Biochemistry 2009, 48, 2807-2816

2807

Campylobacter jejuni PgIH Is a Single Active Site Processive Polymerase that
Utilizes Product Inhibition to Limit Sequential Glycosyl Transfer Reactions’
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ABSTRACT: Asparagine-linked protein glycosylation is essential for the virulence of the human gut mucosal
pathogen Campylobacter jejuni. The heptasaccharide that is transferred to proteins is biosynthesized via
the glycosyltransferase-catalyzed addition of sugar units to an undecaprenyl diphosphate-linked carrier.
Genetic studies on the heptasaccharide assembly enzymes have shown that PglH, which transfers three
terminal N-acetyl-galactosamine (GalNAc) residues to the carrier polyisoprene, is essential for chick
colonization by C. jejuni. While it is now clear that PglH catalyzes multiple transfer reactions, the
mechanism whereby the reactions cease after the addition of just three GalNAc residues has yet to be
understood. To address this issue, a series of mechanistic biochemical studies was conducted with purified
native PglH. This enzyme was found to follow a processive mechanism under initial rate conditions;
however, product inhibition and product accumulation led to PglH release of intermediate products prior
to complete conversion to the native ultimate product. Point mutations of an essential EX;E sequence
motif were used to demonstrate that a single active site was responsible for all three transferase reactions,
and a homology model with the mannosyltransferase PimA, from Mycobacteria smegmatis, establishes
the requirement of the EX;E motif in catalysis. Finally, increased binding affinity with increasing glycan
size is proposed to provide PglH with a counting mechanism that does not allow the transfer of more than
three GalNAc residues. These results provide important mechanistic insights into the function of the glycosyl

transfer polymerase that is related to the virulence of C. jejuni.

Asparagine-linked glycosylation (N-linked' glycosylation)
is an essential protein modification that entails the formation
of a glycosylamide bond between a glycan and a target
asparagine in protein substrates. The addition of an N-linked
glycan is required for the function of numerous proteins,
including those that are related to virulence in the gram-
negative enteropathogen Campylobacter jejuni (1—9). C.
Jejuni, a human-gut mucosal pathogen, is implicated in
gastroenteritis and is the leading cause of food-borne illness
in North America (/0, 11). The enzymes PglIC, PglA, PglJ,
PglH, and Pgll (Figure 1) are involved in oligosaccharide
donor assembly for C. jejuni N-linked glycosylation in strain
11168. Deletion of the genes encoding several of the protein
glycoslyation (Pgl) proteins leads to a loss in chick coloniza-
tion efficiency and therefore a decrease in the virulence of
the organism (/2—15). Importantly, C. jejuni strains with a
mutated PglH gene have a significantly reduced ability to
adhere to and invade human epithelial Caco-2 cells in vitro
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as well as in chicks (/4). Therefore, understanding the
activity of the enzymes that build the glycan may lead to
new therapeutic strategies for treating C. jejuni infections
or methods for mitigating C. jejuni contamination of food
stocks (14, 10).

The C. jejuni N-linked glycan structure is formed through
a series of sequential glycosyl transfer reactions from uridine
diphosphate (UDP)-activated sugars to an undecaprenyl
diphosphate carrier (Figure 1) (13, 18, 19). The structure of
the N-linked glycan including the anomeric stereochemistry
of the glycan was solved by Young and co-workers utilizing
NMR spectroscopy (/7). The enzymes responsible for
building the polyisoprene-linked heptasaccharide have previ-
ously been heterologously expressed, isolated, and function-
ally characterized (/8—22). The first step in the polyisoprene-
linked glycan assembly is catalyzed by PglC, which transfers
N,N’-diacetylbacillosamine (Bac2,4diNAc, 2,4-diacetamido-
2,4,6-trideoxyglucopyranose)  phosphate from UDP-
Bac2,4diNAc to undecaprenyl phosphate (Und-P) (20). UDP-
Bac2,4diNAc is biosynthesized from UDP-N-acetyl-
glucosamine (UDP-GIcNAc) by the enzymes PglF, PglE, and
PgID (19, 20, 23). Once Und-PP-Bac2,4diNAc is formed,
sequential N-acetyl-galactosamine (GalNAc) transfer reac-
tions are catalyzed by PglA, PglJ, and PglH to provide Und-
PP-Bac2,4diNAc-GalNAc, Und-PP-Bac2,4diNAc-(Gal-
NAc),,and Und-PP-Bac2.4diNAc-(GalNAc)s, respectively (20, 22).
Interestingly, PglH, the focus of this study, acts as a
polymerase adding three 1,4-linked GalNAc residues to the
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FIGURE 1: C. jejuni polyisoprene-linked oligosaccharide biosynthesis. It is important to note that the stereochemistry of the bacterial
undecaprenol double bonds are 2-trans to 8-cis rather than the 3-trans to 7-cis shown for the plant-derived undecaprenol used here.

growing glycan (/18—20, 22, 24). The last step in the
biosynthesis of the polyisoprene-linked heptasaccharide is
addition of a branching $-1,3-glucose (Glc) residue to the
third GalNAc by Pgll (22). Each of the polyiosprenoid-linked
glycan products of the PglA, Pgll, PglH, and Pgll enzymes
has been produced in vitro and then characterized by
2-aminobenzamide fluorescent labeling, followed by matrix-
assisted laser desorption ionization mass spectrometry (/8).
After completion of glycan assembly, PglK (WlaB), a
putative flippase ABC transporter, transfers the Und-PP-
linked glycan from the cytosolic to the periplasmic face of
the bacterial inner membrane (25). Once the glycan is
delivered to the periplasm, it is available as a substrate for
the oligosaccharyl transferase, PgIB (25). PgIB catalyzes the
N-linked glycosylation reaction, transferring Bac2,
4diNAc-(GalNAc),-GalNAc(Glc)-(GalNAc), from the Und-
PP carrier to selected asparagine residues in target proteins
(206).

