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ABSTRACT: In Campylobacter jejuni2,4-diacetamido-2,4,6-trideoxy-D-glucopyranose, termedl,N'-
diacetylbacillosamine (Bac2,4diNAc), is the first carbohydrate in the glycoprotein N-linked heptasaccharide.
With uridine diphosphat®&-acetylglucosamine (UDP-GIcNAC) as a starting point, two enzymes of the
general protein glycosylation (Pgl) pathway @ jejuni (PglF and PgIE) have recently been shown to
modify this sugar nucleotide to form UDP-2-acetamido-4-amino-2,4,6-trideexyglycopyranose (UDP-
4-amino-sugar) [Schoenhofen, I. C., et al. (2006Biol. Chem. 281723—732]. PgID has been proposed

to catalyze the final step iN,N'-diacetylbacillosamine synthesis by N-acetylation of the UDP-4-amino-
sugar at the C4 position. We have cloned, overexpressed, and purified PgID frqrgl leeus of C.

jejuni NCTC 11168 and identified it as the acetyltransferase that modifies the UDP-4-amino-sugar to
form UDP-N,N'-diacetylbacillosamine, utilizing acetyl-coenzyme A as the acetyl group donor. The UDP-
N,N'-diacetylbacillosamine product was purified from the reaction by reverse phase C18 HPLC and the
structure determined by NMR analysis. Additionally, the full-length PglF was overexpressed and purified
in the presence of detergent as a GST fusion protein, allowing for derivation of kinetic parameters. We
found that the UDP-4-amino-sugar was readily synthesized from UDP-GIcNAc in a coupled reaction
using PgIF and PgIE. We also demonstrate the in vitro biosynthesis of the complete heptasaccharide
lipid-linked donor by coupling the action of eight enzymes (PglF, PglE, PgID, PgIC, PglA, PglJ, PglH,
and Pgll) in the Pgl pathway in a single reaction vessel.

Campylobacter jejunis the Gram-negative enteropathogen homology to glycosyltransferases and other enzymes known
identified as the primary cause of gastroenteritis in humansto modify sugars 11—13).
and the most frequent infection to precede the peripheral A common N-linked glycan has been detected in at least
neuropathy Guillain-Bafresyndrome {—3). Infection of 22 periplasmic and cell-surface proteii$,(14) in C. jejuni,
humans generally occurs by ingestion of contaminated and the Pgl pathway has been identified as the source of its
livestock or water. Although the mechanism of infection is biosynthesis. Genes of thggl locus in the pathogen have
not clearly understood, production of glycolipids and gly- been designatedf1119c¢-c¢j1130c, and the structure of the
coproteins by the pathogen has been found to influence cellN-linked glycan has been shown to be the heptasaccharide
motility, host cell interactions, and competence for DNA GalNAc-al,4-GalNAceal,4-(Glg1,3)-GalNAcel,4-GalNAc-
uptake @—6). As resistance to antimicrobial agents grows, ol,4-GalNAceal,3-Bac2,4diNAcS1-Asn, where GalNAc,
the potential for development of novel therapeutics against GIcNAc, and Glc represem-acetylgalactosaminél-acetyl-
enzymes that produce glycoconjugates has intensified efforts
targetgq at-the Chara-Cterization of their biosynthetic pqthways. 1 Abbreviations: 2AB, 2-aminobenzamide; AcCoA, acetyl-coenzyme
|!’1 C. J.elun", four major, glycan structures haYe been identi- A; Ba02,4diNAc,' 2,4-diacetamid0-2,4,6-tri(’1eomy9-élucopyranose
fied: lipooligosaccharide (LOS)capsule, O-linked glycan,  (also calledN,N'-diacetylbacillosamine in this report); BCA, bicincho-
and N-linked glycan{—10). The genes encoding enzymes ninic acid; CE, capillary electrophoresis; CoASH, coenzyme A; cv,

; iati incolumn volume; ESI, electrospray ionization; GS, glutathiene
that synthesize these glycan moleties have been found InSephalrose 4 Fast Flow resin; GST, glutathi@teansferase; IPTG,

clusters throughout th€. jejuni genome. The respective  jsopropyls-o-1-thiogalactopyranoside; LB, Luria-Bertani; LOS, lipo-
biochemical functions of the gene products have been oligosaccharide; MALDI, matrix-assisted laser desorption ionization;
assigned on the basis of biochemical data or Sequencé\ﬂwc, molecular weight cutoff; NAD, nicotinamide adenine dinucle-
otide; NADP", nicotinamide adenine dinucleotide phosphate; NTA,
nickel—nitrilotriacetic acid; NMR, nuclear magnetic resonance; PAGE,
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Ficure 1: Pathway of the enzymatic synthesis of the bacterial glycoprotein heptasaccharide from UDP-GIcNAc by enzymes of the general
protein glycosylation locus i€. jejuni Enlarged is a detailed view of the pathway for UDP-Bac2,4diNAc synthesis.

o undecaprenylphosphate lipid. The original bacillosamine, or

a & o 5 NH 4-acetamido-2-amino-2,4,6-trideoryglucose, was isolated
ACH’;‘_Bm" | and identified more than 30 years ago froBacillus

¥ AcHN o 9 , SN0 licheniformis (19, 20). The difference between that bacil-
0-P-0-P-0—" o losamine and the derivative found in tfe jejuni N-linked

O O “N_z/" heptasaccharide is aN-acetyl group at the C2 position.
OH OH Figure 1 shows a scheme for the biosynthesis of UINDR'-
diacetylbacillosamine inC. jejuni beginning with UDP-

