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Enterobacterial common antigen (ECA) is a polysaccharide found on the outer membrane of virtually all
gram-negative enteric bacteria and consists of three sugars, N-acetyl-pD-glucosamine, N-acetyl-p-mannosaminu-
ronic acid, and 4-acetamido-4,6-dideoxy-n-galactose, organized into trisaccharide repeating units having the
sequence —3)-a-D-Fuc4NAc-(1—4)-3-D-ManNAcA-(1—4)-a-D-GlcNAc-(1—. While the precise function of
ECA is unknown, it has been linked to the resistance of Shiga-toxin-producing Escherichia coli (STEC)
O157:H7 to organic acids and the resistance of Salmonella enterica to bile salts. The final step in the synthesis
of 4-acetamido-4,6-dideoxy-p-galactose, the acetyl-coenzyme A (CoA)-dependent acetylation of the 4-amino
group, is carried out by TDP-fucosamine acetyltransferase (WecD). We have determined the crystal structure
of WecD in apo form at a 1.95-A resolution and bound to acetyl-CoA at a 1.66-A resolution. WecD is a dimeric
enzyme, with each monomer adopting the GNAT N-acetyltransferase fold, common to a number of enzymes
involved in acetylation of histones, aminoglycoside antibiotics, serotonin, and sugars. The crystal structure of
WecD, however, represents the first structure of a GNAT family member that acts on nucleotide sugars. Based
on this cocrystal structure, we have used flexible docking to generate a WecD-bound model of the acetyl-CoA-
TDP-fucosamine tetrahedral intermediate, representing the structure during acetyl transfer. Our structural
data show that WecD does not possess a residue that directly functions as a catalytic base, although Tyr208 is

well positioned to function as a general acid by protonating the thiolate anion of coenzyme A.

Enterobacterial common antigen (ECA) was first identified
as a common hapten associated with the gram-negative family
of Enterobacteriaceae (77). The name enterobacterial common
antigen was coined by Mékel 4 and Mayer in their review paper
(36). It was later shown that ECA is a glycolipid (30). The bio-
logical role of ECA is not yet well understood, although its pres-
ence in all members of the Enterobacteriaceae suggests a role
unique to these organisms (53). It has been shown that ECA
contributes, at least partially, to virulence (47, 68) and to the
resistance of enteric bacteria to bile salts in the digestive tract of
their host (15, 51). The polysaccharide portion of ECA is hetero-
geneous in length and is formed by a trisaccharide repeat unit com-
posed of amino sugars linked as follows: [4-acetamido-4,6-dideoxy-
D-galactose (a-D-Fuc4NAc)]-(1—4)-[N-acetyl-D-mannosaminuronic
acid (B-D-ManNAcA)]-(1—4)-[N-acetyl-D-glucosamine (o-D-
GlcNAc)] (35). In most Enterobacteriaceae, the ECA polysaccha-
ride chain is covalently bound to a phospholipid molecule in the
outer membrane. The reducing end of the terminal GIcNAc res-
idue is linked via a phosphodiester linkage to a phosphoglyceride
aglycone. However, a few members of this family instead
have ECA bound to the lipopolysaccharide core of the outer
membrane (29). ECA is also found in a lipid-free cyclic form
of several repeating units (19, 30, 73), and the crystal struc-
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ture of ECAy composed of four repeating units has been
recently determined (21).

ECA synthesis occurs in three steps, at the cytoplasmic side of
the inner membrane, through successive addition of nucleotide
diphosphate-activated sugars onto the lipid carrier undecaprenol
phosphate (50). The synthesis of the repeat is initiated by the
transfer of GIcNAc from UDP-GIcNAc to undecaprenol phos-
phate, yielding GlcNAc-P-P-undecaprenol (lipid I), the first
lipid intermediate. Second, ManNAcA is transferred from
UDP-ManNACcA onto lipid I, resulting in ManNAcA-lipid I
(lipid II). Next, Fuc4NAc is transferred from TDP-Fuc4NAc to
form Fuc4NAc-lipid II (lipid III). Lipid IIT molecules are then
translocated across the membrane to the periplasmic side via a
Wzx “flippase” (55), are polymerized into longer chains by a
Wzy-dependent block polymerization mechanism (53), bind to
phospholipids, and finally localize at the outer leaflet of the
outer membrane (3, 52, 54, 56).

The genes responsible for ECA biosynthesis are mostly lo-
cated in the wec gene cluster, formerly known as the rfe-rff gene
cluster (39). The genes wecA (rfe), wecB (rfE), wecC (rffD), and
wecG (rffM) are required for the synthesis of lipid I and lipid II.
In lipid III synthesis, the wecE (rffA) gene encodes a transam-
inase that catalyzes the transfer of an amino group from glu-
tamate to TDP-fucose, yielding TDP-Fuc4N, which then re-
ceives an acetyl group from acetyl-coenzyme A (AcCoA), a
reaction catalyzed by TDP-fucosamine acetyltransferase en-
coded by wecD (rffC), to yield TDP-Fuc4NAc. Finally, a wecF
(rffT)-encoded fucosyltransferase transfers Fuc4NAc to lipid
II. Several genes, including wecA, rmlA2 (TDP-glucose pyro-
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phosphorylase 2), and rffG (rmiIB, TDP-glucose dehydratase),
essential for ECA synthesis, are also required for O-antigen
synthesis in the Enterobacteriaceae (38, 39).