Numerous glycosyltransferase proteins contain conserved
EX/E sequence motifs including PglH and the recently
crystallized and structurally characterized PimA, from My-
cobacteria smegmatis. PimA catalyzes the transfer of man-
nose to the 2’-OH of phosphatidyl inositide. The crystal
structure of PimA with bound UDP—mannose clearly shows
that the E274, in the EX;E motif (residues 274—282), binds
the 4’-OH of the mannosyl donor, and the E282 binds the
2’- and 3’-OH of the ribose in the UDP moiety. In addition,
the membrane-bound proteins, Alg2 and Algll, that are
involved in N-linked glycosylation in Saccharomyces cer-
evisiae catalyze multiple mannose transfer reactions and

contain the conserved EX;E sequence motif (27). The
eukaryotic and bacterial N-linked glycosylation pathways are
similar in that they both assemble a glycan onto a membrane-
bound isoprenoid carrier. In contrast to the Alg proteins, PglH
does not require membranes for function and does not include
a predicted and well-defined transmembrane domain (/8).

The mechanism by which PglH catalyzes specifically three
glycosyl transfer reactions may involve three limiting models,
which utilize either single or multiple active sites. As
illustrated in Figure 2, these models are as follows: (a) a
block transfer of a tri-GalNAc moiety to Und-PP-Bac2,4diNAc-
(GalNAc),, (b) a processive mechanism in which the
polyisoprene-linked substrate binds and is not released until
the final product is formed, or (c) a three-step process in
which each intermediate can readily dissociate and then
rebind to the enzyme for subsequent reactions. In this report,
we provide evidence for a sequential dissociative and
processive reaction catalyzed by PglH utilizing a single
enzyme active site. The results presented also suggest a
mechanism of transfer that utilizes product inhibition to stop
the enzyme from carrying out more than three GalNAc
transfer reactions.

MATERIALS AND METHODS

Common Materials. The radioactive substrates and unde-
caprenol were purchased from American Radiolabeled
Chemicals, Inc. The UDP-N,N’-diacetylbacillosamine was
prepared as previously described (28), and the UDP-GalNAc
was purchased from Sigma-Aldrich. Polyisoprenyl phos-



PglH Polymerase Mechanism Biochemistry, Vol. 48, No. 12, 2009 2809
a 3 UDP-
) GalNAc Ho H3
PglH N PglH-(GalNAc); N PglH-H; N PglH
Ho: Und-PP-Bac2,4diNAc-(GalNAc),
Vot Galha: I e Und-PP-Baca AdiNAG{GaNAG),
\_ ,: Und-PP-Bac2,4diNAc-(GalNAc),
PglH PglH-Ho PglH-H3 PglH Ha: Und-PP-Bac2,4diNAc-(GalNAc)s
UDP- UDP- UDP-
) Ho GalNAc GalNAc GalNAc
PglH AN PglH-H, - PglH-H, - PglH-H, N PglH-H;
PglH PglH PglH

FIGURE 2: Potential mechanisms for the PglH reaction. (a) Block transfer of a tri-GalNAc moiety to Hy, (b) a processive mechanism in
which intermediates do not dissociate from the enzyme, and (c) a dissociative mechanism in which intermediates freely dissociate and

reassociate as substrates.

phates were prepared as described previously (29). The pure
solvent upper phase (PSUP), modified from previous studies
for optimal extraction of the hexasaccharide polyisoprene-
linked product, was prepared by mixing 240 mL of H,O,
20 g of KCl, and 240 mL of methanol. The isoprenyl
derivatives were separated on a normal-phase Varian Mi-
crosorb high-performance liquid chromatography (HPLC)
column using the following gradient at 1 mL/min: 0 — 3
min, 0% B; 3 — 5 min, 0 — 20% B; 5 — 35 min, 20 —
30% B; 35 — 60 min, 30 — 45% B; 60 — 65 min, 45 —
100% B; and 65 — 70 min, 100% B, where A was 4:1
chloroform/methanol and B was 10:10:3 chloroform/
methanol/2 M ammonium acetate. A LS6500 Beckman
Scintillation Counter was used to determine the radioactivity
present in the assay samples with Formula 989 (Beckman-
Coulter) as the scintillation fluid. All reactions were per-
formed in 100 L unless noted otherwise. UDP-GalNAc was
[*H]-labeled on C-6 and ['*C]-labeled on the N-acetyl group.

Native PglH Expression. The PglH gene containing a stop
codon was ligated into a modified pET32 (Novagen) vector
that encodes an N-terminal octahistidine-tag followed by a
tobacco etch virus (TEV) protease cleavage sequence (30).
BL-21 RIL cells (Stratagene) were transformed with the PglH
encoding vector, and protein was expressed using a modified
autoinduction method described by Studier (37). In this
method, 1 mL of an overnight cell culture was added to
expression media containing 30 xg/mL kanamycin in 1 L
of autoinduction media (0.1% (w/v) tryptone, 0.05% (w/v)
yeast extract, 2 mM MgSO, 0.05% (v/v) glycerol, 0.005%
(w/v) Glc, 0.02% (w/v) a-lactose, 2.5 mM Na,HPO,, 2.5
mM KH,PO,, 5 mM NH,CI, 0.5 mM Na,SO,). Cells were
allowed to grow with shaking for 3 h at 37 °C. After 3 h,
the temperature was decreased to 16 °C, and the cells were
left shaking overnight. Cells were harvested by centrifuga-
tion, washed with 0.9% NaCl, and lysed in 50 mL of buffer
A [50 mM TrisOAc (pH 8), 200 mM NaCl, 1% Triton
X-100, 20 mM imidazole]. Cell debris was removed by
ultracentrifugation at 142 000g, and the supernatant was
mixed with 6 mL of 50% Ni-nitrilotriacetic acid resin (NTA;
Qiagen) pre-equilibrated in buffer B [S0 mM TrisOAc (pH
8), 200 mM NaCl, 20 mM imidazole]. The sample was left
on a rotator for 1 h at 4 °C and then poured into a column.
The resin was washed (4 x 5 mL) with buffer C [S0 mM

