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Nearly two dozen microbial pathogens have surface polysaccha-
rides or lipo-oligosaccharides that contain sialic acid (Sia), and sev-
eral Sia-dependent virulence mechanisms are known to enhance
bacterial survival or result in host tissue injury. Some pathogens are
also known toO-acetylate their Sias, although the role of this mod-
ification in pathogenesis remains unclear. We report that neuD, a
gene located within the Group B Streptococcus (GBS) Sia biosyn-
thetic gene cluster, encodes a Sia O-acetyltransferase that is itself
required for capsular polysaccharide (CPS) sialylation. Homology
modeling and site-directedmutagenesis identified Lys-123 as a crit-
ical residue for Sia O-acetyltransferase activity. Moreover, a single
nucleotide polymorphism in neuD can determine whether GBS dis-
plays a “high” or “low” Sia O-acetylation phenotype. Complemen-
tation analysis revealed that Escherichia coli K1 NeuD also func-
tions as a Sia O-acetyltransferase in GBS. In fact, NeuD homologs
are commonly found within Sia biosynthetic gene clusters. A bioin-
formatic approach identified 18 bacterial species with a Sia biosyn-
thetic gene cluster that included neuD. Included in this list are the
sialylated human pathogens Legionella pneumophila, Vibrio para-
hemeolyticus, Pseudomonas aeruginosa, and Campylobacter jejuni,
as well as an additional 12 bacterial species never before analyzed
for Sia expression. Phylogenetic analysis shows that NeuD
homologs of sialylated pathogens share a common evolutionary lin-
eage distinct from the poly-Sia O-acetyltransferase of E. coli K1.
These studies define a molecular genetic approach for the selective
elimination of GBS Sia O-acetylation without concurrent loss of
sialylation, a key to further studies addressing the role(s) of this
modification in bacterial virulence.

Sialic acids (Sias)3 are a family of related nine-carbon acidic sugars
(nonulosonic acids) that are found at the outer ends of glycan chains on
all vertebrate cells. Over 20 microbial pathogens are known to use sur-
face Sia decoration as a form of molecular mimicry that is often crucial
to virulence (1). Several convergent strategies for microbial Sia decora-
tion have been identified, including endogenous biosynthesis, scaveng-

ing, or direct transfer of host Sias to their own surface glycans (1). Heav-
ily sialylated bacteria often cause sepsis and meningitis by exhibiting
Sia-dependent serum resistance due to deactivation of the alternative
complement pathway (2–4). In addition, bacterial Sias can enhance
intracellular survival (5), participate in biofilm formation (6), or mask
underlying antibody epitopes (7). Antibodies elicited against sialylated
bacterial glycolipids can also cross-react with host peripheral nerve
axons, leading to the debilitating autoimmune disorder called Guillain-
Barré syndrome (8, 9). In short, there are multiple Sia-dependent viru-
lence mechanisms that enhance bacterial survival and/or result in host
tissue injury.
Several pathogenic bacteria are known to modify Sia residues by

O-acetylation (10–18). In other contexts,O-acetylation alters immuno-
genicity of polysaccharide epitopes (19–21), affects Sia-dependent
interactions with host leukocyte receptors and complement (22), and
can have intracellular consequences for apoptotic regulation (36).
Despite the potential of SiaO-acetylation to affect pathologic processes,
little is known of its role at the host-pathogen interface. Elucidation of
the molecular genetic basis of this modification is critical for mechanis-
tic understanding of Sia as a microbial virulence determinant.
Group B Streptococcus (GBS) is the leading cause of sepsis and men-

ingitis in human newborn infants and is increasingly associated with
invasive infections in adult patient populations (23). The surface capsu-
lar polysaccharides (CPS) of all nine identified GBS serotypes invariably
display a terminal �2–3-linkedN-acetylneuraminic acid (Neu5Ac), the
predominant Sia on the surface of human cells. Recently, we discovered
that these Neu5Ac residues are modified with various levels ofO-acety-
lation (17). Due to the chemical lability of O-acetyl esters, nearly three
decades of previously published investigations on the biochemistry of
the GBSCPS addressed neither the presence of SiaO-acetylation nor its
potential implications for pathogenesis and immunogenicity. We dem-
onstrate the genetic basis for SiaO-acetylation in GBS, including a poly-
morphism associated with variation inO-acetylation levels among clin-
ical GBS strains. We show that the GBS Sia O-acetyltransferase, NeuD,
is itself required for CPS sialylation, a role that can be separated from its
O-acetyltransferase activity. A bioinformatic approach further revealed
that neuD homologs are present within many bacterial Sia biosynthetic
gene clusters.

