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The neuroinvasive pathogen Neisseria meningitidis has 13
capsular serogroups, but the majority of disease is caused by
only 5 of these. Groups B, C, Y, and W-135 all display a poly-
meric sialic acid-containing capsule that provides a means for
the bacteria to evade the immune response during infection by
mimicking host sialic acid-containing cell surface structures.
These capsules in serogroups C, Y, and W-135 can be further
acetylated by a sialic acid-specific O-acetyltransferase, a modi-
fication that correlates with decreased immunoreactivity and
increased virulence. In N. meningitidis serogroup Y, the
O-acetylation reaction is catalyzed by the enzyme OatWY,
whichwe show has clear specificity toward the serogroup Y cap-
sule ([Glc-(�134)-Sia]n). To understand the underlying molec-
ular basis of this process, we have performed crystallographic
analysis of OatWY with bound substrate as well as determined
kinetic parameters of the wild type enzyme and active site
mutants. The structure of OatWY reveals an intimate homotri-
mer of left-handed �-helix motifs that frame a deep active site
cleft selective for the polysialic acid-bearing substrate. Within
the active site, our structural, kinetic, andmutagenesis data sup-
port the role of two conserved residues in the catalytic mecha-
nism (His-121 and Trp-145) and further highlight a significant
movement ofTyr-171 that blocks the active site of the enzyme in
its native form. Collectively, our results reveal the first struc-
tural features of a bacterial sialic acid O-acetyltransferase and
provide significant new insight into its catalytic mechanism and
specificity for the capsular polysaccharide of serogroup Y
meningococci.

The bacterial pathogen Neisseria meningitidis is a major
cause of life-threatening neuroinvasive meningitis in humans
(1). In the United States, 75% of bacterial meningitis infections
are caused by serogroup C, Y, or W-135 (2). In particular, the
proportion of meningococcal infection occurrences in the
United States caused by the group Y meningococci has
increased significantly from 2% during 1989–1991 to 37% dur-
ing 1997–2002 (2). Vaccines based on the capsular polysaccha-
ride have been developed for groups A/C/Y/W-135 (2), and the
introduction of a group C conjugate vaccine has reduced the
incidence and carriage of the C serogroup significantly (3).
Although these vaccines are working, they do not yet provide
complete protection from meningococcal disease (4).
The capsular polysaccharides ofN.meningitidis are classified

into 13 distinct serogroups based on their chemical structures
(5). The capsules of serogroupB andC are homopolymers com-
posed of�-2,8- or�-2,9-linked sialic acid, respectively, whereas
serogroup Y andW-135 are heteropolymers of an �-2,6-linked
sialic acid on glucose (Y) or galactose (W-135) (6, 7).N. menin-
gitidis group B polysialic acid shares a biochemical epitopewith
the polysialylated form of the neural cell adhesion molecule of
humans (8, 9). Because of this molecular mimicry of the polysi-
alic acid-neural cell adhesion molecule, the bacterial capsular
polysaccharide is thus considered amajor virulence factor ofN.
meningitidis (5, 10).
Serogroup C, Y, and W-135 of N. meningitidis modify their

sialic acid capsules byO-acetylation of the sialic acid (11). Sialic
acid is acetylated at the C-7 or C-8 position hydroxyl group in
serogroup C, whereas the C-7 or C-9 position is acetylated in
serogroupW-135 andY (11). TheO-acetylation of sialic acids is
known to alter the physicochemical properties of the polysac-
charide capsule (12). In addition, there is growing evidence that
O-acetylation of the polysaccharide enhances bacterial patho-
genesis bymasking the protective epitope in the polysaccharide
(13–16). For these reasons, considerable effort has been
expended to identify and characterize sialic acidO-acetyltrans-
ferases in pathogenic bacteria.
Recently, the sialic acid-specific O-acetyltransferases from

group B Streptococcus, Campylobacter jejuni, Escherichia coli
K1, and N. meningitidis serogroup C have been identified (17–
20) with the latter two variants being the only ones to be char-
acterized biochemically (21–23). These studies showed that
bacterial sialic acid-specific O-acetyltransferases utilize an
acetyl-CoA cofactor as a donor for the acetylation of their cap-
sular sialic acid acceptor substrates (Fig. 1) and identified essen-
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tial amino acid residues for potential catalytic roles in activity
(22, 23). Although the gene encoding the capsule-specific
O-acetyltransferase in N. meningitidis serogroup Y (known as
OatWY) has been identified, biochemical characterization of
the enzyme has not yet been reported. Furthermore, the lack of
structural information on a sialic acidO-acetyltransferase from
any bacterial species has hampered our ability to further under-
stand the mode of substrate binding, specificity, and catalytic
mechanism of this important sialic acid-modifying family.
Here we report the first kinetic and structural analysis of

polysialic acid O-acetyltransferase OatWY from N. meningiti-
dis serogroup Y in complex with either CoA, acetyl-CoA, or
S-(2-oxopropyl)-CoA, which is a nonhydrolyzable acetyl-CoA
substrate analog. Collectively, this study significantly contrib-
utes to our understanding of bacterial polysialic acid O-acetyl-
transferases, providing valuable insight into how capsular
polysaccharide is acetylated in pathogenic bacteria.

EXPERIMENTAL PROCEDURES

Cloning of the Polysialic Acid O-Acetyltransferase OatWY
from N. meningitidis Y—The oatWY gene (GenBankTM acces-
sion number Y13969) coding for the polysialic acid O-acetyl-
transferase was directly amplified by PCR from genomic DNA
of the N. meningitidis serogroup Y using the Pwo DNA po-
lymerase (Stratagene) with the forward primer OATWY-F
(5�-CCGACGCATATGGGAACTCACATGTATTCTGAAC-
AGGGAATTAATAATAC-3�), which introduced an NdeI site
(underlined) in the 5� end, and the reverse primer OATWY-R
(5�-CGTCGGAAGCTTTTATTTATAAAATTCATTTAAA-
GTAGGGTCATCATACATAGTTGAATG-3�) (Integrated
DNA Technologies), which introduced a HindIII site (under-
lined). Amplified PCR products were digested by NdeI/HindIII

