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Glycosylation of Campylobacter flagellin is required for the
biogenesis of a functional flagella filament. Recently, we used a
targeted metabolomics approach using mass spectrometry and
NMR to identify changes in the metabolic profile of wild type
and mutants in the flagellar glycosylation locus, characterize
novel metabolites, and assign function to genes to define the
pseudaminic acid biosynthetic pathway inCampylobacter jejuni
81–176 (McNally,D. J.,Hui, J. P.,Aubry,A. J.,Mui,K.K.,Guerry,
P., Brisson, J. R., Logan, S.M., and Soo, E. C. (2006) J. Biol. Chem.
281, 18489–18498). In this study, we use a similar approach to
further define the glycome and metabolomic complement of
nucleotide-activated sugars in Campylobacter coli VC167.
Herein we demonstrate that, in addition to CMP-pseudaminic
acid, C. coli VC167 also produces two structurally distinct
nucleotide-activated nonulosonate sugars that were observed as
negative ions atm/z 637 andm/z 651 (CMP-315 and CMP-329).
Hydrophilic interaction liquid chromatography-mass spec-
trometry yielded suitable amounts of the pure sugar nucleotides
for NMR spectroscopy using a cold probe. Structural analysis in
conjunction with molecular modeling identified the sugar moi-
eties as acetamidino and N-methylacetimidoyl derivatives of
legionaminic acid (Leg5Am7Ac and Leg5AmNMe7Ac). Tar-
geted metabolomic analyses of isogenic mutants established a
role for theptmA–F genes anddefined twonewptm genes in this
locus as legionaminic acid biosynthetic enzymes. This is the first
report of legionaminic acid in Campylobacter sp. and the first
report of legionaminic acid derivatives as modifications on a
protein.

Campylobacter sp. are among the most frequent cause of
bacterial diarrhea worldwide and the leading cause of food-
borne illness in North America (1, 2). Motility is critical to
intestinal colonization by Campylobacter and is required for
invasion of epithelial cells in vitro. Campylobacter flagella also
function as secretory organelles in the absence of specialized
type III secretion systems in this pathogen (3, 4). As such, fla-
gella are recognized as a major virulence factor for Campy-
lobacter sp. (5). The flagellar filament structural protein, FlaA,
is the immunodominant protein recognized during infection
and has been shown to be an immunoprotective antigen (6–9).
Flagellins from numerous strains of Campylobacter jejuni and
the related organismCampylobacter colihave been shown to be
among the most heavily glycosylated prokaryotic proteins
described (10–12), and the glycosyl modifications appear to be
surface-exposed in the assembled filament and highly immuno-
genic (13, 14). In addition, it appears that unique forms of these
glycosyl modifications contribute to the serospecificity of the
flagellar filament (11) and the glycans are responsible for auto-
agglutination and microcolony formation (15).
All genes known to be involved in glycosylation of Campy-

lobacter flagellinsmapnear the flaA and flaB structural genes in
a region that is one of the most hypervariable in the chromo-
some. The flagellin glycosylation locus can vary in size from
�25 kb in C. jejuni 81–176 to over 50 kb in C. jejuni strains
NCTC11168 and RM1221 (16, 17). Our understanding of the
nature of the glycans decorating flagellin has expanded consid-
erably over the past few years. Mass spectrometry and NMR
spectroscopy experiments showed definitively that the major
sugars decorating flagellin from C. jejuni 81–176 were
pseudaminic acid, 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glyc-
ero-�-L-manno-nonulosonic acid (Pse5Ac7Ac),3 5-acetamido-
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7-acetamidino-3,5,7,9-tetradeoxy-L-glycero-�-L-manno-nonu-
losonic acid (Pse5Ac7Am), and related derivatives (10, 11, 18).
Genetic analysis has identified the pse genes involved in Pse

biosynthesis inC. jejuni 81–176 (10,
15, 18), and the enzymatic pathway
for biosynthesis has been deter-
mined (19, 20). The pse pathway ap-
pears conserved among Campy-
lobacter members. Genes in this
pathway have also been character-
ized in C. coli VC167 (11), although
the pseA gene, which is involved in
synthesis of Pse in C. jejuni 81–176,
is a pseudogene in this strain.
The structural characterization

of flagellar modifications on C. coli
VC167 has also been reported, and
evidence was presented indicating
that, although there were some
groups conserved with C. jejuni
81–176, there were also differences
in glycosyl modifications that could
be distinguished serologically. In
addition to Pse, C. coli VC167
appears to synthesize a structurally
and serologically distinct aceta-
midino sugar having the same mass
(315 Da) as the Pse5Ac7Ammodifi-
cation found on flagellin from C.
jejuni 81–176 (11). Mutation of
genes from the ptm locus in C. coli
VC167 resulted in altered isoelec-
tric focusing patterns of flagellin.
Further, mass spectrometric analy-
ses confirmed the loss of this
315-Da modification on the flagel-
lin protein (11) thus implicating the
ptm genes in the production of this
flagellar glycan. Although the ptm
locus is present in most strains ofC.
jejuni (with the exception of

81–176), the precise reason for the serological specificity of this
unique 315-Damodification and the precise function of each of
the ptm genes has yet to be determined.
The application of a novel CE-ESMS and precursor ion scan-

ning method (21) in metabolomics studies of Helicobacter
pylori (22) and C. jejuni 81–176 provided insight into the roles

phate; TOCSY, total correlation spectroscopy; UDP-QuiNAc4NAc,
UDP-2,4-diacetamido-2,4,6-trideoxy-�-D-glucopyranose.

FIGURE 1. Metabolomic analysis of C. coli VC167. A, total ion chromatogram (m/z 100 –1000) of CE-ESMS and
precursor ion scans for fragment ions related to CMP (m/z 322). The insets show the corresponding mass
spectra at 8.30 and 10.03 min, revealing the presence of two CMP-nonulosonic acids at m/z 637 and 638 and a
novel CMP-sugar at m/z 651. B, MS/MS spectrum (positive mode) of the novel CMP-sugar observed as oxonium
ions at m/z 653, showing fragment ions at m/z 330 that correspond to the carbohydrate moiety of the novel
CMP-sugar (CMP-329). C, product ion spectrum of the carbohydrate moiety observed at m/z 330 obtained
during MS3 experiments (positive mode) on the novel CMP-sugar.

