-Und were tested
as exogenous substrates.
[0131] Purified [3H]GlcNAc-P-P-Und/[3H]GalNAc-P-P-Und were prepared as in Example 4 (Metabolic Labeling of
Bacterial Cells and Purification of GlcNAc-P-P-Und and GalNAc-P-P-Und). [3H]HexNAc-P-P-undecaprenols (2000
dpm/pmol, dispersed in 1 % Triton X-100, final concentration 0.1%) were incubated with E. coli membranes as in Example
2 in Assay For the Biosynthesis of [3H]GlcNAc-P-P-Und and [3H] GalNAc-P-P-Und in E. coli Membranes In Vitro.
[0132] Preliminary experiments showed that the epimerase was active when exogenous [3H]GlcNAc-P-P-Und was
added to the reaction mixtures dispersed in Triton X-100, CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-I-pro-
panesulfonic acid), Nonidet P-40, or octylglucoside and exhibited a pH optimum in the range 7-8.5. The chromatographic
mobility of the purified [3H]GlcNAc-P-P-Und and
[3H]GalNAc-P-P-Und before incubation with membrane fractions is shown in FIG. 7A and FIG. 7D. As seen in FIG. 7B
and FIG. 7E, the glycolipids are unaffected by incubation with membrane fractions from E. coli 21546. However, incubation
of the purified glycolipids with membrane fractions from E. coli 21546 expressing Z3206 catalyzes the conversion of
exogenous [3H]GlcNAc-P-P-Und to [3H]GalNAc-P-P-Und (FIG. 7C) and the conversion of [3H]GalNAc-P-P-Und to
[3H]GlcNAc-P-P-Und (FIG. 7F). These results demonstrate directly that GlcNAc-P-P-Und and GalNAc-P-P-Und can be
enzymatically interconverted in E. coli strains expressing the Z3206.

Example 8: E. coli Z3206 Is Not a UDP-GlcNAc 4-Epimerase

[0133] To determine if Z3206 can catalyze the formation of UDP-GalNAc, the N-glycosylation apparatus from C. jejuni
was expressed in E. coli. In this reporter system, glycosylation of the target protein AcrA is dependent on the presence
of the pgl locus (Wacker, M., Linton, D., Hitchen, P.G., Nita-Lazar, M., Haslam, S.M., North, S.J., Panico, M., Morris,
H.R., Dell, A., Wrenn, B.W., Aebi, M. (2002) Science 298, 1790-1793), including a functional Gne UDP-Glc/UDP-GlcNAc
epimerase (Bernatchez, S., Szymanski, CM., Ishiyama, N., Li, J., Jarrell, H.C., Lau, P.C., Berghuis, A.M., Young, N.M.,
Wakarchuk, W.W. (2005) J. Biol. Chem. 280, 4792-4802). Glycosylation of AcrA is lost if the pgl cluster contains a
deletion of gne (Linton, D., Dorrell, N., Hitchen, P.G., Amber, S., Karlyshev, A.V., Morris, H.R., Dell, A., Valvano, M.A.,
Aebi, M. and Wren, B.W. (2005) Mol Microbiol. 55, 1695-1703). The ability of Z3206 to restore AcrA-glycosylation in the
presence of the pgl operon Agne was investigated in vivo by expressing AcrA (pWA2) together with the pgl locus Agne
complemented by either Gne (pMLBAD:gne) or Z3206
(pMLBAD:Z3206).
[0134] Total E. coli cell extracts were prepared for immunodetection analysis using cells at a concentration equivalent

to 1 A60o unit that were resuspended in 100 m  of SDS loading buffer (Laemmli, U. (1970) Nature 227, 680-685). Aliquots

of 10 m
were loaded on 10% SDS-PAGE. Periplasmic extracts of E. coli cells were prepared by lysozyme treatment (Feldman,
M.F., Wacker, M., Hernandez, M., Hitchen, P.G., Marolda, C.L., Kowarik, M., Morris, H.R., Dell, A., Valvano, M.A., Aebi,

M. (2005) Proc Natl Acad Sci USA 102, 3016-3021), and 10 m  of the final sample
(corresponding to 0.2 A6oo units of cells) was analyzed by SDS-PAGE. After being blotted on nitrocellulose membrane,

sample was immunostained with the specific antiserum (Aebi, M., Gassenhuber, J., Domdey, H., and te Heesen, S.
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(1996)Glycobiology 6, 439-444). Anti-AcrA (Wacker, M., Linton, D., Hitchen, P.G., Nita-Lazar, M., Haslam, S.M., North,
S.J., Panico, M., Morris, H.R., Dell, A., Wrenn, B.W., Aebi, M. (2002) Science 298, 1790-1793) antibodies were used.
Anti-rabbit IgG-HRP (Bio-Rad) was used as secondary antibody. Detection was carried out with ECL™ Western blotting
detection reagents (Amersham Biosciences).
[0135] As shown in FIG. 8, the glycosylated protein, which migrates slower than the unglycosylated form, was formed
only when cells expressing pgl locus Agne were complemented by Gne {lane 2). Z3206 was unable to restore glycosylation
of the reporter glycoprotein (FIG. 8, lane 1). Accordingly, Z3206 does not complement glycosylation of AcrA in a Gne
dependent glycosylation system. Expression of Gne and membrane-associated Z3206 were confirmed by immunode-
tection.