TrisOAc (pH 8), 200 mM NaCl, 50 mM imidazole]. His-
TEV-PglH was then eluted with buffer D [SO mM TrisOAc
(pH 8), 500 mM imidazole]. The 10 mL elution was dialyzed
overnight in 4 L of buffer E [SO mM bicine (pH 8.5), 100
mM NaCl] and then again for 1 h in a fresh 4 L of buffer E.
Dialyzed protein was mixed with His-tagged TEV protease
(prepared in-house) in buffer F [SO mM bicine (pH 8.5), 100
mM NaCl, 1 mM dithiothreitol (DTT), 0.5 mM ethylenedi-
aminetetraacetic acid]. The reaction was left for 3 h at room
temperature and then overnight at 4 °C. The resulting product
was mixed with 2 mL of 50% Ni-NTA resin pre-equilibrated
in buffer B for 1 h at 4 °C to remove His-tagged TEV. The
product was poured into a column, and the flow through was
collected. A 3 mL portion of buffer B was added to the
column, and an additional 3 mL of flow through was
collected. Product was confirmed through activity assays,
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and Western-blot analysis in which the
histidine-tag can be observed prior to cleavage but not after
the process. The near native PglH protein was approximately
90% pure, on the basis of SDS-PAGE GelCode Blue (Pierce)
stain analysis of the purified TEV cleavage product. PglJ
and PglA were prepared in a T7-Pgl-Hiss construct as
described previously (/8) except cells were grown using the
above autoinduction method (/8). PglH mutants were
prepared using the primers shown in Figure 1 of Supporting
Information in a T7-Pgl-His or His-TEV-Pgl construct.
E41A, E49A, E171A, E179A, E265A, E273A, E308A,
E346A, E354A, D170A, D306A, D307A, or R191A and wild
type were prepared in the T7-PglH-Hiss construct for
comparison, and the E316A mutant was prepared in the Hisg-
TEV-PglH construct. All mutants were expressed using the
autoinduction method above and purified as described above
depending on the construct.

PglA Product Biosynthesis. Und-PP-Bac2,4diNAc-[*H]Gal-
NAc was produced in a single pot reaction containing the
following material in 200 uL (Scheme 1, Supporting
Information): 50 mM TrisOAc (pH 8), 1% Triton X-100,
10 mM MgCl,, 10 mM ATP, 10% dimethyl sulfoxide
(DMSO), 100 uM undecaprenol, 400 uM UDP-Bac2.,4diNAc,
320 uM UDP-[*H]GalNAc (0.016 Ci/mmol), 1 uM PglA,
and 5 uL of Streptococcus mutans kinase (32), and PglC
was prepared as cell envelope fractions (20). After 2 h
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rocking at room temperature, 400 uL of 2:1 chloroform/
methanol was added to the reaction mixture. The organic
layer was removed, and the aqueous layer was washed again
with 400 uL of 2:1 chloroform/methanol. Organic layers
were combined and washed with 2 x 200 4L of PSUP. The
organic layer was then dried with a stream of nitrogen, and
product was purified by normal phase HPLC. HPLC fractions
of 1 mL were collected, and then 100 uL aliquots of each
were dried under a stream of nitrogen. DMSO (200 uL) was
added to the samples, vortexed, and mixed with 4.8 mL of
scintillation fluid. The retention time of the radioactive PglA
product was 30 min under these conditions. This retention
time was identical to that of the product from a coupled PglC/
PglA reaction with chemically synthesized Und-P as de-
scribed previously (29). For quantification of the polyisoprene-
linked material, product was initially diluted into 100 uL of
DMSO and sonicated, and then the radioactivity of a 10 uL
aliquot was measured. The final yield of pure product, based
on the Und-linked substrate, was approximately 60%.

PglJ Product Biosynthesis. Und-PP-Bac2,4diNAc-[*H]Gal-
NAc-GalNAc (H,, Figure 1) was prepared in a reaction
mixture including the following components: 50 mM bicine
(pH 8.5), 2.5 mM DTT, 10 mM MnCl,, 0.04% Triton, 10%
DMSO, 320 uM UDP-GalNAc, Und-PP-Bac2,4diNAc-
[*H]GalNAc (0.016 Ci/mmol, final concentration varied from
10—50 uM), and 1 uM Pgll. Product was extracted and
purified as described for the PglA product. The retention time
of Hy was 37 min under the conditions described above.
Alternatively, Pgl] was added to the PglC/A reaction mixture
to obtain Und-PP-Bac2,4diNAc-([*H]GalNAc), (0.032 Ci/
mmol). The final yield was 80% of the input H.