TABLE 1
C. coli VC167 mutants used in this study

Strain no. Cj numbera Gene nameb Marker Reference
PG1244 Cj1319 unknown aph3 This work
PG1245 Cj1320 unknown aph3 This work
PG2151 Cj1324 ptmG cat This work
PG1541 Cj1325 ptmH cat This work
PG1273 Cj1327 ptmC aph3 Logan et al. (11)
PG1214 Cj1328 ptmD aph3 Logan et al. (11)
PG1540 Cj1329 ptmE cat Logan et al. (11)
PG1551 Cj1330 ptmF cat Logan et al. (11)
PG0917 Cj1331 ptmB aph3 Guerry et al. (47)
PG0907 Cj1332 ptmA aph3 Guerry et al. (47)
PG2657 Cj1121 pglE cat This work

a Refers to the homolog in the genome of NCTC11168 (16).
b Genes in the flagellin glycosylation locus of C. coli VC167 have been deposited at GenBankTM under accession number AY102621. The pglE gene of C. coli VC167 has been
deposited in GenBankTM as accession number EF141522.
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of genes from the flagellin glycosylation locus of these two bac-
terial pathogens and identified novel nucleotide-activated
intermediates. McNally and coworkers (18) were also able to
exploit this focused metabolomics approach and use C. jejuni
81–176 and the isogenic mutant strain pseC as a source for
large-scale purifications of biosynthetic sugar-nucleotides rel-
evant to the flagellin glycosylation process for precise structural
analysis by NMR. CMP-Pse5Ac7Am was identified from the
metabolome of wild-type C. jejuni 81–176. For the isogenic
mutant pseC, UDP-2,4-diacetamido-2,4,6-trideoxy-�-D-gluco-
pyranose (UDP-QuiNAc4NAc), a derivative of bacillosamine,
was identified revealing an unexpected cross-talk between the
N-linked glycosylation pgl pathway and the O-linked flagellar
glycosylation pse pathway in C. jejuni 81–176 (18, 20).
The success of using targetedmetabolomics strategies to elu-

cidate unknown gene functions and identify novel biosynthetic
substrates prompted us to employ this strategy to investigate
the ptm flagellin glycosylation locus using C. coli VC167 as a
model strain.

EXPERIMENTAL PROCEDURES

Bacterial Strains andGrowthConditions—C. coliVC167 (23)
has been described, andmutants of this strain are listed inTable
1. All Campylobacter strains were grown in Mueller-Hinton
broth undermicroaerophilic conditions for 24 h at 37 °C.Media
was supplemented with kanamycin (25 �g/ml) or chloram-
phenicol (10 �g/ml) when appropriate. For targeted metabolo-
mic analysis of the parent strain C. coliVC167 and the isogenic
mutants by CE-ESMS, cells from 500 ml of overnight culture
were used. For purification of the intracellular sugar-nucleotide
metabolites fromC. coliVC167, cells from 10 liters of overnight
culture of the parent strain were utilized.
Mutant Construction—Mutants in C. coli VC167 alleles of

Cj1319 and Cj1320 were generated by insertion of an aph3 cas-
sette (24) into unique PstI and MluI sites within each gene,
respectively. Mutation in ptmG and ptmH was done by trans-
position of a modified Tn5-transposon containing the Campy-
lobacter cat gene as previously described (15). The insertion
within ptmG occurred at bp 256 (in the 971-bp open reading
frame) and that in ptmH at bp 520 of the 681-bp open reading
frame. Mutation of the pglE gene was also done by Tn5 trans-
position. The insertion selected mapped to bp 27 within the
pglE open reading frame. Plasmids from Escherichia coli were
used to electroporate C. coli VC167 to either KmR or CmR.
Transformants were screened by PCR using primers that
mapped outside the insertion point of the antibiotic gene to
confirm that the DNA had undergone a double crossover.
Purification of Flagellin—Flagellin was purified as previously

described (13).
TopDownMSAnalysis of Flagellin—Flagellin was dialyzed in

H2O (0.2% formic acid) using a Centricon YM30 membrane
filter. Flagellin was concentrated to 0.2 mg/ml and infused into
aWatersQ-TOFmass spectrometer at a flow rate of 0.5�l/min.
Multiply protonated flagellin precursor ions were subjected to
top down analysis according to Schirm et al. (28).
Preparation of Cell Lysates—Cell lysates were obtained as

described in earlier studies (21, 22). Extraction of intracellular
sugar-nucleotides from parent strain and isogenic mutants was

achieved using Envi-Carb solid-phase extraction cartridges as
described previously (18).
Metabolomic Analysis by CE-ESMS—Cell lysates from parent

strain C. coli VC167 and isogenic mutants ptmA–F were probed
for intracellular sugar-nucleotides using a CE-ESMS and precur-
sor ion scanning method as described earlier (21). The CE-MS
instrumentation used in this study consisted of a CE system (Agi-
lent Technologies, Santa Clara, CA) coupled to a 4000 QTRAP
mass spectrometer equipped with a TurboV source via a coaxial
sheath flow interface (AB/Sciex, Concord, Canada).
HILIC-MS Purifications of Sugar-Nucleotide Metabolites—

The CMP-activated precursors were isolated from cell lysates
of parent strain C. coli VC167 by HILIC-MS as described in
earlier work (18). The liquid chromatography-MS instrumen-
tation consisted of a 1100 Series LC system (Agilent Technolo-
gies) coupled to a 4000 QTRAPmass spectrometer (AB/Sciex).
A TSKgel Amide80 column (4.6- � 250-mm inner diameter,
Tosoh Bioscience, Montgomeryville, PA) was employed for the

FIGURE 2. Top down analysis of C. coli VC167 flagellin. A, MS/MS spectrum
of a multiply charged ion from intact flagellin acquired at 25-V collision
energy using argon as the collision gas. Intense oxonium ions at m/z 330
corresponding to the 329-Da modification, at m/z 316 corresponding to the
315-Da modification, and at m/z 317, 299, and 281 corresponding to the
316-Da modification were observed in the spectrum. B, second generation
fragment ion spectrum of the oxonium ion at m/z 330. Note that the MS/MS
spectrum was acquired by increasing the RF Lens 1 from 50 to 125 forming
fragment ions in the orifice/skimmer region to promote the formation of
oxonium ions from the native flagellin.
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HILIC separations, and the mobile phase was delivered to the
column at a flow rate of 1.0 ml/min and split 2:8 v/v post-col-
umnvia a stainless steel tee to the 4000QTRAPmass spectrom-
eter during fraction collection of the intracellular sugar-nucle-
otide intermediates. Selective detection of the intracellular
CMP-linked sugars was achieved using precursor ion scanning
for fragment ions related to CMP (m/z 322). An average of 300
fractions of each of the purified intermediates was pooled to
achieve sufficient material for the NMR analysis.
NMR Spectroscopy of Sugar-Nucleotide Metabolites—Me-

tabolites were lyophilized, resuspended in 200 �l of 99% D2O
(Cambridge Isotopes Laboratories Inc., Andover, MD), and
analyzed by NMR spectroscopy. To observe exchangeable NH
protons, metabolite samples were suspended in 95% H2O (5%
D2O), and the pH was lowered through the addition of diluted
DCl to reduce the rate of proton exchange (pH 3.7). To remove
CMP from compound II forming Leg5Am7Ac (III), an aliquot
of II was treated overnight with diluted DCl at 70 °C (pH 1.3).
All samples were analyzed in 3-mm NMR tubes. Standard