The synthesis of TDP-Fuc4NAc in the presence of TDP-
FucdNH and AcCoA was first analyzed by Matsuhashi and
Strominger (37) in Escherichia coli cell extracts. The gene
encoding the protein, now known as wecD, was cloned and its
nucleotide sequence determined together with those of other
wec genes from E. coli (16). The amino acid sequences of
WeceD are well conserved across enterobacteria, with sequence
identities of 40% or more. WecD orthologs are also found in
other gammaproteobacteria, such as Actinobacillus pleuropneu-
moniae, Haemophilus ducreyi, Vibrio vulnificus, and Vibrio chol-
erae, and show 25 to 35% sequence identity to the E. coli
enzyme. The acetyltransferase activity of WecD is essential for
the formation of lipid III, and it was shown that a mutation in
the wecD gene in Salmonella enterica causes sensitivity of this
bacterium to deoxycholate (51).

Sequence analysis of WecD from E. coli identifies the C-
terminal segment (residues 98 to 171; PFAM entry PF00583;
http://www.sanger.ac.uk/Software/Pfam/) as belonging to the
GCN5-related N-acetyltransferase (GNAT) superfamily. This
superfamily was first noted by Shaw et al. (60), who identified
four conserved amino acid motifs present in these proteins.
The GNAT superfamily of enzymes catalyzes transfer of an
acetyl group from acetyl coenzyme A to a primary amine.
Structures of more than 20 enzymes containing this domain are
known (SCOP database; http://scop.berkeley.edu/ [44]) and
include, among others, histone N-acetyltransferase, aminogly-
coside N-acetyltransferase, serotonin N-acetyltransferase, pro-
tein N-myristoyltransferase, mycothiol synthase, glucosamine-
6-phosphate N-acetyltransferase, and the Fem family of amino
acyl transferases. Together, these structures clearly show that
the primary function of the GNAT domain is to bind AcCoA
and that somewhat different mechanisms have evolved to
catalyze this reaction (18, 72). The compounds accepting the
acetyl group from AcCoA vary substantially between these
enzymes, with the specificity of each enzyme determined by
the presence of additional secondary structural elements or
separate domains. Most if not all of these enzymes form
dimers.

We describe here the structure of the WecD acetyltrans-
ferase from uropathogenic E. coli CFT073, as well as its com-
plex with AcCoA, and compare these structures with those of
other members of the GNAT superfamily. We have used com-
putational flexible docking to obtain further insights into sub-
strate binding. The experimental and modeled structures allow
us to propose WecD residues that may be involved in TDP-
Fuc4NH binding and acetyl transfer. The structural informa-
tion presented here serves to demonstrate further the diversity
of proteins that belong to the GNAT superfamily.

MATERIALS AND METHODS

Gene cloning, protein expr and purification. The wecD gene was am-
plified by PCR from Escherichia coli CFT073 genomic DNA (75) and was cloned
into a modified pET15b vector (Amersham Biosciences) to obtain an in-frame
N-terminal fusion protein with a noncleavable His, tag. E. coli BL21(DE3) cells
were transformed with the vector DNA, the cells were grown in 1 liter of Circle
Grow medium (QBiogene, Irvine, CA), and the culture was induced by adding
0.1 mM isopropyl-1-thio-B-p-galactopyranoside (Sigma Chemical Co.) followed
by culturing at 22°C for 5 h. Cells were harvested by centrifugation (4,000 X g,
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4°C, 20 min), resuspended in 30 ml of lysis buffer (50 mM Tris-Cl, pH 7.5, 0.4 M
NaCl, 5% [wt/vol] glycerol, 20 mM imidazole, 10 mM B-mercaptoethanol, one
tablet of Complete protease inhibitors [Roche Diagnostics, Laval, Canada]), and
lysed by sonication on ice for a total of five 30-s cycles with 45 s between cycles.
The lysate was clarified by centrifugation (100,000 X g, 4°C, 30 min). The
clarified cell lysate was passed through an equilibrated, 3-ml DEAE-Sepharose
column (Amersham Biosciences), and the eluted protein loaded on a 2-ml
nickel-nitrilotriacetic acid column (QIAGEN). Bound protein was eluted in
buffer containing 200 mM imidazole. Fractions containing purified protein were
pooled and further purified on a Superdex 200 gel filtration column (Amersham
Biosciences), using a buffer consisting of 20 mM Tris-Cl, pH 8.0, 450 mM NaCl,
5 mM dithiothreitol (DTT). Protein purity was assessed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and pure fractions were pooled and
dialyzed overnight in a final buffer consisting of 20 mM Tris-Cl, pH 8.0, 50 mM
NaCl, and 5 mM DTT. The homogeneity of the protein was further analyzed by
native polyacrylamide gel electrophoresis and dynamic light scattering using a
DynaPro MASPRII molecular sizing instrument (Proterion Corp., Piscataway,
N.J.) running Dynamics V6 software.