PglH Intermediate and Product Biosynthesis. Und-PP-
Bac2,4diNAc-[*H]GalNAc-(GalNAc),_4 (0.016 Ci/mmol H;,
H,, and Hj3) was prepared using a reaction mixture identical
to the PglJ product biosynthesis reaction except that Und-
PP-Bac2,4diNAc-[*H]GalNAc-GalNAc (Hy; 0.016 Ci/mmol)
was the substrate and 0.5 equiv of UDP-GalNAc relative to
Und-PP-Bac2,4diNAc-[*H]GalNAc-GalNAc (H,) was used
to enhance formation of the intermediate products. PglH was
added to provide a concentration of 100 nM. Product was
isolated as described for the PglA and PglJ reactions and
had the following retention times: Hy, Und-PP-Bac2,4diNAc-
[*H]GalNAc-(GalNAc),, 47 min; H,, Und-PP-Bac2,4diNAc-
[*H]GalNAc-(GalNAc);, 53 min; and Hj;, Und-PP-Bac2,
4diNAc-[PH]GalNAc-(GalNAc)s, 59 min. Alternatively, Pgl]
and PglH were added to the PglA product synthesis reaction
mixtures to give H;, H,, and H3 with 0.048, 0.064, and 0.08
Ci/mmol specific activity, respectively. For the synthesis of
Und-PP-Bac2,4diNAc-(['*C]GalNAc);-4, | mM UDP-[!*C]
GalNAc (0.05 Ci/mmol) replaced UDP-[*H]GalNAc in the
PglA reaction mixture. In addition, 1 M PglJ and 0.1 uM
PglH were also included in the mixture. The product was
purified by NP-HPLC.

PglH Mutant Assays. Assays were prepared with 78 nM
Und-PP-Bac2,4diNAc-[*H]GalNAc-GalNAc and 250 nM
UDP-[*H]GalNAc and then initiated with 20 nM PglH wild
type and mutants E41A, E49A, E171A, E179A, E265A,
E273A, E308A, E346A, E354A, D170A, D306A, D307A,
or R191A in the T7-PglH-Hiss construct or wild type and
E316A in the Hisg-TEV-PglH construct. A 10 4L aliquot
was removed after an overnight incubation at room temper-
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ature to determine total product using the organic/aqueous
extraction described above.

PglH Radiolabel Kinetic and Product Inhibition Assays.
PglH reactions were prepared with the following components:
50 mM bicine (pH 8.5), 2.5 mM DTT, 10 mM MnCl,, 0.04%
Triton, and 10% DMSO, 250 nM UDP-[*H]GalNAc (20 Ci/
mmol), unlabeled UDP-GalNAc (variable up to 50 uM),
Und-PP-Bac2,4diNAc-[*H]GalNAc-(GalNAc), 4 (variable
from 5 nM to 800 nM, 0.016 Ci/mmol), PglH (variable
concentration at a maximum of 1/3 the concentration of the
limiting polyisoprene-linked substrate). Aliquots of 10 uL
were removed at various time points and then partitioned
between 200 uL of PSUP and 800 uL of chloroform/
methanol (2:1). Reactions did not exceed 10% substrate
turnover over the time courses used. The organic layer was
dried and counted. Alternatively, PglH kinetic assays coupled
with NP-HPLC were performed as described above, except
that 10 uL aliquots were removed, extracted, and analyzed
by NP-HPLC. PglH reaction intermediates were isolated by
using the Pgl product extraction method described above with
chloroform/methanol and PSUP. The organic layer was dried,
dissolved in 4:1 chloroform/methanol, and injected onto the
NP-HPLC column. The product was eluted using the gradient
described above. Fractions were collected (1 mL) and then
dried using a stream of nitrogen. Residue from each fraction
was counted, and retention times were determined. The
radioactivity from each fraction was counted and correlated
to the known intermediate retention times. Product inhibition
assays were performed in an identical manner to the kinetic
assays with either 10 yuM UDP or 94 nM Und-PP-
Bac2,4diNAc-([*H]GalNAc)s H; (0.08 Ci/mmol).

Interference Assay. Und-PP-Bac2,4diNAc-([*H]GalNAc),
(40 Ci/mmol) and Und-PP-Bac2,4diNAc-(["*C]GalNAc);_4
(0.15 and 0.2 Ci/mmol) were prepared using the methods
described above for PglA product preparation, except that
the UDP-[?H]GaINAc concentration was 5 uM (20 Ci/mmol)
and PglJ (1 uM) was added to the mixture for the formation
of Und-PP-Bac2,4diNAc-([*H]GalNAc),. After NP-HPLC
purification, 100 uL of each product and intermediate was
separated into aliquots, then dried and stored at —20 °C until
needed. The Und-PP-Bac2,4diNAc-([*H]GalNAc), was dis-
solved in 100 4L of DMSO and sonicated, and then a 10
uL aliquot was counted to determine the concentration using
the known specific activity. Und-PP-Bac2,4diNAc-([*C]Gal-
NAc);—4 was dissolved in 20 uL of DMSO and sonicated,
and then 10 L. was counted to determine the concentration.
Und-PP-Bac2,4diNAc-([*H]GalNAc), (40 Ci/mmol), at a
final reaction concentration of 75 nM, was added to 75 nM
Und-PP-Bac2,4diNAc-(['*C]GalNAc); (0.15 Ci/mmol) or
Und-PP-Bac-(['*C]GalNAc), (0.2 Ci/mmol). UDP-GalNAc
was added at a final concentration of 32 uM. The reaction
was initiated by the addition of PglH at a final concentration
of 20 nM. After 2.5 (H;) or 20 (H;) minutes, 400 uL of 2:1
chloroform/methanol was added to stop the reaction. The
organic layer was then immediately analyzed by NP-HPLC
to determine the distribution of the ['*C]- and [*H]-labels in
the reaction product as described above for other polyiso-
prene-linked products.