homo- and heteronuclear corre-
lated two-dimensional 1H NMR,
13CHSQC, HMBC, COSY, TOCSY,
and NOESY pulse sequences from
Varian (Palo Alto, CA) were used
for general assignments. Selective
one-dimensional TOCSY experi-
ments with a Z-filter and one-di-
mensional NOESY experiments
were used for complete residue
assignments and measurement of
proton coupling constants (JH,H)
and NOEs (25–27). NMR experi-
ments were performed with a Var-
ian 600 MHz (1H) spectrometer
equipped with a Varian 5-mm
Z-gradient triple resonance (1H,
13C, and 15N) cryogenically cooled
probe (cold probe) and with a Var-
ian Inova 500-MHz (1H) spectrom-
eter with a Varian Z-gradient 3-mm
triple resonance (1H, 13C, and 31P)
probe. NMR experiments were typ-
ically performed at 25 °C with sup-
pression of the HOD resonance at
4.78 ppm. For proton and carbon
experiments, the methyl resonance
of acetone was used as an internal
reference (�H 2.225 ppm and �C
31.07 ppm).
Molecular Dynamics Simula-

tions for II and III—Molecular
dynamics modeling was used to
verify NOEs and to measure dihe-
dral angles. Molecular models for II
and III were constructed using the
Biopolymer module of the Insight II
Software package (Accelrys Inc.,
San Diego, CA). All subsequent cal-

culations were performed using the computation module run-
ning on a Sybyl 7.0 environment (Tripos Inc., St. Louis, MO),
and atoms were assigned Tripos potentials and Gasteiger-
Huckel charges. To avoid unfavorable atomic contacts, the sys-
tems were subjected to a 500-step energy minimization using a
BFGSmethod.Molecular dynamics simulations were then per-
formed in vacuumat 400K for 1000 ps following a 100-ps equil-
ibration. AVerlet algorithmwith a 0.5-fs time step group-based
non-bondmethodwith a cutoff distance of 10Å and a distance-
dependent dielectric value of 2 was used for simulations with
trajectory frames being saved every 1 ps.
Molecular Modeling of the N-Methylated Acetamidino

Groups for IV and V—Molecular modeling was used to deter-
mine the lowest energy E and Z conformers for the N-methyl-
ated acetamidino groups in IV and V. Structures were opti-
mized using the Austin Model 1 (AM1) Hamiltonian as
implemented in Hyperchem 6.0 starting from idealized ring
structures for cyclohexane. These optimized structures were
then re-optimized using the Amsterdam Density Functional-

FIGURE 3. HILIC-MS and precursor ion scanning for fragment ions related to CMP (m/z 322). A, cell lysate
from C. coli VC167; B, cell lysate from C. jejuni 81–176; C, isogenic mutant ptmC showing only the presence of
peak b; D, ptmC complemented in trans (ptmC:ptmC) showing the restoration peaks a, c, and d; E, isogenic
mutant of ptmG showing loss of peaks c and d; F, ptmG complemented with pseA (ptmG:pseA) showing the
conversion of peak b to peak f. Peak a, CMP-Leg5Ac7Ac; peak b, CMP-Pse5Ac7Ac; peak c, CMP-Leg5AmNMe7Ac;
peak d, CMP-Leg5Am7Ac; peak e, CMP-Neu5Ac; and peak f, CMP-Pse5Ac7Am.
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Density Functional Theory-Quantum Mechanics (ADF-DFT-
QM) program version 2005. Optimized structures were
checked using frequency calculations (analytical second deriv-
atives) for true convergence. Structures that exhibited negative
frequencieswere re-optimized using the coefficients of the neg-
ative modes to adjust the Cartesian coordinates. Optimization
and frequency calculations were then repeated until all modes
were positive. All structures were optimized as internal coordi-
nates using the triple zeta plus basis set. Full solvation was con-
sidered using the ADF default continuum solvation model
parameterized to water.

RESULTS

Metabolomic Analysis of C. coli VC167 by CE-ESMS—Using
CE-ESMS and precursor ion scanning, cell lysates from wild-
type C. coli VC167 were found to contain an intracellular pool
ofCMP-linked sugars atm/z 638 and 637 thatwere indicative of
CMP-nonulosonic acids as observed before (18) (insets, Fig.
1A). However, in addition to these expected intermediates, the
precursor ion-scanning experiments also revealed a novel
intermediate as negative ions atm/z 651 that corresponds to a
CMP-linked sugar of mass 329 Da. This mass is determined
following subtraction of the mass of the CMP-carrier (i.e. m/z
651-322 (CMP � H2O) � 329). To investigate this metabolite
further, a series of tandemmass spectrometry experiments was
performed. The product ion scan (negativemode) of the parent
ions revealed a fragment ion atm/z 322 that is characteristic of
the CMP moiety (data not shown). In the positive mode, oxo-
nium ions corresponding to CMP-329 were observed at m/z
653, and tandemmass spectrometry experiments gave rise to a
product ion corresponding to the 329 Da carbohydrate moiety
at m/z 330 (Fig. 1B). To obtain structural information on this
carbohydrate moiety, MS3 experiments were performed on the
novel CMP-sugar. The product ion spectrum (Fig. 1C) revealed
losses of water that are typically observed with carbohydrates
and an unusual fragment ion atm/z 258.1 that corresponded to
the loss of 72.1 Da.
Top Down MS Analysis of C. coli VC167 Flagellin—Earlier

analysis by LC-ESMS and MS/MS of tryptic digests of C. coli

VC167 flagellin (bottom up approach) revealed the presence
of both 315- and 316-Da glycans on the flagellin protein (11).
These modifications correspond to the mass of the respec-
tive glycan moieties of the CMP-nonulosonic acids (m/z 637
and 638), which we found in the metabolome of C. coli
VC167. In contrast, the 329-Da carbohydrate moiety was not
observed as a modification of the flagellin protein in these
initial bottom up studies. It is known that there are limita-
tions to the use of a bottom up approach in the identification
and characterization of post-translational modifications.
For example, low stoichiometric abundance of a particular
modification and intrinsic properties leading to poor ioniza-
tion efficiency or instability during digestion and sample
preparation may prevent the identification of novel glycan
moieties. MS analysis of an intact protein (top down
approach) is now often used in conjunction with the bottom
up approach to provide a more complete analysis of a post-
translationally modified protein. When this type of analysis
was performed in the current study, the presence of a glycan
moiety of mass 329 was clearly demonstrated on the flagellin
protein. As can be seen in Fig. 2A, in addition to the expected
modifications giving oxonium ions at 315 and 316 Da (m/z
316 and 317), an oxonium ion ofm/z 330 was observed. This
oxonium ion corresponds to the 329-Da glycosyl moiety that
had been found to be CMP-activated (m/z 651) in the
metabolome during CE-ESMS and precursor ion-scanning
experiments. In addition, fragment ions at m/z 299 and 281,
which result from neutral losses of water fromm/z 317, were
also observed in the mass spectrum. The MS/MS spectrum
of the oxonium ion atm/z 330 from the flagellin protein (Fig.
2B) provided additional confirmation that this glycosyl moi-
ety corresponds to the glycosyl moiety of the CMP-329
metabolite (Fig. 1C). HILIC-MS and NMR experiments were
undertaken to fully characterize this unknown carbohydrate,
suspected to be related to a nonulosonic acid.
HILIC-MS Purification of C. coli VC167 CMP-activated

Metabolites—The unique selectivity of the HILIC stationary
phase was used to resolve the metabolome of C. coli VC167.

