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Abstract

The human pathogen Campylobacter jejuni possesses a general N-linked glycosylation system that
is known to play a role in pathogenicity; however, a detailed understanding of this role remains
elusive. A considerable hindrance to studying bacterial N-glycosylation in vivo is the absence of
small molecule inhibitors to reversibly control the process. This report describes a pathway-screening
assay that targets the early enzymes of C. jejuni N-glycan biosynthesis that would enable
identification of inhibitors to the first four steps in the pathway. The assay includes PglF, PglE, PgID,
PgIC and PglA; the enzymes involved in the biosynthesis of an undecapreny! diphosphate-linked
disaccharide and monitors the transfer [H]GalNAc from the hydrophilic UDP-linked carrier to the
lipophilic UndPP-diNAcBac (2,4-diacetamido-2,4,6-trideoxyglucose). The optimized assay has a Z
"-factor calculated to be 0.77, indicating a robust assay suitable for screening. The diacylglycerol
kinase from Streptococcus mutans, which provides a convenient method for phosphorylating
undecaprenol, has been included in a modified version of the assay thereby allowing the screen to
be conducted with entirely commercially available substrates.

1. Introduction

The general N-linked protein glycosylation (pgl) pathway of Campylobacter jejuni is the first
discovered bacterial N-glycosylation system and has been demonstrated to play an important
role in the pathogenicity of this organism.l: 2 The human pathogen C. jejuni is a major cause
of gastroenteritis and is the most common antecedent to Guillain-Barré syndrome, a major
cause of non-trauma-induced paralysis.3-> N-linked glycosylation occurs in the periplasm of
the Gram-negative pathogen, with the en bloc transfer of a heptasaccharide from an
undecaprenyl diphosphate (UndPP) carrier to an asparagine in the acceptor protein. Over 40
proteins have been demonstrated to be N-glycosylated in C. jejuni, and it is predicted that more
than 150 of the 340 secreted C. jejuni proteins may be glycosylated based on the presence of
the recognition sequence D/E-X1-N-Xo-S/T (where X1 and X, may be any residue except
proline).2: 8: 7 The role of this post-translational modification and how it affects pathogenicity
are areas of active investigation. While a detailed understanding of how N-glycosylation
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enables pathogenicity is lacking, blocking N-glycosylation using genetic approaches renders
C. jejuni dramatically less pathogenic, as has been determined in several studies employing
chick colonization pathogenicity models.8-11 The genes mutated in these studies include the
oligosaccharyl transferase PgIB and those involved in the biosynthesis of the undecaprenyl
diphosphate-heptasaccharide; which strongly suggests that an inhibitor of one of the
biosynthetic enzymes along this pathway would block N-glycosylation and potentially
modulate pathogenicity.

The biosynthesis of the C. jejuni heptasaccharide involves the sequential addition of sugars to
generate a heptasaccharide linked to undecaprenyl diphosphate (Und-PP) anchored to the
cytoplasmic face of the inner membrane (Figure 1A). The first sugar in the heptasaccharide is
the unusual sugar N,N’-diacetylbacillosamine (2,4-diacetamido-2,4,6-trideoxyglucose, herein
referred to as diNAcBac), which is transferred from UDP-diNAcBac and is only known to
exist in certain strains of bacteria.1? In addition to the involvement in C. jejuni N-glycosylation,
UDP-diNAcBac is also a known intermediate in the biosynthesis of legionaminic acid in
Legionella pneumophilia (causative agent of Legionnaire's disease)!3 and is putatively a
component sugar in O-linked protein glycosylation in Neisseria gonorrhoeae (causative agent
of gonorrhea).14 In C. jejuni, UDP-diNAcBac is derived from UDP-GIcNACc by the sequential
action of the 4,6-dehydratase PglF, the 4-aminotransferase PglE and the 4-acetyltransferase
PgID (Figure 1B).15' 16 The glycosyl-1-phosphate transferase PgIC then uses UDP-diNAcBac
and undecaprenyl phosphate (UndP) to generate diNAcBac-PP-Und.1’ The
glycosyltransferase PglA then adds GalNAc (via an a—1,3 linkage), then PglJ adds the second
GalNAc (al,4-linkage), and PglH adds three additional GalNAc sugars (o.1,4-linkages, Figure
1A).18720 Pgll adds a branching glucose to the third GaINAc (B1,3-linkage) to afford the
complete Und-PP-heptasaccharide.1® The undecaprenyl diphosphate-linked glycan is then
flipped to the periplasmic face of the inner membrane by the flippase PglK,21 where the
oligosaccharyltransferase PglB transfers the glycan to asparagine residues within the consensus
sequence of proteins in the periplasm. A high-resolution magic angle spinning nuclear
magnetic resonance study comparing C. jejuni mutants found that N-linked glycosylation was
greatly reduced in pglF, pglE, pglD, pglA, pgld, pglH, pglK and pglB mutants, while the pgll
mutant is unaffected.1! A pglC mutant was unavailable as this mutation appears to be lethal.
11 22 The essential nature of the entire biosynthetic pathway (except Pgll) strongly suggests
one could target any one of the enzymes with inhibitors to reduce the flux of substrates through
the N-glycosylation pathway of C. jejuni.

