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The glycan-rich surface of Helicobacter pylori plays a critical role in
host—pathogen interactions and represents a promising target for
therapeutic intervention. We report the synthesis and biological
evaluation of a masked bis(pivaloyloxymethyl) phosphonate analo-
gue of a-p-glucose 1l-phosphate designed to inhibit glycoprotein
biosynthesis in H. pylori. This prodrug strategy enhances bacterial
uptake by neutralizing the phosphonate’s dianionic charge, poten-
tially enabling intracellular esterase-mediated release of the active
phosphonate. Using metabolic oligosaccharide engineering (MOE)
with Ac;GlcNAz, we demonstrate that the masked phosphonate
exhibits dose-dependent inhibition of glycoprotein biosynthesis,
whereas unmasked and cyclic phosphonate analogues show mini-
mal activity. These findings highlight the potential of masked
phosphonates as chemical tools for probing bacterial glycosylation
and as leads for novel antibacterial agents.

Bacteria rely on their glycan-rich surface coats to mediate host
interactions, promote colonization, and resist drug entry.' Impor-
tantly, bacterial glycans differ structurally from those found in
mammalian cells and play crucial roles in pathogenesis by aiding
immune evasion and promoting tissue adhesion.”> Targeting
bacterial glycosylation, therefore, offers a promising strategy to
develop selective antibacterial therapies that minimize harm to
the host. Bacterial glycan biosynthesis pathways, including those
involved in glycoprotein and lipopolysaccharide assembly, lack
direct genetic labelling strategies, necessitating the use of com-
plementary chemical approaches for structural and functional
analysis.>”

Metabolic oligosaccharide engineering (MOE)® is an
enabling analytical technique used to monitor glycan assembly
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in both mammalian and bacterial cells.®” Its application in
bacteria has yielded important insights into glycoprotein bio-
synthesis in select pathogenic species. In particular, Helicobacter
pylori is an aetiological factor for gastric cancer and peptic ulcer
disease,®’ that is particularly amenable to MOE (Fig. 1).'*"?
Metabolic labelling of glycoproteins in H. pylori with the azido-
sugar N-azidoacetylglucosamine (GlcNAz) led to the discovery of
specific small molecules capable of modulating glycoprotein
biosynthesis in H. pylori, including benzyl"* or thioglycosides,"®
however, the concentrations necessary to effect observable
changes in glycoprotein biosynthesis remain relatively high, in
the millimolar regime. These high concentrations likely reflect,
in part, restricted uptake across the bacterial envelope.'® This
permeability barrier remains a significant impediment to devel-
oping glycan-targeted antibacterial agents."”

Other pathogenic bacteria have remained recalcitrant
towards utilization of MOE to observe glycoprotein biosynth-
esis, potentially due to the lack of metabolic processing of
GIcNAz. Nitz and co-workers have recently explored a mutant
E. coli strain over-expressing an anomeric kinase, to determine
the fate of GIcNAz in E. coli with a view to demonstrating
incorporation of GlcNAz into peptidoglycan (PGN), poly-p-1,6-
N-acetylglucosamine (PNAG), lipopolysaccharide (LPS) or enter-
obacterial common antigen (ECA), with the highest levels
identified in PNAG."® In addition to the lack of MOE in a broad
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Fig. 1 Metabolic Oligosaccharide Engineering in H. pylori** Ac4GlcNAZ =
N-azidoacetyltetraacetylglucosamine. The acetyl esters increase lipophi-
licity of the azidocarbohydrate to enhance uptake whereupon esters are
cleaved.
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swathe of pathogenic bacteria, there are relatively few reports of
small molecules capable of modulating glycoprotein biosynth-
esis in bacteria. Successes in this arena have focused on high-
throughput library screens'®?° to identify inhibitors of bacter-
ial monosaccharide biosynthesis that subsequently impede
downstream glycoprotein construction.