Example 9: Analysis of 5. flexneri 6 +/- Z3206 LPS

[0136] In Fig. 9 are depicted some of the genes required for the biosynthesis of the Shigella flexneri 6 O-antigen:
genes encoding enzymes for biosynthesis of nucleotide sugar precursors; genes encoding glycosyltransferases; genes
encoding O antigen processing proteins; and genes encoding proteins responsible for the O-acetylation. The structure
of the O antigen has been elucidated by Dmitriev, B.A. et al (Dmitriev, B.A., et al Somatic Antigens of Shigella Eur
JBiochem, 1979. 98: p. 8; Liu B et al Structure and genetics of Shigella O antigens FEMS Microbiology Review, 2008.
32: p. 27).
[0137] To identify all the genes required for the biosynthesis of the Shigella flexneri 6 O-antigen a genomic library was
constructed.
[0138] Cloning of S. flexneri 6 genomic DNA_ S. flexneri 6 genomic DNA was isolated using a Macherey-Nagel
NucleoSpin® Tissue Kit following the protocol for DNA isolation from bacteria. DNA was isolated from five S. flexneri 6
overnight

cultures at 2 ml each and final elution was done with 100 m  elution buffer (5 mM Tris/HCl, pH 8.5). The eluted fractions

were pooled, precipitated by isopropanol and the final pellet was resuspended in 52 m  TE buffer of which the total
volume was subjected to end-repair according to the protocol given by CopyControlTM Fosmid Library Production Kit
(EPICENTRE). End-repaired DNA was purified on a 1 % low melting point agarose gel run with 1 X TAE buffer, recovered

and precipitated by ethanol as described in the kit protocol. Resuspension of the precipitated DNA was done in 7 m

TE buffer of which 0.15 m  DNA was ligated into pCCIFOS (SEQ ID NO: 27) according to the EPICENTRE protocol.
Packaging of the ligation product into phage was performed according to protocol and the packaged phage was diluted

1 : 1 in phage dilution buffer of which 10 m  were used to infect 100 m  EP1300-T1 cells that were previous grown as

described by EPICENTRE. Cells (1 10 m ) were plated six times with approximately 100 colonies per plate such that
the six plates contain the entire S. flexneri 6 genomic library. Plates were developed by colony blotting and positive/neg-
ative colonies were western blotted and silver stained.
[0139] Colony blotting_ For colony blots a nitrocellulose membrane was laid over the solid agar plate, removed, washed
three times in 1 X PBST and treated in the same manner. The membrane was first blocked in 10 % milk for one hour at
room temperature after which it was incubated for one hour at room temperature in 2 ml 1 % milk (in PBST) with the
anti-type VI antiserum (primary antibody). After three washes in PBST at 10 minutes each, the membrane was incubated
for another hour at room temperature in the secondary antibody, 1 :20000 peroxidase conjugated goat-anti-rabbit IgG
(BioRad) in 2 ml 1 % milk (in PBST). After a final three washes with PBST (10 minutes each) the membrane was
developed in a UVP Chemi Doc Imaging System with a 1 : 1 mix of luminol and peroxide buffer provided by the Super-
Signal® West Dura Extended Duration Substrate Kit (Thermo Scientific).
[0140] The clone reacting with S. flexneri 6 antiserum following production of a 5. flexneri 6 genomic library was
sequenced by primer walking out of the region previously sequenced by Liu et al. (Liu et al., 2008) reaching from rmlB
to wfbZ (FIG. 9). Primers rmlB_rev and wfbZ_fwd (S. flexneri - Z3206) annealed in rmlB and wfbZ and were used to
sequence the insert of the clone until wcaM and hisI/F were reached (S. flexneri + Z3206), respectively (FIG. 10).
[0141] In order to establish whether O antigen synthesis is maintained in clones lacking Z3206 (thus hindering epimer-
ization of und-GlcNAc to und-GalNAc), two plasmids were constructed (SEQ ID NO. 28 and SEQ ID NO. 29) (Fig. 10),
transformed into E. coli cells and analyzed by silver staining and western blot.
[0142] As shown in FIG. 1 1, LPS is produced in E. coli cells + or - Z3206. The O antigen can be produced without
Z3206 however with lower production yield, which indicates that the efficiency of polysaccharide production without the
epimerase (Z3206) is lower.

