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ABSTRACT

Metabolic glycoengineering is a technique introduced in the early 90s
of the last century by Reutter et al.. It utilises the ability of cells to
metabolically convert sugar derivatives with bioorthogonal side chains
like azides or alkynes and by that incorporation into several glyco
structures. Afterwards, the carbohydrates can be labelled to study their
distribution, dynamics and roles in different biological processes. So
far many studies were performed on mammal cell lines as well as in
small animals. Very recently, bacterial glyco-structures were targeted
by glycoengineering, showing promising results in infection prevention
by reducing pathogen adhesion towards human epithelial cells.

INTRODUCTION

Bacteria were among the first life forms to appear on earth, and are present in most habitats
on the planet, e. g., they live in symbiosis with plants and animals. Compared to human cells
there are ten times as many bacterial cells in our body. Most of them are harmless or even
beneficial. But some species are pathogenic and cause infectious diseases with more than 1.2
million deaths each year [1]. Those infections include cholera, syphilis, anthrax, leprosy, and
bubonic plague as well as respiratory infections like tuberculosis.
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BACTERIAL CELL SURFACE ARCHITECTURE

Bacteria are divided into Gram-positive and Gram-negative species. Gram-positive bacteria
are surrounded by a peptidoglycan cell wall. This peptidoglycan is a polymer consisting of
alternating B-(1,4) linked N-acetylglucosamine and N-acetylmuramic acids which are cross-
linked by four amino acids (p-alanine, L-lysine, b-glutamine and L-alanine) to form a mesh
of 20— 80 nm diameter (Figure 1).
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Figure 1. Structure of bacterial peptidoglycan, anchored in the cell membrane.

Gram-negative bacteria are covered by a dense layer of lipopolysaccharides and embedded
in their outer membrane. One of the essential components of lipopolysaccharides is 3-deoxy-
D-manno-octulosonic acid (KDO).

METABOLIC GLYCOENGINEERING

Metabolic engineering has demonstrated to be a powerful tool for the modification of
eukaryotic cell surfaces. It has been applied in living organisms like human cell cultures,
mice and zebrafish [2 —7]. The principle is based on the incorporation of artificial modified
monosaccharides such as derivatives of N-acetyl neuraminic acid, N-acetylmannosamine,
N-acetylglucosamine, N-acetylgalactosamine and fucose in cell surface glycoproteins [8].
Starting from N-acetylglucosamine they are passed through the biosynthetic metabolic
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pathway and finally transformed to sialic acid [9]. The incorporated modified sugars with
functional groups like azides, alkynes and alkenes can bioorthogonally react with their
corresponding functionalized probes [8]. Reactions like inverse Electron Demand Diels—
Alder reactions of tetrazines and dienophiles such as trans-cyclooctene and cyclopropene,
the Sharpless-Huisgen Mendal [3+2] cycloaddition or Staudinger type reaction and photo-
crosslinking [10] have been proven to be bioorthogonal (Scheme 1) [11]. In this way, cell
surfaces can be further labelled and analysed. However, human cell surfaces differ comple-
tely from bacterial ones.

Scheme 1. Established bioorthogonal reactions: Staudinger ligation (blue-red), Huis-
gen-Sharpless-Mendal cycloaddition (green-red) and the inverse Electron Demand
Diels—Alder reaction (iIEDDA; purple-orange).

Bacterial cell composition and targets

KDO is a specific component of the inner core of lipopolysaccharides in Gram-negative
bacteria. Its biosynthesis starts with arabinose-5-phosphate (arabinose-5-P) which condenses
with phosphoenolpyruvate (PEP) to yield KDO-8-phosphate (KDO-8-P). Further dephos-
phorylation and activation with cytidine monophosphate (CMP) allows the transglycosyla-
tion into the lipopolysaccaride core structure [12 — 14].

Dumont et al. targeted KDO for the glycoengineering approach in E. coli [15]. Referring to
the biosynthesis they used 5-azido-5-deoxy-D-arabinofuranose as a precursor for the chemi-
cal synthesis of 8-azido-8-deoxy-KDO (Scheme 2). After feeding of E. coli with the mod-
ified KDO sugar, they were able to stain the bacterial cell surface by azide-alkyne click
chemistry with a fluorescent dye (Figure 2) [15]. In general, Gram-positive bacteria such as
Bacillus subtilis and Staphylococcus aureus are missing KDO in their cell wall. Conse-
quently, no labelling was observed under similar conditions.
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Scheme 2. a) Structure of the major component of E. coli K12 lipopolysaccharide.
b) Synthesis of N3-KDO. Gal: p-galactose; Glc: D-glucose; GlcN: 2-amino-2-deoxy-D-
glucose; Hep: L-glycero-p-manno-heptose.
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Figure 2. KDO-N; metabolically labels E.coli lipopolysaccharides. Metabolically
incorporated KDO-Nj in E. coli K12 was revealed by a Cu'-catalyzed click reaction
with alkyne modified fluoresceine (from [15]).
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Cell surface labelling and adhesion decrease of S. aureus