To expand the approaches available to inhibit bacterial
glycoprotein biosynthesis, we were inspired by successes in
using carbohydrate phoshonate-based inhibitors in mammalian
systems>' and C-glycosides in bacterial systems.?* Carbohydrate
biosynthesis pathways utilize monosaccharide 1-phosphates,
which are subsequently transformed into activated sugar nucleo-
tides and transferred by glycosyltransferases onto target
substrates.”® Sugar phosphate analogues that gain access to
bacterial cells and interfere with enzymes involved in glycan
processing offer an attractive route to inhibit glycan biosynth-
esis. Phosphonates are non-hydrolysable analogues of phos-
phates where the carbon-oxygen-phosphorus (COP) linkage is
replaced with a direct carbon-phosphorus (CP) linkage. Thus,
phosphonates have long garnered interest as probe compounds
for phosphoryl transfer or enzyme systems where phosphate
binding is invoked.>**® The charged nature of a phosphonate
often limits the uptake of compounds into cells and as a
consequence, prodrug or masked phosphonate approaches have
been devised to facilitate cellular uptake,** " including clinically
approved phosphorus-containing drugs.’**>?? Isosteric phos-
phonate analogues of a-p-glucose 1-phosphate have been demon-
strated to be substrates for thymidylyltransferases (E.C. 2.7.7.24),
an enzyme class responsible for condensing sugar 1-phosphates
with nucleoside triphosphates.>*3® More recently, subsequent
enzymes within the corresponding pathway have turned over the
modified sugar nucleotide.>” Delivery of the phosphonate into
bacteria could potentially interfere with sugar nucleotide for-
mation, and subsequently with glycosyltransferase activities
necessary for glycoprotein biosynthesis. However, cellular activ-
ities of these phosphonates have not been reported.

Here, we sought to couple a prodrug-based strategy to
increase bioavailability of carbohydrate phosphonates and a
cell-based screen to detect their biological activity. We hypothe-
sized that masked carbohydrate phosphonates would disrupt
glycoprotein biosynthesis in H. pylori. To test this hypothesis, a
masked phosphonate synthesis was undertaken to install an
acyloxymethyl ester upon the phosphonate, a prodrug function-
ality that is designed to undergo cleavage upon bacterial
uptake.*® The effects of the masked phosphonate Ac,POM,GlcCP
(1), possessing no net negative charge, a structurally related
cyclic phosphonate cGlcCP (2),*° possessing a single net negative
charge, and the unmasked phosphonate GlcCP (3), possessing a
dianionic charge, on glycoprotein biosynthesis in wild-type H.
pylori were investigated using MOE. The effects of charge on the
phosphonic acid, coupled to masking of the hydrophilic hydroxyl
groups, were expected to influence the ability of each compound
to traverse the bacterial cell envelope.

The preparation of the masked bis(pivaloyloxymethyl, POM)
derivative (Ac,POM,GlcCP, 1) was accomplished in eight steps
(Scheme 1B). The synthesis commenced with the preparation,
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Scheme 1 (A) Phosphonates evaluated as putative glycoprotein biosynth-
esis inhibitors in H. pylori. (B) Synthesis of masked acyloxymethylene
phosphonate 1. The acetyl and POM esters of 1 increase lipophilicity of
the carbohydrate to enhance uptake, whereupon esters are likely cleaved.

over four steps, of the known diethyl tetrabenzyl phosphonate,
from commercially available 2,3,4,6-tetra-O-benzyl-p-glucopyranose,
as disclosed previously.** The benzyl ethers were removed using
catalytic hydrogenation with palladium hydroxide at atmospheric
hydrogen pressure to deliver 4 in 98% yield, and the exposed
hydroxyl functionality acetylated using acetic anhydride/pyridine,
and the product (5) isolated after chromatography in 90% yield.
Next, the diethyl phosphonate functionality was cleaved using
trimethylsilyl bromide to furnish the free phosphonic acid (6). This
material was dried and used directly without purification for the
next step, whereupon it was refluxed with chloromethyl pivalate in
dioxane and the product (1) isolated after chromatography in 76%.
Switching the order of hydrogenolysis and ethyl ester cleavage was
not satisfactory: the POM derivative with free hydroxyl substituents
around the carbohydrate was unstable, and hydrolyzed over a series
of days (data not shown).

The effect of phosphonates 1-3 on H. pylori glycoprotein
biosynthesis was probed using MOE with GlcNAz (Fig. 1).*7*>°
In this approach, the azide functionality is incorporated into
newly synthesized glycoproteins and provides a handle for
tagging using appropriate antibody reagents for western blot
analysis to interrogate glycoprotein biosynthesis. The GlcNAz is
delivered as the lipophilic ester derivative, Ac,GlcNAz, since the
presence of the acetyl functionality improves cellular uptake, in
an analogous fashion to the incorporation of the POM func-
tionality on the phosphorus(v) functionality. Thus, H. pylori was
grown using standard approaches®* in the presence of Ac,Gle-
NAz (0.5 mM) together with increasing micromolar concentra-
tions of 1-3. After 3-4 days growth, the H. pylori were harvested
and lysed, and lysates were standardized to equivalent protein
concentrations prior to treatment with Phos-FLAG reagent to
visualize azide-labelled glycoproteins by western blot with anti-
FLAG-HRP antibody. Treatment of bacteria with the azide-free
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Fig. 2 Inhibition of glycoprotein biosynthesis in H. pylori by phospho-

nates 1-3. Coomassie stain (SI, Fig. S10D) demonstrated equivalent protein
loading for all samples.