Crystallization. WecD was concentrated to 7.1 mg/ml in a buffer containing 20
mM Tris-Cl, pH 8.0, 450 mM NaCl, 5 mM DTT. The best native crystals were
obtained in one day at 20°C from a hanging drop containing 1 pl of protein in
buffer mixed with 1 .l of reservoir solution (100 mM Na-acetate, pH 4.5, 10 mM
ZnSO,). The crystals belong to the space group P4;2,2 with unit cell dimensions
a=>b=2848 ¢ = 1556 A, and diffract to a 1.95-A resolution. There are two
molecules in the asymmetric unit (Z = 16). Crystals of the AcCoA complex of
WecD were obtained under similar conditions, but with the protein buffer con-
taining 20 mM Tris, pH 8.0, 200 mM NaCl, 5 mM DTT, and the addition of 2
mM AcCoA and 5 mM TDP (Fluka Chemical Co.) to the reservoir solution. The
crystals belong to space group P4,2,2, have unit cell dimensions a = b = 84.9,
c=154.1 A, and diffract to 1.65-A resolution. For cryoprotection, crystals were
transferred to a reservoir solution with the addition of 25% (vol/vol) glycerol,
picked up with a nylon loop, and flash cooled in the nitrogen cold stream at 100
K. Diffraction data were collected at beamlines X8C (for the WecD crystal), and
X29 (for the AcCoA complex). Data were recorded using a Quantum-4 or
Quantum-315 charge-coupled-device detector (Area Detector Systems Corp.,
Poway, CA) at beamlines X8C or X29, respectively, at the National Synchrotron
Light Source, Brookhaven National Laboratory. Integration and scaling of dif-
fraction data were performed using HKL2000 (48).

Structure determination and refinement. The three-dimensional structure of
apo-WecD was solved using a two-wavelength MAD experiment about the Zn K
edge (E = 9.6586 keV). One Zn site per asymmetric unit was found, and phases
were calculated using the program ShelxD/E (59), having a figure of merit of
0.47. These phases were improved by density modification, giving a FOM of 0.77,
and a partial model was built using RESOLVE (65). The structure was com-
pleted through further rounds of manual model fitting using the program O (28),
alternating with refinement of the model with REFMAC (43) of the CCP4 suite
(78). Final refinement statistics are summarized in Table 1. The apo-WecD
model contains residues Val3 to Arg224 in each subunit and one Zn atom,
coordinated to the side chains of Asp136, Glul57, and three water molecules.
The electron density is overall well defined, except for the solvent-exposed loops
between B5 and B6 and between o5 and B7, where the side chains of residues
Asn78, Asn79, and Val80 in one subunit and Ser81 and Phel35 in another
subunit are not well ordered. The model of the WecD-AcCoA complex contains
two AcCoA molecules per dimer. No electron density corresponding to TDP was
visible in the maps for the AcCoA complex, although TDP was present in the
crystallization.

Modeling of TDP-p-Fuc4N:acetyl-CoA transition state bound to WecD. The
putative transition state (tetrahedral intermediate) formed between AcCoA and
TDP-B-p-fucosamine (TDP-Fuc4N) was modeled into the active site of chain A
of the WecD dimer. All crystallographic water molecules were removed, and
hydrogen atoms were added explicitly. The protonation state at physiological pH
was adopted, except for the Glu70 side chain, which was treated in neutral form
due to its close proximity to the Glu68 carboxylate group. The polar hydrogen
atoms of Ser, Thr, and Tyr side chains were manually oriented to maximize
hydrogen-bonding interactions. The positions of all hydrogen atoms were then
refined by energy minimization using the AMBER all-atom molecular mechanics
force field (13) in the absence of the AcCoA ligands and with the nonhydrogen
atoms fixed at their crystallographic positions. The structure of the transition
state ligand modeled at the WecD active site, shown schematically in Fig. 1,
consists of the tetrahedral intermediate formed by the attack of the amino group
of TDP-Fuc4N to the acetyl carbonyl group of AcCoA, followed by zwitterion
neutralization. Geometric constraints lead to the (R) absolute configuration at
the chiral center formed following the attack. Only the acetyl-proximal half of the
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TABLE 1. X-ray crystallographic data