EXPERIMENTAL PROCEDURES

Strains andCulture Conditions, DNA Isolation, and PCR—Wild-type
(WT) serotype III GBS strain COH1was the background for all isogenic
modifications. GBS were propagated on Todd-Hewitt agar plates or
liquid broth at 37 °C without shaking unless specified, with 10 �g/ml
erythromycin or 2 �g/ml chloramphenicol selection when indicated.
Escherichia coli K1 strain ATCC 23511 was propagated in Luria broth
(or agar) at 37 °C.
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Allelic Replacement Mutagenesis—Precise in-frame allelic replace-
ment of the GBS neuD gene with the chloramphenicol acetyltransferase
(cat) genewas performed as described previously for allelic replacement
of the GBS iagA gene (24). The primers used to amplify neuD upstream
and downstream flanking sequences were: NeuDF 5�-gctacatggagaaagt-
gtag-3� � NeuDIOF 5�-cattttagattattctcctttaaatca-3�, and NeuDR
5�-caatgtcgtaaacagaccag-3� � NeuDIOR 5�-taaaggatatgttatgaagc-
caatttg-3�, respectively. The temperature-sensitive targeting plasmid
pNeuD-KO derived by this technique was used to transform WT
COH1. Differential temperature and antibiotic selection (17) facilitated
precise allelic replacement of neuD with cat to yield mutant
COH1�NeuD, as confirmed by direct sequence analysis of chromo-
somal DNA. Slight modifications of the same protocol were used to
generate a derivative of COH1 containing a single base pair mutation in
neuD changing residue 88 of the encoded protein fromphenylalanine to
cysteine (F88C). The targeting vector was generated from a NeuDF �
NeuDR PCR amplicon of type II GBS strain DK23 bearing the identified
neuD polymorphism. This vector was used to transform COH1�NeuD
with temperature shifts and differential antibiotic selection identifying a
chloramphenicol-sensitive mutant in which cat was precisely replaced
with the DK23 neuD gene. The resulting mutant (COH1-NeuDF88C)
was confirmed by direct sequence analysis to be identical toWTCOH1
except bearing the DK23 version of neuD.

Complementation Studies—WT GBS COH1 neuD was subcloned
from the pCR2.1 vector above into streptococcal expression vector
pDCerm (25), yielding pGBS-NeuD. E. coliK1 strain ATCC23511 neuD
was amplified using primers 5�-cgtctagacgatgagtaaaaagttaataatatttggtg-
cggg-3� and 5�-cgggatcccgttcattccccctaattaatcttgttgg-3� based on pub-
lished sequence (26) and cloned into pDCerm to produce pEcK1-NeuD.
Sequencing of neuD from strain ATCC23511 revealed 99.5% identity
with the published neuD sequence of E. coli K1 RS218 (NCBI accession
number AAC43301), differing only at residue 164, where cysteine
replaces valine. Each NeuD expression construct was used to transform
electrocompetent COH1�NeuD, and the resulting erythromycin-resis-
tant transformants were analyzed by 1,2-diamino-4,5-methylene dioxy-
benzene derivatization and HPLC as below.

Site-directed Mutagenesis—Site-directed mutagenesis of NeuD
lysine 123 to alanine in pGBS-NeuD plasmid was accomplished by
QuikChange (Stratagene) using the PAGE-purified primer 5�-ggggcttt-
tataggttctaaagtggcgctgtttgataacaacg-3� and its reverse complement fol-
lowed by DpnI digestion to remove residual template. DNA isolated by
ethanol precipitation was transformed into electrocompetent E. coli
MC1061, and plasmid pGBS-NeuD-K123A was confirmed by sequenc-
ing to harbor only the single residue change in the neuD coding region.