RESULTS

PglH Utilizes a Single Active Site for Multiple GalNAc
Transfers. Sequence analysis of the Pgl proteins indicates
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FIGURE 3: PglH utilizes the highly conserved EX;E motif flanked
by residues E265 and E273 for catalysis of all reactions. Reactions
containing the indicated PglH mutants (20 nM) were prepared, and
the amount of product was determined for an overnight reaction
with Hy (68 nM) and UDP-[H]GalNAc (20 Ci/mmol; 250 nM).

that PglC, A, and J all contain two EX;E sequence motifs,
while PglH surprisingly contains five such motifs (Figure 2,
Supporting Information) which were initially proposed to be
required for multiple transfer reactions. The EX;E motif,
flanked by E265 and E273, is the most conserved among
the Pgl proteins. PimA contains two EX;E motifs, one of
which plays a role in GDP—mannose binding (residues
274—282) and the other which has no known role in PimA
catalysis (residues 157—165). The EX-E sequence motif that
plays a role in GDP—mannose binding aligns with E265 and
E273 of PglH; therefore, this sequence motif was anticipated
to be critical for PglH function. The other motif (residues
157—165) does not align with any of the PglH EX-E motifs.
To test the role of the EX;E sequences in PglH catalysis,
alanine mutants were prepared in a T7-PglH-Hiss or Hisg-
TEV-PglH construct at each of the glutamate residues that
flank the PglH EX;E motifs (E41, E49, E171, E179, E265,
E273, E308, E316, E346, and E354), as described in
Materials and Methods. All of the mutant proteins were
expressed at levels typical of the wild type enzyme. The
activity of the purified PglH mutants and wild type enzyme
were assayed by measuring the incorporation of tritium
from UDP-[*H]GalNAc into the Und-PP-Bac2,4diNAc-
(GalNAc), (Hp) substrate by organic/aqueous extraction
followed by scintillation counting (Figure 3; Hy biosynthe-
sized as shown in Scheme 1 of Supporting Information and
Materials and Methods). Only the mutations at residues E265
and E273 had an effect on the total product formed by PglH.
In overnight reactions, the E265A and E273A mutants
catalyzed the transfer of only trace levels of GalNAc to Hy
(Figure 3). In addition, when Und-PP-Bac2,4diNAc-(Gal-
NAc); (Hy) or Und-PP-Bac2,4diNAc-(GalNAc), (H,) iso-
lated as described below were used as substrates, no product
was observed with the E265A or E273A mutant (data not
shown). However, the total product turnover was identical
to that of the wild type under the same conditions with all
the other EX-E alanine mutants (E41, E49, E171, E179,
E308, E316, E346, and E354) whether H;, H, (data not
shown), or the native substrate Hy was used (Figure 3). NP-
HPLC analysis confirmed that Und-PP-Bac2,4diNAc-(Gal-
NAc)s (H3) was formed with all of the active mutants of
PglH (data not shown).

PimA was found to have 14.5% identity and 29.3%
similarity to PglH. The ESyPred3D homology modeling
software (33) was able to thread the sequence of PglH into
the structure of PimA (34), showing several interesting
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relationships between the enzymes (Figure 3, Supporting
Information). First, the EX;E motif flanked by E265 and
E273 lies at the hypothesized active site of PglH and may
fulfill the same role as in PimA. None of the other EX;E
motifs appear at or near the active site in the model protein,
consistent with near wild-type activity of these EX;E
mutants. Additional fully active alanine mutations of D170,
D306, and D307 were spatially remote from the proposed
active site. In PimA, there are a number of arginine residues
in the active site that are critical for function. In the threaded
PglH model, R191 is predicted to lie in the same region as
the E265 and E273 residues at the face of the proposed active
site. To test the active site model, an alanine mutant of R191
was prepared, and the activity of the expressed protein was
analyzed. As predicted by the model, activity in the R191A
mutant was abolished (Figure 3). These results correlate
directly with the PimA studies and strongly suggest that the
same site of the protein is required for catalyzing the addition
of all three GalNACc residues. These results are also consistent
with studies of the bifunctional enzyme Algll in the
eukaryotic Asn-linked oligosaccharide biosynthesis pathway
in which a single EX5E motif is involved in multiple glycosyl
transfers (27).

PglH Does Not Follow a Block Transfer Mechanism. Of
the three potential mechanisms illustrated in Figure 2, only
the block transfer would not produce intermediate tetra- and
pentasaccharide-linked polysioprenes. To determine if in-
termediate glycans are formed and released in the PglH
reaction, native PglH was prepared and mixed with Hy and
UDP-[°H]GalNAc. The total reaction product was then
analyzed by NP-HPLC followed by scintillation counting.
As shown in Figure 4, when 17:1 excess Hy (4.3 uM) to
UDP-GalNAc (0.25 uM) was allowed to react overnight, the
first polyisoprene-linked intermediate H; was more than two
times the concentration of the second intermediate H, and
nine times the concentration of the final product Hz (Figure
4a). This result ruled out the block transfer mechanism shown
in Figure 2, leaving only the processive and dissociative
mechanisms as a possibility. Interestingly, when the con-
centration of polyisoprene-linked substrate was decreased to
provide an equimolar ratio of Hy (0.26 #M) to UDP-GalNAc
(0.25 uM), only 20% of the product was H; and H,, while
the remaining product was Hj (Figure 4b). Surprisingly, even
with a high concentration of Hy (4.3 uM) and seven-fold
excess UDP-GalNAc (28 uM), the major product was the
H; (45%) form of the glycan while 31% was H; and 25%
was H, (data not shown). To further demonstrate that the
tritium-labeled NP-HPLC purified intermediates, which had
retention times consistent with the addition of one and two
GalNAc units to Hy, were indeed the PglH intermediates,
each was converted to Hz quantitatively by further incubation
with PglH and fresh UDP-GalNAc (data not shown). These
results indicated that the concentration of substrates had a
major influence on the total amount of intermediate and
product formed in a PglH reaction and that the reaction does
not utilize a trisaccharide block transfer mechanism.