(New England Biolabs) and subse-
quently ligated using T4DNA ligase
(Invitrogen) into pET-28 vector
(Novagen) containing the cleavable
hexahistidine tag at the N terminus.
The properly cloned gene, which
encodes the OatWY enzyme, was
transformed into electrocompetent
E. coli cells (BL21 �DE3, Novagen)
for expression.
Cloning of OatWY Mutants by

Site-directed Mutagenesis—Site-
directed mutagenesis was carried
out using the QuikChange site-di-
rected mutagenesis kit (Strat-
agene) according to the manufac-
turer’s guideline with the following
primers. OATWY-H121A-F (5�-
GAAATACTGATATGGCTCCA-
ATTTATTCTTTAGAAAATGG-
CGAACG-3�)andOATWY-H121A-R
(5�-CGTTCGCCATTTTCTAAA-
GAATAAATTGGAGCCATATCA-
GTATTTC-3�)wereused togenerate
theH121Amutant.OATWY-W145A-
F (5�-CGGTAATCACGTGGCGC-

TTGGCCGCAATGTTAC-3�) and OATWY-W145A-R (5�-
GTAACATTGCGGCCAAGCGCCACGTGATTACCG-3�)
were used to generate the W145A mutant enzyme. Further-
more, OATWY-Y171A-F (5�-GTTGTAGGTTCTCATACT-
GTGCTAGCTAAAAGTTTTAAAGAACC-3�) and OATWY-
Y171A-R (5�-GGTTCTTTAAAACTTTTAGCTAGCACA-
GTATGAGAACCTACAAC-3�) were used to generate the
Y171A mutant. All mutations were confirmed by DNA
sequencing, and genes coding the mutant enzymes were
transformed into electrocompetent E. coli cells as described
above.
Expression and Purification of OatWY—The transformed

cells were incubated overnight at 37 °C with shaking at 225
rpm in the presence of 50 �g/ml kanamycin. The cell cul-
tures were grown until A600 reached �0.6 and were induced
by the addition of 1 mM isopropyl �-D-thiogalactopyranoside
at 20 °C with further overnight incubation. Cells were har-
vested by centrifugation at 5,000 rpm for 15 min and then
either used immediately or frozen at �80 °C for storage. The
cells were resuspended in lysis buffer (20 mMHEPES, pH 7.5,
500 mM NaCl, 5 mM imidazole) and lysed in the presence of
an EDTA-free protease inhibitor mixture tablet (Roche
Applied Science) at 20,000 p.s.i. using a high pressure
homogenizer (Avestin). The lysate was centrifuged at 40,000
rpm for 40 min, and the resulting supernatant was loaded
onto a pre-equilibrated HiTrap Chelating HP column (GE
Healthcare) charged with NiCl2. The column was washed
with buffer containing 100 mM imidazole and eluted with
100 mM EDTA in the buffer described above. All eluting
fractions were monitored by SDS-PAGE. Fractions contain-
ing the OatWY protein were collected and dialyzed against

FIGURE 1. Reaction scheme of the OatWY-catalyzed O-acetyltransferase. Although acetylation of both the
O-7 and O-9 hydroxyl group of the N. meningitidis serogroup Y polysialic acid has been implied through NMR
analysis of the corresponding bacterial capsule (11), for simplicity only the O-9 transfer is shown here.
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20 mM MES,4 pH 6.0, 100 mM NaCl with thrombin at 4 °C
overnight. The dialyzed proteins were further purified on a
Mono S cation exchange column (GE Healthcare) using a
linear gradient of 100 mM to 1 M NaCl in 20 mM MES, pH 6.0,
and concentrated using an Amicon concentrator (Milli-
pore). The molar mass of the protein was monitored by
matrix-assisted laser desorption/ionization-time of flight
mass spectrometry.
In Vitro Activity Assay of OatWY—Activities of the wild type

OatWYenzyme andmutantswere determined in a spectropho-
tometric assay using the procedures reported previously (24).
The common reaction mixture (200 �l final volume) was com-
posed of 20 mM Tris-HCl, pH 7.5, 25 mM EDTA, 4 mM 5,5�-
dithiobis(2-nitrobenzoic acid), 5.5 mg/ml Y meningococcal
specific polysaccharide ([36)-Glc-(�134)-Sia-(�23]n) in its
deacetylated form, 1 mM acetyl-CoA, and the enzymatic reac-
tion was initiated by adding 34 �M purified OatWY enzyme at
25 °C. The change of absorbance per min was monitored con-
tinuously at 412 nm using a Cary 300 spectrophotometer (Var-
ian) regulated by a temperature controller. For further investi-
gations regarding acceptor specificity, CMP-Neu5Ac, Neu5Ac,
glucose, colominic acid (Sigma), and [Glc-(�134)-Sia] disac-
charide were standardized to an equal concentration of sialic
acid (5 mM), ensuring equal saturation of the acceptor site by
these various sialylated substrates. In addition, one assay mix-
ture contained 1 mM S-(2-oxopropyl)-CoA instead of acetyl-
CoA in the presence of the Y polysaccharide to investigate its
reactivity toward the OatWY enzyme.
Kinetic Characterization—Kinetic parameters for acceptor

(deacetylated Y polysaccharide) and donor (acetyl-CoA) were
determinedwithOatWYnative enzyme as follows. Assays were
performed at 25 °C in a total volumeof 200�l containing accep-
tor and donor with enzyme (34 �M) in 20mMTris-HCl, pH 7.5,
25 mM EDTA, plus 4 mM 5,5�-dithiobis(2-nitrobenzoic acid)
holding one substrate at a saturating concentration, although
the other substrate concentration was varied. For donor kinet-
ics, a range of different concentrations of acetyl-CoA (0.025–
0.8 mM) was used, at a saturating concentration of the Y
polysaccharide ([36)-Glc-(�134)-Sia-(�23]n, 5.5 mg/ml).
For acceptor kinetics, varied concentrations of the Y polysac-
charide (1.0–15.0mg/ml) were used, at a saturating concentra-
tion of acetyl-CoA (1 mM). The kinetic parameters were calcu-
lated from the best fit of the data to the Michaelis-Menten
equation using nonlinear regression analysis with GraFit 5.0
software (Erithacus Software).
Multiangle Light Scattering—Purified OatWY enzyme (5

mg/ml)was loaded onto a Superdex 200 10/300GLgel filtration
column (GE Healthcare), equilibrated with buffer (20 mM Tris,
pH 7.5, 50 mM NaCl), and connected in line with miniDAWN
multiangle light-scattering equipment coupled to an interfero-
metric refractometer (Wyatt Technologies). Data analysis was
done in real time using ASTRA (Wyatt Technologies), and
molecular masses were calculated using the Debye fit method.