Release, 1,2-Diamino-4,5-methylene Dioxybenzene Derivatization,
and HPLC Analysis and Quantitation of Sialic Acids—Sias were
released from phosphate-buffered saline-washed GBS using 2 N acetic
acid for 3 h at 80 °C (27). Acid release is known to induce some migra-
tion ofO-acetyl esters from the 7–9-carbon positions (27); this behavior
has also been documented for GBS (17). Sias released from GBS were
fluorescently labeled with 1,2-diamino-4,5-methylene dioxybenzene
and resolved by reverse phase HPLC as described (17). Peaks were
assigned based on retention times of standard sialic acids, as well as
NaOH lability of O-acetyl esters (17).

Homology Modeling—Homology modeling of NeuD was based on
the Protein Data Bank coordinates (1KRR) of the E. coli galactoside
acetyltransferase (GAT) in complex with acetyl-coenzyme A.Modeling
was accomplished using the programModeler 7v7 (Andrej Sali) and an
alignment of the two sequences produced by clustalX. The root mean
square difference between GAT coordinates and the modeled NeuD

structure was determined using the Unix-based program O using resi-
dues 83–99 and 105–144 of GAT and residues 91–107 and 111–160 of
NeuD. Energy parameters as determined by Modeler were acceptable
with no errormessages during execution of the script. PROCHECKwas
used to generate Ramachandran plots of both the experimentally deter-
mined (GAT) and the modeled (NeuD) coordinates, each showing two
residues near the C terminus in disallowed regions of the plot. Recon-
struction of themodeledNeuD trimer complete with the coordinates of
acetyl-coenzyme A from 1KRR was performed using the program O.

Bioinformatic Approach for Locating neuD Homologs in Sia Biosyn-
thetic Clusters—We compiled lists of organisms that encode homologs
of each of the GBS gene products (NeuA–D) with characterized roles in
Sia biosynthesis. BLAST searches on the public domain NCBI data base
were performed using sequences of the four GBS genes. Alternatively,
the “Clusters of Orthologous Groups of proteins,” or the COG system
(28), available through The Institute for Genomic Research (TIGR)
microbial genome data base, was used to generate lists of organisms
with NeuA–D homologs. The four lists were compared and compiled
manually to determine which organisms contained all four biosynthetic
genes. Although there are a few cases in which the UDP-GlcNAc epi-
merase (NeuC) is encoded separately, we only included organisms that
had a clearly defined clustering of Sia biosynthetic genes (see accession
numbers). Note that the term “Sia biosynthetic clusters” is used to
describe gene arrangements and their homologies, without necessarily
implying the production of Sias.

Phylogenetic Analysis of Bacterial Hexapeptide Repeat Family
O-Acetyltransferases—ClustalX was used to produce a multiple align-
ment comparing NeuD amino acid sequences with Sia O-acetyltrans-
ferases (NeuO and OatWY) from E. coli (AAX11174) and Neisseria
meningitidis (CAC38867), serine acetyltransferases from E. coli
(NP_312512) and Zea mays (corn; AAN76864), and E. coli GAT
(NP414876) and MAT (maltose O-acetyltransferase, P77791). A Nexus
file format of themultiple alignment was used in PAUP 4.0b10 to create
an unrooted parsimony tree using the “heuristic search” commandwith
default settings.

RESULTS

NeuD Is Involved in Sia Biosynthesis—We previously speculated that
the GBS neuD gene may encode a Sia O-acetyltransferase (17). This
hypothesis was based on its physical location (clustered with other GBS
Sia biosynthesis genes) and its homology to hexapeptide repeat acetyl-
transferases of the CysE/LacA/LpxA/NodL family. Non-polar allelic
replacement mutagenesis of neuD inWTGBS COH1 resulted in severe
attenuation of overall Sia biosynthesis and O-acetylation (Fig. 1A). The
COH1�NeuD mutant lost buoyancy and precipitated readily from
static culture, consistent with the requirement of sialylation for maxi-
mal CPS expression in GBS (29). Both Sia biosynthesis and O-acetyla-
tion could be restored to the COH1�NeuD mutant by complementa-
tion in trans with pGBS-NeuD (Fig. 1A). Higher levels of O-acetylation
upon overexpression of NeuD on the high copy number complementa-
tion vector likely reflect stoichiometric constraints for proper functions
that are common among biosynthetic complexes. The simplemutagen-
esis and complementation analysis proved insufficient to define the
hypothesized role of NeuD as an O-acetyltransferase. We thus under-
took further studies to dissect the potential dual functions of NeuD in
Sia biosynthesis and O-acetylation.