FIGURE 2: Structure of UDP-2,4-diacetamido-2,4,6-trideax: ; )
glycopyranose. > GIcNAc. In this model, Cj1120c (PglF) performs a cofactor-

dependent hydride transfer from the C4 position of UDP-

glucosamine, and glucose, respectively (Figure 10).( GIcNAc to C6, in conjunction with the elimination of water
Assembly of this bacterial glycan begins with formation of across the glucosyl C5C6 bond. The mechanism for the
a pyrophosphate between the Bac2,4diNAc phosphate and€action is believed to follow a process similar to those of
undecaprenylphosphate (Und-P) by Cjl1124c (PgIC) which other C6 dehydratases such as dTBlicose-4,6-dehy-
forms Bac2,4diNAa1-PP-Und {5). OneN-acetylgalactosa- ~ dratase (RmiB) fronBalmonella entericg21), resulting in
mine (GalNAc) is linked to the polyisoprenepyrophosphate- the production of UDP-2-acetamido-2,6-dideaxyp-4-ke-
boundN,N'-diacetylbacillosamine by Cj1125c (PglA) to form  tohexulose (UDP-4-keto-sugar}g). Cj1121c (PgIE) cata-
GalNAc-o1,3-Bac2,4diNAcal-PP-Und 16, 17). Next, four lyzes the pyridoxal-dependent transfer of an amino group
additional GalNAc molecules and one branching glucose arefrom L-glutamate to the C4 position of the UDP-4-keto-sugar
added sequentially to the isoprenepyrophosphate-linked dis-to form the UDP-4-amino-sugal ). The final step in the
accharide by PglJ, PglH, and Pgll, to form the heptasaccha-€nzymatic synthesis of UDP-Bac2,4diNAc is the proposed
ride (17). In N-linked glycoproteins, the heptasaccharide is N-acetylation at the C4 position of the UDP-4-amino-sugar
covalently attached at théN'-diacetylbacillosamine through by Cj1123c (PgID).
ap-linkage to the amide nitrogen (N-linked) of an asparagine  The native dehydratase PgIF has three domains: an
side chain in the canonical sequence motif Asn-Xaa-Ser/Thr, N-terminal transmembrane domain, a C-terminal catalytic
where Xaa can be any amino acid except proline (4). domain, and a linker between the transmembrane and

Nearly all enzymes encoded in thgl locus fromC. jejuni catalytic domains. Recently, Logan and co-workers identified
strain NCTC 11168 responsible for synthesis of the hep- the biochemical activity of PgIF by studying a construct that
tasaccharide have been biochemically characterizéd ( lacked the transmembrane domal)( These investigators
18). Recently, our laboratory reported biochemical evidence further reported that enzyme activity could not be detected
of enzyme-mediated glycosyltransferase activity, which in a coupled reaction between the truncated form of PglF
strongly suggested th&t,N'-diacetylbacillosamine was ini-  and full-length PgIE, suggesting that the transmembrane
tially formed inC. jejunias a uridine diphosphate derivative domain plays an important role in the coupled enzyme
(Figure 2) (5). In these experiments, a lengthy chemical reaction. The truncation approach has also proven to be
synthesis was undertaken to produce UDP-Bac2,4diNAc andadvantageous in the functional analysis of WbpM, a homo-
PgIC was found to transfer Bac2,4diNAc phosphate to the logue of PglF, which is involved in pseudaminic acid
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Table 1: Constructs and Oligonucleotides Used for This Report

construct vector primer (5~ 3
GST-PgIF pGEX4T-2  forward, CGCGGATCCATGATTTTTTATAAAAGCAAAAGATTAGC
reverse, CGGCTCGAGTCAGTGATGATGATGATGATGATGGTGTACACCTTCTTTATTGTGTTTAAATTC
GST-PglFs pGEX4T-2  forward, CGCGGATCCATGCTTGTGGATTTTAAACCTTC
reverse, CGGCTCGAGTCAGTGATGATGATGATGATGATGGTGTACACCTTCTTTATTGTGTTTAAATTC
PglE pET24at) forward, CGCGGATCCATGAGATTTTTTCTTTCTCC
reverse, CGGCTCGAGAGCCTTTATGCTCTTTAAG
PgID pET24af) forward, CGCGGATCCATGGCAAGAACTGAAAAAATTTATATTTATGGTGC

reverse, CGGCTCGAGCATCCTTTTTGCAGGTAC

biosynthesis inPseudomonas aeruginask their experi-

LB broth supplemented with 30g/mL kanamycin and 50

ments, Creuzenet and Lam found that the full-length WbpM ug/mL chloramphenicol for selection and incubated at 37

retained activity, but only when isolated in the membrane
fraction of the host expression systep);

In this report, we detail the functional characterization of
PgID in addition to the biosynthesis and purification of UDP-
Bac-2,4-diNAc. By harnessing the UDP-Bac2,4diNAc bio-
synthetic process in vitro, we provide a rapid and cost-
effective means of producing this rare sugar in milligram

°C. At an ODyy of 0.6—1.0, the cultures were cooled to 16
°C prior to induction with 0.5 mM isopropyl3-b-1-
thiogalactopyranoside (IPTG). After incubation for 22 h at
16 °C, the cells were harvested by centrifugation, resus-
pended in a solution of 0.9% NaCl, and pelleted for storage
at—80°C. Pellets of cells that expressed PgID or PglE were
resuspended in 50 mL of ice-cold lysis buffer [50 mM Tris-

quantities. We also characterized the full-length PglF and acetate and 100 mM NaCl (pH 7.5)] supplemented with 30
demonstrate the in vitro enzymatic synthesis of the undeca-mm imidazole and lysed by sonication, and the lysate was
prenylpyrophosphate-linked heptasaccharide in a coupledgleared by centrifugation at 14509@or 45 min at 4°C.

reaction that combined PglF, -E, -D, -C, -A, -J, -H, and -I

Further handling of the protein occurred at°@ unless

in a single reaction vessel. The results presented hereinginerwise stated. Cleared lysate was mixed with 4 mL of

complete the functional identification of enzymes involved
in the biosynthesis of the N-linked heptasaccharidein
jejuni.