In this report we describe a multicomponent Kinetic assay for the early enzymes in the UndPP-
heptasaccharide biosynthetic pathway (Figure 1B). PglF, PglE, PgID, PgIC, and PglA are
reconstituted in vitro and the conversion of UDP-GIcNAc into UndPP-diNAcBac-[3H]GalNAc
is quantified by monitoring the transfer of [BH]GalNAc from the water soluble UDP carrier to
the lipophilic UndPP-diNAcBac acceptor. This assay targets enzymes involved in the
biosynthesis of the unusual bacterial sugar diNAcBac and the transfer of diNAcBac-phosphate
to UndP. This multienzyme assay, together with the established assays for the individual
enzymes,15-17: 23 js anticipated to be a useful screen for inhibitors, and may be used to evaluate
substrate flux along the inhibited pathway. We also describe a modification of this assay, which
incorporates the diacylglycerol kinase from Streptococcus mutans (DGK) which allows for
use of the readily available undecaprenol in lieu of UndP,24 such that screening of five Pgl
enzymes in a single assay can be carried out using entirely commercially available substrates.

2.1 Reconstituted activities of PglF, PglE, PgID, PgIC, PglA and DGK

The five pgl pathway enzymes with the appropriate cofactors and substrates, including UndP
and UDP-[3H]GalNAc, were reconstituted for the quenched time-point assay. PgIF and PglC
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are integral membrane proteins purified from cell envelope fractions, and therefore the assays
are performed in the presence of the detergent Triton X-100. Samples collected at different
time points were extracted with a chloroform-methanol-water system, allowing measurement
of the ratio of water soluble substrate [H]GalNAc, to organic soluble product UndPP-
diNAcBac. As anticipated, a time-dependent transfer of radioactivity to the organic phase was
observed (Figure 2A). This transfer of radioactivity to the organic phase was not observed in
the absence of UndP (Figure S1). In a second experiment where DGK, ATP, and undecaprenol
(UndOH) were used in place of UndP, similar results were observed (Figure 2B). In both of
these experiments an initial lag period was observed, consistent with a coupled assay with
several partially rate-limiting steps. This was followed by a linear phase representing the
reaction progress from ~5 to 30% conversion. At higher conversion, the reaction rate
decelerates due to substrate depletion (Figures 2A and 2B). These results are consistent with
formation of the final PglA product UndPP-diNAcBac-[2H]GalNAc,19: 20, 24 a5 js the
requirement of each enzyme for these observations (Figure 2C). The systematic removal of
individual enzymes led to observation of only background levels of radioactivity in the organic
phase from the quenched assay aliquot, confirming these observations measure the formation
of the final product of these five enzymes, UndPP-diNAcBac-GalNAc.

2.2 Balancing enzyme concentrations for kinetic sensitivity to PglF, PglE, PgID and PgIC

We have chosen to include the first five enzymes in the UndPP-heptasaccharide pathway, as
this represents several enzymes intimately involved with recognition of the unusual sugar
diNAcBac or its precursor intermediates. Although PglA falls into this category, the primary
role of this enzyme is to deliver the [3H] labeled GalNAc to UndPP-diNAcBac and drive the
phosphoglycosyl transferase reaction forward and therefore, it is used in excess in the assay.
In order to make the assay simultaneously sensitive to inhibitors of PglF, PgIE, PgID, and PgIC,
the concentrations of these enzymes have been balanced such that the activity of each of these
is partially rate determining. This was accomplished by systematically lowering the
concentration of each enzyme until a significant effect on the overall rate was observed. A
simulated inhibition of these enzymes demonstrates this balanced state has been achieved,;
when the concentration of PgIF, PglE, PgID or PgIC is lowered five-fold a lower overall rate
results (Figure 2D).