TABLE 2
Metabolomic analysis of C. coli VC167 flagellar glycosylation genes by HILIC-MS and precursor ion scanning for fragment ions related to CMP

Straina CMP-Pse5Ac7Ac (I),
peak b

CMP-Pse5Ac7Am,
peak f

CMP-Leg5Am7Ac (II),
peak d

CMP-Leg5AmNMe7Ac (IV/V),
peak c

CMP-Leg5Ac7Ac,b
peak a

C. jejuni 81–176 � � � � �
C. coli VC167 � � � � �
ptmA � � � Trace �
ptmB � � � � �
ptmC � � � � �
ptmD � � � � �
ptmE � � � � �
ptmF � � � Trace �
ptmD (pRY111/ptmD) � � � � ��c

ptmC (pRY111/ptmC) � � � � ��c

Orf1 (Cj1319) � � � � ��c

Orf2 (Cj1320) ��c � � � �
ptmG � � � � �
ptmH � � � � �
pseB � � � � �
pseB:ptmD � � � � �
pglE � � � � �
ptmG (pRY111/pseA) � ��c � � �

a Mutants are listed in Table 1. Complements of ptmmutants were described in Logan et al. (11).
b CMP-316 in C. coli VC167 metabolome.
c Increased amount of this metabolite relative to parent C. coli VC167.
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The two peaks containing CMP-activated sugars observed by
CE-ESMS (Fig. 1A) were resolved into four peaks byHILIC-MS
(Fig. 3A). This method of analysis also revealed differences
between themetabolome ofC. coliVC167 andC. jejuni 81–176
as presented in Fig. 3 and Table 2. ForC. coliVC167, four peaks
(a, b, c, and d) were observed (Fig. 3A). For C. jejuni 81–176,
peaks b, e, and fwere observed (Fig. 3B). From previous studies
for C. jejuni 81–176, peaks b, e, and f were identified as
CMP-Pse5Ac7Ac, CMP-Neu5Ac, and CMP-Pse5Ac7Am,
respectively (18). The mass spectrum of peak d revealed a m/z
637 ion, and the HILIC-MS data clearly revealed this as a novel
metabolite (CMP-315) with a unique retention time (II). A
small amount of a second CMP-316 metabolite (peak a) atm/z
638 was also observed in the HILIC separation of the C. coli
VC167 metabolome that had not been resolved by CE-ESMS.
Tandem mass spectrometry experiments indicated that this
metabolite was related to the CMP-315 metabolite from the C.

coli VC167 metabolome. Separate
fractions of CMP-Pse5Ac7Ac (I,
peak b), CMP-315 (II, peak d), and
CMP-329 (IV/V, peak c) from C.
coli VC167 were pooled, dried on a
SpeedVac concentrator, and stored
at�20 °C for later analysis by NMR.
Structural Elucidation of I and II

by NMR Spectroscopy—Based on
CE-ESMS experiments that indi-
cated CMP-linked nonulosonic acid
metabolites, two-dimensional COSY
and TOCSY (90 ms) experiments
were used to locate resonances that
are characteristic of these CMP-
linked nonulosonic acidmetabolites
such as H3ax, H3eq, and H9 signals
(not shown). A combination of one-
and two-dimensional homonuclear
(1H-1H) and heteronuclear (13C-1H)
experimentswere then used to eluci-
date their complete structures. Pro-
ton and carbon chemical shifts as
well as couplings constants for I
were found to be in excellent agree-
ment with those obtained for an
authentic CMP-Pse5Ac7Ac stand-
ard that was enzymatically synthe-
sized in our laboratory (20). This
confirmed the identity of I as CMP-
Pse5Ac7Ac (supplemental Fig. S1).
The proton spectrum for II

revealed broad H3ax and H3eq sig-
nals and sharp signals at �H 2.09 and
2.26 ppm that indicated the pres-
ence of an acetamido and aceta-
midino group, respectively (Fig. 4A
and Table 3). One-dimensional
TOCSY experiments were then
used to assign chemical shifts and to
measure coupling constants. These

experiments are particularly useful for assigning overlapping
resonances originating from sugar ring protons and for resolv-
ingmixtures of compounds (25–27). One-dimensional TOCSY
ofH3ax (Fig. 4B) andH5 (Fig. 4C) revealed spin-coupled signals
corresponding to H4, H5, and H6. The large J4,5 (10.0 Hz), J5,6
(10.0 Hz), and a small J6,7 coupling of 1.6 Hz were indicative of
legionaminic acid (29–31). The large 4JP,H3ax coupling (4.8 Hz)
indicated the� anomer (32). In contrast to reports for themon-
osaccharide of legionaminic acid, one-dimensional TOCSY of
H9 revealed a small J7,8 coupling of 2.8 Hz (Fig. 4D). Upon
removal of the CMP group by acid hydrolysis to form III, J7,8
was determined to be 7.6 Hz (supplemental Fig. S2), in good
agreement with the value reported for legionaminic acid (33).
To establish the location of the acetamidino group, II was sus-
pended in 95%H2O (5%D2O), and the pHwas lowered through
the addition of diluted DCl (pH 3.7) (18). The H5-5NH COSY
correlation indicated the location of the acetamidino group at