Synthesis of S-(2-Oxopropyl)-CoA—The synthesis of S-(2-
oxopropyl)-CoA was performed according to the method
described previously (25). Briefly, 100 mg (0.13 mmol) of CoA
trilithium salt (Sigma) was dissolved in 5 ml of water, followed
by addition of dithiothreitol (11mg, 0.07mmol) andLi2CO3 (60
mg, 0.81mmol) under argon atmosphere. To the resultingmix-
ture was then added chloroacetone (5.3 mg, 0.06 mmol) in 12
ml of 95% ethanol. The reaction mixture was stirred at room
temperature for 24 h, and then the solution was filtered and
concentrated in vacuo affording a yellow oil. Reverse phase
HPLC purification using Luna C18(2) column (Phenomenex),
with HPLC grade acetonitrile, 0.1% trifluoroacetic acid, and
HPLC grade water, 0.1% trifluoroacetic acid, using a 40–60%
acetonitrile/water gradient over 60min, yielded 30mg (29%) of
S-(2-oxopropyl)-CoA.
Deacetylation of Y Meningococcal Polysaccharide—The de-

acetylation of N. meningitidis serogroup Y polysaccharide was
carried out according to previously published procedures (6).
Polysaccharide (70 mg) was dissolved in 0.1 M NaOH (30 ml),
and the reaction mixture was stirred for 4 h at 30 °C. The so-
lution was neutralized to pH 7.0 with acetic acid and then fil-
tered through a 5-kDa molecular mass cutoff filter (Millipore).
Flow-through was discarded, and the supernatant was concen-
trated to 2 ml of syrup. 1 ml of this syrup was lyophilized, and 1
ml was further used in the synthesis of 4-O-�-D-glucopyrano-
syl-�-N-acetylneuraminic acid.
Preparation of the [Glc-(�134)-Sia] Disaccharide—1 ml of

de-O-acetylated Y polysaccharide was added to Amberlite
IR-120 cation exchange resin (H� form) until pH 3.0 was
achieved, and the reaction mixture was then incubated for 30
min at 100 °C. The resin was filtered off, and the reaction mix-
ture was loaded onto Dowex� 1� 2 ion exchange resin (Sigma)
and eluted using a linear gradient of 0–1 M formic acid. Low
resolutionmass spectrometry showed the desired peaks in both
positive and negative ion modes (M � 1,472 and M � 1,470).
The resulting compound was characterized by proton NMR
spectroscopy.
Crystallization and Data Collection—Crystals of OatWY

were grown by the hanging drop vapor diffusion technique at
21 °C. The first condition that produced well ordered crystals
contained 100 mM sodium acetate trihydrate, pH 4.6, 1.0 M

ammonium phosphate monobasic, 100 mM lithium sulfate
monohydrate and contained onemolecule per asymmetric unit
with unit cell dimensions of a � 199.635, b � 199.635, c �
199.635 Å in space group F4132. In the second condition, the
reservoir solution contained 100 mM sodium acetate, pH 4.6,
2.25 M ammonium acetate. This OatWY crystal belonged to
space group P222, with unit cell dimensions of a � 79.06, b �
94.83, c � 101.06 Å, and contained three molecules per asym-
metric unit. The crystals were cryoprotected in mother liquor
containing 25% ethylene glycol and directly plunged into liquid
nitrogen prior to data collection. Three co-substrate structures
were solved from apo-OatWY crystals (P222) soaked in either
the presence of 1mM coenzymeA, acetyl-CoA, or S-(2-oxopro-
pyl)-CoA. The same reservoir solution as described above was
used, and the soaking times of either 4 h or overnight before
flash-freezing in liquid nitrogen. X-ray diffraction data were
collected at 100 K under a nitrogen stream using an in-house

4 The abbreviations used are: MES, 4-morpholineethanesulfonic acid; HPLC,
high pressure liquid chromatography; L�H, a left-handed �-helical; GAT,
galactoside acetyltransferase; MAT, maltose acetyltransferase.
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CuK� rotating anode x-ray generator coupled to a Mar345
detector or using synchrotron sources (beamlines 8.2.2 and
4.2.2 at the Advanced Light Source (Berkeley, CA) using an
ADSCQ315 and NOIR-1 CCD detector, respectively, and the
beamline 08ID-1 at the Canadian Light Source (Saskatoon,
Saskatchewan, Canada) using a Marmosaic CCD225 detec-
tor). All diffraction data were processed and scaled by HKL
or MOSFLM (26, 27).
Structure Determination, Refinement, and Modeling—The

structure ofOatWYwas solved by themethod of single isomor-
phous replacement with anomalous scattering. Crystals were
soaked into the previously described reservoir solution con-
taining the ethylene glycol cryoprotectant as well as the deri-
vatizing agent 1 M NaI for 30 s and flash-frozen in liquid nitro-
gen. Positions of 11 iodide sites were found and refined by
SHELX-C (28). Phase calculation and solvent flattening were
carried out by using SHELX-DE (29, 30), which resulted in an
interpretable electron density map. Subsequent automatic
model building by RESOLVE (31) generated�60% of the struc-
ture followed by further manual building using COOT (32).
Refinements were performed using REFMAC5 (33) with exclu-
sion of 5% of the reflections for the Rfree calculation. Finally,
Translation/Libration/Screwmotion determination was incor-
porated into the procedure for further rounds of crystallo-
graphic refinement (34). All the ligand models, including CoA,
acetyl-CoA, and S-(2-oxopropyl)-CoA, were generated using
the PRODRG server (35). We found two partially occupied
molecules (0.7) of CoA and S-(2-oxopropyl)-CoA, and three
fully occupied molecules of acetyl-CoA at the interface of adja-
centmonomers of the P222 crystal form. The lack of occupancy
of one interface of the homotrimeric subunits in the P222 crys-
tal form may be due to the crystal packing and/or soaking
method used for CoA incorporation (4 h for CoA or S-(2-oxo-
propyl)-CoA and overnight for acetyl-CoA, respectively). Final