EXPERIMENTAL PROCEDURES

Molecular Biology.Amplification of pgl gene sequences
from C. jejuni 11168 genomic DNA (ATCC 700819,
designation NCTC 11168) was performed with oligonucle-
otides described in Table 1. BamHI and Xhol restriction sites
were engineered to facilitate cloning of all amplicons into
either pGEX4T-2 (GE Healthcare) to incorporate an N-
terminal GST tag or pET-24&() (Novagen) to incorporate
an N-terminal T7 and a C-terminal hexahistidine tag. Full-
lengthpgID and pglE were subcloned into the pET vector.
Full-length pglF and a truncated form gbglF encoding
residues M136-V590 were subcloned into the pGEX vector
to express GSTPgIF and GSTPglF3, fusion proteins,
respectively. The full-length GST fusion PglF construct also
included a C-terminal octahistidine tag. Amplifications were

accomplished with the Stratagene Cloned Pfu Polymerase
system as described by the manufacturer. Amplicons were

purified and double-digested with BamHI and Xhol. Digested
inserts and linearized vectors were fractionated by agaros
gel electrophoresis and purified with the QIAquick gel
extraction kit (Qiagen). Ligations were conducted with the
T4 DNA ligase kit (Promega) using an overnight incubation
at 16 °C. The chemically competent DHd5 strain of
Escherichia coli (Invitrogen) was transformed with the
ligation reactions and colonies selected on Luria-Bertani (LB)

agar plates supplemented with either kanamycin or carbani-

Ni—NTA (Qiagen) resin per liter of original culture and then
tumbled for 4 h. The NiNTA resin/protein mixture was
packed inb a K 9/15 column (GE Healthcare) and washed
with 10 column volumes (cv) of lysis buffer supplemented
with 30 mM imidazole at a flow rate of 3 mL/min. The resin-
bound protein was further washed with 20 cv of lysis buffer
containing 40 mM imidazole and then 10 cv of lysis buffer
containing 50 mM imidazole. To elute the protein of interest,
a 30 cv gradient of imidazole and lysis buffer from 50 to
500 mM was applied to the column. Protein concentrations
were determined using the Micro BCA kit (Pierce).

GST-PglFi130 Expression and PurificatianChemically
competent BL21(DE3) pLysS cells were transformed for
expression of the GSTPglF 30 construct. A 10 mL volume
of an overnight culture was used to inoceldat L of LB
broth and incubated at 37TC with 50 ug/mL carbanicillin
and 50ug/mL chloramphenicol for selection. At an Qd9
of 0.6-1.0, the culture was cooled to 3C, then induced
with 1 mM IPTG and incubated at 30C for 3 h, then
harvested, and stored at80 °C. Frozen cell pellets were
resuspended in 50 mL of ice-cold PBS buffer [140 mM NacCl,

e2-7 mM KCI, 10 mM NaHPQ,, and 1.8 mM KHPO;, (pH

7.3)] and lysed by sonication, and the lysate was cleared by
centrifugation at 1450@Pfor 45 min. To purify, cleared
lysate was mixed with 4 mL of glutathioreSepharose 4
Fast Flow resin (GS) (GE Healthcare) per liter of original
culture and tumbled to mix for 4 h. The GS resin/protein
mixture was packed iota K 9/15 column and washed with
25 cv of PBS at a flow rate of 3 mL/min. Protein was eluted

cillin. Plasmids from colonies representing each construct with an isocratic flow of GS elution buffer [50 mM Tris

were isolated and sequenced at the MIT CCR HHMI
Biopolymers Laboratory.

PgID and PgIE Expression and Purificatioithe chemi-
cally competent BL21(DE3) pLysS strain Bf coli (Invit-

and 10 mMc-glutathione (pH 8.0)]. Fractions containing
purified material were identified by SDSPAGE and
subjected to Coomassie staining or Western blot analysis
probing for the affinity tag. Target fractions were pooled

rogen) was transformed for expression. For each construct,and exhaustively dialyzed against PBS. Protein concentra-

10 mL of an overnight culture was used to inocalatL of

tions were determined using the Micro BCA Kkit.
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Full-Length PglF Expression and PurificatioA 20 mL guantified spectrophotometrically using the molar extinction
volume of an overnight culture of BL21(DE3) pLysS cells coefficient of UDP fzs; = 10 000 M2 cm™? (23)]. Ap-
transformed with the GSTPgIF construct was used to proximately 2.3 mg (3.%mol) of UDP-4-amino-sugar was
inoculae 2 L of LB broth supplemented with 58g/mL recovered from the coupled enzyme reaction. As an alterna-
carbenicillin and 5Qug/mL chloramphenicol and cultured tive for synthesizing UDP-4-amino-sugar, approximately 15
at 37°C. At an ODyy of 0.6—1.0, the culture was cooled to  mg (190.5 nmol) of the GSFPglF 30 construct was bound
16 °C, induced with 0.5 mM IPTG, and incubated at 16 to 4 mL of GS resin. PBS was added to the slurry such that
for 22 h. Cells were harvested and frozen-0 °C until the total volume measured 15 mL; 20 mg ¢880l) of UDP-
they were required. Frozen cell pellets were thawed in 100 GIcNAc was added and the reaction mixture incubated at
mL of ice-cold PBS, lysed by sonication, and then supple- 28 °C overnight. The reaction mixture was resuspended in
mented with 20tM NAD *. Cellular debris was cleared by  a slurry and poured into a column, and the flow-through was
low-speed (800§) centrifugation for 45 min. The resulting  collected and then filtered with a 10K MWC membrane. In
supernatant was transferred to a clean centrifuge tube andh total volume of 25 mL, the filtrate was combined with 15
subjected to high-speed centrifugation (145§)d0r 45 min mg (325.5 nmol) of purified PglE.-Glutamate and PLP were
to pellet the cell envelope fraction. The supernatant was added to final concentrations of 20 mM and 10M,
discarded and the resulting pellet homogenized in 10 mL of respectively. The reaction mixture was incubated for 48 h
PBS supplemented with 1.0% (v/v) Triton X-100 and 200 at 28°C and the product purified as described for the coupled
uM NAD* (PBS-T). The detergent solution was tumbled at reaction. Recovery of UDP-4-amino-sugar by this method
4 °C for 2 h and then centrifuged at 145@dfor 1 h. The was approximately 9.5 mg (L@mol). NMR chemical shifts
supernatant containing the detergent-solubilized GBgIF and coupling constants of this material were essentially
construct was carefully removed so that the pellet would not identical to published datd.§). To synthesize UDP-Bac2,-
be disturbed and then combined with 2 mL of GS resin pre- 4diNAc enzymatically, in a total volume of 5 mL, 5 mg (212
equilibrated in PBS-T. The GS resin/protein solution was nmol) of PgID was combined with 10 mg (17:.0nol) of
tumbled fa 4 h and then poured into a column, and the resin UDP-4-amino-sugar and 14 mg (17:3nol) of AcCoA
was allowed to settle. Using gravity flow, the resin-bound (Sigma-Aldrich). The reaction mixture was incubated at
protein was washed with 25 cv of PBS-T containing 0.1% 37 °C for 3 h and then filtered with a 10K MWC membrane.
Triton X-100 and then eluted with the GS elution buffer The entire filtrate was loaded onto a preparative scale reverse
supplemented with 0.1% Triton X-100 and 2081 NAD*. phase C-18 column [Waters YMC Pack-Pro C18, 250 mm
Fractions containing purified material were assessed by x 20 mm (inside diameter), S-bm particle size, 12 nm
SDS-PAGE (10%) and subjected to Coomassie staining or pore size] equilibrated with 50 mM TEAB (pH 7.1) and
Western blot analysis probing for the His tag. To determine eluted with a linear gradient from 0 to 25% acetonitrile over
protein concentrations, a sample of the pooled fractions was300 mL. Eluting material was monitored for absorbance at
exhaustively dialyzed against 0.1% Triton X-100 and PBS-T 262 nm, and fractions containing pure UDP-Bac2,4diNAc
and then assayed with the Micro-BCA Kkit. were identified by CE. Target fractions were pooled, and