FIGURE 4. NMR spectroscopy of CMP-Leg5Am7Ac (II). A, 1H NMR spectrum (1024 transients); B–D, one-
dimensional TOCSY (80 ms) of H3ax, H5, and H9 resonances (underlined); E, 13C HSQC spectrum (384 transients,
128 increments, 1JC,H � 140 Hz, and 7.5 h). NMR experiments were performed in D2O (pD 7.2, 25 °C) at 500 MHz
(1H) for A–D and at 600 MHz (1H) with a cold probe for E. For panel E, R represents ribose.
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H5 (18, 34). Further, compared with the monosaccharide of
legionaminic acid (33), C5 was found to resonate downfield by
3.3 ppm and is in good agreement with the effects reported for
substitution with an acetamidino group (30, 35).
The absolute configuration of II and III was determined by

comparison of their NMR data with those of known
legionaminic acids (31, 33) and molecular modeling. Compari-
son of chemical shift data for III indicated that the absolute
configuration was either D-glycero-D-galacto-legionaminic acid
or its 8-epimer, L-glycero-D-galacto-legionaminic acid. Based
on a strong H9-H7 NOE observed for II and III (supplemental
Table S1 and Fig. S3), the absolute configuration was deter-
mined to be D-glycero-D-galacto. Molecular modeling was used
to measure interproton distances for both absolute configura-
tions and confirmed a strong H9-H7 and H8-H6 NOE and a
weaker H9-H6NOE for D-glycero-D-galacto. Interestingly, sub-
stantial differences for J7,8 values and C6, C7, and C8 carbon
chemical shifts were observed for II and III (Table 3). Simula-
tions of molecular dynamics trajectories (400 K) for II and III
showed that the bulky CMP group exerts a long range effect on
the H7-C7-C8-H8 torsional angle. In contrast, the H6-C6-
C7-H7 torsional angle was found to be much less affected by
the presence of the nucleotide (supplemental Fig. S4). These
simulations thus support that CMP influences the confor-
mation about the C7-C8 bond and explain the differences
observed for J7,8 and C6, C7, and C8 chemical shifts in II and

III. Based on the combined results, IIwas identified as CMP-
5-acetamidino-7-acetamido-3,5,7,9,-tetradeoxy-D-glycero-
�-D-galacto-nonulosonic (CMP-Leg5Am7Ac) and III as
5-acetamidino-7-acetamido-3,5,7,9,-tetradeoxy-D-glycero-
�-D-galacto-nonulosonic acid (Leg5Am7Ac).
Structural Elucidation of IV and V by NMR Spectroscopy—

Two-dimensional COSY andTOCSY (90ms) experiments (not
shown) of the CMP-329 sample (peak c) revealed two distinct
sets of spin-correlated resonances in equal proportion corre-
sponding to compounds IV and V. Proton chemical shifts for
IV and V were highly similar to II and thus indicated that
these compounds were structurally similar derivatives of
legionaminic acid (Tables 3 and 4). COSY correlations
observed between the NAmCH3 signals and broad CH3 singlets
near 3 ppm indicated that the acetamidino groups were
N-methylated. MS3 experiments of the CMP-329 sample (see
above) supported that acetamidino groups wereN-methylated,
because fragment ions atm/z 258.1 were observed correspond-
ing to the loss of a 72.1-Da moiety (Fig. 1C). One-dimensional
TOCSY of IV/VH3ax signals revealed overlapping resonances
for IV/V H4 and H5, and distinct H6 resonances (Fig. 5B).
Overlapped signals were assigned through one-dimensional
TOCSY of IVH6 that showed one clear set of resonances for IV
H3ax, H3eq, H4, H5, and H7 (Fig. 5C). A one-dimensional
TOCSY experiment of IV/V H9 signals indicated identical
chemical shifts for H8 of both compounds (Fig. 5D), whereas a

TABLE 3
NMR data for CMP-Leg5Am7Ac (II) and Leg5Am7Ac (III)
CMP assignments are not shown. 5NAmCH3 and 5NAmC�N represent the C-methyl group and nonprotonated carbon of the 5-acetimidino group, respectively. 7NAcCH3

and 7NAcC�O represent the C-methyl and nonprotonated carbon of the 7-acetamido group, respectively. Chemical shifts for exchangeable NH protons were determined
in 95% H2O (5% D2O) at pH 3.7 for II and at pH 1.3 for III. Carbon and proton chemical shifts were referenced to an internal acetone standard (�H 2.225 ppm and �C 31.07
ppm). Error for �H is �0.02 ppm, for �C is �0.2 ppm, and for JH,H is �0.2 Hz.

Compound Proton (1H) �H Carbon (13C) �C JH,H Hz
ppm ppm

II C1 NDa J3ax,3eq 13.3
C2 100.6 J3ax,4 12.2

H3ax 1.69 C3 41.3 JP,3ax 4.8
H3eq 2.52 J3eq,4 4.7
H4 4.10 C4 67.8 J4,5 10.0
H5 3.49 C5 56.9 J5,6 10.0
H6 4.37 C6 74.6 J6,7 1.6
H7 3.98 C7 52.6 J7,8 2.8
H8 4.21 C8 69.7 J8,9 6.4
H9 1.12 C9 19.6
5NH 9.28 JNH,5 9.9

5NAmCH3 2.26 19.6
5NAmC�N 167.7

5NAmNH2 8.29/8.73
7NH 8.81 JNH,7 10.4

7NAcCH3 2.09 22.5
7NAcC�O 175.2

III C1 ND
C2 ND J3ax,3eq 13.2

H3ax 1.90 C3 39.9 J3ax,4 11.9
H3eq 2.32 J3eq,4 5.0
H4 4.07 C4 68.3 J4,5 10.0
H5 3.51 C5 57.4 J5,6 10.0
H6 4.24 C6 71.6 J6,7 1.9
H7 3.94 C7 54.8 J7,8 7.6
H8 3.92 C8 68.8 J8,9 5.9
H9 1.20 C9 19.9
5NH 9.21 JNH,5 9.8

5NAmCH3 2.26 20.1
5NAmC�N 168.0

5NAmNH2 8.29/8.72
7NH 8.50 JNH,7 9.2

7NAcCH3 2.05 23.1
7NAcC�O 175.5

a ND, not determined.
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13C HSQC experiment was used to assign carbon resonances
(Fig. 5E). The anomeric and absolute configurations of IV andV
were determined to be the same as II based on similar proton
chemical shifts, carbon chemical shifts, coupling constants, and
NOEs (supplemental Table S1 and Fig. S3).
The 13C chemical shifts for IV and V were very similar,

except for C5, indicating that they differed only with regards to
their N-methylated groups. NMR experiments performed in
95% H2O and at lower pH (pH 3.7) revealed exchangeable NH
resonances and confirmed the location of the N-methylated
acetamidino group at C5 (data not shown). By comparing car-
bon chemical shifts to those reported for the N-methylated
acetamidino structures in Legionella pneumophila (36), the
5NAmNMe group was determined to be located on the terminal
nitrogen atom (N1) (Fig. 5). A strong 5NAmNMe/5NAmC�N

HMBC correlation, the lack of the 5NAmNMe/C5 HMBC cor-
relation, protonation of the N2 atom (5NAmNH), and coupling
between 5NAmNH and 5NAmNMe (JNH,CH3) confirmed that the
N-methyl group was located at N1. A two-dimensional NOESY
experiment (800 ms) showed a strong 5NAmCH3-5NAmNMe