Example 10: Analysis of S.flexneri 6 +/- Z3206 LLO

[0143] Purification of undecaprenol-PP-0 antigen by C18 column
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chromatography _E. coli cells expressing S. flexeneri antigen +/- Z3206 were pelleted, washed once in 50 ml 0.9 %
NaCl and the final pellets were lyophilized overnight. The pellets were washed once in 30 ml 85 - 95 % methanol,
reextracted with 10: 10:3 chloroform-methanol-water (v/v/v) and the extracts were converted to a two-phase Bligh/Dyer
system by addition of water, resulting in a final ratio of 10: 10:9 (C:M:W). Phases were separated by centrifugation and
the upper aqueous phases were loaded each on a C18 Sep-Pak cartridge conditioned with 10 ml methanol and equili-
brated with 10 ml 3:48:47 (C:M:W). Following loading, the cartridges were washed with 10 ml 3:48:47 (C:M:W) and
eluted with 5 ml 10: 10:3 (C:M:W). 20 OD samples of the loads, flow-throughs, washes and elutions of the C 18 column
were dried in an

Eppendorf Concentrator Plus, washed with 250 m  methanol, reevaporated and washed a further three times with 30

m  ddH20.
[0144] Glycolipid hydrolysis The glycolipid samples from the wash of the Cl 8 column were hydrolysed by dissolving
the dried samples in 2 ml n-propanol:2 M trifluoroacetic acid (1 : 1), heating to 50°C for 15 minutes and evaporating to
dryness under N2.
[0145] Oligosaccharide labeling with 2-aminobenzoate and HPLC Labeling was done according to Bigge et al. (Bigge,
1995) and glycan cleanup was performed using the paper disk method described in Merry et al. (2002) (Merry et al.,
2002). Separation of 2-AB labeled glycans was performed by HPLC using a GlycoSep-N normal phase column according
to Royle et al. (Royle, 2002) but modified to a three solvent system. Solvent A was 10 mM ammonium formate pH 4.4
in 80 %
acetonitrole. Solvent B was 30 mM ammonium formate pH 4.4. in 40 % acetonitrile. Solvent C was 0.5 % formic acid.

The column temperature was 30 °C and 2-AB labeled glycans were detected by fluorescence (λεX = 330 nm, λεπ  =
420 nm).
[0146] Gradient conditions were a linear gradient of 100 % A to 100 % B over 160 minutes at a flow rate of 0.4 ml/min,
followed by 2 minutes 100 % B to 100 % C, increasing the flow rate to 1 ml/min. The column was washed for 5 minutes
with 100 % C, returning to 100 % A over 2 minutes and running for 15 minutes at 100 % A at a flow rate of 1 ml/min,
then returning the flow rate to 0.4 ml/min for 5 minutes. All samples were injected in water.
[0147] The plasmids expressing the S. flexneri O antigen with (SEQ ID NO: 29) or without (SEQ ID NO: 28) Z3206
were transformed into SCM3 cells (FIG. 10). Traces at late elution volumes shows a difference between the curves of
the two samples containing the S. flexneri O antigen +/- Z3206 (FIG. 12). This difference in the elution pattern can be
explained by a different oligosaccharide structure carrying a different monosaccharide at the reducing end: GlcNAc or
GalNAc depending on the presence of the epimerase (Z3206).

Example 11: Analysis of pglB specificity by production and characterization of bioconjugate produced from 5. flexneri 6 
+/- Z3206

[0148] To assess whether PglB can transfer oligosaccharides having GlcNAc (5. flexneri 6 O-antigen) at the reducing
end to the carrier protein EPA Nickel purified extracts from E. coli cells expressing EPA (SEQ ID NO: 25), PglB (SEQ
ID NO: 26) and S. flexneri 6 O-antigen +/- Z3206 (SEQ ED NO: 29/SEQ ID NO: 28) were analyzed by western blot using
anti EPA and anti type VI antibodies. The S. flexneri 06 antigen with and without GalNAc at the reducing end was
transferred to EPA by PglB as detected by antiEPA and anti VI antisera (FIG. 13).
[0149] The O antigen is still produced and detected, but with lower production yield, which indicates that the efficiency
of polysaccharide production without the epimerase is lower.
[0150] While this invention has been particularly shown and described with references to 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. Such various changes that will be understood by those
skilled in the art as covered within the scope of the invention include, in particular, N-glycosylated proteins and biocon-
jugates comprising a glycan other than those from E. coli and S. flexneri with GalNAc at the reducing terminus.