NeuD Is the GBS Sia O-Acetyltransferase—A strategy of site-directed
mutagenesis was employed to discriminate between hypothetical dual
functions of NeuD in GBS Sia biosynthesis and Sia O-acetylation.
Homology modeling of NeuD was used to predict a residue in the pro-
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posed GBS NeuD active site that would be specifically involved in
O-acetyl transfer to Sia residues. The aimwas to complement the asialo-
COH1�NeuD mutant with a modified version of GBS neuD that could
still perform the presumed Sia biosynthetic function but not the
O-acetyltransferase function. The GBS NeuD model in Fig. 1B is based
on the crystal structure of the E. coli GAT (Protein Data Bank number
1KRR). Overlay of these molecules reveals a striking similarity in three-
dimensional structure, despite only 16% identity between their primary
sequences.When compared with the 2.5 Å resolution structure of GAT
(30), the GBS NeuD model had a root mean square difference of 1.04
over 55 amino acids involved in the left-handed �-helix domain of this
enzyme family. Examination of the GBS NeuD model predicted lysine
residue 123 to be involved in the critical acetyl-coenzyme A binding
function (Fig. 1B). GBS NeuD also contains a lysine residue at position
121 that may be involved in the acetylation reaction. We chose Lys-123
for mutagenesis because it aligns with His-115 of the E. coli galactoside
acetyltransferase (Fig. 1C), which is predicted to abstract a proton from
the acceptor hydroxyl group, allowing attack of the resulting carbonyl
by acetyl CoA (31). Site-directedmutagenesis was used to changeNeuD
lysine 123 to alanine. The resulting plasmid (pGBS-NeuD-K123A) was
introduced by electroporation into GBSmutant COH1�NeuD. As pre-

dicted, the NeuD-K123A plasmid restored Sia biosynthesis to the
�NeuD mutant. In contrast, O-acetylation of Neu5Ac was barely
detectable (Fig. 1D), indicating that NeuD is indeed the GBS Sia
O-acetyltransferase and that Lys-123 is required for efficient acetyl
transfer. These data suggest that despite their ancient relationship,GAT
and NeuD likely share a similar mechanism of action.

A neuD Polymorphism Associated with Varied O-Acetylation Levels
among GBS Strains—During our initial discovery of Neu5Ac O-acety-
lation inGBSCPS,we noted that clinical isolates expressed either higher
(40–55%) or lower (2–15%) levels of this Siamodification (17). To probe
the basis for thisGBS strain variation in SiaO-acetylation, we sequenced
the complete neuD gene from three strains belonging to each group
(“high OAc” versus “low OAc”). We found that a single non-synony-
mous nucleotide change correlated with O-acetylation status, wherein
high OAc strains (including COH1) had a thymine at position 264, and
low OAc strains had a guanine at that position. This polymorphism
leads to an amino acid coding change at position 88, with phenylalanine
in high OAc strains and cysteine in lowOAc strains (Fig. 2A). To ascer-
tain whether a functional relationship existed between the identified
nucleotide polymorphism and the observed levels of Sia O-acetylation,
the neuD gene of lowOAc serotype II strain DK23 was used to precisely