J. BACTERIOL.

Value for model

Parameter” WecD-Zn
WecD-Z, WecD-AcCoA
Peak Inflection
Data collection (unit cell)
a (A) 84.8 84.8 84.8 84.9
b (A) 84.8 84.8 84.8 84.9
c (A) 155.5 155.5 155.6 154.1
z i 16 16 16 16
Resolution (A) 50-2 50-2 50-1.95 50-1.66
Wavelength 1.282 1.283 1.1 1.1
Observed hkl 198,351 197,147 318,786 407,076
Unique hkl 37,288 37,234 40,825 65,489
Redundancy 53 53 7.8 6.2
Completeness (%) 95.2 95.1 96.6 97.3
sym 0.043 0.045 0.042 0.053
I/o(I) 21.6 204 241 18.0
Refinement
Resolution (A) 50-1.95 50-1.66
Ryoric (no. of hkl) 0.181 (38,592) 0.20 (62,158)
Riree (no. of hkl) 0.223 (2,012) 0.22 (3,259)
B-factor (A)?/(no. of atoms)
Protein 22.0 (3,390) 23.6 (3,390)
Solvent 36.9 (627) 36.1 (463)
Ligands 18.3 (1) 42.9 (102)
Ramachandran
Allowed (%) 99.7 99.5
Generous (%) 0.3 0.3
Disallowed (%) 0.0 0.3
rms deviation
Bond length (A) 0.012 0.009
Angle (°) 1.31 1.28

“Roym = (Zlobs = Lavg )2Lygs Ryork = (| Fobs = Featel )EFops; Riree = Ryork for a subset of 5% of reflections not used in refinement.

AcCoA molecule was retained for transition state modeling (see Fig. 1), in its
crystallographically determined geometry bound to monomer A of the WecD
homodimer. The TDP-Fuc4N part was built starting from the crystallographic
structure of dTDP-B-p-glucose (1), replacing B-p-glucose by B-pD-fucosamine.
The latter was built in the chair conformation bearing both the C-4 amino and
the C-1 phosphate substituents in axial orientations, in agreement with the
nuclear magnetic resonance spectra of TDP-Fuc4N produced by WecE (27), the
aminotransferase immediately upstream of WecD in the ECA biosynthetic path-
way. This ring conformation is also consistent with the crystallographic structure
of B-p-fucose (66). All structural manipulations and visualizations were done
with SYBYL 6.9 (Tripos, Inc., St. Louis, MO). Partial charges of the transition
state ligand (bearing a net charge of —2¢) were calculated by a two-stage re-
strained fitting procedure (5, 14) to the single-point HF 6-31G* electrostatic
potential calculated with GAMESS (58).

The Monte Carlo minimization (MCM) approach (32), adapted to protein-
ligand flexible docking (9, 33, 61), was used to generate and rank feasible
conformations of the TDP-Fuc4N portion of the constructed transition state
bound to WecD. In each MCM cycle, the conformation of the TDP-Fuc4N
fragment was first perturbed by introducing random changes in one or more of
its dihedral angles and then was conjugate gradient energy minimized using the
AMBER force field (13, 74), a distance-dependent dielectric (4r;;), and an
8-A nonbonded cutoff, up to a root mean square (rms) gradient of 0.05
kcal/(mol - A)‘ A predefined set of protein residues in the region expected to
be explored by the conformationally sampled ligand was allowed to move
during energy minimization, while the rest of the WecD homodimer, as well
as the more distal portion of the retained AcCoA fragment (see Fig. 1), were
fixed at their crystallographic positions. The set of mobile protein residues
included Leul0 to Glul3, Ile23 to Arg25, GIn45 to Ile48, Glu68 to Leu73,
Phe104, Ser107 to Phel09, Phel22, Tyr123, Trp126, Asn129, His137, Ser154
to Leul58, Arglod4 to Leul68, Argl94 to GInl98, Tyr208, and Ser217 to
Trp221 from monomer A in the WecD homodimer. In a first docking run,
5,000 MCM cycles were carried out to sample all 10 acyclic rotatable bonds
of the TDP-Fuc4N moiety. In order to increase the sampling efficiency in the

solvent-exposed region, the lowest-energy conformation obtained after the
first docking run was submitted to a second docking run consisting of 2,000
MCM cycles, in which only the four terminal rotatable bonds of the TDP
moiety were included in conformational sampling. The lowest-energy confor-
mation obtained after the second docking run was selected as the final model
of the WecD-transition state complex.

Protein structure accession numbers. Protein Data Bank codes for WecD-
Apo and WecD-AcCoA are 2FS5 and 2FTO, respectively.

RESULTS AND DISCUSSION

Overall structure of WecD. The three-dimensional structure
of the WecD monomer is shown in Fig. 2a. The protein belongs
to the a/f class and is composed of two domains. The N-
terminal domain consists of residues Val3 to Gly69 and Ala219
to Arg224 from the C terminus. It has a central, five-stranded
mixed B-sheet with two a-helices, a2 and a3, on one side of the
sheet and helix a1 following after the first strand 1 (Fig. 2b).
The strands are arranged in the order B | 821831 B10 | B4 1.
The C-terminal domain is comprised of residues Glu70 to Thr218
and is formed from a seven-stranded mixed B-sheet with four
a-helices, two of them (a6 and «7) on one side of the sheet and
the other two (a4 and «5) within a long loop on the side of the
domain. The strands 4 and 10 are long and extend across both
domains (Fig. 2). The order of strands in the C-terminal domain
is B51B6 | B71RS) BRI B41 10| . The sequence predicted
to belong to the GNAT family is localized within this domain. In
many other WecD-like sequences, the N-terminal 43 residues
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FIG. 1. Enzymatic reaction catalyzed by TDP-fucosamine acetyltransferase (WecD). The portion of the CoA cofactor utilized in computational

molecular modeling is boxed.

forming B1, al, B2, and o2 are absent, including those from E.
coli K12 and O157:H7 (Fig. 2d).