Sequence Listing

[0151]

Applicant: GlycoVaxyn AG

Title: Biosynthetic System That Produces Immunogenic Polysaccharides In Prokaryotic Cells

Number of SEQ ID NOs: 29
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SEQ ID NO: 1 - Nucleotide Sequence for E. coli 0157 Z3206

Length: 993

Type: DNA

Organism: E. coli 0157

Sequence:

SEQ ID NO: 2 - Amino Acid Sequence for Z3206

Length: 331

Type: PRT

Organism: E coli 0157

Sequence:
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SEQ ID NO: 3 - Nucleotide Sequence for E. coli OSS gne

Locus AF461121_1 BCT 02-MAY-2002

Definition (UDP-GlcNAc 4-epimerase Gne [Escherichia coli])

Accession AAL67550

Length: 993

Type: DNA

Organism: E. coli 055

Sequence:
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SEQ ID NO: 4 - Amino Acid Sequence for E. coli 055 UDP-GlcNAc 4-epimerase Gne

Locus AF461 121_1

Definition (UDP-GlcNAc 4-epimerase Gne [Escherichia coli])

Accession AAL67550

Length: 331 aa linear

Type: PRT

Organism: E. coli 055

Sequence:
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SEQ ID NO. 5 - Nucleotide Sequence for E. coli 086 gneI

Locus AAO37706 BCT 06-DEC-2005

Definition UDP-GlcNAc C4-epimerase [Escherichia coli 086].

Accession AAO37706

Length: 993

Type: DNA

Organism: E. coli 086

Sequence:
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SEQ ID NO: 6 - Amino Acid Sequence for E. coli 086 UDP-GlcNAc C4-epimerase

Locus AAO37706

Definition UDP-GlcNAc C4-epimerase [Escherichia coli 086].

Accession AAO37706

Length: 331 aa linear

Type: PRT

Organism: E. coli 086

Sequence:

SEQ ID NO: 7 - Nucleotide Sequence for Shigella boydii 018 gne

Locus ACD09753 BCT 05-MAY-2008

Definition UDP-N-acetylglucosamine 4-epimerase [Shigella boydii CDC 3083-94].

Accession ACD09753

Length: 993

Type: DNA

Organism: Shigella boydii 018

Sequence:
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SEQ ID NO: 8 - Amino Acid Sequence for Shigella boydii 018 UDP-N-acetylglucosamine 4-epimerase

Locus ACD09753

Definition UDP-N-acetylglucosamine 4-epimerase [Shigella boydii CDC 3083- 94].

Accession ACD09753

Length: 331 aa linear

Type: PRT

Organism: Shigella boydii 018

Sequence:
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SEQ ID NO: 9 - Nucleotide Sequence for Salmonella enterica 030 gne

Locus AA V34516 BCT 25-OCT-2004

Definition UDP-GlcNAc 4-epimerase [Salmonella enterica subsp. salamae serovar Greenside].

Accession AAV34516

Length: 993

Type: DNA

Organism: Salmonella enterica 030

Sequence:
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SEQ ID NO: 10 - Amino Acid Sequence for Salmonella enterica 030 UDP-GlcNAc 4-epimerase

Locus AAV34516

Definition UDP-GlcNAc 4-epimerase [Salmonella enterica subsp. salamae serovar Greenside].

Accession AAV34516

Length: 331 aa linear

Type: PRT

Organism: Salmonella enterica 030

Sequence:

SEQ ID NO: 11 - Nucleotide Sequence for C. jejuni gne

Locus YP_002344524 BCT 14-SEP-2010

Definition UDP-GlcNAc/Glc 4-epimerase [Campylobacter jejuni subsp. jejuni
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Accession YP_002344524

Length: 987

Type: DNA

Organism: C. jejuni

Sequence:

SEQ ID NO: 12 - Amino Acid Sequence for C. jejuni UDP-GlcNAc/Glc 4-epimerase

Locus YP_002344524

Definition UDP-GlcNAc/Glc 4-epimerase [Campylobacter jejuni subsp. jejuni

Accession YP_002344524
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Length: 328 aa linear

Type: PRT

Organism: C. jejuni

Sequence:

SEQ ID NO: 13 - Nucleotide Sequence for E. coli K12 galE

Locus AP_001390 BCT 30-APR-2010

Definition UDP-galactose-4-epimerase [Escherichia coli str. K-12 substr. W3110].

Accession AP_001390

Length: 1 ,017

Type: DNA

Organism: E. coli K12

Sequence:
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SEQ ID NO: 14 - Amino Acid Sequence for E. coli K12 UDP-galactose-4-epimerase

Locus AP_001390

Definition UDP-galactose-4-epimerase [Escherichia coli str. K-12 substr. W31 10].

Accession AP_001390

Length: 338 aa linear

Type: PRT

Organism: E. coli 12

Sequence:

SEQ ID NO: 15 - Nucleotide Sequence for E. coli 086 gne2

Locus AAV85952 BCT 27-MAR-2005

Definition Gne [Escherichia coli 086].

