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Abstract: N-formylated sugars have been observed on the O-antigens of such pathogenic
Gram-negative bacteria as Campylobacter jejuni and Francisella tularensis. Until recently, however,
little was known regarding the overall molecular architectures of the N-formyltransferases that are
required for the biosynthesis of these unusual sugars. Here we demonstrate that the protein
encoded by the wbtj gene from F. tularensis is an N-formyltransferase that functions on dTDP-4amino-4,6-dideoxy-D-glucose as its substrate. The enzyme, hereafter referred to as WbtJ, demonstrates a strict requirement for N10-formyltetrahydrofolate as its carbon source. In addition to the
kinetic analysis, the three-dimensional structure of the enzyme was solved in the presence of
dTDP-sugar ligands to a nominal resolution of 2.1 Å. Each subunit of the dimeric enzyme is dominated by a “core” domain defined by Met 1 to Ser 185. This core motif harbors the active site residues. Following the core domain, the last 56 residues fold into two a-helices and a b-hairpin motif.
The hairpin motif is responsible primarily for the subunit:subunit interface, which is characterized
by a rather hydrophobic pocket. From the study presented here, it is now known that WbtJ functions on C-40 amino sugars. Another enzyme recently investigated in the laboratory, WlaRD, formylates only C-30 amino sugars. Strikingly, the quaternary structures of WbtJ and WlaRD are
remarkably different. In addition, there are several significant variations in the side chains that line
their active site pockets, which may be important for substrate specificity. Details concerning the
kinetic and structural properties of WbtJ are presented.
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Since the devastating attacks on September 11, 2001,
concern over the use of biological weapons has grown
considerably. In reality, however, the utilization of bioweapons is not new. Indeed, the first documented case
of biological warfare occurred during the Anatolian
war (1320–1318 BC) where the Neshites and the Arzawans sent infected rams towards one another.1 Most
likely these animals were carriers of the pathogenic
bacterium, Francisella tularensis, a virulent Gramnegative organism that is the causative agent of tularemia or “rabbit fever.” More than two hundred species
of vertebrates and invertebrates have now been shown
to be infected by the bacterium.2 F. tularensis is
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Scheme 1.

Reaction catalyzed by WbtJ.

transmitted to humans via deer flies, mosquitoes, or
ticks, for example, or by the inappropriate handling
of infected animals. Because of its highly infectious
nature, the ease in which it can be produced as an
aerosol, and its ability to cause severe respiratory illnesses and systemic infections, F. tularensis is classified as a select agent by the Centers for Disease
Control and requires, at a minimum, biosafety level 2
handling practices.
As observed in most Gram-negative bacteria,
the outer membranes of F. tularensis contain complex glycoconjugates referred to as lipopolysaccharides.2 Each lipopolysaccharide entity is composed of
a lipid A molecule, a core oligosaccharide, and an Oantigen. Unlike the core oligosaccharides, the Oantigens of Gram-negative bacteria often contain
unusual dideoxysugars such as 4,6-dideoxy-4-formamido-D-glucose or Qui4NFo as in the case of F. tularensis (Scheme 1). These sugars are added to the
lipopolysaccharide via the action of glycosyltransferases, which employ nucleotide-linked derivatives
such as dTDP-Qui4NFo as their substrates.
The amino acid sequence for the hypothetical
protein from F. tularensis subsp. tularensis that is
thought to catalyze the last step in the formation of
dTDP-Qui4NFo (Scheme 1) has been deposited in
GenBank (AAS60274.1) and is referred to as WbtJ.
Here we report the first structural and biochemical
characterization of this putative N-formyltransferase. Our results demonstrate that, indeed, WbtJ catalyzes the conversion of dTDP-4,6-dideoxy-4-aminoD-glucose (dTDP-Qui4N) to dTDP-4,6-dideoxy-4-formamido-D-glucose (dTDP-Qui4NFo) using N10-formyltetrahydrofolate as the carbon donor. Details
concerning the overall molecular architecture of
WbtJ and its catalytic properties are presented.