FIGURE 1. NeuD is the GBS sialic acid O-acetyltransferase. A, HPLC resolution of fluorescently labeled Sias isolated from WT GBS strain COH1, neuD allelic replacement mutant
COH1�NeuD (�NeuD), and mutant complemented with neuD on an expression plasmid. Loss of neuD markedly reduces GBS sialylation. B, homology model of the NeuD trimer
depicting lysine 123 in putative interaction with acetyl-coenzyme A based upon the known structure of E. coli galactoside acetyltransferase. C, Clustalx alignment of GBS NeuD with
the E. coli GAT used for homology modeling. Arrows indicate lysine residues 121 and 123; the latter aligns with His-115 of GAT. D, complementation of the COH1�NeuD mutant with
the K123A mutant of NeuD restores sialylation but not O-acetylation. Neu5Ac is N-acetylneuraminic acid, and Neu5,7Ac2, Neu5,8Ac2, and Neu5,9Ac2, refer to the 7-, 8-, and
9-O-acetylated versions of Neu5Ac. R refers to a reagent peak of unknown identity.
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replace the native neuD gene within the chromosome of high OAcWT
strain COH1 (see “Experimental Procedures”). The resulting “knock-in”
mutant COH1-NeuDF88C, differing fromWTCOH1 by just the single
nucleotide polymorphism in neuD, was found to exhibit a low OAc
phenotype (Fig. 2B). This result identifies the existence of at least one
specific genetic polymorphism that contributes functionally to variation
in total O-acetylation levels among GBS strains.

E. coli K1 neuD Encodes an Active Sia O-Acetyltransferase—Ho-
mologs of the GBS Sia biosynthetic enzymes (NeuA, B, and C) can be
identified in a number of other organisms including sialylated patho-
gens and their human hosts. Like GBS, E. coli K1 is a leading cause of
neonatal sepsis and meningitis, expresses a surface CPS containing
Neu5Ac, and further modifies this Sia by O-acetylation (10, 32). E. coli
K1 also has a homolog of the GBS neuD gene alongside the Sia biosyn-
thetic cluster. Earlier studies demonstrated that disruption of the E. coli
K1neuDgene leads to total loss of Sia expression and that Sia expression
could be restored to the resulting mutant by introduction of plasmids
expressing either the E. coli K1 or the GBS versions of NeuD (33). Dis-
covery of the NeuO poly-Sia O-acetyltransferase (34), coupled with an
experiment in which the complete E. coli K1 Sia gene cluster (including
neuD) failed to confer CPS Sia O-acetylation to a non-K1 E. coli host
(35), led the investigators to a logical conclusion that a role for NeuD in
Sia O-acetylation was unlikely for either GBS or E. coli K1 (34). Despite
these considerations, the current studies allowed us to conclude that
NeuD is in fact the GBS Sia O-acetyltransferase. Thus, we next asked
whether the homologous E. coli K1 NeuD also has demonstrable Sia
O-acetyltransferase activity. Expression vector pNeuD-EcK1, contain-
ing the neuD gene of E. coli K1 strain ATCC23511, was introduced into
the asialo-GBSmutant COH1�NeuD and was observed to restore both
Sia biosynthesis and high levels of O-acetylation (Fig. 3). This result
indicates that despite only 30% sequence identity between the GBS and
E. coli K1 NeuD enzymes, they are both able to carry out Sia biosyn-
thetic and O-acetyltransferase functions in GBS.

NeuD Homologs Are Broadly Represented among Bacterial Species—
Given the orthologous relationship between GBS and E. coli K1

neuD genes, we explored whether neuD is a common component of
Sia biosynthetic clusters. Using a bioinformatic approach, we found
neuD homologs that are physically associated with Sia biosynthetic
gene clusters in the genomes of 18 bacterial species (Fig. 4, A and B),
many of which have not to date been analyzed for Sia expression (Fig.
4B) Phylogenetic analysis indicates that NeuD homologs of sialylated
pathogens (in Fig. 4A) have a common evolutionary lineage, distinct
from chloramphenicol, maltose, galactoside, and serine acetyltrans-
ferases (Fig. 4C). The tree also shows that the Sia O-acetyltrans-
ferases from E. coli (NeuO) and N. meningitidis (OatWY), which
likely both act on polysialic acid, evolved independently from the
NeuD subfamily, appearing more closely related to maltose and gal-
actoside acetyltransferases. A second predicted O-acetyltransferase
of this family in the GBS genome (AAM99894) clusters phylogeneti-
cally with the maltose and galactoside acetyltransferases (Fig. 4C).
Single crossover (Campbell-type) plasmid integrational disruption
of this gene inWTGBS strain COH1 resulted in no change in overall
sialylation orO-acetylation (data not shown), indicating that it is not
involved in either of these processes.