Accession AAV85952

Length: 1,020

Type: DNA

Organism: E. coli 086

Sequence:
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SEQ ID NO: 16 - Amino Acid Sequence for E. coli 086 Gne

Locus AAV85952

Definition Gne [Escherichia coli 086].

Accession AAV85952

Length: 339 aa (gne2) linear

Type: PRT

Organism: E. coli 086

Sequence:

SEQ ID NO: 17 - Nucleotide Sequence for synthetic oligonucleotide Z3206-Fw (primer) encoding an end of Z3206;
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restriction sites underlined

Length: 30

Type: DNA

Sequence: AAACCCGGGATGAACGATAACGTTTTGCTC

SEQ ID NO: 18 - Nucleotide Sequence for synthetic oligonucleotide Z3206-RvHA (primer) encoding an end of Z3206
with a hemoaglutinin tag (HA tag); restriction sites underlined

Length: 60

Type: DNA

Organism:

SEQ ID NO: 19 - Nucleotide Sequence for synthetic oligonucleotide gne-Fw (primer) with restriction sites underlined

Length: 29

Type: DNA

Organism:

Sequence: AAACCATGGATGAAAATTCTTATTAGCGG

SEQ D3 NO: 20 - Nucleotide Sequence for synthetic oligonucleotide gne-RV (primer) with restriction sites underlined

Length: 57

Type: DNA

Organism:

SEQ ID NO: 21 - Nucleotide Sequence for oligonucleotide containing restriction sites for Nhel restriction enzyme

Length: 1 1

Type: DNA

Organism:

Sequence: AAAAAGCTAGC

SEQ ID NO: 22 - Nucleotide Sequence for oligonucleotide containing restriction sites for AscI restriction enzyme

Length: 8
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Type: DNA

Organism:

Sequence: CCGCGCGG

SEQ ID NO: 23 - Nucleotide Sequence for plasmid pMLBAD:Z3206 (E. coli 0157 insert in plasmid) encoding Z3206
with a C-terminal hemagglutinin tag

Definition Ligation of product into Z3206-pMLB AD*

Features Location/Qualifiers

CDS 2105..3098

/label=Z3206

CDS 3098..3127

/label=HA

Length: 7794 bp

Type: DNA circular UNA

Sequence:
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SEQ ID NO: 24 - Nucleotide Sequence for pMLBADrgne (E. coli 0157 insert in plasmid) which encodes Gne with
a C-terminal hemagglutinin tag

Locus gne-pMLBAD

Definition Ligation of dig galE into pmlbad did (Ncol-Xbal)

Features Location/Qualifiers

CDS 2097..3080

/label=galE

CDS 3081..3107

/label=HA

Region 3108..31 10

/label=stop

Length: 7776 bp

Type: DNA circular UNA

Sequence:



EP 2 501 406 B1

45

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

46

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

47

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

48

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

49

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

50

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

51

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

52

5

10

15

20

25

30

35

40

45

50

55



EP 2 501 406 B1

53

5

10

15

20

25

30

35

40

45

50

55

SEQ ID NO: 25 - Amino Acid Sequence for modified EPA with signal sequence

Disclosed in WO 2009/104074 (as SEQ ID NO. 6)

Type: PRT

Organism: Artificial

/note=" Description of Artificial Sequence: Synthetic

polypeptide"

Length: 643

Sequence:
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SEQ ID NO: 26 - Amino Acid Sequence for PgIB

Disclosed in WO 2009/104074 (as SEQ ED NO. 2)

Length: 722

Type: PRT

Organism: Campylobacter jejuni
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SEQ ID NO: 27 - Nucleotide Sequence for pCCIFOS Empty plasmid

Locus pCCIFOS with MCS cassette

Features Location/Qualifiers

Region 230..256

/label="pCCI/pEpiFOS fwd"

Region 311..330

/label="T7 promoter"

Region complement(504..529)

/label="pCCIpEpiFOS rv"

CDS complement(805..1464)

/label=cat

CDS 1683..2030

/label=redF

CDS 3425..4180

abel=repE

CDS 4759..5934

/label=parA

CDS 5934..6905

/label=parB

ORIGIN

Length: 8171 bp

Type: DNA circular UNA
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Organism: Artificial

Sequence:
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SEQ ID NO: 28 - Nucleotide Sequence for pCCIFOS cut (pFOS) and S. flexneri 6 O-antigen without Z3206

Locus pFOS cut and O-antige cut (-Z3206)

Definition Ligation of inverted pCCIFOS with MCS cassette cut with NheI and AscI into S.flexneri 6 O antigen cluster
amplified with galFNheI and wzzAscI cut with NheI and AscI