Bioorthogonal metabolic labelling of Gram-positive S. aureus was instead successful when a
N-acetylglucosamine derivative was used [16]. Bacteria fed with N-azidoacetylglucosamine
(GIcNAz) could be labelled with alkynylated fluorescent dyes (Tetramethylrhodamine,
TAMRA; and Alexa Fluor® 488) using the copper catalysed click reaction (Figure 3).
Moreover, by that change the surface properties of S. aureus, adhesion towards a human
bladder epithelic cell line (T24) could be reduced significantly.
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Figure 3. S. aureus is labelled with the fluorescent dye Tetramethylrhodamine alkyne
by performing a copper catalysed [3+2] cycloaddition on the cell surface after incor-
poration of the unnatural sugar analogue N-azidoacetylglucosamine (C, D). When
cultivated in the presence of non-azide containing N-acetylglucosamine no fluores-
cence can be detected (A, B).

Although the exact identity of the targeted glyco structures is still unknown, there are some
suggestions. Based on the ability to perform the click reaction on the cell surface as well as
the influence on adhesion properties, the affected components may be the peptidoglycan (see
Figure 1), glycolipids (teichoic acids) and extracellular polysaccarides (EPS), especially
poly-N-acetylglucosamine (PNAG) [17]. All of these cell surface components contain po-
tentially accessible GIcNAc as building block (Figure 4).
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Figure 4. Structures of S. aureus cell surface components containing N-acetylglucos-
amine (GIcNAc) as building block.

Furthermore, teichoic acids are discussed to stimulate bacterial adhesion to human epithelial
cells [18 —20]. Glycoengineering of these and other bacterial membrane components might
open a new pathway to study, and also to treat bacterial infections.

PERSPECTIVES

Complex carbohydrates on cell surfaces play an important role in many biological recogni-
tion processes like cell signalling and adhesion as well as in pathogen recognition [21].
While mammal cell surface glycans are investigated extensively, studies on bacterial carbo-
hydrate components and their role in infection processes are still quite rare. To address
crucial problems in fighting infections like emerging resistances of bacteria, pathogenesis
mechanisms must be understood in more detail. Bacterial adhesion as the first step in an
infection process can be influenced or even prevented by changing cell surface properties.

So far, first studies on metabolic engineering of bacterial glycostructures show the possibi-
lity to change cell surface properties and influence adhesion as one critical step in infection
processes. Novel drugs based on this concept may overcome today’s big problems in
infection therapy.

ACKNOWLEDGEMENTS

Elisabeth Memmel thanks the Elite Network of Bavaria scholarship for financial support.




Metabolic Engineering of Bacteria

[5]

[7]

REFERENCES
WHO http://apps.who.int/gho/data/node.main. CODWORLD? lang = en.

Kayser, H., Zeitler, R., Kannicht, C., Grunow, D., Nuck, R. and Reuter, W. (1992)
Biosynthesis of a nonphysiological sialic acid in different rat organs, using N-propa-
noyl-p-hexosamines as precursors. Journal of Biological Chemistry 267:16934 —
16938.

Mabhal, L.K., Yarema, K.J., Bertozzi, C.R. (1997) Engineering chemical reactivity on
cell surfaces through oligosaccharide biosynthesis. Science 276:1125—1128.
doi: http://dx.doi.org/10.1126/science.276.5315.1125.

Saxon, E. and Bertozzi, C.R. (2000) Cell surface engineering by a modified
Staudinger reaction. Science 287:2007 —2010.
doi: http://dx.doi.org/10.1126/science.287.5460.2007.

Bardor, M., Nguyen, D.H., Diaz, S. and Varki, A. (2005) Mechanism of uptake and
incorporation of the non-human sialic acid N-glycolylneuraminic acid into human
cells. Journal of Biological Chemistry 280:4228 —4237.

doi: http://dx.doi.org/10.1074/jbc.M412040200.

Homann, A., Qamar, R., Serim, S., Dersch, P. and Seibel, J. (2010) Bioorthogonal
metabolic glycoengineering of human larynx carcinoma (HEp-2) cells targeting sialic
acid. Beilstein Journal of Organic Chemistry 6:24.

doi: http://dx.doi.org/10.3762/bjoc.6.24.

Chang, P.V., Prescher, J.A., Sletten, E.M., Baskin, J.M., Miller, [.A., Agard, N. J.,
Lo, A. and Bertozzi, C.R. (2010) Copper-free click chemistry in living animals.
Proceedings of the National Academy of Sciences of the United States of America
107:1821 - 1826.

doi: http://dx.doi.org/10.1073/pnas.0911116107.