Although the two domains are distinct in the WecD struc-
ture, their B-strands extend towards each other to form a
continuous, highly concave 10-stranded B-sheet with all a-he-
lices, except a4 and a5, lining the outside of this sheet. Two
polypeptide segments, Leul0 to Asn20 from the N-terminal
domain, which includes «al, and GIn89 to Thr134 from the
C-terminal domain, which includes a4 and o5, embrace each
other on one side of the B-sheet, creating a tunnel through the
molecule with a wide funnel-like entrance on one side and a
narrow exit on the opposite side (Fig. 3).

Unexpectedly, the three-dimensional structure of the WecD
N-terminal domain shows remarkable similarity to a part of the
C-terminal domain. Of 68 Ca atoms of the N-terminal domain,
42 superimpose with Ca atoms of the C-terminal domain with
an rms deviation of 1.2 A. In addition, two segments that are
distant in sequence from the superposing regions, namely res-
idues 219 to 224, which are part of the N-terminal domain, and
residues 70 to 75 of the C-terminal domain, superimpose al-
most exactly. Structure-based sequence alignment of the N and
C domains shows that 10 out of 75 residues (13%) are identi-
cal, suggestive of an early gene duplication event in the evo-
lution of this protein.

Dimer formation. Gel filtration chromatography and dy-
namic light scattering indicate that WecD forms dimers in
solution. In the crystal structure, the two WecD monomers
within the asymmetric unit associate into a tight dimer (Fig.
3a). The two monomers of the dimer are virtually identical,
giving an rms deviation of 0.45 A for all main-chain atoms
upon superposition. The dimer is created through interactions
on the convex side of the B-sheet along strands B4 and B10
from each monomer that face each other. Helices a3 and o7

are also part of the dimer interface. In addition to hydrophobic
contacts, there are several hydrogen bonds, predominantly
between the side chains of one monomer (Asp57, Asn214,
Thr218, and Tyr220) and the backbone of the other. There
are no water molecules in the dimer interface and no cavi-
ties, indicating very good shape complementarity of the two
interacting chains. The surface area buried by dimer forma-
tion calculated using a 1.4-A probe is 1,153 A per mono-
mert, corresponding to 10.5% of the total surface area of the
monomer.

Comparison with other structures. Sequence comparison
methods employed by various public databases (InterPro [http:
/flwww.ebi.ac.uk/interpro/] [41] and PFAM [http://www.sanger.ac
.uk/Software/Pfam/] [4]) identified the presence of an acetyltrans-
ferase (GNAT) superfamily domain (PFAM PF00583) (46, 72).
This is one of the largest sequence superfamilies, with more
than 10,000 proteins from available sequenced genomes asso-
ciated with this fold. The three-dimensional structure of WecD
confirms the presence of this domain and localizes it to resi-
dues 70 to 219. A search for structurally similar proteins per-
formed using DALI (26) identified a number of proteins con-
taining a GNAT domain (72) that superimposed very well on
the corresponding C-terminal domain of WecD. The closest
structural relatives identified by DALI with a Z-score of >9
include Mycobacterium tuberculosis mycothiol synthase MshD
(Rv0819; PDB code 10ZP [70]), an aminoglycoside acetyl-
transferase [AAC(6)-ly] from Enterococcus faecium (PDB
code 1S3Z [71]), an aminoglycoside 6'-N-acetyltransferase
from Salmonella enterica (PDB code 1B87 [80]), a histone
acetyltransferase (Hpa2) from Saccharomyces cerevisiae (PDB
code 1QSM [2]), an acetyltransferase from Bacillus subtilis
(PDB code 1TIQ; unpublished), the aminoglycoside 2'-N-
acetyltransferase [AAC(2')-Ic] from Mycobacterium tuberculo-
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FIG. 2. Three-dimensional structure of E. coli WecD. (a) Stereo view of the WecD monomer. The domains are differently colored; N-terminal
domain is shown in cyan and the C-terminal GNAT domain in light pink. (b) The N-terminal domain with secondary structure elements labeled.
(c) The C-terminal domain with secondary structure elements labeled. These and subsequent figures were prepared using PyMol (www.pymol.org).
(d) Sequence alignment of selected WecD sequences, highlighting the N-terminal extended sequence present in WecD from E. coli CFT073 and
Salmonella enterica (blue). The potential general acid, Tyr 208, is highlighted as a green star, and other AcCoA-binding residues are highlighted
by cyan squares. Sequence alignment was carried out using ClustalW (7) and formatted using ESPript (23).

sis (PDB code 1M44 [(69]), N-myristoyl transferase from Can-
dida albicans (PDB code INMT [76]), and the FemX
transferase from Weissella viridescens (PDB code 1NE9 [6]). As
described above, the N-terminal domain shares clear structural
similarity to a part of the C-terminal domain corresponding to
a partial GNAT fold, missing the first two a-helices and two
B-strands. It is not surprising, then, that the N-terminal domain
of WecD can be aligned with parts of the GNAT domains of
other proteins, albeit with rather low Z-values of 4 and less.