models were validatedwithMOLPROBITY (36).Modeling of Y
meningococcal polysialic acid acceptor was performed using
AutoDock Vina (37) with AutoDockTools (38) and the neces-
sary ligand file prepared using the PRODRG server (35). A lin-
ear form of the polysialic acid, [36)-Glc-(�134)-Sia-(�23]4,
was generated and tested for docking to the general area of
potential acceptor binding between two adjoining monomers
as suggested by our structural data. Subsequently, this roughly
localized model [36)-Glc-(�134)-Sia-(�23]4 was utilized as
the starting point in the docking procedure, which applied tor-
sional rearrangements for the acceptor model to generate the
lowest energy docking trials. Figures were generated with
PyMOL (39), and electrostatic surface calculationswere carried
out with the APBS plugin (40).

RESULTS

Overall Architecture of OatWY—The crystal structure of the
OatWY apoenzyme was solved by single isomorphous replace-
ment with anomalous scattering utilizing phases from the
sodium iodide soak. Co-substrate structures of OatWY were
determined using the native model in a molecular replacement
procedure. The high resolution edge of the diffraction data var-
ied from 1.90 to 2.35 Å. Rwork values ranged from 17.8 to 20.1%
and Rfree values from 20.7 to 24.7% with full details of the data
collection and refinement summarized inTables 1 and 2.Of the
two distinct crystal forms resulting from our crystallization, the
structure derived from the crystal defined by space group P222
contained three molecules per asymmetric unit. The structure
derived from the crystal with space group F4132 (one molecule
per asymmetric unit) adopts a nearly identical trimeric arrange-
ment around the 3-fold symmetry axis of the crystal. The crys-
tallographic models derived from the two unique crystal forms
of OatWY are highly similar and can be overlapped with a root
mean square deviation of 0.72–0.88Åon all 210C-� atoms.We

TABLE 1
Data collection and refinement statistics for OatWY

OatWY NaI OatWY apo OatWY apo

Data collection CuK� ALS 8.2.2 ALS 8.2.2
Wavelength 1.5418 Å 1.000 Å 1.000 Å
Resolutiona 40 to 2.7 Å (2.80 to 2.70) 40 to 1.95 Å (2.02 to 1.95) 40 to 2.20 Å (2.28 to 2.20)
Space group P222 F4132 P222
a 78.86 Å 199.63 Å 79.09 Å
b 95.16 Å 199.63 Å 94.81 Å
c 101.13 Å 199.63 Å 100.85 Å
�, �, � 90, 90, 90° 90, 90, 90° 90, 90, 90°
Rsym (%)a 12.5 (50.3) 8.6 (45.3) 5.2 (26.9)
I/�(I)a 18.5 (3.6) 68.0 (10.8) 42.8 (6.5)
Completenessa 100% (99.8%) 100% (100%) 100% (100%)
Unique reflectionsa 40,415 (4058) 25,297 (2489) 39,235 (3848)
Redundancya 7.7 (7.1) 46.9 (47.6) 8.1 (8.2)
Refinement
Average B factor (Å2)
Protein 11.1 18.1
Ligand
Water 26.4 26.9

Ramachandran statistics
Favored regions 98.2% 96.9%
Additionally allowed regions 1.8% 3.1%
Disallowed regions 0.0% 0.0%

Rwork 17.2% 18.5%
Rfree 20.9% 23.4%
r.m.s.b bonds 0.014 Å 0.012 Å
r.m.s. angles 1.536° 1.329°

a Values in parentheses represent the highest resolution shell.
b r.m.s. means root mean square.
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believe the observed quaternary structure of OatWY as a
homotrimer is physiologically relevant as supported by our
multiangle light-scattering analysis in solution (supplemental
Fig. 1) and earlier work describing the catalytically essential
homotrimerization of other acetyltransferases of the L�H fam-
ily (41–43).
Each monomer of the OatWY homotrimer is composed of

three domains. The C-terminal extension (residues 192–215)
consists of a loop region followed by a short 310 helix. The
N-terminal domain (residues 6–191) is composed of a left-
handed�-helical (L�H)motif containing seven turns of parallel
�-helix. L�H domains are characterized by repeating left-
handed connections of parallel �-strands. Each helical turn
consists of three �-strands connected by short loops and dis-
plays a signature motif composed of the repeating hexapeptide
sequence ((LIV)(GAED)X2(STAV)X). L�H folds are stabilized
by both intramolecular �-sheet hydrogen bonds and an inner
hydrophobic core resulting from the packing of leucine and
isoleucine residues at position 1 (typically termed “i”) of each
hexapeptidemotif and have been observed in various acyltrans-
ferases (41–46). Our DNA sequencing results revealed that the
OatWY construct has a randommutation at position 67 (N67I)
relative to that reported in the EMBLdata base (accession num-
ber Y13969). This residue is located in position i of the interior
core region of the L�H domain, which is characterized by an
extremely hydrophobic environment. Interestingly, the
observed Ile-67 mutation aligns and packs well within the Leu/
Ile hydrophobic core typical of L�H domains. In the OatWY
homotrimer, a long extended loop region (residues 118–136)
projects from the central motif of each L�H domain to interact
with the C-terminal extension (residues 192�–215�) of an adja-
cent monomer (Fig. 2, A and B). Through this intermolecular
interface, each monomeric subunit is intimately associated

with the other subunits of the homotrimer via a network of
main chain and water-mediated hydrogen bonds and electro-
static interactions (a salt bridge between Arg-148 and Glu-92�
of the adjacentmonomer for example). An electrostatic surface
calculation of the OatWY trimer shows a predominantly elec-
tronegative character in the region of the protruding loop118–136
and the C-terminal extension, whereas the interior channel
formed between the three L�H domains of the homotrimer is
predominantly electropositive (Fig. 2, D and E).
Donor-binding Site—The co-substrate structures of OatWY