2.3 Effects of Triton X-100 and DMSO

Variation of the detergent concentration has a significant effect on observed activity. Maximum
activity was observed with 0.04% Triton X-100 (Figure S2), near the critical micelle
concentration of this detergent (0.019%25). This activity 30-fold greater than that that
measured at 1% Triton X-100, and no activity was observed below the critical micelle
concentration of the detergent. These observations are consistent with the activity of known
membrane-associated enzymes.26

Dimethyl sulfoxide (DMSO) is a common small molecule carrier in library screening and as
such its compatibility with the assay was assessed. Up to 5% DMSO did not have a noticeable
effect on the overall activity, and only a minor effect on background signal was observed. When
PglF, PglE, or PgID was absent, slightly higher background radioactivity was observed than
when PgIC, PglA or DGK was absent (Figure 2C). In 5% DMSO the background radioactivity
with PglF, PglE, or PgID removed was less than ~10% the radioactivity with all enzymes
present, and the background radioactivity with PglC removed was less than ~3% the activity
with all enzymes present (Figure S3). One possible explanation for these observations is that
latent substrate promiscuity of PgIC and PglA exists, and that this activity is enhanced with
increasing DMSO concentration. Regardless of the origin of this effect, it is clear that up to
5% DMSO may be used with the assay while maintaining a signal to background ratio of ten
to one or greater.
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2.4 Volume-minimized assay for screening and inhibition with substrate analogues

For screening purposes the reaction volume has been minimized to allow for economical use
of reagents and time. Reaction volumes of 20 uL, which allow for a single time point evaluation
of reaction progress, have been deemed sufficient for screening purposes. Conditions are such
that at 30 min ~10% conversion to final product is observed, which is in the linear phase of
reaction progress. The assay was evaluated by running positive and negative controls on three
different occasions. The average signal-to-background ratio was 56-fold and the standard
deviation for the positive and negative controls was 7.3 and 0.27%, respectively. This data was
used to calculate the Z'-factor,2” which is a statistical parameter used to evaluate assay quality.
The Z'-factor takes into consideration the signal dynamic range and data reproducibility, and
should be between 0.5 and 1 for an assay to be suitable for screening. The Z'-factor for the
minimized assay was calculated to be 0.77.

Todemonstrate inhibition in the context of the assay, the effects of several products and product
analogues and the divalent metal ion chelator EDTA were investigated. UDP, a-ketoglutarate,
CoASH, and UMP were all found to inhibit the assay (Figure 3). EDTA was also found to
inhibit the assay, presumably by sequestering the divalent magnesium required for PgIC and
PglA, which are known to require a divalent cation for activity.1’ 23

3. Discussion

A recurring theme in prokaryotic glycoconjugate assembly is the sequential transfer of sugars
to a membrane-bound isoprene-linked carrier during glycan biosynthesis. Notable examples
of this include the biosynthesis of GICNAc-MurNAc-pentapetide subunits of peptidoglycan,
the outer O-antigens of lipopolysaccharide (LPS), capsular polysaccharides and
lipooligosaccharides. More recently discovered examples include bacterial glycosylation
pathways, such as the O-glycosylation pathway of N. gonorrheae and the N-glycosylation
pathway of C. jejuni. Having established an assay for C. jejuni, which takes advantage of the
lipophilicity of the undecaprenyl diphosphate-linked glycan, it is anticipated that the assay
described here could easily be adapted to these other pathways.

The development of this lipophilicity-based pathway screen is a useful tool to address the
present need for inhibitors of C. jejuni N-glycosylation. The absence of such inhibitors is
currently a hindrance for researchers studying the roles of this pathway in vivo. This is in
contrast with eukaryotic N-glycosylation, which is inhibited by tunicamycin, the utility of
which is demonstrated by more than 2500 peer-reviewed journal articles citing its use.
Tunicamycin targets the GIcNAc phosphototransferase, which transfers GICNAc-1-P from
UDP-GIcNAc to dolichyl-phosphate. Tunicamycin is also known to inhibit the transfer of
GIcNAc-1-P to UndP and the formation of the undecaprenyl-PP-MurNAc pentapeptide
involved in bacterial peptidoglycan biosynthesis. However, tunicamycin does not inhibit C.
jejuni PgIC, as described previously in a study in which this lack of inhibition was contrasted
with inhibition of Escherichia coli GIcNAc-1-phosphate transferase WecA.17 While it is
unfortunate that tunicamycin may not be used to inhibit PgIC in biological studies, the observed
difference in tunicamycin sensitivity suggests the feasibility of targeting PgIC of the C.
jejuni pathway selectively over GIcNAc phosphototransferase of the eukaryotic pathway,
which may be of therapeutic importance.