Four sequence motifs, designated C, D, A, and B (45, 46),
are shared by all members of the GNAT superfamily. The
typical N-acetyltransferase protein fold resembles Bl-al-a2-
B2-B3-B4-a3-B5S-a4-B6 (72) with variation mostly associated
with the lengths of the loops linking B1 and a1, a1, and o2,
the position of a2, and the length of B6. Motifs A and B are
the most conserved segments and are critical to cofactor
binding (12, 34, 64).

As is the case with most proteins from the GNAT super-

family, WecD associates into dimers which form the biologi-
cally functional unit. Mycothiol synthase MshD from Mycobac-
terium tuberculosis (70) and N-myristoyl transferase from S.
cerevisiae (20) and C. albicans (76) are exceptions to this ob-
servation, as both proteins are active as monomers. However,
these two proteins contain two repeats of the full-length
GNAT domain, and while they do not form dimers, their
GNAT domains associate in a manner resembling dimeric
forms of other GNAT proteins.

Acetyl-CoA binding site. In crystals of WecD cocrystallized
with AcCoA, we observed electron density that corresponded
well to this ligand. The electron density is well defined for the
B-mercaptoethylamine and pantothenate portions of CoA, as
well as the central pyrophosphate, but the adenosine and the
3’-phosphate have weaker and less well defined density, indi-
cating substantial mobility at this end of the CoA cofactor (Fig.
4a). Both the substrate and cofactor binding sites are located
within the tunnel that traverses the entire width of each WecD
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FIG. 3. Structure of the WecD dimer. (a) Ribbon representation of
the WecD dimer with chain A colored green and chain B colored
magenta. (b) Surface representation of the WecD dimer, with acetyl-
CoA shown in stick representation. The arrow defines the location of
the narrow side of the tunnel in monomer B, while the wide funnel-like
side of the tunnel is towards the viewer in monomer A.

molecule. The AcCoA cofactor binds at the narrow side of
this tunnel, with the acetyl group reaching the midpoint of
the tunnel and the nucleotide portion extending outside the
tunnel entrance and largely exposed to bulk solvent (Fig. 3).
The AcCoA binding site is formed by residues from strands
B8 and B9, the loop linking a4 and a5 as well as contribu-
tions from the loop B8-a6 and from helix a7. The loop
between a4 and a5 is longer in WecD than in other GNAT
proteins and affects the size and shape of the substrate-
binding site. In most GNAT members, the active site resem-
bles a canyon with AcCoA bound at the bottom, whereas the
longer loop linking a4 and a5 in WecD closes up the canyon,
converting it into a channel. Examination of the electro-
static potential near the AcCoA binding site reveals a par-
ticularly basic region near the pyrophosphate and adenosine
3’-phosphate groups.

The variation in the quality of the electron density for CoA
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is reflected by a greater number of van der Waals and hydro-
gen-bonding interactions between the protein and the mercap-
toethylamine and pantothenate moieties and by the pyrophos-
phate group, with very few contacts made by the adenosine
(Fig. 4a). Each molecule of AcCoA adopts a bent conforma-
tion, with the bend occurring at the P2A atom of the pyro-
phosphate group. The linear part of CoA binds along strand
B8, following the B-bulge produced by Gly166 and Leul67, and
wedges between this strand and strand 9. It makes three
hydrogen bonds to the main-chain atoms of Leul68 and
Gly170 and to the side chain of Asn201 (Fig. 4b). The side
chain of Tyr208 is 3.0 A away from the sulfur atom of AcCoA
and may also provide a hydrogen bond interaction. In addition
to hydrogen-bonding interactions, Phe104, Leul68, Alal69,
and Ala204 contribute to formation of a hydrophobic pocket
suitable for binding the pantetheine moiety. The acetyl methyl
group is oriented toward a hydrophobic pocket formed by
residues Ile165 to Leul68 and Vall95, and the carbonyl oxygen
of the acetyl group is hydrogen bonded to the main chain
amide of Leul68.

The pyrophosphate makes hydrogen bonds to the backbone
NH groups of Glyl72 and Glyl174 and to the side chain of
Arg207. These two glycine residues, located at the loop region
linking strand B8 and helix a6, are part of the Arg/Gln-X-X-
Gly-X-Gly/Ala segment of the GNAT motif A (46). In WecD,
the first position of this motif is atypically an Ala instead of the
usual Arg or Gln. The adenosine moiety at the end of the CoA
molecule is less well defined in electron density, consistent with
its few interactions with the protein. The adenosine folds back
on the pantothenate portion of CoA with the formation of an
intramolecular hydrogen bond between the pantothenate hy-
droxyl and the oxygen of the 5'-phosphate (Fig. 4b). Argl71
interacts with the adenosine segment, but these interactions differ
in the two molecules. In subunit A, Argl71 forms a hydrogen
bond to the terminal phosphate, while in subunit B, this hydrogen
bond is not formed, and instead this side chain is positioned closer
to the adenosine moiety. Several water molecules participate in
bridging interactions between the CoA and protein.