in complex with the substrate acetyl-CoA and its analogs (CoA,
S-(2-oxopropyl)-CoA) identify the donor-binding site as
localized to the interface of adjacentmonomers in the homotri-
mer. Specifically, the CoA moiety occupies a prominent cleft
created collectively by the L�H domains localized to the C-ter-
minal region of each monomer (Fig. 2, A and B). The donor
forms polar and hydrophobic contacts with residues in both
flanking monomers. Binding of donor appears to induce little
overall conformational change in the enzyme as the apo and
co-substrate structures can be overlapped with a root mean
square deviation of 0.24–0.34 Å for all 630 C-� atoms of the
homotrimer. However, a few critical and we believe function-
ally important differences do arise upon donor binding, the
most significant being themovement of the aromatic side chain
of Tyr-171. This tyrosine is oriented such that the side chain
hydroxyl points toward the L�H domain, thereby blocking the
cleft created by interfacing subunits in the apo structure. In
contrast, the aromatic side chain of Tyr-171 flips in the co-
substrate structure, to contact directly the adenine ring of the
coenzymeA via hydrophobic interactions (Fig. 2F). In addition,
the amine side chain of Lys-190� is ordered in the complex
structure via a direct electrostatic interaction with the ribose
3�-phosphate group of the CoA molecule. In general, the bind-

TABLE 2
Data collection and refinement statistics for OatWY (continued)

OatWY � CoA OatWY � acetyl-CoA OatWY � S-CoAa

Data collection CuK� ALS 4.2.2 CLS 08ID
Wavelength 1.5418 Å 0.9790 Å 0.9790 Å
Resolutionb 40 to 2.20 Å (2.28–2.20) 40 to 2.35 Å (2.48–2.35) 40 to 1.90 Å (1.97–1.90)
Space group P222 P222 P222
a 79.07 Å 78.30 Å 78.67 Å
b 94.52 Å 94.52 Å 94.39 Å
c 100.89 Å 100.59 Å 100.87 Å
�, �, � 90, 90, 90° 90, 90, 90° 90, 90, 90°
Rsym

b 5.7% (46.4%) 9.6% (44.1%) 5.1% (28.6%)
I/�(I)b 34.5 (3.4) 15.0 (3.2) 52.8 (7.2)
Completenessb 99.7% (97.4%) 100% (100%) 99.0% (95.2%)
Unique reflectionsb 39,161 (3761) 32,150 (4618) 59,306 (5651)
Redundancyb 6.0 (5.6) 4.8 (4.9) 10.0 (8.9)
Refinement
Average B factor (Å2)
Protein 21.9 12.5 15.1
Ligand 50.8 50.4 47.9
Water 31.2 24.9 27.5

Ramachandran statistics
Favored regions 98.3% 97.3% 97.6%
Additionally allowed regions 1.7% 2.7% 2.4%
Disallowed regions 0.0% 0.0% 0.0%

Rwork 19.5% 18.3% 19.3%
Rfree 24.2% 23.1% 23.1%
r.m.s.c bonds 0.008 Å 0.009 Å 0.011 Å
r.m.s. angles 1.104° 1.468° 1.342°

a S-CoA denotes S-(2-oxopropyl)-CoA.
b Values in parentheses represent the highest resolution shell.
c r.m.s. means root mean square.
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ing of CoA is stabilized by a prominent set of electrostatic inter-
actions. In addition to Lys-190�, the ribose 3�-phosphate group
is also bound via a direct interaction with Lys-154. The ribose
2�-phosphate group forms water-mediated hydrogen bonds to
Lys-136 and directly interacts with the side chain of Lys-154.
The carbonyl oxygen of the phosphopantothenyl arm forms
hydrogen bonds to the main chain amide group of Ser-166�.
The amide nitrogen located at the middle of the pantothenyl
arm forms a direct hydrogen bond to Asp-119, and the amide
nitrogen of the CoA hydrogen bonds with the carbonyl oxygen
of Asp-119. The phosphopantothenyl arm of CoA is also stabi-
lized by hydrophobic interactions with the side chains of apolar
residues, including Val-163�, Val-180�, and Val-189� from one
monomer and Ile-123 and Leu-153 from the adjoining mono-
mer (Fig. 3A). Importantly, the donor acetyl-CoA-bound struc-
ture (as compared with that with CoA) facilitates formation of
an additional hydrogen bond between the acyl oxygen of
acetyl-CoA and His-121, which we believe is one of the cat-
alytic residues (see below). Interestingly, our structure with
the donor substrate analog S-(2-oxopropyl)-CoA, an inhibi-
tor of OatWY activity, binds in an identical fashion to that of
acetyl-CoA except for the loss of this hydrogen bond to His-
121, an interaction disfavored by the propyl functionality of
the nonhydrolyzable S-(2-oxopropyl)-CoA.
Acceptor Specificity of OatWY—A series of activity assays was

carried out to examine the acceptor specificity of OatWY. All

activity profiles were monitored by
the spectrophotometric procedure
described previously (24) and in the
presence of various acceptor candi-
dates, including monomeric sialic
acid (Neu5Ac), activated sialic acid
(CMP-Neu5Ac), glucose, [Glc-(�13
4)-Sia] disaccharide, colominic acid
(a homopolymer of sialic acid with
�2,8-linkages), and the OatWY-
specific polysaccharide ([36)-Glc-
(�134)-Sia-(�23]n (Table 3).
OatWY specifically catalyzed the
O-acetyltransferase reaction in the
presence of the N. meningitidis
serogroup Y polysaccharide. Other
substrates, including colominic
acid, showed insignificant activities
except for the disaccharide mole-
cule, which acted as an acceptor
with �19% activity of the wild type
enzyme. S-(2-Oxopropyl)-CoA was
also tested as a potential donor,
along with the OatWY polysaccha-
ride. The activity level of the reac-
tion mixture containing the S-(2-
oxopropyl)-CoA was dramatically
reduced.
Identification of Potential Cata-

lytic Residues—To investigate the
importance and roles of the highly
conserved residues localized within

the active site of OatWY (His-121 and Trp-145�), two mutant
forms of the enzyme, H121A and W145A, were generated and
analyzed for catalytic activity. In addition, a Y171Amutant was
also generated to investigate potential effects on donor binding.
The results showed that all three mutations dramatically
reduced activity; the histidinemutant has only 2.0%of the activ-
ity of wild type protein. The tryptophanmutant showed 1.8% of
the activity compared with wild type enzyme. Finally, the tyro-
sine mutant showed 2.1% of the activity of wild type OatWY
(Table 4).
Kinetic Analysis—A more complete kinetic analysis of