In the search for inhibitors of C. jejuni N-glycosylation, pathway screening offers several
advantages over parallel screening of each individual enzyme. Chiefly, the efficiency of
simultaneously screening multiple enzymes reduces the total number of assays required. It is
estimated that one could easily screen 25 potential inhibitory interactions in a single tube with
a cocktail of five compounds using the present assay. This would require additional
experiments to identify the particular inhibitor/enzyme combination of interest, but does not
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necessarily require individual assays for each enzyme as was demonstrated in a similar pathway
screen of the ADP-heptose biosynthetic pathway of LPS.28 In the case of PglIF, PgIE, PgID,
PgIC and PglA, however, individual assays are established.15"17: 23 A second benefit of the
pathway screen is the use of commercially available substrates, which is particularly relevant
here where every sugar intermediate beyond UDP-GIcNAC is rare and requires special
preparation and handling. Finally, assaying the pathway also allows identification of potential
modulators of enzyme complex formation.

4. Conclusion

In this report we have described how the lipophilic nature of the isoprene-linked glycan can
be harnessed to screen multiple enzymes involved with unusual sugar biosynthesis. This assay
has been optimized for maximum sensitivity to inhibition of PglF, PglE, PgID, and PgIC by
balancing the enzyme concentrations such that each is partially rate determining. The assay
has been optimized for maximum activity, which was found at 0.04-0.06% Triton X-100, and
the assay volume has been minimized to 20 pL to economize on reagent use. The robustness
of the optimized assay has been demonstrated by the measured Z'-factor of 0.77, well within
the desired range of 0.5 to 1 for reliable screening.

5. Experimental

5.1 Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Undecaprenol
(UndOH) and UDP-[3H]GalNAc were purchased from American Radiolabeled Chemicals Inc.
Undecaprenyl phosphate (UndP) had been previously2® prepared from undecaprenol using
phosphoramidite chemistry. The pure solvent upper phase (PSUP) used in the assay contains
49% MeOH, 48% 100 mM aqueous KClI, and 3% CHCls.

5.2 Enzyme preparation and storage

Recombinant enzymes were purified by affinity chromatography as N-terminal GST-tagged
(PglIF) or N-terminal His-tagged/C-terminal T7-tagged (PglE, PgID, PgIC, PglA, DGK)
constructs as described previously.1® 17: 19: 24 Hisg-tagged enzymes were dialyzed into 50
mM triethanolamine pH 7.8 with 1 mM tris(2-carboxyethyl)phosphine (TCEP) added. GST-
tagged enzymes were stored in the elution buffer containing 10 mM glutathione (and 0.1%
Triton X-100 in the case of PglF). Purified enzyme aliquots were stored at -80 °C with 15%
(PglE, PgID, PgIC, PglA, DGK) or 30% (PglF) glycerol.

5.3 Optimized PglF, PglE, PgID, PgIC, PglA assay protocol

Reactions were performed in parallel on a 20 uL scale in 1.65 mL Eppendorf tubes at 25 °C.
Reactions were initiated by addition of an enzyme stock to a solution of reagents and substrate.
For control reactions containing no enzyme an equivalent volume of buffer was added instead.
Assay components were 42 nM PglF (78 ng), 146 nM PgIE (134 ng), 1.2 nM PgID (0.56 ng),
53 nM PgIC (27 ng), 444 nM PglA (400 ng), 500 uM UDP-GIcNAc, 10 uM UDP-[3H]GalNAc
(specific activity of 225 nCi nmol-1), 3 uM undecaprenyl phosphate, 20 mM L-glutamate, 1.68
mM AcCoA, 450 uM NAD?, 300 uM PLP, 10 mM MgCl,, 0.04% Triton X-100, 2% DMSO,
50 mM pH 7.8 triethanolamine. Immediately after addition of enzyme the solution was gently
vortexed, spun down, then incubated. After 30 min 18 pL was quenched by addition to a
biphasic mixture containing 800 puL 2:1 CHCl3/MeOH and 200 pL of PSUP and vortexed
vigorously. The lower organic layer was washed with 3 x 200 uL PSUP, then dried under a
stream of nitrogen. The use of PSUP during the washing step is known to aid retention of lipids
in the organic layer, and is superior to water in this respect.3? The dried organic layer residue
was dissolved with 200 uL. DMSO and 5 mL EcoL.ite scintillation fluid (MP Biomedicals) was
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then added. Each vial was subjected to a 5 min scintillation count (maximum theoretical
conversion = 27 000 DPM [3H]).