PglH Follows a Processive and Dissociative Mechanism.
The PglH initial reaction rate with Hy is likely to be
represented by a complex combination of Hy, H;, and H,
reaction rates. To test this possibility, we prepared PglH
reactions, then removed aliquots at specific times, and
separated the products by NP-HPLC. The separated products
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FIGURE 4: The concentration of substrate determines the distribution of products and intermediates in a PglH reaction. PglH reactions were
prepared with either (a) 4.3 uM Und-PP-Bac2,4diNAc-[*'H]GalNAc-GalNAc (Hy) and 0.25 uM UDP-[*H]GalNAc or (b) 0.26 uM Und-
PP-Bac2,4diNAc-[*H]GalNAc-GalNAc (Hy) and 0.25 uM UDP-[*H]GalNAc. Each column represents the amount of radioactivity in a 1
mL fraction at the corresponding time corrected for the number of [PH]GalNAc units incorporated into each. Note that, with high polyisoprene-
linked substrate relative to UDP-[?H]GalNAc, the majority of the product is the first intermediate (H;), and when the substrates are
approximately equimolar, the major product is the final product (Hz). The identities of H; and H, were based on consistent NP-HPLC
retention times of the tritium-labeled PglH products and quantitative conversion of the isolated intermediate to Hz upon further incubation
with PglH.
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FIGURE 5: Distribution of products and intermediates formed in the PglH reaction. PglH reactions were prepared with 28 uM UDP-GalNAc
and 4 uM Und-PP-Bac2,4diNAc-(GalNAc), (Hy), and aliquots were extracted at the given time points and then analyzed by NP-HPLC. (a)
The quantity of each intermediate was calculated on the basis of their distribution as analyzed by NP-HPLC and the total counts in the
reaction. Product concentration is provided at the indicated time points for total (closed circles), H; (open diamonds), H, (closed squares),
and Hj (open triangles). (b) The percentage of the total product was calculated for each time point, and H; (open diamonds), H, (closed
squares), and Hj (open triangles) were plotted. Note that H, stays at the same percentage throughout the reaction and that H; and H, levels
sharply increase initially but then stabilize, as Hj is the major product. Also, note that the lines are drawn for illustrative purposes only.

were then counted, and the amount of each polyisoprene- amounts of Hj relative to H;. To determine when the H;
linked intermediate present in the initial aliquot was calcu- product was predominantly formed, a reaction was prepared
lated based on the amount of radioactivity associated with with 3 uM Hy and 0.25 uM UDP-GalNAc. Aliquots were
each HPLC peak (Figure 5a). Interestingly, as shown in extracted at several time points, including overnight, and the
Figure 5b, the percentage of H, was approximately 30% resulting intermediate distribution was analyzed. As shown
throughout the reaction, suggesting that a steady-state was in Figure 6, at 8 and 32 min, the final product H3 made up
reached with the formation of this material, and the rate approximately 52% of the total product formed, while H;
limiting step of the reaction likely involves either conversion made up less than 22%. However, after the reaction was
of H, to Hj or release of the H3 product. It is important to allowed to continue overnight, the major product was the
note that within the first minute very little H3 was detected; H, intermediate, which was 48% of the total final product,
therefore, the initial rate would include all of the steps in while H; only made up 32%. Importantly, like the reaction
the reaction but would be dominated by the first reaction. shown in Figure 5, the total H, formed in the first hour never
Additionally, under these conditions, the H; and H, levels went above 30% of the total product. These results suggest
reach a maximum and then do not fluctuate appreciably over that as more product was formed, the ability of the enzyme
the full hour of the experiment. However, Hz does continue to carry the intermediates through to completion decreased.
to form throughout the time course. These data suggest that These results also show that in the initial stages, PglH is
H, and H, can be formed early in the process and dissociate more processive and does not significantly release intermedi-
from the enzyme, yet the major product is Hj. ates. Taken together, PglH follows a more processive
As outlined in Figure 2, PglH was expected to follow one mechanism under initial rate conditions, but as intermediates
of the three potential mechanisms. While Hz was the major and products accumulate, the enzyme begins to release the
product under the conditions of the above experiment, it was intermediates prior to complete conversion.
not clear when H; was formed in the large relative quantities PglH Catalyzes a Sequential Transfer of GalNAc to the
as shown in Figure 4a. In the above reaction the UDP- Polyisoprene-Linked Oligosaccharide. The ability of PglH
GalNAc concentration was four times that of the polyiso- to utilize Hy, H;, and H, as substrates was measured using

prene and would not be expected to produce significant steady-state kinetics. The enzyme followed a Michaelis—
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FIGURE 6: PglH: initially a processive enzyme that builds up product
to a limit, and then intermediates form and dissociate. PglH reactions
were prepared with 3 uM Und-PP-Bac2,4diNAc-(GalNAc), (Hy)
and 0.25 uM UDP-GalNAc. Reactions were quenched and extracted
after 8 min (black), 32 min (gray), and overnight (white) and then
analyzed by NP-HPLC. Each bar represents the total radioactivity
associated with 1 mL fractions at the given time points. Radioactiv-
ity was corrected for the number of GalNAc units incorporated
into each molecule. Note that the quantity of final product is high
relative to the others initially, but at the end of the reaction the
product is mostly the first intermediate.