Enzymatic ReactionsTo synthesize UDP-4-keto-sugar the solvent was concentrated under reduced pressure to yield
with the purified GST-PgIF construct, 1.5 mg (16.1 nmol) 6 mg of UDP-Bac2,4diNAc.
of enzyme in a 15 mL solution containing 5 mt NMR SpectroscopyA 4 mg sample of purified UDP-
glutathione, 50 mM Tris-acetate, 0.1% Triton X-100, 200 Bac2,4diNAc was resuspended in 6@Q of 99% D,O
uM NAD*, 50 mM NaCl, and 1 mM (15 mol) UDP- (Cambridge Isotopes) and placeda 5 mmtube. All data
GIcNAc (pH 8) was incubated for 10 h at 28. A sample were collected at 23C. A solution of 85% phosphoric acid
of the reaction mixture was filtered using a Microcon in D,O was used as an external standard*&rNMR and
filtration unit [L0K molecular weight cutoff (MWC), Mil- D,0 (4.8 ppm) as the internal standard ¥alrNMR spectrum
lipore] for capillary electrophoresis (CE) analysis. A sample calibration. The NMR data were processed with the MestRe-C
of the filtrate was equally mixed with methanol and injected (Mestrelab Research) software packadd. and COSY
into a Mariner Biospectrometry Workstation under a constant spectra were obtained on a Bruker Avance-600 MHz NMR
flow of 10 uL/min with data acquisition conducted in spectrometer equipped with a pulse-field gradient triple-
negative mode. To synthesize the UDP-4-amino-sugar byresonance probe using standard pulse sequences from Bruker
coupling the reactions of the GSPgIF construct and PglE, NMR. Homonuclear decoupling spectra were recorded on a
the following components were added to a reaction mixture Varian Inova-500 MHz NMR spectrometer equipped with a
as described above: 5 mg (108.5 nmol) of purified PglE pulse-field gradient triple-resonance probe using standard
andL-glutamate and pyridoxal' fphosphate (PLP) to final ~ pulse sequences from Varig#P spectra were measured with
concentrations of 15 mM and 10@M, respectively; the a Varian Mercury 300 NMR spectrometer with a pulse-field
mixture was then incubated for 24 h at 28. The reaction ~ autoswitchable probe.
volume was passed through a 10K MWC filter, then diluted = CE AnalysisCE was performed using a Hewlett-Packard
100-fold with H,O, and loaded onta 5 mLHiTrap Q FF 3D CE system with UV detection and manual integration
anion exchange column (GE Healthcare) at a flow rate of 3 with the HP 3D CE software package. The running buffer
mL/min. The bound sugar was washed with 100 mL g®H  was composed of 25 mM sodium tetraborate (pH 9.4) using
and eluted over a 120 mL gradient from 0 to 220 mM a bare silica capillary (7&xm x 80 cm) with a detector
triethylammonium bicarbonate (TEAB) (pH 8.6). Fractions distance of 72 cm. The capillary was conditioned before each
containing purified UDP-4-amino-sugar were identified by run by being washed with 0.4 M NaOH for 2 min, water for
CE and then pooled, lyophilized, and analyzed by ESI-MS 2 min, and running buffer for 2 min. In general, each sample
as described above. The UDP-4-amino-sugar product waswas prepared by filtration with a 10K MWC membrane and
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then diluted with water by a ratio of 1:4. Samples were
introduced by pressure injection for 16 s at 30 mbar, and
the separation was performed at 22 kV.

Kinetic Measurement$-or the GSFPgIF construct, 1.3
ug of enzyme was incubated in a reaction volume 0§80
with 200 uM NAD™, 0.1% Triton X-100, 50 mM Tris-
acetate, 50 mM NaCl, and 5 mMglutathione (pH 7.7) with
UDP-GIcNAc at six different concentrations varying from
0.8 to 31 mM. The reaction mixtures were incubated at@G7
for 200 min, boiled for 2 min, and then filtered through a
10K MWC membrane and analyzed by CE as described

Biochemistry, Vol. 45, No. 45, 2006.3663

kDa
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above. UDP-4-amino-sugar substrate for the PgID assays was

enzymatically synthesized and quantified as described above
For each reaction, 0.025 ng of enzyme was incubated in a
total volume of 20uL containing 50 mM Tris-acetate, 50
mM NaCl, 2 mM AcCoA (pH 7.7), and g of bovine serum
albumin to serve as a carrier protein with UDP-4-amino-
sugar at six different concentrations varying from 0.1 to 2
mM. The reaction mixtures were incubated at°&7for 90
min, boiled, and filtered which was done for the GSHgIF
kinetic reactions.