negative control sugar peracetylated N-acetylglucosamine
(AcyGlcNAc) captures azide-independent signal and bench-
marks the lowest amount of signal expected in the absence of
azide-labeled glycoprotein biosynthesis. By contrast, treatment
of bacteria with Ac,GlcNAz (0.5 mM) without addition of 1-3
captures uninhibited azide-labeled glycoprotein biosynthesis
and benchmarks the highest amount of signal expected in the
absence of inhibition (Fig. 2). Treatment of H. pylori with 1
(100-500 pM) alongside Ac,GlcNAz (0.5 mM) led to a substan-
tial reduction in the azide-labeled glycoprotein fingerprint,
corresponding to inhibition of glycoprotein biosynthesis in H.
pylori when treated with 1 (Fig. 2). By contrast, the cyclic
phosphonate 2 demonstrated minimal effects upon glycopro-
tein biosynthesis over the same concentration range. This
result reveals that the cyclic phosphonate ester with a single
anionic charge does not affect glycoprotein biosynthesis.
Insightfully, 3, the isosteric phosphonate analogue of o-b-
glucose 1-phosphate, where the phosphonate functionality
has not been masked and the dianionic charge is present, also
failed to provide significant glycoprotein biosynthesis inhibi-
tion. Even millimolar concentrations of 2 or 3 failed to sub-
stantially inhibit glycoprotein biosynthesis (Fig. S10, SI),
whereas dose-dependent inhibition of 1 was observed at low
micromolar concentrations (Fig. S10, SI). Treatment of H. pylori
with either phosphonate 1 or 3 did not appreciably impact
growth of bacteria relative to untreated controls (Fig. S11, SI),
suggesting that glycoprotein biosynthesis inhibition was not
due to compound toxicity. These data clearly demonstrate the
importance of masking polar moieties (the phosphonate dia-
nionic charge and the hydroxyl groups) with cleavable function-
ality to effect glycan biosynthesis. It should be noted, however,
that the derivative of 3 with the hydroxyl groups acetylated was
not prepared and evaluated, therefore, the precise role of
acetylation on inhibitor activity cannot be detangled from the
role of masking the anionic charge. The masked phosphonate
likely facilitates uptake of 1 across the lipophilic membrane of
H. pylori, whereupon the ester functionalities (both POM and
acetyl) are anticipated to be hydrolysed leading to the presence
of 3 within the bacterial cell, where it exerts a substantial effect
upon glycoprotein biosynthesis.
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The mechanism of action of compound 1 remains to be
elucidated. There are multiple targets within the H. pylori
amenable to inhibition after intracellular hydrolysis of the
acetyl and POM functionality in 1 to form 3, including: (i)
acting as an inhibitor of the enzymes responsible for sugar
nucleotide biosynthesis, (ii) acting as a substrate for sugar
nucleotide biosynthesis where the non-hydrolysable phospho-
nate functions as a non-hydrolysable glycosyltransferase donor
sugar, (iii) acting as a glycosyltransferase surrogate acceptor
substrate for glycoprotein biosynthesis, and (iv) acting as an
inhibitor of GlcNAz incorporation, and thereby having no effect
on H. pylori glycoprotein biosynthesis, although given the lack
of the 2-N-acetyl functionality in 3, this remains a remote
possibility.

Investigations into the use of other prodrug forms may
further enhance bacterial uptake of 3, given the diversity of
physicochemical and biological properties demonstrated using
a wider array of acyloxy prodrugs in other systems.*!

The first synthesis of masked bis(POM) phosphonate (1) has
been completed, and 1 demonstrated significant inhibition of
glycoprotein biosynthesis in H. pylori. 1 is charge-neutral, with
ester functionalities masking both the phosphonate dianionic
charge and the carbohydrate hydroxyl substituents. The corres-
ponding phosphonate that lacked esterification (3) resulted in
substantially less significant inhibition, providing evidence for
the importance of masking the anionic charge in order to elicit
bioactivity in bacteria. The cyclized phosphonate (2) had the
least effect on glycoprotein biosynthesis.

Bacterial glycoproteins and glycan biosynthesis remain rele-
vant antibiotic targets. The discovery that the masked phos-
phonate potently modulates glycoprotein biosynthesis sets the
stage for future enquiries into the mechanism of action of
masked phosphonates and their effects upon pathogenic bac-
teria. Such studies will be reported in the course of our research.
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