Comparison with other GNAT family proteins shows that
the mode of binding of the mercaptoethylamine and pantothe-
nate segments of AcCoA found in WecD is similar to that
observed for other GNAT proteins. However, binding of the
ADP segment differs from that observed for other proteins.
Indeed, the position of this segment of the CoA varies between
different proteins and originates from differences in the bind-
ing mode of the diphosphate. In WecD, the loop that binds the
diphosphate is five to six residues shorter than in other pro-
teins. This shorter loop causes a different conformation of the
CoA diphosphate and induces a sharp bend in the CoA struc-
ture, resulting in exposure of the adenine ring and the 3’-
phosphate to the solvent and therefore greater mobility than in
other GNAT proteins, where stronger interactions with the
protein restrict their mobility.

Superposing the two subunits of AcCoA-bound WecD
showed that the two monomers are very similar, except for
a loop (residues Gly133 to His137) from subunit B which is
flipped, such that the Ca of Phel35 moves ~11 A. Since
TDP was included in the crystallization but was not clearly
visible in the map, this reorientation of the loop could be the
result of weak TDP binding. A second data set collected
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FIG. 4. WecD acetyl-CoA binding site. (a) Stereo view of the Fo-Fc (omit) electron density around AcCoA from subunit A contoured at the
2.5 o level. Residues interacting with AcCoA are indicated. (b) Interactions between AcCoA and WecD. Residues within 4 A of CoA are shown.

Hydrogen bonds are marked by dashed lines.

from a crystal in which TDP was omitted showed an iden-
tical conformation for the two loops, the same as chain A
from WecD cocrystallized with TDP (not shown). The dif-
ferences in structure between apo and AcCoA bound forms

of WecD are minor. Two notable differences are observed in
the orientation of side chains that are involved in binding
AcCoA. The side chain of Argl71 bends toward and stabi-
lizes the 3’-phosphate, while the side chain of Arg207 turns
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away from the binding site in order to avoid steric clashes
with the cofactor.

Predicted TDP-Fuc4N binding site. The three-dimensional
structure reported here reveals that the acetyl group of AcCoA
is located approximately halfway in a tunnel that traverses the
WecD molecule. This tunnel leads to the AcCoA binding site
on one face of the protein. On the opposite face of the WecD
molecule, the tunnel opens into a relatively well-shaped pocket
that can be regarded as the most probable binding site for the
TDP-B-p-fucosamine substrate. The positions of the AcCoA
sulfur atom and the tunnel surrounding the acetyl group help
define the possible binding location of the substrate. In order
to better define putative enzyme-substrate interactions in this
region, we carried out flexible docking of TDP-Fuc4N, which
was covalently linked as a tetrahedral intermediate transition
state adduct to the acetyl group of WecD-bound AcCoA. A
chemically meaningful anchor was thus introduced at the 4-ni-
trogen atom of the fucosamine moiety, which in turn allowed
docking of the TDP-Fuc4N substrate by conformational sam-
pling of its rotatable bonds using the Monte Carlo minimiza-
tion approach (see Materials and Methods). The lowest-energy
binding mode of TDP-Fuc4N for the WecD protein is shown in
Fig. 5. All residues predicted to interact with TDP-Fuc4N are
absolutely conserved in the sequences of the 14 known ho-
mologs of WecD.

In this model, the fucosamine moiety binds towards the end
of the tunnel traversing the WecD molecule, where it estab-
lishes hydrogen bond and nonpolar contacts with residues
Ala196, Glu70, Tyr123, and Phe104. The fucosamine pyranose
ring adopts a chair conformation with the C-1 and C-4 sub-
stituents in the axial orientation and C-2, C-3, and C-5 sub-
stituents in the equatorial orientation, according to experimen-
tal structural data (27, 66).

The diphosphate group of the modeled TDP-Fuc4N binds at
the opening of the tunnel, where it establishes salt bridge and
hydrogen bond interactions with three WecD residues located
on one side of the binding pocket. Therefore, the “in-register”
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FIG. 5. Structural model of the WecD tetrahedral intermediate resulting from nucleophilic attack of the 4-amino group of TDP-fucosamine
at the acetyl-CoA thioester carbon atom (stereo view). The backbone of the WecD protein is rendered as a tube. Select WeceD residues lining the
putative binding site for TDP-Fuc4N, together with the putative general acid Tyr208, are displayed. Carbon atoms are colored in cyan for the
TDP-Fuc4N part, green for the AcCoA part, and yellow for the displayed WecD residues. The other atom types are colored as follows: N, blue;
O, red; S, yellow; P, magenta. Intermolecular hydrogen bonds are indicated by green dashed lines. Hydrogen atoms are omitted for clarity.

disposition of the Argl08, Trp221, and Lys47 side chains, with
the indole ring sandwiched between the two positively charged
moieties, creates a hydrogen-bonding capability poised to ac-
cept and neutralize the negatively charged diphosphate group
of the substrate. In the present crystal structure, a number of
relatively well-structured water molecules were identified in-
teracting with this hydrogen-bonding donor area. We also note
the conformational restriction on the Argl08 side chain, which
is sandwiched between the aromatic rings of Trp221 and
Phe109 and also anchored by hydrogen bonds to the GIn45 and
Tyr223 side chains.