Radioactve Assay Coupling PgID, -C, and -A Using
Labeled AcCoAUnd-P was synthesized as described else-
where @4, 25). A 3 uL volume of DMSO and a 7L volume
of 14.3% (v/v) Triton X-100 were added to a tube containing
5 nmol of Und-P. After the sample had been vortexed and
sonicated in a water bath,4_ of 1 M MgCl,, 10uL of 10
mM UDP-GalNAc, 15uL of 7 mM UDP-4-amino-sugar,
10 uL of PgIC at 0.25 mg/mL, 1Q:L of PglA at 0.5 mg/
mL, 1.5uL of unlabeled 14 mM AcCoA, and &L of 20
uM [3H]JAcCoA (American Radiolabeled Chemicals) were
added, giving the reaction mixture a specific activity of 48
nCi/nmol. The reaction was initiated by adding &0 of
PgID at 0.5 mg/mL and the mixture incubated at room
temperature. Aliquots of 12L were taken at 2, 4, 8, 30,
and 60 min. Reactions were quenched and mixtures prepare
for liquid scintillation counting as described elsewhetB)(

Heptasaccharide Biosynthes3omponents of the reaction
were assembled in two tubes. Tube 1 contained Und-P (5
nmol), UDP-GIcNAc, UDP-GalNAc, and UDP-Glc (final
concentrations of 1, 1, and 0.2 mM, respectively) suspended
with 3 uL of DMSO and 7uL of 14.3% Triton X-100 by
vigorous vortexing and water bath sonication. Nexyl4
of purified PgIC, PglA, PglJ, and PgIH (the latter two at a
stock concentration of 0.5 mg/mL) was added, along with
10 uL of a Pgll cell envelope fraction. Each was prepared
as described previouslyt 7). Combined in tube two were 3
uL of 15 mM NAD™, 10 uL of 200 mM L-Glu, 10 uL of
2.7 mM PLP, 5uL of 20 mM AcCoA, 10uL of PgID, 25
uL of PglE, 37uL of the GST-PgIF construct (protein stock
concentrations of 0.5, 0.5, and 0.15 mg/mL, respectively).
The reaction was initiated by adding G4 of tube 2 to tube

1, and then the mixture was incubated at room temperature

for 7 h. The heptasaccharide was isolated and analyzed b
HPLC and MALDI-MS as described previousl¢5).

RESULTS

Cloning, Expression, and Purification of PgID, PgIE, and
PglF. Full-length pglID, pglE, andpglF were cloned from
C. jejunistrain NCTC 11168 genomic DNA and expressed
in E. coli. Clones encoding PgIE and PgID were expressed

y

Ficure 3: Coomassie-stained 4 to 15% gradient SIPAGE gel

of glutathione-Sepharose-purified GSTPgIF and Ni-NTA-
purified PgID (lanes A and B, respectively). Calculated molecular
masses for GSTPgIF and PgID-Hig are 93 and 23.5 kDa,
respectively. Corresponding Western blot probing for the C-terminal
His tag (lanes C and D). Arrows indicate band representing the
respective construct.

with an N-terminal T7 tag and a C-terminal Eisg (Table

1). Both constructs overexpressed robustli ircoli and were
purified by nickel affinity chromatography with protein yields
near 25 mg/L of culture. Full-length PglF was expressed with
an N-terminal glutathioneStransferase (GST) domain
concurrently with a C-terminal octahistidine tag (GST
PglF). GSTPgIF was purified in the presence of detergent
and NAD" by affinity chromatography with a yield of 1.5
mg/L of culture. Similar to the construct reported by Logan
and co-workers 8), GST—PglF3 (M130—V590) which
omitted the putative transmembrane domain of full-length
PglF was expressed in this study. This truncated construct
expressed well irE. coli yielding approximately 20 mg/L
of culture. Confirmation that purified material represented
the target proteins was accomplished by SIPAGE and
Western blot analysis for detection of the affinity tags (Figure

?

Dehydratase Actity of GSTPgIF. The reaction of GST
PglF was analyzed by CE using UV absorbance (262 nm)
to detect the eluting species (Figure 4A). Although consump-
tion of the cofactor was not apparent, the catalytic activity
of GST—-PgIF was enhanced in the presence of additional
NAD™ but not NADP" (data not shown). Electrospray
ionization mass spectrometry (ESI-MS) analysis of the
GST—PglF reaction indicated a mass of 587.5 Da, consistent
with the formation of UDP-4-keto-sugar. CE analysis of the
same reaction indicated the presence of starting material (data
not shown), consistent with the ESI-MS observation of a
species having a mass of 605.5 Da (Figure 5A). Alternatively,
it is possible for the keto-sugar to exist in equilibrium with
the corresponding hydrate forr2@). The hydrate form of
the catalytic product of PgIF would correspond to the addition
of 18 atomic mass units (water) to the UDP-4-keto-sugar.
Therefore, the mass of 605.5 Da may be attributed, in part,
to the hydrate form of the PgIF product.
Acetyltransferase Actity of PgID. PgID is a putative
acetyltransferases). Amino acid sequence analysis shows
the C-terminal domain to be consistent with a hexapeptide
repeat motif. Members from a subclass of the hexapeptide
repeat enzymes, known as xenobiotic acetyltransferases, have
been shown to use acetyl-coenzyme A (AcCoA) for acetyl-
ation of a variety of substrate7, 28). Purified PgID was
incubated with the purified UDP-4-amino-sugar and AcCoA
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T T 1 Ficure 5: ESI-MS of (A) the GSTPgIF reaction mixture, (B)
18 20 22 HPLC-purified UDP-Bac, and (C) ion exchange purification of
UDP-4-amino from the GSFPgIF and PgIE coupled reaction.