OatWYwas performed to further characterize the nature of the
enzymatic reaction. All kinetic experiments were carried out at
25 °C, and data were fitted to the Michaelis-Menten equation.
Kinetic parameters for wild type OatWY enzyme are summa-
rized in Table 5. The Km value for donor (acetyl-CoA) was 0.21
mM, and the Km value for acceptor (Y polysaccharide) was 2.55
mg/ml, which is equivalent to 5.4mM of the total [Glc-(�134)-
Sia] disaccharide. Static light-scattering results showed that the
estimated mass range of the polysaccharide is around 100–230
kDa, which is equivalent to 200–400 disaccharide units (data
not shown). Based on this mass information, a Km value of
11–26 �M can be calculated for the polysaccharide. Specificity
constants (kcat/Km) were 6.3 s�1 mM�1 for acetyl-CoA and
80–190 s�1 mM�1 for the polysaccharide.

FIGURE 2. Quaternary structure and electrostatic surface map of OatWY. A, structure of OatWY-acetyl-CoA
complex viewed parallel to the 3-fold axis, and B, structure viewed perpendicular to the 3-fold axis of the
OatWY trimer (the three subunits are colored in blue, red, and green, with the N- and C-terminal ends indicated
in the latter). The potential acceptor binding region is outlined by the black dotted box. Carbon atoms in the
acetyl-CoA are represented as yellow, and non-carbon atoms are colored according to atom type (nitrogen,
blue; oxygen, red; phosphorus, orange; and sulfur, gold). Two essential catalytic residues (His-121 and Trp-145�)
are shown as stick models and are indicated by arrows. C, potential acceptor binding region. Surface-exposed
residues potentially involved in polysaccharide acceptor binding are displayed in yellow for residues from one
monomer and in cyan for residues from adjoining monomer. Bound CoA is shown as a stick model, and two
conserved catalytic residues (His-121 and Trp-145) are represented as red sticks. Electrostatic surface represen-
tations (D, top view, and E, bottom view) along with the homotrimeric structure of OatWY show the overall
electropositive charge (blue) at the monomer interface of the OatWY trimer. Arrows in the electrostatic surface
maps indicate the location of substrate-binding sites between adjoining subunits. Electronegative surface
charge is colored in red. F, movement of Tyr-171 upon donor binding. Superposition of the apo (yellow) and
donor-bound (blue) OatWY structures. Tyr-171 is shown in blue; carbon atoms in the acetyl-CoA molecule are
represented as green, and non-carbon atoms are colored according to atom type (nitrogen, blue; oxygen, red;
phosphorus, orange; and sulfur, gold).
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DISCUSSION

Capsular polysialic acids that
decorate the cell surfaces of various
bacteria act as important virulence
factors in these pathogenic species
that inflict serious human disease,
including sepsis and meningitis (47,
48). O-Acetylation, the only com-
mon modification of the bacterial
sialic acid moiety, alters the physio-
logical properties of the resulting
modified bacterial polysaccharides
(15, 49–51). In this study, we pro-
vide the first structural character-
ization of a polysialic acid O-
acetyltransferase, which is that of
OatWY from N. meningitidis, pro-
viding a foundation for under-
standing previous biochemical
analyses as well as the new kinetic
specificity and mutagenesis data
presented here.
The OatWY enzyme structure

was solved as an intimately associ-
ated homotrimer held together by
numerous noncovalent interac-
tions, which localize primarily to
the C-terminal extension (residues
192–215) and the inserted loop
region (residues 118–136) from the
�-helix coils of the L�H domain. As
typical, the L�H domains of the tri-
mer are stabilized by an extensive
intermolecular hydrogen bonding
network between�-strands and fur-
ther stabilized by hydrophobic
interactions formed by the regular
arrangement of Leu and Ile packed
within the interior core of the L�H
domain.
The L�H domains in OatWY

show characteristic features of the
repeating �-helix fold motif, each
of which is composed of three

�-strands (S1, S2, and S3) connected by short loop regions of
1–3 amino acids (L1, L2, and L3) (52). The L�H fold is found
in various bacterial acetyltransferases, including xenobiotic
acetyltransferase from Pseudomonas aeruginosa (PaXAT)
(41), N-acetyltransferase from C. jejuni (PglD) (53), virginia-
mycin acetyltransferase D from Enterococcus faecium
(VatD) (46), and lac operon galactoside acetyltransferase
(GAT) (42), UDP-N-acetylglucosamine acyltransferase (44),
and maltose acetyltransferase (MAT) (43) from E. coli.
These proteins are usually composed of an �-helical or �/�
domain in addition to the L�H domain, the former playing
roles in oligomerization and “capping” of the L�H domain.
Interestingly, OatWY appears to be a minimalized form of

FIGURE 3. A, stereoview of the donor-binding site with electron density of acetyl-CoA in a refined 2Fo � Fc
map contoured at 1.5�. Bound acetyl-CoA molecule is shown using green for carbon and phosphorus
atoms, with other atoms colored according to atom type (nitrogen, blue; oxygen, red; and sulfur, gold).
Interacting residues from one monomer are shown in yellow, and interacting residues from the adjoining
monomer are shown in cyan. Water molecules are depicted as blue spheres, and His-121 and Trp-145� are
displayed as red sticks. Polar contacts are shown as dotted lines. B, stereoview of a structural alignment
between the complexes of OatWY with acetyl-CoA and a nonhydrolyzable CoA analog. Key residues that
interact with the donor substrate are represented in yellow for the acetyl-CoA complex and in blue for the
S-(2-oxopropyl)-CoA complex. Acetyl-CoA and S-(2-oxopropyl)-CoA molecules are depicted in green and
magenta, respectively. His-121 and Trp-145� are represented in red.