DISCUSSION

In the present work, we show that NeuD has dual roles in GBS sialy-
lation and Sia O-acetylation that can be distinguished using site-di-
rected mutagenesis. We identified Lys-123 as a critical residue for effi-
cient acetyl transfer and demonstrate that a naturally occurring single
residue polymorphism in the neuD coding region allows variation in the
GBS O-acetylation phenotype. Complementation analysis shows that
E. coliK1 neuD also encodes an active SiaO-acetyltransferasewithin the
context of the GBS biosyntheticmachinery. Indeed, neuD homologs are
found within Sia biosynthetic gene clusters in at least 18 bacterial spe-
cies, 12 of which are not currently known to synthesize Sias. On mam-
malian cells, Sia O-acetylation can affect apoptotic regulation (36), sus-
ceptibility to alternative complement, tissue tropism, and binding to
leukocyte-expressed Sia-binding proteins (22). Due to past issues of
chemical lability and genetic intractability, understanding the role(s) of
bacterial Sia O-acetylation has been very difficult. These studies offer a
specific approach to experimentally assess the importance of this mod-
ification in bacterial pathogenesis.
Pathogenic strains of E. coli and C. jejuni that cause bloody diarrhea

in humans often express Neu5Ac as part of their lipo-oligosaccharides
(15, 37). Although the E. coliO104 antigen is known to beO-acetylated

FIGURE 2. A single nucleotide polymorphism in NeuD associated with variant GBS
O-acetylation (O-Ac) phenotype. A, sequence polymorphism in NeuD from GBS clinical
strains exhibiting high or low O-acetylation phenotypes. B, precise chromosomal
replacement of WT COH1 neuD with the F88C polymorphic version converts the strain
from a high OAc to low OAc phenotype. See the legend for Fig. 1 for a description of the
HPLC peaks.

FIGURE 3. E. coli K1 NeuD is a functional O-acetyltransferase. HPLC analysis of fluo-
rescently labeled total sialic acids from the GBS �NeuD mutant before and after trans-
formation with a plasmid expressing NeuD from E. coli K1. See the legend for Fig. 1 for a
description of the HPLC peaks.
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(15), this modification has not been reported for E. coli O145 or lipo-
oligosaccharides of any Campylobacter species. O-acetylation of lipo-
oligosaccharide Sia is especially relevant because mimicry of host gan-
gliosides is felt to be a pivotal factor in the autoimmune damage to

motor axons that characterizes Campylobacter-associated Guillain-
Barré syndrome (8). Serum antibodies recognizing O-acetyl forms of
gangliosides GD1b, GD3, or GT3 have been identified in subsets of
patients with this nervous system disorder (38, 39). We identify NeuD

FIGURE 4. NeuD is conserved among bacterial Sia biosynthetic gene clusters. A, schematic representations of Sia biosynthetic gene clusters of bacteria known to synthesize
N-acetylneuraminic (Neu) acid, Leg, or Pse. Letter designations refer to homologs of known GBS enzymes: NeuC, which catalyzes the epimerization of UDP-GlcNAc to N-acetyl
mannosamine (49); NeuB, which carries out the condensation of N-acetyl mannosamine and phosphoenolpyruvate to form Neu5Ac (50); and NeuA, which activates Neu5Ac with CTP
to generate CMP-Neu5Ac (51). Core Sia structures are marked with arrows to indicate reported O-acetylation (OAc) sites. Accession numbers are from NCBI or TIGR. B, additional
bacterial species possessing Sia biosynthetic gene clusters (NeuA–D) but as yet not known to synthesize Sia. C, parsimony-based phylogenetic tree indicating the relationship of
putative NeuD orthologs to other hexapeptide acetyltransferases including GAT, maltose O-acetyltransferase (MAT), CAT, serine acetyltransferase (SAT), or polysialic acid acetyltrans-
ferases of E. coli (NeuO) or N. meningitides (N.meni) (OatWY). AAM99894 is a second O-acetyltransferase of this family in the GBS genome. C.jej, C. jejuni; P.aer, P. aeruginosa; V.par,
V. parahemeolyticus; L.pneumo, L. pneumophila.
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homologs in the Sia biosynthetic clusters of C. jejuni, E. coli O104, and
E. coli O145 (Fig. 4).
Some bacterial agents of pneumonia synthesize nine-carbon acidic