NOE for IV and a much weaker one for V (supplemental Table
S1). Based on these NOEs and a study that showed N-methyl-
ated acetamidino groups exist in solution asZ (cis) andE (trans)
stereoisomers (36), the 5NAmNMe group in IV was concluded

to have an E orientation, whereas that in V was concluded to
have a Z orientation (Fig. 5).
Since there is only limited information available for these

N-methylated acetamidino groups (37, 38), molecular model-
ing was performed to corroborate the NMR results. Due to the
partial double-bond character of the N-methylated aceta-
midino groups, two E conformations can be drawn for IV (E1
and E2, Fig. 6,A and B), and twoZ conformations can be drawn
forV (Z1 andZ2, Fig. 6,C andD). Furthermore, N2 (5N) in both
compounds can have one proton (monoprotonated) or two
protons (diprotonated). Molecular modeling was first used to
determine if N2 is mono- or diprotonated and then to deter-
mine the lowest energy conformer for IV and V. By modeling
idealized cyclohexane rings with protonated amidine (ami-
dinium) groups (supplemental Fig. S5), it was established that
N2 is most likely monoprotonated and that this proton (also
referred to as the 5NH proton) is trans with respect to the H5
ring proton. This latter finding is supported by the large JNH,5
coupling measured for the 5NH proton (Table 4). Comparison
of the relative energies for the molecular models revealed that
IV most likely adopts the E conformer shown in Fig. 6A (4
kJ�mol�1), whereasV adopts the Z conformer shown in Fig. 6C
(0 kJ�mol�1). This finding is supported by a strong NOE
observed between the NAmCH3 andH5 inV and the absence of

TABLE 4
NMR data for E(IV) and Z(V) forms of CMP-Leg5AmNMe7Ac
CMP assignments are not shown. 5NAmNMe, 5NAmCH3, and 5NAmC�N represent the N-methyl group, C-methyl group, and nonprotonated carbon of the 5-acetimidoyl
group, respectively. 7NAcCH3 and 7NAcC�O represent the C-methyl and nonprotonated carbon of the 7-acetamido group, respectively. Chemical shifts and coupling
constants for exchangeable NH protons were determined in 95% H2O (5% D2O) at pH 3.7. Carbon and proton chemical shifts were referenced to an internal acetone
standard (�H 2.225 ppm and �C 31.07 ppm). Error for �H is � 0.02 ppm, for �C is � 0.2 ppm, and for JH,H is � 0.2 Hz.

Compound Proton (1H) �H Carbon (13C) �C JH,H Hz
ppm ppm

IV C1 NDa J3ax,3eq 13.3
C2 100.6 J3ax,4 12.2

H3ax 1.71 C3 41.3 JP,3ax 5.2
H3eq 2.55 J3eq,4 4.7
H4 4.14 C4 67.9 J4,5 9.9
H5 3.50 C5 58.4 J5,6 10.1
H6 4.54 C6 74.4 J6,7 1.3
H7 3.99 C7 52.6 J7,8 2.8
H8 4.20 C8 69.8 J8,9 6.4
H9 1.13 C9 19.5
5NH 8.19 JNH,5 10.1

5NAmCH3 2.28 17.9
5NAmC�N 167.2

5NAmNH 8.50 JNH,CH3 4.3
5NAmNMe 2.98 30.4

7NH 8.93 JNH,7 10.2
7NAcCH3 2.13 22.5

7NAcC�O 175.1
V C1 ND J3ax,3eq 13.5

C2 100.6 J3ax,4 12.0
H3ax 1.69 C3 41.3 JP,3ax 5.2
H3eq 2.52 J3eq,4 4.8
H4 4.10 C4 67.9 J4,5 9.8
H5 3.47 C5 56.1 J5,6 9.9
H6 4.36 C6 74.8 J6,7 1.5
H7 3.98 C7 52.6 J7,8 2.9
H8 4.20 C8 69.8 J8,9 6.4
H9 1.13 C9 19.5
5NH 9.08 JNH,5 10.1

5NAmCH3 2.18 18.4
5NAmC�N 166.7

5NAmNH 9.10 JNH,CH3 4.1
5NAmNMe 2.95 29.4

7NH 8.78 JNH,7 10.1
7NAcCH3 2.09 22.5

7NAcC�O 175.3
a ND, not determined.
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this NOE in IV (supplemental Table S1). Based on the small
energy difference (4 kJ�mol�1), it is expected that conversion
between the E and Z forms is a frequent occurrence, in accord
with equimolar amounts of IV and V in solution (Fig. 5). Inter-
estingly, molecular modeling showed that the N-methylated
acetamidino groups are planar and would be prominent struc-
tural features on flagellin protein. Collectively, these NMR and
molecular modeling results established the identity of IV as
CMP-Leg5- E-(N-methylacetimidoyl)7Ac, and V as CMP-
Leg5-Z-(N-methylacetimidoyl)7Ac. Compounds IV and V
will forthwith be referred to as CMP-Leg5AmNMe7Ac.
MetabolomicAnalysis of C. coli VC167Mutants—It had been

previously shown that the region of the chromosome between
pseA and the flagellin structural genes inC. coliVC167 contains
the ptm genes. Mutation of these genes did not effect motility
but resulted in flagellin with altered isoelectric focusing pat-

terns, andmass spectrometry analy-
sis had demonstrated that flagellin
was no longer modified with the
serologically distinct form of the
315-Da sugar, which had been
shown inC. jejuni to be Pse5Ac7Am
(10, 11, 15). Although none of the
ptm genes are present in the
genome of C. jejuni 81–176,
homologs are found in a significant
number of other Campylobacter
species, including the genome
sequenced strains C. jejuni NCTC
11168 andC. jejuni RM1221, as well
as C. coli RM2228 and C. jejuni
subsp doylei 269.97 (16, 17).
We have now confirmed that

this serologically distinct 315-Da
sugar made by C. coli VC167 is
Leg5Am7Ac. In addition, we have
demonstrated, by top down
analysis, that the flagellin is also
modified with a related glycan,
Leg5AmNMe7Ac. By using HILIC-
MS with a precursor ion-scanning
approach we next investigated the
role of the ptm locus in the biosyn-
thesis of these distinct glycan moi-
eties. Isogenic mutants ptmA–F, as
well as isogenic mutants of C. coli
VC167 in the other four open read-
ing frames from this region
(homologs of Cj1319, Cj1320,
Cj1324, and Cj1325; see Table 1),
were screened individually for
intracellular sugar-nucleotides
relating to the biosynthesis of Pse
and Leg sugars (Table 2) to deter-
mine the role of each of these
genes in the respective biosyn-
thetic pathways of Leg5Am7Ac
and Leg5AmNMe7Ac.