FEATURES Location/Qualifiers

CDS 3..411

/label=’galF

CDS 784..1869

/label=rmIB

CDS 1869..2768

/label=rmID

CDS 2826..3704

/label=rmIA

CDS 3709..4266

/label=rmIC

CDS 4263..5495

/label=wzx

CDS 5551..6738

/label=wzy

CDS 6755..7624

/label=wfbY
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CDS 7621..8454

/label=wfbZ

CDS 8559..9965

Aabel=gnd

CDS 10187..11380

/label=ugd

CDS complement(I 1446..12450)

/label=uge

CDS 12802..12828

/label=wzz’

Region complement 12868..12887)

/label="T7 promoter"

Region complement 12942..12968)

/label="pCCI/pEpiFOS fwd"

CDS complement(14460..15431)

/label=parB

CDS complement 15431..16606)

/label=parA

CDS complement 17185..17940)

/label=repE

CDS complement 19335..19682)

/label=redF

CDS 19901..20560

/label=cat

Region 20836..20861

/label="pCCIpEpiFOS rv"

Length: 20982 bp

Type: DNA circular UNA

Sequence:
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SEQ ID NO: 29 - Nucleotide Sequence for pCCIFOS cut (pFOS) and S. flexneri 6 O-antigen with Z3206

Locus pFOS cut and O-antigen cut (Z3206+)

Definition Ligation of inverted S. flexneri 6 O antigen cluster amplified with Z3206Nhe and wzzAscI cut with NheI
and AscI into pCCIFOS with MCS cassette cut with NheI and AscI

Features Location/Qualifiers

CDS complement(370..396)

/label=wzz’

CDS 748..1752

/label=uge

CDS complement(1818..3011)

/label=ugd

CDS complement(3233..4639)

/label=gnd

CDS complement(4744..5577)

/label=wfbZ

CDS complement(5574..6443) [0429] /label=wfbY

CDS complement(6460..7647) [0431] /label=wzy

CDS complement(7703..8935) [0433] /label=wzx

CDS complement(8932..9489) [0435] /label=rmIC

CDS complement(9494..10372) [0437] /label=rmIA

CDS complement(10430..11329) [0439] /label=rmID

CDS complement(11329..12414) [0441] /label=rmIB

CDS complement(12787..13680) [0443] /label=galF

CDS complement 13912..14907) [0445] /label=Z3206

CDS complement(15065..15097) [0447] /label=’wcaM

CDS complement 15525..16184) [0449] /label=cat



EP 2 501 406 B1

94

5

10

15

20

25

30

35

40

45

50

55

CDS 16403..16750

/label=redF

CDS 18145..18900

/label=repE

CDS 19479..20654

/label=parA

CDS 20654..21625

/label=parB

Length: 22887 bp

Type: DNA circular UNA

Sequence:
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Claims

1. A recombinant prokaryotic organism which is E. coli comprising nucleic acids encoding:

i) an epimerase that synthesizes N-acetylgalactosamine on undecaprenyl pyrophosphate, wherein said nucleic
acid encoding said epimerase is at least 95% identical to SEQ ID NO: 1;
ii) glycosyltransferases that assemble an oligo- or polysaccharide on a lipid carrier;
iii) an oligosaccharyl transferase from Campylobacter jejuni; and
iv) a protein comprising one or more of a recombinantly introduced consensus sequence, D/E - X-N- Z - S/T,
wherein X and Z are independently any natural amino acid except proline

wherein the oligosaccharide assembled by said glycosyltransferases can be transferred from the lipid carrier to the
target protein having one or more optimised consensus sequences by the oligosaccharyl transferase.

2. The recombinant prokaryotic biosynthetic system of claims 1, wherein said protein is P. aeruginosa exoprotein.

3. The recombinant prokaryotic biosynthetic system of any one of claims 1-2, wherein said oligo- or polysaccharide is
from a Gram-negative bacterium.

4. The recombinant prokaryotic biosynthetic system of claim 3, wherein said oligo- or polysaccharide is from Shigella
flexneri, preferably from Shigella flexneri 6; or E. coli preferably E coli 0157.

5. The recombinant prokaryotic biosynthetic system of any one of claims 1 to 4, wherein said oligo- or polysaccharide
comprises a structure:

Or (ii) the following structure: α-D-PerNAc-α-L-Fuc-(β-D-Glc-α-D-GalNAc.

6. A method of producing an N-linked glycosylated protein comprising culturing the recombinant prokaryotic organism
of any one of claims 1-5 under conditions suitable for the production of proteins and isolating the N-glycosylated
protein from the culture.

7. A method of producing an N-linked glycosylated protein, comprising:

a.) introducing into an E. coli host organism nucleic acids encoding:

i.) an epimerase that synthesizes N-acetylgalactosamine on undecaprenyl pyrophosphate, wherein said
nucleic acid encoding said epimerase is at least 95% identical to SEQ ID NO: 1;
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ii.) glycosyltransferases that assemble an oligo- or polysaccharide on a lipid carrier;
iii.) an oligosaccharyl transferase from Campylobacter jejuni; and
iv.) a protein comprising one or more of an introduced consensus sequence, D/E - X-N- Z - S/T, wherein
X and Z can be any natural amino acid except proline; and

b.) culturing said host organism until at least one N-glycosylated protein is produced.