Table 1: PglH Intermediate and Substrate Polyisoprene Kinetics

kcal / Kmpolyisoprene

glycan kcal (min")" Kmpolyisoprene (/IM)” (‘qul -min")"
H, 34+£06 0.28 £ 0.08 12+4
H, 0.84 £ 0.08 0.09 £ 0.02 9+2
H, 0.7+£0.1 0.06 £ 0.02 12+ 4

“ Steady-state kinetic measurements were performed with 1.05 uM
UDP-GalNAc as described in Materials and Methods. H, kinetics were
measured at concentrations below 100 nM H,. The values reported
are from a minimum of eight substrate concentrations and fit using the
Michaelis—Menten equation. Kinetic parameters are apparent. The
identities of H; and H, were based on consistent NP-HPLC retention
times of the tritium-labeled PgIH products and quantitative conversion
of the isolated intermediate to Hz upon further incubation with PglH.

Menten type of relationship between the substrate concentra-
tions and the initial reaction rate with Hy and Hj, even though
the individual kinetic parameters should include more than
one reaction. This is consistent with the results shown in
Figure 5b, suggesting that in the initial phase of the reaction
only a single reaction provides the major product when Hy
was the substrate. At higher concentrations of H, (>250 nM),
the initial rate was reduced by more than an order of
magnitude relative to the maximum rate at lower concentra-
tions (100 nM). Therefore, at high concentrations, H, inhibits
the reaction. As shown in Table 1, when the UDP-GalNAc
concentration was held constant, the apparent ke, Polisoprene
and apparent K,,P°¥5Pme decreased as much as four-fold with
the H; and H; intermediates. Assuming that the K,Poisoprene
represents the relative binding efficiency of the intermediates,
the slow turnover with increasing glycan size may be due to
a slow release of tightly bound product and intermediates.
When the polyisoprene-linked substrate concentration was
held constant and the UDP-GalNAc concentration was
varied, as shown in Table 2, the K, "PP-02NA¢ was the same
with Hy, H;, and H,. These results suggest that the binding
of UDP-GalNAc was identical for all three glycans, which
is consistent with a single UDP-GalNAc binding site model
for the reaction.

To determine the order of substrate binding and inhibition
activity of the PglH reaction intermediates and products, the
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Table 2: PglH Intermediate and Substrate UDP-GalNAc Kinetics

kcm/KmUDP—GalNAc

glycan kca! (Il’lil’lil)a I(mUDP-Ga]NAc (/AM)a (‘qul 'minil)u
H, 44402 26+0.3 1.7£0.2
H, 0.9 £0.1 23+0.7 04 £0.1
H, 1.74 £ 0.04 26+£0.2 0.67 £0.05

“ Steady-state kinetic measurements were performed with 0.13 «M
polyisoprene-linked substrates as described in Materials and Methods.
The values reported are from a minimum of eight substrate
concentrations and fit using the Michaelis—Menten equation. Kinetic
parameters are apparent. The identities of H; and H, were based on
consistent NP-HPLC retention times of the tritium-labeled PglH
products and quantitative conversion of the isolated intermediate to Hj
upon further incubation with PglIH.

ability of UDP and Hj to inhibit PglH was measured. On
the basis of the diagnostic parallel and intersecting lines
shown in the Figure 7 Hanes-Woolf plots, H; inhibition was
clearly competitive with Hy (Figure 7a), and UDP was a
noncompetitive inhibitor with respect to Hy (Figure 7b).
These results suggest that Hy binds first to the enzyme
followed by UDP-GalNAc. UDP is then released from the
active site, and H; remains bound to the enzyme or
dissociates and reassociates for the next step. Importantly,
in the presence of 250 nM UDP-GalNAc, the K; measured
for Hz against Hy was 20 nM, which was four-fold lower
than the K,PoWisorene of H, under identical conditions
(Kpolisoprene = 8() nM at 250 nM UDP-GalNAc). In addition,
UDP was a much weaker inhibitor as the apparent competi-
tive and noncompetitive components of the K; were in the
micromolar range. These results are consistent with the
kinetic analysis that suggests that the binding affinity is
enhanced with increasing GalNAc units.

PglH Intermediates Compete with the Initial Substrate.
From the above experiments, it was not clear whether
intermediates that dissociate from PglH can reassociate in
the presence of Hy. The catalytic efficiency (keu/K,POYisoPrene)
shown in Table 1 is an indicator of how well the intermedi-
ates compete as substrates for the enzyme. However, in situ
formed intermediates and exogenously added intermediates
may not have similar kinetics. To determine whether the
intermediates were competitive with Hy, uniquely labeled
H, or H, intermediates were introduced in Hy reactions, and
the ability of the intermediates and substrates to compete
was assayed. To determine if the intermediates could compete
with Hy, ["“C]-labeled H; and H, were enzymatically
synthesized and isolated. The ['“C]-labeled H; and H, were
then mixed with [*H]-labeled Hy, UDP-GalNAc, and PglH
(Scheme 2, Supporting Information). NP-HPLC analysis of
the reaction products after several minutes (Figure 8) showed
clearly that the ['*C]-labeled H; and H, were able to compete
with Hy. In addition, the amount of total product when ['*C]-
labeled H; or H, were present with Hy was considerably
lower than when only the Hy substrate was present (data
not shown). Reactions that required only 5 min for complete
consumption of Hy were not complete even after 30 min
when equimolar Hy or H, was present. The decrease in total
product formation suggested that the intermediates acted as
inhibitors of the overall reaction with Hy. Therefore, H; and
H, were likely competing for the same active site.