Time ( min )
Ficure 4: CE time course analysis of (A) GSPgIF using 1Q«g transfers the first GalNAc onto Bac2,4diNAc-PP-Uridy,
of enzyme with UDP-GIcNAc at a final concentration of 1 mM was also included to consume the product of PgIC, thus
and (B) PgID using 1.3 ng of enzyme with UDP-4-amino and driving the reaction forward and facilitating isolation of the
AcCoA at final concentrations of 1.2 and 1.0 mM, respectively. |apeled product. In addition to cofactors and salts, reactants

Both reactions were conducted at 32 and pH 7.7 with aliquots . oo .
taken at the indicated times. Numbered peaks are (1) UDP-GIcNAc, include the purified UDP-4-amino-sugar, Und-P, and UDP-

(2) UDP-4-keto, (3) UDP-Bac, (4) UDP-4-amino, (5) AcCoA, and GalNAc (Figure 6A). The organic phase was extracted and
(6) CoASH. assayed for radioactivity. Because AcCoA was expected to

remain in the aqueous layer, counts in the organic layer were

in excess. The resultant CE elution profile exhibited two attributed to incorporation of a radiolabled acetyl group into
additional peaks that flanked the substrate and cofactorthe polyisoprenepyrophosphate-linked substrate (Figure 6B).
signals (Figure 4B). To confirm that an acetyl group was For control reactions, the Und-P or the UDP-4-amino-sugar
transferred to UDP-4-amino-sugar, the PgID reaction prod- was omitted. Both control reactions resulted in background
ucts were purified by reverse phase high-performance liquid levels of counts, strongly suggesting acetyl group transfer
chromatography (RP-HPLC) and analyzed by ESI-MS and to UDP-4-amino by PgID (Figure 6B).
CE. Consistent with the loss of a proton and addition of an  NMR Analysis of the PgID Producto further establish
acetyl group to form UDP-Bac2,4diNAc, ESI-MS revealed the identity of the enzymatic product of PgID, the proton NMR
a mass peak of 630.5 (Figure 5B). The RP-HPLC purification spectra of the purified PgID reaction product were analyzed.
step also separated a species with an atomic mass of 767A series of homonuclear decoupling experiments was con-
consistent with the coenzyme A (CoASH) (data not shown). ducted to identify the chemical shifts for protons from the

To further demonstrate transfer of an acetyl group by PgID pyranose ring (Figure S-1 of the Supporting Information).
to the UDP-4-amino-sugar, a coupled enzyme assay wasln the proton spectrum, two peaks centered at 2.05 ppm with
employed using®H]AcCoA. Isolation of the labeled UDP-  a total peak area of six protons suggested the presence of
Bac2,4diNAc was simplified by incorporating purified PgIC, two acetyl groups in the compound (Figure 7). In comparison
an integral membrane glycosyltransferase fr@m jejuni to the observed chemical shift of the H4 proton on the UDP-
responsible for transferring Bac2,4diNAc phosphate to the 4-amino-sugarX8), the H4 apparent triplet shifted to a more
isoprene lipid carrier Und-PLE), into the assay. PIgA, which  deshielded position of 3.69 ppm from 3.11 ppm (Figure 7,
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FiIGURE 6: (A) Reaction scheme for the transfer oftlabeled acetyl group to UDP-4-amino and onto Und-P by the enzymes PgID and
PgIC. PglA adds GalNAc to Und-PPH]Bac. Aliquots of the reaction were taken over time, and the organic phase was subjected to liquid

scintillation counting. (B) Plot of the liquid scintillation counts. Reactants included UDP-GalNB§A§CoA, Und-P, and UDP-4-amino
(a). Control reactions were without Und-PY or UDP-4-amino [).

inset). Using this spectrum, thi,+, J>3', J3gr, Jgrsr, and analyzed the products by CE. A peak eluting ahead of the
Jsre- coupling constants were measured and are listed in TableUDP-GIcNAc peak was observed, consistent with the CE
2. The coupling constant values were essentially identical migration of the UDP-4-amino sugar (Figure S-4 of the
to published values for the UDP-4-amino-sugar; hence, the Supporting Information). To confirm the UDP-4-amino sugar
UDP-Bac2,4diNAc glucopyranose ring has the same stere-was indeed formed in the reaction, GSFglF and PgIE were
ochemistry. The?P spectrum (Figures S-2 and S-3 of the combined with UDP-GIcNAc, PLP, andGlu. The reaction
Supporting Information) and chemical shift assignments for mixture was incubated overnight, and the reaction product
uracil and ribose moiety protons (Table 2) matched published was purified by anion exchange chromatography. ESI-MS
values for UDP-sugarslg, 29). On the basis of the results  analysis of the purified material showed a prominent mass
presented here, the product of PgID was identified as UDP- peak of 588.5 (Figure 5c). Because PgIE specifically uses

2,4-diacetamido-2,4,6-trideoxy-b-glucopyranose. the UDP-4-keto-sugar as its primary substrate, we conclude
Kinetic Analysis of PgIF and PgIDGST—PgIF and PgID  the product of GSFPgIF is indeed the UDP-4-keto-sugar.
appeared to be suitable for analysis by Michaeltenten Using purified Pgl enzymes froi@. jejuniNCTC 11168,

kinetics since the reaction velocities were observed to plateauour lab has investigated the in vitro transfer NfN'-

at substrate concentrations below 20 and 2 mM, respectively,diacetylbacillosamine phosphate onto Und-P and the in vitro
in the presence of 200M NAD ™ for GST-PglF and 2mM  enzymatic synthesis of the heptasacccharide using a chemi-
AcCoA for PgID. Product formation velocities were averaged cally synthesized undecaprenyl pyrophosphate-lifk@d-

from two reactions run in parallel for each substrate diacetylbacillosaminels, 17). With UDP-GalNAc, UDP-
concentration. Observed values were plotted and kinetic Gic, Und-P, and chemically synthesized UDP-Bac-2,4-NAc
parameters derived with SigmaPlot (Systat Software, Inc.). at the start, the reactions of PgIC, PglA, PglH, PglJ, and