The insertional inactivation ofptmC inhibited the biosynthe-
sis of Leg sugars as indicated by the disappearance of peaks a, c,
and d in Fig. 3C. Absence of CMP-Leg5Am7Ac (peak d) is con-
sistent with earlier observations where the flagellin of the iso-
genic mutant ptmCwas shown to produce flagellin that was no
longer glycosylated with a 315-Da glycan (11). Metabolomic
analysis of the remaining ptm genes showed that they hadmet-
abolic profiles similar to that obtained for ptmC thereby con-
firming their role in the Leg pathway (Table 2). In contrast to
the C. coli VC167 parent strain, only trace amounts of CMP-
Leg5AmNMe7Acwas observed in theptmA andptmFmutants.
Complementation in trans of ptmD (data not shown) and ptmC
(Fig. 3D) restored the ability to synthesize Leg sugars as seen by
the presence of peaks a, c, and d. Of note, these strains also
produced an increased level of CMP-Leg5Ac7Ac (peak a),
which had been observed in C. coli VC167 at trace levels (Fig.

FIGURE 5. NMR spectroscopy of E (IV) and Z (V) forms of CMP-Leg5AmNMe7Ac. A, 1H NMR spectrum (1024
transients); B–D, one-dimensional TOCSY (80 ms) of IV/V H3ax, IV H6, and IV/V H9 resonances (underlined);
E, 13C HSQC spectrum (384 transients, 128 increments, 1JC,H � 140 Hz, and 7.5 h). NMR experiments were
performed in D2O (pD 7.2, 25 °C) at 600 MHz (1H) with a cold probe. For panel E, R represents ribose.
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3A) andwasmost probably due to complementation in trans on
plasmid pRY111 (39).
In addition to the previously described ptm genes, inser-

tional inactivation of the homolog of Cj1324 also revealed a
loss in the ability to synthesize both CMP-Leg5Am7Ac (II)
and CMP-Leg5AmNMe7Ac (IV/V) providing the first evi-
dence for a functional role of this gene in the Leg pathway.
This gene encodes a protein with high homology to PseA
from C. jejuni 81–176 that has been shown to be involved in
the biosynthesis of CMP-Pse5Ac7Am from CMP-
Pse5Ac7Ac in C. jejuni 81–176 (10, 18). Based on these data,
this gene has been annotated as ptmG (see Table 1). As
observed in Fig. 3E, the level of CMP-Leg5Ac7Ac (peak a)
was increased in this mutant. Thus, in a manner analogous to
PseA, it appears that the enzyme encoded by ptmG is critical
for the biosynthesis of CMP-Leg5AmNMe7Ac and CMP-L-
eg5Am7Ac from CMP-Leg5Ac7Ac.
The specificity of the enzymatic products of ptmG and pseA,

in the biosynthesis of CMP-Leg5Am7Ac and CMP-
Pse5Ac7Am, respectively, was demonstrated in this current
metabolomic analysis. Complementation of the ptmGmutant of
C. coliVC167 with pseA fromC. jejuni 81–176 (Fig. 3F and Table
2) resulted in theconversionofallCMP-Pse5Ac7Ac(peakb) in the
metabolometoCMP-Pse5Ac7Am(peak f).Therewasnoevidence
for conversionofCMP-Leg5Ac7Ac (peaka) toCMP-Leg5Am7Ac
(peak d, Fig. 3F). In ptmA–Fmutants where ptmG was still func-
tional, butcells areunable to synthesizeanyCMP-Legsugarnucle-
otides, no conversion of CMP-Pse5Ac7Ac to CMP-Pse5Ac7Am
was observed. Analysis of themetabolome of the isogenic mutant
in theC. coliVC167homolog ofCj1325, revealed only the absence
of CMP-Leg5AmNMe7Ac, whereas production of CMP-
Pse5Ac7Ac, CMP-Leg5Am7Ac, and CMP-Leg5Ac7Ac was unaf-
fected. Based on these data, this gene has been annotated as
ptmH (see Table 1).
Mutation of the homologs of Cj1319 andCj1320 resulted inno

change in the compositionof theCMP-metabolite pool.However,

the mutant in the Cj1319 homolog
appeared tohave anotable increase of
CMP-Leg5Ac7Ac that had not been
observed in any other of the mutants
analyzed. As expected, mutation of
pseB, the first enzyme of the pse path-
way, prevented the production of
CMP-Pse5Ac7Ac, whereas a double
mutant in the pseB and ptmD genes
resulted in an inability to produce any
CMP-activated monosaccharides
(Table 2). As previously reported,
this mutant is non-motile (40).
Accumulation of Nucleotide-acti-

vated Intermediates—In earlier
studies, metabolomic screening of
C. jejuni 81–176 isogenic mutants
in Pse biosynthetic genes revealed
an accumulation of UDP-activated
intermediates.C. coliVC167mutants
that had been affected in their ability
to produce CMP-Leg nucleotides

were screened for accumulation of UDP, ADP, TDP, and GDP
activated intermediates.No accumulation of alternate nucleotide-
activated metabolites was observed in any of the C. coli VC167
mutant strains (data not shown).
Role of pgl Biosynthetic Pathway Enzymes in the Biosynthesis

of Legionaminic Acid Sugars—Because both pseudaminic and
legionaminic acids are nonulosonate sugars, it seems reasonable
that the Leg biosynthetic pathway may resemble the pse pathway
(20). One possible biosynthetic route for the production of
legionaminic acid could occur through the pgl pathway, which is
responsible for theN-linked glycosylation of a number of proteins
inCampylobacter cells (41).UDP-QuiNAc4NAc is synthesized by
pglE, -F, and -D in this pathway (19, 42) (supplemental Fig. S6).
2,4-Diacetamido-2,4,6-trideoxy-�-D-mannose couldbe generated
from UDP-QuiNAc4NAc by removal of UDP and epimerization
at C2 by a hydrolase/epimerase enzyme (PtmD). This manno
intermediate would then be condensed with P-enolpyruvate by a
synthase (PtmC) to produce legionaminic acid and activated with
a CMP-synthetase (PtmB) to generate CMP-Leg5Ac7Ac (Fig. 7
andTable 2). In a similar fashion to the pse pathway, furthermod-
ification toCMP-Leg5Am7Acwouldoccurby the actionofPtmG,
a homolog of Cj1316 (pseA). CMP-Leg5AmNMe7Ac would
then be produced through the action of an N-methyltrans-
ferase, PtmH. Interestingly, preliminary metabolomic anal-
ysis of a pglEmutant, which is the enzyme responsible for the
second step in the biosynthesis of UDP-QuiNAc4NAc from
UDP-GlcNAc, revealed no effect on the production of CMP-
Leg nucleotides. Although this finding suggests that PglE
may not be involved in making Leg sugars, the precise enzy-
matic steps of the legionaminic acid pathway in Campy-
lobacter are currently under investigation.