DISCUSSION

The results presented in this report suggest a mechanism
in which PglH is able to stop catalysis after the formation
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FIGURE 8: PglH intermediates compete with the natural substrate of the enzyme. Tritium-labeled Und-PP-Bac2,4diNAc-(GalNAc), (Hy),
['*C]-labeled Und-PP-Bac2,4diNAc-(GalNAc); (H;), and Und-PP-Bac2,4diNAc-(GalNAc), (H,) were enzymatically synthesized and then
mixed with PglH. H; or H, were equimolar with Hy (75 nM). The reactions were stopped after 2.5 min with H; or 20 min with H,, and
the distribution of products was analyzed by NP-HPLC. Each bar represents the number of counts detected in 1 mL fractions at the given
time, and the ['*C]-label is associated with the right-hand y-axis while tritium is associated with the left-hand y-axis. Overlap between [*H]
and [*C] are shown in gray. (a) [*H]-labeled Hy (black) and ['*C]-labeled H; (white). (b) [*H]-labeled Hy (black) and [**C]-labeled H,
(white) NP-HPLC traces. Note that the distribution of products is the same with the ['*C]- and [*H]-labeled substrates.

of the hexasaccharide product, rather than continuing to
catalyze the transfer of more GalNAc units. The mutagenesis,
modeling, UDP-GalNAc kinetics, and competition results all
suggest that only one active site is involved in catalysis by
PglH. With only a single active site, the substrate must slip
through this site as the same amino acid residues catalyze
the transfer of additional GalNAc units to the elongating
glycan. The steady-state polyisoprene kinetics, product
inhibition, and product distribution analyses all suggest that
as the glycan size increases the binding affinity increases.
An increase in binding affinity of the intermediates and
eventually the final product would lead to a decrease in the
rate of transfer as was evident with the decrease in k., with
larger glycans. This decrease in the reaction rate could be
due to an increasing difficulty for the glycan to slip through
the active site for additional transfer reactions. This culmi-
nates in the formation of Hjs, which, on the basis of the
product inhibition studies, is an extremely potent inhibitor
of the PglH reaction, with a low K; relative to the K,P°lyisoprene
of the initial substrate. Therefore, the increasing binding
affinity with increasing glycan size leads to a maximum
number of GalNAc residues incorporated into the PglH
product and serves as a counting mechanism for the enzyme.

The initial rates of the H; and H, reactions were consider-
ably slower than that of the Hy reaction (Table 1). The H;
intermediate was the major product of reactions with high
H, concentrations relative to UDP-GalNAc (Figures 4a and

6). Since the Hj reaction is fast relative to the H; reaction,
this provides more time for the H; intermediate to dissociate
from the enzyme. Under conditions of high Hy concentration,
H, would then be able to rapidly displace this intermediate,
allowing for another round of H; formation. Under conditions
of increasing Hj concentration similar results would occur,
displacing primarily the H; intermediate because of how
quickly it is formed relative to H, and Hj. These kinetic
results provide a mechanistic explanation for the surprising
intermediate distribution observed with high concentrations
of the Hy substrate (Figures 4a and 6).

Previous chick colonization studies with C. jejuni dem-
onstrated that the minimal structural requirement for efficient
N-linked glycosylation and C. jejuni colonization was the
hexasaccharide backbone of the N-linked glycan (/3).
Deletion of the next enzyme in the pathway, Pgll, leads to
a decrease in the efficiency of N-linked glycosylation and
cell colonization but does not ablate the process (13, 17).
The potent product inhibition demonstrated by H; may be
relieved in the presence of Pgll. Since a flippase (Figure 1)
is proposed to function downstream of the Pgll modification,
it is likely that Hj inhibition is effectively removed by Glc
branching followed by translocation of the PglI product into
the periplasm. PgIB (the oligosaccharyl transferase) and PgIK
(the putative flippase) have relaxed specificities for the
glycan (26, 35, 36). PglH product inhibition, Pgll removal,
and sequestration by PglK may provide a mechanism to avoid
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incorporation of incomplete glycans into target proteins.
Therefore, PglH acts as a gatekeeper for N-linked glycosy-
lation, which is essential for native efficient chick coloniza-
tion (14, 37). While the importance of PglH has previously
been demonstrated using genetic studies (/4, 38), this report
provides a biochemical rationale for the effects of PgIH and
possibly also Pgll deletion from C. jejuni.

It is important to note that the PglH assays performed in
this report utilize Triton X-100 concentrations that are just
above the critical micelle concentration. This concentration
of detergent was required for optimal activity of PglH.
Therefore, it is possible that PglH acts at the interface of
mixed micelles containing the polyisoprenoid-linked sub-
strate. While this does complicate the interpretation of the
kinetic results shown in Tables 1 and 2, it does not change
the overall conclusions reported. It was clear from the
experiments performed that the final product of the PglH
reaction was a potent competitive inhibitor of PglH. It was
also clear that mixtures of the intermediate polyisoprenoid-
linked glycans were competitive with one another in a
manner consistent with the kinetic results. In addition, the
distribution of products in PglH reactions appeared to be
dependent on relative ratios of substrates rather than the
concentrations of substrate relative to detergent (which was
the same in all assays). While we have not ruled out a role
for interfacial interactions for understating the PglH reaction,
the fact that catalysis occurs three sugar residues away from
the polyisoprene may remove the dependence of these
interactions on the activity of the enzyme. The PglH reaction
may be promoted by interactions with other Pgl proteins as
well as the interactions of those proteins with membranes
or membrane mimics. Studies designed to understand the
role of membranes and the other Pgl proteins including Pgll
are currently underway in our laboratory.
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