sugars that are structurally similar to Neu5Ac using homologous bio-
synthetic pathways (40). These sugars, known as legionaminic acids
(Leg) and pseudaminic acids (Pse) (Fig. 4A), have been called “Sia-like”
molecules (41) and are found in over a dozen bacterial species including
L. pneumophila, P. aeruginosa, and pathogenic Vibrio spp (42). Bio-
chemical analysis has shown that Leg and Psemolecules on the surfaces
of L. pneumophila, P. aeruginosa, andC. jejuni aremodified byO-acety-
lation (12, 14, 16). We now show that like the Neu5Ac biosynthetic
clusters, both Leg and Pse biosynthetic clusters also include a neuD
homolog (Fig. 4A), further supporting the evolutionary relationship
between these biosynthetic pathways and their inclusion in the larger
category of Sias. The presence of NeuD in Leg and Pse biosynthetic
clusters predicts a genetic basis forO-acetylation of these related sugars.
Unlike the poly-Sia O-acetyltransferases of E. coli K1 and N. menin-

gitidis, we could not reliably align the legionaminic acid O-acetyltrans-
ferase of L. pneumophila to analyze its relationship with other enzymes
in this family. Initial studies of a L. pneumophila Lag-1 mutant strongly
suggested its role as a Leg O-acetyltransferase (43). It was later recog-
nized, however, that L. pneumophila often expresses Lag-1-independ-
ent O-acetylation of Leg residues in the LPS core region (44). Thus, the
L. pneumophila neuD homolog represents a candidate gene for the
remaining O-acetylation in the lag-1mutant. It is theoretically possible
that, like L. pneumophila, E. coli K1 strains express NeuO-independent
O-acetylation of Sia moieties that are not accessible to specific poly-
clonal antisera used forO-acetyl analysis. Alternatively, NeuDmay only
be functional as an O-acetyltransferase in E. coli strains that produce
sialylated lipo-oligosaccharide antigens (O104 and O145). If the latter
were the case, K1 neuD would be conserved in this biosynthetic gene
cluster solely for its role in sialylation. Further studies are needed to
determine the actual roles of neuD homologs in these bacteria.
Of the 18 bacterial species we identified using our bioinformatic

approach, 12 are not currently known to express Sias (Fig. 4B). Among
these are the human pathogensVibrio vulnificans, causingwound infec-
tions and septicemia (45), Chromobacterium violaceum, an agent of
serious invasive disease in pediatric age groups (46), and Leptospira
interrogans, a leading zoonotic pathogen producing systemic illnesses
manifest by hepatic and renal dysfunction (47). For investigators work-
ing with each of these species, our identification of Sia gene clusters
containing neuD may stimulate a search for the presence of Sias with
O-acetyl modifications that likely play a role in environmental niche
ecology and/or interactions with mammalian hosts.
Although we have not precisely defined the duality of the role of

NeuD in bacterial Sia biosynthesis, others have presented evidence that
the E. coli K1 NeuD protein interacts with NeuB, the sialic acid synthe-
tase (48). Our data are consistent with previous speculation that NeuD
may play a structural role in stabilization of a Sia biosynthetic complex
of enzymes (48), distinct from its O-acetyltransferase activity. Further
investigations of the genetic basis and functional role ofO-acetylation in
Legionella, Pseudomonas, Campylobacter, Leptospira, Vibrio, etc. may
require a similar approach to the present one, involving site-directed
active site mutagenesis to discriminate between these dual biosynthetic
roles. Some pathogens including N. meningitidis may have lost the
requirement for NeuD in Sia biosynthesis since a corresponding gene is
not easily discernable near the Sia biosynthetic cluster. Notably, unlike
the other components of the Sia biosynthesis pathway (NeuA–C),
which share homology between humans and bacteria (Fig. 4B), there are
no mammalian homologs of any hexapeptide repeat acetyltransferase,

including NeuD. Thus, NeuD may represent a unique bacterial target
for rational drug design aimed at eliminating surface expression of sialic
acid, a virulence phenotype of several human pathogens.
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