5.4 Optimized PglF, PglE, PgID, PgIC, PglA, DGK assay protocol

The assay including DGK was performed as described in section 5.3 with the following
changes. UndP was replaced with 3 uM UndOH, 1 mM ATP and 106 nM DGK (38 ng).

5.5 Time-dependent assays

Time-dependent assays were performed as described in section 5.3 with the following
modifications. Assays were scaled up according to how many time points were to be acquired,
and 18 uL aliquots were removed at the appropriate times. Other changes to particular
experiments are noted in figure captions.

5.6 Calculation of the Z"-factor

Data used for the calculation of the Z'-factor was gathered from three separate occasions in
which three positive controls and one negative control was measured. These data were
converted to percentages using the average positive control as 100%, and the mean of the
positive (u+) and negative () controls, and the standard deviation of the positive (c4) and
negative controls (c_) were calculated. These data were used to calculate the Z'-factor with
equation (1).27

7= - Bxoy)+(Bxo.)
|kt — p-| (1)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TCEP
UndOH
UndP
diNAcBac
DMSO
DPM
PSUP

Streptococcus mutans diacylglycerol kinase
tris(2-carboxyethyl)phosphine
undecaprenol

undecaprenyl phosphate
2,4-diacetamido-2,4,6-trideoxyglucose
dimethyl sulfoxide

disintegrations per minute

pure solvent upper phase
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Figure 1.

A) The C. jejuni biosynthesis of UndPP-heptasaccharide and the en bloc transfer of the glycan
to asparagine residues of target proteins in the periplasm. B) The lipophilicity-based pathway
assay is composed of the first five enzymes of the C. jejuni UndPP-heptasaccharide
biosynthesis pathway, which can be coupled with Streptococcus mutans diacylglycerol kinase
(DGK).
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Figure 2.

Transfer of radioactivity to an organic extract in the Pgl pathway screen (27000 DPM =
theoretical yield). A) Initial activity of PglF, PglE, PgID, PgIC, PglA assay with UndP measured
with the lipophilicity-based assay (0.04% Triton X-100, 42 nM PglF, 146 uM PglE, 236 nM
PglID, 52.5 nM PgIC, 444 nM PglA). B) Activity of PglF, PglE, PgID, PgIC, PglA, DGK assay
with UndOH (0.04% Triton X-100, 84 nM PglF, 700 nM PgIE, 675 nM PgID, 105 nM PgIC,
222 nM PglA, 272 nM DGK). C) Transfer of radioactivity to organic phase is dependent on
each enzyme. Radioactivity transferred to the organic phase at 30 min by PglF, PglE, PgID,
PgIC, PglA assay with UndP (control) compared to when individual enzymes are removed
(0.04% Triton X-100, 42 nM PglF, 146 nM PglE, 1.2 nM PgID, 53 nM PgIC, 444 nM PglA).
Similar results were observed when UndOH and DGK used instead of UndP (not show). D)
Assay is optimized for maximum sensitivity to inhibition of PglF, PgIE, PgID, and PgIC.
Lipophilic radioactivity when each enzyme is individually lowered five-fold from control
([Triton X-100], [enzyme] as in C). Data normalized from three separate runs where lipophilic
radioactivity in control was 2000 to 2500 DPM. Error bars represent the standard error of the
mean (n = 3 for 20% enzyme data, n = 9 for control).
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Figure 3.

Inhibition of PglF, PgIE, PgID, PgIC, PglA assay with products, substrate analogs and EDTA.
Numbers indicate percent remaining activity relative to the positive control. Concentrations
used: 1 mM UDP, 20 mM a-ketoglutarate, 3.75 mM CoASH, 1 mM UMP, 18 mM EDTA.
Background (no enzymes control) subtracted.
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