Apparent kinetic parameters for GSPgIF were as fol-  Pgll have been coupled in a single reaction vessel to
lows: Ky = 7.0+ 1.4 mM, andkear = 7.1+ 0.53 min™. synthesize the bacterial glycan heptasaccharid®. We
Apparent kinetic parameters for PgID were as folloviss; wanted to confirm the presence of GSPgIF, PglE, and

= 0.414 0.078 mM, andk;ar = (4.83=+ 0.30) x 1C° min™™. PgID in the same reaction vessel did not inhibit the
Coupled Reaction with PglF, -E, -D, -C, -A, -J, -H, and downstream reactions. In the absence of chemically synthe-
-I. We noted inhibition of GSFPglR 3, dehydratase activity  sized UDP-Bac-2,4-NAc, we combined the required sub-
on UDP-GIcNAc in the presence of PgIE (data not shown). strates and cofactors for the reaction of each specific enzyme
This observation suggested a physical interaction betweento proceed. The polyisoprenepyrophosphate-linked glycan
the distinct enzymes, as reported by Logan and co-workerswas extracted from the organic phase and subsequently
using a Pglk;o construct with a C-terminal His tag only (18).  released from the polyisoprene by trifluoroacetic acid treat-
We coupled the reaction of GSPgIF with PglE and ment and labeled with the fluorophore 2-aminobenzamide
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FiIGURE 7: H NMR spectrum of enzymatically synthesized UDP-Bac. Proton chemical shift labels follow the scheme represented in Figure
2 and values in Table 2. Peaks marked with an x indicate signals from impurities and TEAB buffer. Peak surface and integration values
are also indicated. The inset enlarges the view of proximally occurring chemical shifts from ribose and pyranose ring moieties.

(2AB) at the C1 position of the diacetamido bacillosamine
residue through reductive amination. HPLC analysis yielded
a peak consistent with the known elution profile of the

Table 2: 'H and3!P NMR Chemical Shift and Coupling Constant
Assignments for UDP-Béc

heptasaccharide, and the identity of the eluted material was ”_“Oiety On (ppm) J
confirmed by MALDI-MS (Figure 8). uracil
H5 5.97 (d) Jsg =8.1Hz
H6 7.95 (d)
DISCUSSION ribose
) N HY 5.97 (d) Jiz=4.5Hz
UDP-GIcNAc is modified by PgIF to form the UDP-4- H2 ~4.37
keto-sugar substrate of PgIE in the prokaryotic glycoprotein H3 ~4.37
N-linked heptasaccharide biosynthesis pathwgg).(In C. :g 4.28 (m) _
.. . .. A a 4.18 (ddd) Js'a,p— 55Hz
jejuni, there are distinct metabolic pathways that share UDP- Jona = 3.0 Hz
GIcNAc as a substrate, thus suggesting a rationale for the Jsasy = 11.7 Hz
reaction kinetics observed in vitro. Pseudaminic acid, the H5'b 4.23 (ddd) Jspp=4.3 Hz
major modification of flagellin, is synthesized via the UDP- anose Jsoa = 2.6 Hz
GIc.NAc dehydratase PseB. pathwa:yg,( 30). GalNAc, a pyHl” 5.48 (dd) Jry =32 Hz
major component in the biosynthesis of glycoprotein N- Jyp=6.9 Hz
linked heptasaccharide, lipooligosaccharide (LOS), and H2" 4.02 (m)
capsule 7, 8, 10), is synthesized intracellularly by the C4 H3 3.79 (an) Jr3=10.2 Hz
i ble 3 lists the kinetic parameters of Jre =10.2Hz
epimerase Gne3(). Ta etic p Ha 3.69 (at) Jre = 10.2 Hz
PseB and Gne derived from other studies, as well as those H5'" 4.05 (m)
for GST—PgIF from this study. Clearly, Gne is the most He" 1.19 (d) Jsrer = 6.2 Hz
efficient of all three enzymes with k./Kn greater by 2 ac‘éti"' 506
orders of magnitude than those of PseB and 6GBglIF. This CHz 204 8
is to be expected since one or more copies of GaINAc/Gal  pyrophosphate
or subsequent derivatives occur more frequently on cell P, —10.84 (d)
surface structures (heptasaccharide, LOS, capsule) than P —12.66 (d)
GIcNAc/Glc-related glycosides. The./Kn, value of PseB apData collected at 28C in D,O, using 4.8 ppm for the solvent

indicates th|s enzyme is a moderate'y effective dehydratase,chemical shift: d, doublet; dd, doublet of doublets; ddd, doublet of
more so than GSFPgIF, by a factor of 30. Howevepg! doublets of doublets; m, multiplet; at, apparent triplet; s, singlet.
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thus explaining a lack of motility30). Arguably, when UDP-
GIcNAc is in low abundance, the pathogen would likely
channel available stores toward the function of motility over
host cell interactions.

Using a combination of radiolabel transfer, NMR, and ESI-
20000 - MS, we have shown that PgID catalyzes the acetyl group
transfer from AcCoA to the UDP-4-amino-sugar, resulting
in the formation of UDPN,N'-diacetylbacillosamine (Figure

A *

30000 o

Fluorescence Intensity (units)

10000 7 2). The proton NMR spectrum of UDP-Bac2,4diNAc shows
a significant chemical shift of the H4 proton to a more

deshielded position, consistent with the conversion of a

01 primary amine at the C4 position of the pyranose ring to an

20 30 40 50 60 amide (Figure 7). Théa/Kn of PgID is 1.18x 10f min~!

mM~1, indicating the enzyme is very efficient in catalyzing

Time (min ) the acetyl group transfer to the UDP-4-amino sugar. An

advantage to such a high degree of activity results in the

B [M + NaJ" 1565.4 rapid consumption of the UDP-4-amino-sugar, thereby

driving the enzymatic conversion of UDP-GIcNAc by PglF

to UDP-4-keto-sugar, the substrate of PgIE. Comparing

kinetic data of the Pgl enzymes in Table 3 indicates the rate-

limiting step in UDP-Bac2,4diNAc biosynthesis is the
M+ Na + KI* forma_tion qf the UDP-4-keto-_sugar. _ _ _