TABLE 3
Acceptor specificity of OatWY

Acceptora Activity

%
Polysaccharide �Glc-(�134)-Sia�n 100.0 	 0.3
Disaccharide �Glc-(�134)-Sia� 19.2 	 0.2
Colominic acid ��(238)Sia�n 2.1 	 0.2
Neu5Ac 0.3 	 0.2
CMP-Neu5Ac 0.3 	 0.1
Glucose 0.0 	 0.2
S-(2-oxopropyl)-CoAb 2.4 	 0.1
(�)-Control (water) 0.7 	 0.1

a Concentrations of acceptors were adjusted to 5 mM sialic acid equivalent to that
described under “Experimental Procedures.”

b Instead of acetyl-CoA, the S-(2-oxopropyl)-CoAwas added to the assaymixture in
the presence of the natural acceptor (�Glc-(�134)-Sia�n).
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these enzymes, with the L�H domain being the only major
structural domain and the small C-terminal extension com-
posed only of a loop terminated by a short 310 helix.
A tandemly repeated hexapeptide sequence typically defines

the L�H fold in bacterial acetyltransferases (41–43). The ali-
phatic residues (Leu, Ile, or Val) at position i of the hexapeptide
motif ((LIV)(GAED)X2(STAV)X) project into the interior of
the �-helical domain. Interestingly, OatWY contains an
unusual set of hexapeptide-repeating motifs, with atypical res-
idues at position i � 1 or i � 4 except for those hexapeptides
initiating within sequence motifs 61 (IADDVE), 140 (IGN-
HVW), 146 (LGRNVT), and 164 (VGSHTV) (Fig. 4A). The first
five coils of OatWY are also longer andmore sequence variable
than the more regularly repeating hexapeptides found in other
bacterial acetyltransferases (Fig. 4). The irregular hexapeptide
motifs of OatWY result in a larger size for the first five �-strand
coils and lead in turn to a less compact overall L�Hstructure. In
addition, the size of the L�H domain in OatWY (7 �-helical
coils) is significantly extended compared with other bacterial
acetyltransferase structures, which typically utilize �5 �-heli-
cal coils in the formation of the L�H domain.

The potential functional implications of these alterations in
sequence and number of repeating patterns of the L�H motif
can be illustrated by comparison of the geometric features and
overall span of the trimeric L�H domain in OatWY and other
bacterial acetyltransferases. In OatWY, the axis of the L�H
domainmakes an angle of 34° with the 3-fold axis of the trimer,
strikingly larger than any angle created by other bacterial
acetyltransferases containing the �-helical fold and in general
very unusual for the family of hexapeptide repeat-containing
proteins. Other bacterial sugar acetyltransferases reported to
date typically show a nearly parallel arrangement of �-helical
domain axes relative to the trimeric axis. For example, in the
UDP-N-acetylglucosamine acyltransferase LpxA there is a 1–2°
angle between axes (54), whereas the angle in the lac operon
GATorMAT is 10–12° (42, 43). In addition to themore splayed
nature of the OatWY homotrimer, the greater number of L�H
repeats in OatWY results in a longer span of the L�H domain
(�34 Å compared with the 18–20 Å range in other bacterial
acetyltransferases) (Fig. 4). It seems likely that these differences
in span and dramatic inclination of the angle in the OatWY
trimer relate to its substrate specificity, because it binds to
extended polymers of polysialic acids, which are much larger

than the monosaccharide acceptor sugar substrates of other
characterized sugar acetyltransferase families. Supporting this
hypothesis, the polysialic acid O-acetyltransferase NeuO from
E. coli K1, a close homolog of OatWY, was recently shown to
display optimal activity against a polysialic acid longer than 14
sialic acid residues (22).
Our co-substrate structures show that the acetyl coenzymeA

and its analogs define the OatWY active site as created at the
interface of adjacent monomeric subunits, supporting the
requirement of an active homotrimeric form for the enzyme.
The donor substrate binds within a deep cleft that is character-
ized by the presence of two highly conserved residues, His-121
and Trp-145�. The CoA is held by several noncovalent interac-
tions to the active site, including a striking set of hydrophobic
contacts between the adenine ring and the aromatic side chain
of Tyr-171. Comparisonwith the apo structure shows that Tyr-
171 likely plays a key and unique structural role in promoting
enzyme activity, because donor binding induces a significant
movement of the Tyr-171 side chain from a position where it
blocks entry of the catalytic cleft (apo-form) to one that allows
the observed ring stacking with the adenine ring of the coen-
zyme A moiety (donor-bound form; Fig. 2F). The potential
importance of the observed tyrosine-mediated donor binding
for OatWY function is further confirmed by ourmutagenesis
studies, which showed that a Y171A mutant form of the
enzyme had dramatically reduced activity. The active site of
OatWY is also uniquely characterized by a number of posi-
tively charged residues including Arg-116, Arg-148�, and
His-167�, which can potentially bind to and position the neg-
atively charged terminal sugar of the incoming polysaccha-
ride acceptor molecule for acetylation. Surface-exposed res-
idues in the potential acceptor binding region (Fig. 2C) also
provide a positively charged surface patch, including that
arising from the side chains of Arg-51, Lys-53, His-75, and
Lys-98 from one interacting subunit, and Lys-44�, Lys-85�,
His-111�, Arg-197�, and Lys-198� from the adjacent subunit.
This capacious acceptor site, created by the large angle sub-
tended by the monomer of OatWY with the trimeric axis (as
described above), presents an appropriately sized and
charged surface to interact with its negatively charged poly-
glucosylsialic acid acceptor substrate.
The structure of OatWY in complex with substrate acetyl-