DISCUSSION

The current study elucidates the structure of a second major
flagellar glycanmodification found onCampylobacter flagellins
following purification of the nucleotide-activated metabolites

FIGURE 6. Molecular modeling of the E and Z conformations of N-methylated acetamidino groups
attached to idealized cyclohexane rings. A and B show the lowest energy E conformations that are repre-
sentative of the CMP-Leg5AmNMe7Ac structure IV, whereas C and D show the lowest energy Z conformations
representative of the CMP-Leg5AmNMe7Ac structure V.
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by HILIC-MS and NMR structural analysis. In addition to bio-
synthesis of CMP-Pse5Ac7Ac, C. coli VC167 also produces
CMP-Leg5Am7Ac and CMP-Leg5AmNMe7Ac. These Leg

monosaccharides had only been identified hitherto as com-
ponents of lipopolysaccharide from a number of bacterial
pathogens, including L. pneumophila and Pseudomonas
aeruginosa (for review see Ref. 30). The structural differ-
ences between these sugars are shown in Fig. 8. In L. pneu-
mophila subtle changes in structure of lipopolysaccharide
sugars can dictate a highly specific immune response (43). It
remains to be established if the considerable glycan biosyn-
thetic potential among Campylobacter isolates reflects a
structural variability that leads to a unique antigenic
response during infection. Additionally, the surface localiza-
tion of these glycan moieties on the assembled flagellar fila-
ment may also contribute to unique properties in terms of
overall surface charge and be of significant relevance in host-
pathogen interactions (15).
The current study has also identified two previously unrec-

ognized genes in the Leg pathway, ptmG and ptmH. Through
targetedmetabolomics analyses we have also been able to char-
acterize further eight genes involved in the Leg biosynthetic
pathway and provide tentative functional assignments for a
number of gene products (Fig. 7). As was the case with
pseudaminic acid until very recently, the biosynthetic pathway
of legionaminic acid is currently unknown. A 30-kb lipopo-
lysaccharide locus has been identified in L. pneumophila that
appears to contain the legionaminic acid biosynthetic genes,
although the functional analysis of respective gene products has
yet to be determined (44). Putative functions were assigned for
a number of these genes based on homology of the encoded
proteins to the sialic acid biosynthetic enzymes NeuB (PtmC),
NeuA (PtmB), and NeuC (PtmD). One of the more noteworthy
revelations from the genomic sequence of C. jejuni
NCTC11168 was the presence of three sets of genes that
encoded proteins with similarity to sialic acid biosynthetic
enzymes. It has been clearly established that one set of these
genes is responsible for the biosynthesis of sialic acid, which
is incorporated into the lipooligosaccharide (45), whereas
the second set (pseI and -F) was recently shown to be respon-
sible for key steps in the biosynthesis of pseudaminic acid
(20), the novel flagellar glycan modification. We now show

FIGURE 7. Putative biosynthetic pathway for CMP-Leg derivatives found on
C. coli VC167 flagellin. Presumed activities are based on homology to pseudam-
inic acid biosynthetic enzymes PseI (PtmC), PseF (PtmB), and PseA (PtmG) as
described in a previous study (20). Chemical structures of products II, IV, and V
are shown in Figs. 4 and 5. The broken arrows indicate that the precise functional
characterization of each biosynthetic step has yet to be determined.

FIGURE 8. Molecular models of Pse5Ac7Ac, Leg5Am7Ac, and Leg5AmNMe7Ac. The exocyclic chain (C7–C9) and pendant groups at C5 and C7 are displayed
as reduced van der Walls spheres to show the extent of their structural diversities. PDB files are available at ibs-isb.nrc-cnrc.gc.ca/facilities/
NMR/molecularmodelling-e.html.
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conclusively that the third set of these sialic acid biosyn-
thetic enzyme homologs is part of a pathway responsible for
the biosynthesis of the structurally related nonulosonate,
legionaminic acid.
In the L. pneumophila work it was speculated that a deriva-

tive of N-acetylmannosamine would be the biosynthetic pre-
cursor for legionaminic acid in an analogous fashion to sialic
acid (44). However, because not allCampylobacter strains have
the genetic potential to synthesizeNeu5Ac (17, 46)4 but dohave
the ability to synthesize UDP-QuiNAc4NAc as a component
of the pgl N-linked glycan, we felt that this intermediate was a
logical choice as initial starting material for legionaminic acid
biosynthesis. However, our current analysis indicates that this
may not be the case. Inactivation of the pgl biosynthetic path-
way enzyme PglE, which would prevent the production of all
but the first biosynthetic precursors of this pathway, including
UDP-QuiNAc4NAc, appeared to have no effect on the ability of
C. coli VC167 to produce CMP-Leg nucleotides. It therefore
appears that a distinct pathway producing novel intermediates
is required for the biosynthesis of legionaminic acids in
Campylobacter.
Based on significant homology to the pse pathway enzymes,

we can now tentatively assign the specific functions of ptmC,
ptmB, ptmG, and ptmH as encoding a Leg5Ac7Ac synthase, a
CMP-Leg5Ac7Ac synthetase, a CMP-Leg5Am7Ac aceta-
midino synthase, and an acetamidino N-methyltransferase,
respectively (Fig. 7). The precise biosynthetic route taken to
produce the final two novel glycan modifications and the roles
of ptmA, -D, -E, and -F in the Leg biosynthetic pathway remain
to be established. Also, theremay be additional genes in the Leg
pathway that have yet to be identified.
In contrast to studies in C. jejuni 81–176 where we were

able to demonstrate the accumulation of novel UDP-linked
sugar nucleotides in the cell metabolome when the pse path-
way was interrupted, no such accumulation was evident in
mutants of legionaminic acid biosynthetic genes in C. coli
VC167. Although accumulation of intermediates was shown
to be due to cross-talk between the pse and pgl pathways inC.
jejuni 81–176 (19), we did not observe cross-talk for the Leg
pathway. This may be a reflection of the rapid utilization of
intermediates of the Leg pathway in alternate metabolic
pathways of the cell.
This study reveals for the first time thatmostCampylobacter

isolates have the genetic potential to synthesize legionaminic
acids in addition to pseudaminic acids. We have shown in this
study and a previous one (11), that these can also be incorpo-
rated into the flagellar filament glycoprotein, flagellin. The
potential to exploit the enzymes from these pathways in glyco-
engineering applications is significant, especially because
legionaminic acid is an analog of sialic acid (Neu5Ac) with the
same D-glycero-D-galacto absolute configuration. The targeted
metabolomics approach used in this study has revealed a num-
ber of genetic targets encoding biosynthetic enzymes whose
precise function can now be verified through recombinant
expression and in vitro functional assays.
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