In vitro biosynthesis oN,N'-diacetylbacillosamine and its
precursors by enzymes of the Pgl pathway broadens the scope
for potential applications. TheC. jejuni oligosaccharyl
transferase, PgIB, was shown to prefer a diacetylated sugar

WMMWMWRWJMMN linked to the polysioprenepyrophosphate for glycosylation

800 1000 1200 1400 1600 1800 2000 of peptides when the transferred sugar was a disaccharide
(34). As the structurefunction relationship between Pgl
m/z enzymes and respective substrates becomes more defined,
Ficure 8: (A) Fluorescence trace from HPLC analysis of 2AB- the potential to derive novel substrate analogues arises.
'_%k’)e_lgfj_rc‘:‘?efszclcgﬁé"_jﬁ ':r?(lja:ﬁg fcrngear‘“;ee%C;g’f‘r;ﬁto‘;‘OgﬂfglIPig":Additionally, the capacity to synthesize milligram quantities
one reaction vessel. The asterisk denotes the major saccharide peal?.]c UDP'BaCZ’_4d'NAC relatively mexpenswely brlr]gs forth
(B) MALDI-MS of eluted material. a new biologically relevant molecule that is suitable for
modification by chemical means for probing biological
gene knockout studies db. jejuniNCTC 11168 showed a  processes. Because enzyme quantities were used in excess
significant disparity between wild-type and mutant strain to ensure complete substrate turnover, the in vitro reaction
signatures of the high-resolution magic angle spinning NMR conditions may be optimized further to improve enzyme
spectra and whole-cell lysate blotting with lectiBR), These efficiency on a preparative scale. A more specific application
results indicate the substrate turnover rate of PseB isis the use of purified UDP-Bac2,4diNAc to study protein
insufficient to complement the wild-type consumption lev- modification pathways in other pathogens such as the
elsof the UDP-4-keto-sugar by the Pgl pathway in the Neisseriaspecies, known to synthesize a diacetylated sugar
absence of PglF. Comparison of the kinetics data, togetherfor pilin glycosylation 85).
with the knockout study results, supports the hypothesis of Successful coupling of reactions by PglE and G®FhIF
a channeling mechanism where a sequential transfer ofsuggests the involvement of the PglF transmembrane domain
products between enzymes of the same biosynthetic pathwayn preventing the inhibitory reaction observed between PgIE
exists B3). Of the two dehydratases that are compared, PseBand the soluble catalytic domain of PgIEg|. Addition of
has the lowesKy, indicating a higher affinity for substrate. the GST tag to the full-length PgIF was critical for enhancing
Studies on PseB knockouts@ jejunistrain 81-176 showed  expression levels and simplifying the purification process.
unglycosylated flagella accumulated in cells intracellularly, Reconstitution of heptasaccharide synthesis in vitro with full-

Table 3: Kinetic Parameters for GSPgIF and PgID Compared with Published Values of PgIlE and Gne

prOtein Km(app) kcat kca{Km
enzyme substrate (pmol/assay) (mM) (min™Y) (min~t mM™Y)
GST-PgIF UDP-GIcNAc 20.7 7.00 7.1 1.0
PgID? UDP-4-amino 0.011 0.41 4.838 1° 1.18x 1¢°
PglE® UDP-4-keto 3.32 0.048 144 3000
MalE—Gn¢e UDP-GIcNAc 0.083 1.087 4938 4543
PseB UDP-GIcNAc 25.8 0.05 15 30.6

a|n this study, values are the average of two experiments and assays were conduct¥d an@pH 7.7° FromC. jejuniNCTC 11168, assays
conducted at 37C and pH 7.218). ¢ FromC. jejuniNCTC 11168, assays conducted at’&and pH 8.031). ¢ FromC. jejuni subspeciedoylei
ATCC49349, assays conducted at42and pH 7.0 83).




13668 Biochemistry, Vol. 45, No. 45, 2006

length isolated proteins clearly demonstrates all efggit
enzymes are able to perform their respective functions in a

single reaction vessel. Because substrate turnover was not

observed in a reaction coupling GSPglF s and PglE, we

believe the presence of the GST tag fused to PgIF was not 7.

responsible for disruption of inhibition in the coupled assay
with full-length PglF and PgIE. Experiments currently
underway in our lab focus on the characterization of the
presumed physical interaction between PglF and other
enzymes of the Pgl pathway.

In summary, the evidence presented in this report identifies

PgID as an acetyltransferase that catalyzes the last step in a

three-step biosynthetic reaction of UDP-Bac2,4diNAc from
UDP-GIcNAc. This enzyme proved to be very efficient and
may act as the engine that drives the metabolic conversion
of UDP-GIcNAc to UDP-Bac2,4diNAc. The in vitro enzy-
matic synthesis of UDP-Bac2,4diNAc provides a straight-
forward method for producing milligram quantities of this
material. In turn, this allows for a shift of attention toward
investigating the mechanism of N-linked protein glycosyla-
tion and further the development of a bacterial protein
glycosylation system for applications in biotechnology. We

also report that as a GST fusion protein, the dehydratase 12.

PglF, functioned in a coupled reaction with enzymes of the
pgl locus to synthesize the undecaprenylpyrophosphate

heptasaccharide in vitro. This result suggests a greater role
for the PgIF transmembrane domain in the bacterial glycan 14.

biosynthesis other than tethering of the catalytic domain of
PglF to the lipid bilayer.
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Homonuclear decoupling spectra of UDP-Bac (Figure S-1),
3P NMR spectrum of UDP-Bac2,4diNAc (Figure S-2i
COSY spectrum of UDP-Bac2,4diNAc (Figure S-3), and CE
Ave elution profile of the coupled reaction between PglF
and PgIE (Figure S-4). This material is available free of
charge via the Internet at http://pubs.acs.org.
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