Laughlin, S.T. and Bertozzi, C.R. (2009) Imaging the glycome. Proceedings of the
National Academy of Sciences of the United States of America 06:12—17.
doi: http://dx.doi.org/10.1073/pnas.0811481106.

Saxon, E., Luchansky, S.J., Hang, H.C., Yu, C., Lee, S.C. and Bertozzi, C.R. (2002)
Investigating cellular metabolism of synthetic azidosugars with the Staudinger
ligation. Journal of the American Chemical Society 124:14893 —14902.

doi: http://dx.doi.org/10.1021/ja027748x.



http://apps.who.int/gho/data/node.main.CODWORLD?lang=en

Memmel, E. and Seibel, J.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Yu, S.-H., Boyce, M., Wands, A.M., Bond, M.R., Bertozzi, C.R. and Kohler, J.J.
(2012) Metabolic labeling enables selective photocrosslinking of O-GlcNAc-modi-
fied proteins to their binding partners. Proceedings of the National Academy of
Sciences of the United States of America 109:4834 —4839.

doi: http://dx.doi.org/10.1073/pnas.1114356109.

Bertozzi, C.R. and Wu, P. (2013) In vivo chemistry. Current Opinion in Chemical
Biology 17:717-718.
doi: http://dx.doi.org/10.1016/j.cbpa.2013.10.012.

Lodowska, J., Wolny, D., Weglarz, L. (2013) The sugar 3-deoxy-D-manno-oct-2-
ulosonic acid (KDO) as a characteristic component of bacterial endotoxin — a review
of its biosynthesis, function, and placement in the lipopolysaccharide core. Canadian
Journal of Microbiology 59:645 — 655.

doi: http://dx.doi.org/10.1139/cjm-2013-0490.

Elbein, A.D. and Heath, E.C. (1965) The Biosynthesis of Cell Wall Lipopolysacchar-
ide in Escherichia Coli. 1I. Guanosine Diphosphate 4-Keto-6-Deoxy-D-Mannose, an
Intermediate in the Biosynthesis of Guanosine Diphosphate Colitose. The Journal of
Biological Chemistry 240:1926 —1931.

Elbein, A.D. and Heath, E.C (1965) The Biosynthesis of Cell Wall Lipopolysacchar-
ide in Escherichia Coli. 1. The Biochemical Properties of a Uridine Diphosphate
Galactose 4-Epimeraseless Mutant. The Journal of Biological Chemistry 240:
1919 -1925.

Dumont, A., Malleron, A., Awward, M., Dukan, S. and Vauzeilles, B. (2012) Click-
mediated labeling of bacterial membranes through metabolic modification of the
lipopolysaccharide inner core. Angewandte Chemie, International Edition 51:
3143 -3146.

doi: http://dx.doi.org/10.1002/anie.201108127.

Memmel, E., Homann, A., Oelschlaeger, T.A. and Seibel, J. (2013) Metabolic gly-
coengineering of Staphylococcus aureus reduces its adherence to human T24 bladder
carcinoma cells. Chemical Communications (Cambridge, United Kingdon) 49:
7301 -7303.

doi: http://dx.doi.org/10.1039/c3cc43424a.

Weidenmaier, C. and Peschel, A. (2008) Teichoic acids and related cell-wall glyco-
polymers in Gram-positive physiology and host interactions. Nature Reviews
Microbiology 6:276—287.

doi: http://dx.doi.org/10.1038/nrmicro1861.




Metabolic Engineering of Bacteria

[18]

[19]

[20]

[21]

Livins’ka, O.P., et al. (2012) [The influence of teichoic acids from probiotic lacto-
bacilli on microbial adhesion to epithelial cells]. Mikrobiolohichnyi zhurnal 74:
16-22.

Weidenmaier, C., Kokai-Kun, J.F., Kristian, S.A., Chanturiya, T., Kalbacher, H.,
Gross, M., Nicholson, G., Neumeister, B., Mond, J.J. and Peschel, A. (2004) Role
of teichoic acids in Staphylococcus aureus nasal colonization, a major risk factor in
nosocomial infections. Nature Medicine 10:243 —245.

doi: http://dx.doi.org/10.1038/nm991.

Weidenmaier, C., Peschel, A., Xiong, Y.-Q., Kristian, S.A., Dietz, K., Yeaman, M.R.
and Bayer, A.S. (2005) Lack of wall teichoic acids in Staphylococcus aureus leads to
reduced interactions with endothelial cells and to attenuated virulence in a rabbit
model of endocarditis. The Journal of Infectious Diseases 191:1771—1777.

doi: http://dx.doi.org/10.1086/429692

Varki, A., et al. (2009) in Essentials of Glycobiology, 2nd ed. (Eds.: Varki, A.,
Cummings, R.D. Esko, J.D., Freeze, H.H., Stanley, P., Bertozzi, C.R., Hart, G.W.
and Etzler, M. E.), Cold Spring Harbor (NY).