The B-p-2-deoxyribose fragment is located completely out-
side the tunnel and is largely exposed to the solvent. In this
lowest-energy model of the complex, the thymidine fragment
adopts a conformation that is typically found in nucleotides,
i.e., with the deoxyribose 5" oxygen atom oriented on top of the
deoxyribose ring and facing the thymine C-6—hydrogen atom
(1, 8, 10, 22, 42).

The modeled thymine moiety interacts with the Phe122 side
chain but mostly contacts a flat region of the WecD surface
through parallel stacking with the indole ring of Trp126. Struc-
tural studies have repeatedly revealed parallel stacking inter-
actions between the thymine base of nucleotides and aromatic
rings of proteins (1, 8, 10, 22, 42). In our model, the other face
of the thymine ring is completely exposed to solvent. We note,
however, that when TDP was added to the crystallization mix-
ture, we observed an alternate conformation for the loop
Gly133 to His137 in one monomer in the dimer. Not only is the
alternate conformation of this loop compatible with our model
of the bound substrate, but it would potentially provide addi-
tional stabilization of the complex. Specifically, the alternate
geometry packs the Phel35 side chain directly against the
available face of the thymine ring (not shown), which would
effectively sandwich the thymine ring between the Trp126 and
Phe135 aromatic rings.

Implications for catalysis. Analysis of the WecD-AcCoA
complex, as well as the model of the tetrahedral intermediate
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with TDP-Fuc4N, offers insight into the mode of catalysis by
this enzyme. Acetyl transfer likely occurs by direct nucleophilic
attack of the TDP-fucose 4-amino group at the AcCoA thio-
ester carbon, involving a ternary enzyme-substrate complex, as
previously shown for various GNAT family members (11, 17,
31, 62, 63). While the kinetic mechanism of WecD has not yet
been investigated, formation of an enzyme-substrate ternary
complex is entirely reasonable, given the clear accessibility of
the active sites, suggesting that both substrates can bind simul-
taneously. A ping-pong kinetic mechanism involving a covalent
enzyme intermediate for WecD is chemically unlikely, as there
are no residue side chains proximal to the acetyl moiety of
AcCoA that could act as an acetyl acceptor.

Given that the pK,’s for alkyl-amines are in the basic range
(>9.5), the 4-amino group of the substrate likely requires depro-
tonation in order to act as an effective nucleophile. Various
strategies have been put forward for how the substrate amino
group is deprotonated in members of the GNAT family, in-
cluding direct proton abstraction by an Asp or Glu residue
(67), via an activated water molecule (24), or through a series
of hydrogen-bonded water molecules that together form a
“proton wire” (25, 69). In some instances, as with serotonin
acetyltransferase (57, 79), clear evidence for a catalytic base
has not yet been obtained. Inspection of the model of the
WecD-bound adduct does not indicate any nearby residue that
could directly function as a general base. The closest acidic
residue, Glu68, is 7.5 A from the 4-amino group in the tetra-
hedral intermediate model. Several water molecules are
present in this region that could potentially serve as a base if
deprotonated. The region surrounding the 4-amino group is
predominantly nonpolar, which should favor deprotonation by
lowering its pK,. That is, extensive burial of a protonated
amino group in the middle of the tunnel traversing the WecD
molecule would likely be accompanied by a significant desol-
vation cost, and no salt bridge interaction can be established
within the tunnel to offset this. A single hydrogen bond is
observed in the modeled tetrahedral intermediate, between
the carbonyl O of Ala196 and the 4-amino group of the sugar.
Unlike the case of a salt bridge interaction, this hydrogen bond
interaction is not expected to favor the positively charged form
of the bound amine.

A structurally conserved active site tyrosine in many GNAT
enzymes, Tyr208 in WecD, is positioned 3.0 A from the sulfur
atom of CoA. This residue has been suggested to stabilize and
protonate the thiolate anion of the leaving CoA and to assist in
correctly orienting the acetyl group for transfer (24, 25, 49, 57).
The GNA1 mutant enzyme Tyr143Ala has severely diminished
activity, consistent with an important role for this residue in
activity (40). Similarly, mutation of Tyr168 to Phe in serotonin
N-acetyltransferase significantly reduced V,,,,, (25, 57). Studies
of the pH-versus-rate profile for the latter enzyme established
that Tyr168 is responsible for the basic limb of the activity
profile, with an apparent pK, of 8.5 (57). The relatively non-
polar environment of Tyr208 in WecD may contribute to low-
ering its pK, such that it can function to protonate the thiolate
anion leaving group.
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