8. The method of claim 7, wherein said protein is P. aeruginosa exoprotein.

9. The method of any one of claims 7 to 8, wherein said oligo- or polysaccharide is from a Gram-negative bacterium.

10. The method of any one of claims 7 to 9, wherein said oligo- or polysaccharide is from Shigella flexneri. preferably
from Shigella flexneri 6.

11. The method of any one of claims 7 to 10, wherein said oligo- or polysaccharide is from E. Coli, preferably from E.
coli 0157.

12. The method of any one of claims 7 to 11, wherein said oligo- or polysaccharide comprises (i) the following structure:

Or (ii) the following structure α-D-PerNAc-α-L-Fuc-(β-D-Glc-α-D-GalNAc

Patentansprüche

1. Rekombinanter prokaryotischer Organismus, welcher E. coli ist, umfassend Nukleinsäuren, die codieren:

i) eine Epimerase, die N-Acetylgalactosamin auf Undecaprenylpyrophosphat synthetisiert, wobei die die Epime-
rase codierende Nukleinsäure zu wenigstens 95% identisch zu SEQ ID NO: 1 ist;
ii) Glycosyltransferasen, die ein Oligo- oder Polysaccharid auf einem Lipidträger assemblieren;
iii) eine Oligosaccharyltransferase von Campylobacter jejuni; und
iv) ein Protein, umfassend eine oder mehrere von einer rekombinant eingebrachten Konsensussequenz, D/E
- X-N- Z - S/T, wobei X und Z unabhängig voneinander jegliche natürliche Aminosäure außer Prolin sind,

wobei das durch die Glycosyltransferasen assemblierte Oligosaccharid durch die Oligosaccharyltransferase von
dem Lipidträger auf das Zielprotein übertragen werden kann, das eine oder mehrere optimierte Konsensussequen-
zen aufweist.

2. Rekombinantes prokaryotisches Biosynthesesystem gemäß Anspruch 1, wobei das Protein P. aeruginosa-Exopro-
tein ist.

3. Rekombinantes prokaryotisches Biosynthesesystem gemäß irgendeinem der Ansprüche 1-2, wobei das Oligo- oder
Polysaccharid von einem Gram-negativen Bakterium ist.

4. Rekombinantes prokaryotisches Biosynthesesystem gemäß Anspruch 3, wobei das Oligo- oder Polysaccharid von
Shigella flexneri, bevorzugt von Shigella flexneri 6; oder von E. coli, bevorzugt E. coli 0157, ist.

5. Rekombinantes prokaryotisches Biosynthesesystem gemäß irgendeinem der Ansprüche 1 bis 4, wobei das Oligo-
oder Polysaccharid eine Struktur:
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oder (ii) die folgende Struktur: α-D-PerNAc-α-L-Fuc-β-D-Glc-α-D-GalNAc
umfasst.

6. Verfahren zum Produzieren eines N-verknüpften glycosylierten Proteins, umfassend das Kultivieren des rekombi-
nanten prokaryotischen Organismus gemäß irgendeinem der Ansprüche 1-5 unter Bedingungen, die für die Pro-
duktion von Proteinen geeignet sind, und das Isolieren des N-glycosylierten Proteins aus der Kultur.

7. Verfahren zum Produzieren eines N-verknüpften glycosylierten Proteins, umfassend:

a.) Einbringen von Nukleinsäuren in einen E. coli-Wirtsorganismus, wobei die Nukleinsäuren codieren:

i.) eine Epimerase, die N-Acetylgalactosamin auf Undecaprenylpyrophosphat synthetisiert, wobei die die
Epimerase codierende Nukleinsäure zu wenigstens 95% identisch zu SEQ ID NO: 1 ist;
ii.) Glycosyltransferasen, die ein Oligo- oder Polysaccharid auf einem Lipidträger assemblieren;
iii.) eine Oligosaccharyltransferase von Campylobacter jejuni; und
iv.) ein Protein, umfassend eine oder mehrere von einer eingebrachten Konsensussequenz, D/E - X-N- Z
- S/T, wobei X und Z jegliche natürliche Aminosäure außer Prolin sein können; und

b.) Kultivieren des Wirtsorganismus, bis wenigstens ein N-glycosyliertes Protein produziert wird.

8. Verfahren gemäß Anspruch 7, wobei das Protein P. aeruginosa-Exoprotein ist.

9. Verfahren gemäß irgendeinem der Ansprüche 7 bis 8, wobei das Oligo- oder Polysaccharid von einem Gram-
negativen Bakterium ist.