CoA shares many of the features identified in the CoA-bound
structure, interactions that ideally position the acetyl group in
close proximity to the conserved His-121 and Trp-145�, in a
manner compatible with a role in mediating the transfer reac-
tion. Sequence alignments of OatWY with other bacterial
acetyltransferases, including MAT, GAT, VatD, PaXAT, and
NeuO, clearly show that these residues are well conserved (sup-
plemental Fig. 2). Based on previous studies of bacterial acetyl-
transferases (42) and our current structural, mutagenesis, and
kinetic information, amechanism for acetyl transfer reaction to
the poly-glucosylsialic acid substrate can now be proposed (Fig.
5). Trp-145� is well positioned to interact in a typical hydropho-
bic stacking interactionwith the six-membered ring of the sialic
acid, thereby orienting the polysaccharide properly for acetyl
transfer. Upon donor binding, Tyr-171 alters its original con-
formation to mediate hydrophobic interactions with the ade-

TABLE 4
Comparison of activities of wild type and mutant OatWY

Enzyme Activity

%
Wild type 100.0 	 1.0
H121A 2.0 	 0.4
W145A 1.8 	 0.7
Y171A 2.1 	 0.7

TABLE 5
Kinetic parameters of OatWY

Acetyl-CoA Acceptora

Km kcat kcat/Km Km kcat kcat/Km

�M s�1 mM�1s�1 �M s�1 mM�1s�1

210 	 24 1.3 	 0.1 6.3 11 	 1–26 	 3 2.1 	 0.1 80–190
a Acceptorwas theN.meningitidis serogroupY polysialic acid, (�Glc-(�134)-Sia�n).
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nine group of the acetyl-CoA. The catalytic residue, His-121
from the adjoining subunit, abstracts the proton from the
hydroxyl group (O-7 or O-9) of the polysialic acid with assist-
ance from the main chain carbonyl oxygen of Arg-197� in the
adjacent subunit. This promotes the nucleophilic attack of the
hydroxyl group on the carbonyl carbon of the acetyl-CoA,
hence transfer of the acetyl group to the sialic acid. Our com-
plex structure with the nonhydrolyzable acetyl-CoA analog,
S-(2-oxopropyl)-CoA, further supports this mechanistic pro-
posal (Fig. 3B). The primary structural and functional differ-
ence between the S-(2-oxopropyl)-CoAcomplex and that of the

substrate acetyl-CoA is the pres-
ence of a methylene group between
the sulfhydryl group of the CoA and
the carbonyl carbon of the acetyl
moiety, a chemical feature that ren-
ders the substrate inert, thereby
inhibiting the enzymatic reaction
competitively. Our structure shows
this methylene group of the nonhy-
drolyzable S-(2-oxopropyl)-CoA is
stabilized through additional hy-
drophobic contacts with Met-108
and Ala-110 in the enzyme active
site.
Our generated activity profiles

with various sugar compounds,
including Neu5Ac, CMP-Neu5Ac,
glucose, [Glc-(�134)-Sia] disac-
charide, colominic acid, and Y
polysaccharide ([36)-Glc-(�134)-
Sia-(�23]n), indicate that OatWY
specifically reacts with Y meningo-
coccal polysaccharides. These re-
sults clearly show that OatWY is
highly specific for the unique form
of the heteropolymeric polysialic
acid described above and does not
bind to the homopolymeric polysac-
charide of E. coli K1 or N. meningi-
tidis serogroup B (colominic acid,
[�(238)Sia]n). Other substrate can-
didates also did not show detectable
activities. The exquisite acceptor
specificity of OatWY was further
investigated by kinetic analysis and
yielded a Km value for the polysac-
charide of 2.55 mg/ml (�11–26 �M,
when calculated on the basis of the
average molecular mass of 100–230
kDa estimated from the light-
scattering analysis). Because the
sequence of OatWY from W-135
meningococci was reported to be
100% identical to the one from Y
meningococci (20), we can predict
that the W polysaccharide ([36)-
Gal-(�134)-Sia-(�23]n) would also

be an acceptor for OatWY.
Molecular modeling of a truncated piece of the polysaccha-

ride acceptor model from Y meningococci, specifically [36)-
Glc-(�134)-Sia-(�23]4, with the crystal structure of OatWY
showed that the acceptor substrate can be readily accommo-
dated, in terms of size and potential electrostatic interactions
within the proposed acceptor binding region. The surface-ex-
posed residues described above, His-75 and Lys-98 from one
subunit and His-111�, Arg-148�, and Arg-197� from the adjoin-
ing subunit, provide many direct polar and electrostatic con-
tacts to the negatively charged C-2 carboxylate and hydroxyl

FIGURE 4. Structural comparison of OatWY with other bacterial acetyltransferases containing L�H
motifs (A, polysialic acid O-acetyltransferase OatWY; B, xenobiotic acetyltransferase PaXAT (PDB access
code 2XAT); C, GAT (PDB access code 1KRU); D, MAT (PDB access code 1OCX)). Only two monomeric
subunits of the trimer are represented for clarity (in green and red). Angles between the 3-fold axis and L�H
domains are illustrated with two-headed arrows along with the measured overall span of the L�H do-
mains. Below the OatWY structure in A is the signature sequence of the hexapeptide-repeating motif
(LIV)(GAED)X2(STAV)X displayed with positional indicators (i, i � 1, i � 2…) as well as the hexapeptide sequence
motifs that define the OatWY L�H domain. Sheets and loops composed of the L�H domain are represented as
S1–3 and L1–3, respectively. Sheets (S1–S3) are boxed with a yellow color, and the hexapeptide sequences that
obey the rule ((LIV)(GAED)X2(STAV)X) are boxed with solid black rectangles, and those that do not with dashed
red rectangles. The defining hexapeptide repeating motifs of each of the other acetyltransferases are also
represented in a sequence table below.
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groups of the modeled acceptor polysialic acid. In addition to
the major interactions with the positively charged residues,
negatively charged and polar residues such as Ser-73 and
Glu-92 are also poised appropriately for acceptor binding in our
model. Other positively charged surface residues “down-
stream” from our modeled acceptor (localized in the N-termi-
nal region of the L�H domain, including Arg-51 and Lys-44�)
may potentially provide additional electrostatic interactions in
the longer, physiological polysialic acceptors. Future direct
support illustrating acceptor binding will hopefully be achieved
once the production of homogeneousmixtures of suitably sized
sugar polymers becomes feasible.
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