10. Verfahren gemäß irgendeinem der Ansprüche 7 bis 9, wobei das Oligo- oder Polysaccharid von Shigella flexneri,
bevorzugt von Shigella flexneri 6, ist.

11. Verfahren gemäß irgendeinem der Ansprüche 7 bis 10, wobei das Oligo- oder Polysaccharid von E. coli, bevorzugt
von E. coli 0157, ist.

12. Verfahren gemäß irgendeinem der Ansprüche 7 bis 11, wobei das Oligo- oder Polysaccharid (i) die folgende Struktur:

oder (ii) die folgende Struktur α-D-PerNAc-α-L-Fuc-β-D-Glc-α-D-GalNAc
umfasst.

Revendications

1. Organisme procaryote recombiné qui est E. coli comprenant des acides nucléiques codant pour :

i) une épimérase qui synthétise la N-acétylgalactosamine sur le pyrophosphate d’undécaprényle, dans lequel
ledit acide nucléique codant pour ladite épimérase présente une identité d’au moins 95 % avec SEQ ID NO : 1 ;
ii) des glycosyltransférases qui assemblent un oligo- ou un polysaccharide sur un vecteur lipidique ;
iii) une oligosaccharyl transférase de Campylobacter jejuni ; et
iv) une protéine comprenant une ou plusieurs d’une séquence consensus introduite par recombinaison, D/E-
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X-N-Z-S/T, dans laquelle X et Z sont indépendamment tout acide aminé naturel à l’exception de la proline

dans lequel l’oligosaccharide assemblé par lesdites glycosyltransférases peut être transféré, par l’oligosaccharyl
transférase, du vecteur lipidique à la protéine cible ayant une ou plusieurs séquences consensus optimisées.

2. Système biosynthétique procaryote recombiné selon la revendication 1, dans lequel ladite protéine est une exopro-
téine de P. aeruginosa.

3. Système biosynthétique procaryote recombiné selon l’une quelconque des revendications 1 et 2, dans lequel ledit
oligo- ou polysaccharide provient d’une bactérie Gram négatif.

4. Système biosynthétique procaryote recombiné selon la revendication 3, dans lequel ledit oligo- ou polysaccharide
provient de Shigella flexneri, de préférence de Shigella flexneri 6 ; ou d’E. coli, de préférence d’E. coli 0157.

5. Système biosynthétique procaryote recombiné selon l’une quelconque des revendications 1 à 4, dans lequel ledit
oligo- ou polysaccharide comprend une structure :

ou (ii) la structure suivante : α-D-PerNAc-α-L-Fuc-β-D-Glc-α-D-GalNAc.

6. Procédé de production d’une protéine glycosylée à liaison N comprenant la culture de l’organisme procaryote
recombiné selon l’une quelconque des revendications 1 à 5, dans des conditions appropriées pour la production
de protéines et l’isolement de la protéine N-glycosylée de la culture.

7. Procédé de production d’une protéine glycosylée à liaison N, comprenant :

a.) l’introduction dans l’organisme hôte E. coli d’acides nucléiques codant pour :

i.) une épimérase qui synthétise la N-acétylgalactosamine sur le pyrophosphate d’undécaprényle, dans
lequel ledit acide nucléique codant pour ladite épimérase présente une identité d’au moins 95 % avec SEQ
ID NO : 1 ;
ii.) des glycosyltransférases qui assemblent un oligo- ou un polysaccharide sur un vecteur lipidique ;
iii.) une oligosaccharyl transférase de Campylobacter jejuni ; et
iv.) une protéine comprenant une ou plusieurs d’une séquence consensus introduite, D/E-X-N-Z-S/T, dans
laquelle X et Z peuvent être tout acide aminé naturel à l’exception de la proline ; et

b.) la culture dudit organisme hôte jusqu’à ce qu’au moins une protéine N-glycosylée soit produite.

8. Procédé selon la revendication 7, dans lequel ladite protéine est une exoprotéine de P. aeruginosa.

9. Procédé selon l’une quelconque des revendications 7 à 8, dans lequel ledit oligo- ou polysaccharide provient d’une
bactérie Gram négatif.

10. Procédé selon l’une quelconque des revendications 7 à 9, dans lequel ledit oligo- ou polysaccharide provient de
Shigella flexneri, de préférence de Shigella flexneri 6.

11. Procédé selon l’une quelconque des revendications 7 à 10, dans lequel ledit oligo- ou polysaccharide provient d’E.
coli, de préférence d’E. coli 0157.

12. Procédé selon l’une quelconque des revendications 7 à 11, dans lequel ledit oligo- ou polysaccharide comprend (i)
la structure suivants :
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ou (ii) la structure suivante α-D-PerNAc-α-L-Fuc-β-D-Glc-α-D-GalNAc.
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