Results and Discussion
Enzymatic activity of WbtJ
Given that the assignment of WbtJ as an N-formyltransferase was based simply on amino acid
sequence homologies, we began our investigation by
determining its enzymatic activity. Kinetic parameters were determined at 23 C via a discontinuous
assay using HPLC as described in Materials and
Methods. The enzyme demonstrated an absolute
requirement for N10-formyltetrahydrofolate. A plot
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of substrate concentration (dTDP-Qui4N) versus initial rate was analyzed and fitted to the equation
vo 5 (Vmax[S])/(KM 1 [S]) (Fig. 1). The Km for dTDPQui4N was determined to be 0.73 6 0.08 mM and
the kcat was 12.3 6 0.5 s21. The overall catalytic efficiency of WbtJ (1.7 3 104 M21 s21) is comparable to
those values observed for other sugar N-formyltransferases.3,4 The enzyme demonstrated no catalytic
activity with GDP-perosamine, dTDP-3,6-dideoxy-3amino-D-glucose, or dTDP-3,6-dideoxy-3-amino-D-galactose as a substrate.

Overall structure of WbtJ
Crystallization conditions were initially surveyed for
WbtJ in the absence of ligands or in the presence of
dTDP and N5-formyltetrahydrofolate. The catalytically competent N10-formyltetrahydrofolate cofactor
is unstable. The best crystals were observed growing
from solutions containing 5 mM dTDP and 5 mM
N5-formyltetrahydrofolate. These crystals belonged
to the space group P21 and contained four subunits
in the asymmetric unit. The structure of WbtJ was
solved via SAD phasing as described in Materials
and Methods. Unfortunately, no electron density for
the N5-formyltetrahydrofolate cofactor was observed
in the initial map. Subsequently, crystals of WbtJ, in
complex with N5-formyltetrahydrofolate and either
the substrate (dTDP-Qui4N) or the product (dTDPQui4NFo) were also grown. None of the electron
density maps based on X-ray data collected from
these crystals revealed bound N5-formyltetrahydrofolate. The electron density maps did show, however,
that dTDP-sugars were bound in the active sites,
but the pyranosyl moieties of the ligands were somewhat disordered.
A second crystal form, cocrystallized in the presence of N5-formyltetrahydrofolate and dTDPQui4NFo, was subsequently obtained that belonged
to the space group P1 with eight subunits in the
asymmetric unit. An electron density map using Xray data collected from this crystal form revealed
the position of a dTDP-Qui4NFo ligand in one subunit. In addition, four other subunits in the asymmetric unit contained dTDP-Qui4N, most likely a
contaminant in the dTDP-Qui4NFo solutions. The
remaining three subunits contained bound ligands,
but the electron densities were ordered only for the
dTDP moieties. Again, no bound tetrahydrofolate
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Figure 1.

Plot for the determination of kcat and Km.

derivatives were observed in the electron density
map. The model was refined to a nominal resolution
of 2.1 Å (Roverall and Rfree to 19.5 and 27.4%) and is
the focus of the following discussion. Given that
there were eight subunits in the asymmetric unit,
only subunits A and B, which form a functional
dimer, are described below. The electron densities
for the dTDP-Qui4N and dTDP-Qui4NFo ligands,
when bound to subunits A and B, respectively, are
displayed in Figure 2(a,b).
A ribbon representation of WbtJ is shown in
Figure 3(a). The dimer has overall dimensions of
92 Å 3 74 Å 3 66 Å and a buried surface area of
1700 Å2 per subunit. The active sites, separated by
50 Å, are located in relatively shallow clefts at the
surface of the enzyme. The pyrophosphoryl groups of
the dTDP-sugar ligands are solvent exposed. Each
monomer is dominated by a globular “core” formed
by Met 1 to Ser 185. This N-terminal domain consists of a seven-stranded mixed b-sheet flanked on
one side by three a-helices and on the other side by
an a-helix and a helical turn [Fig. 3(b)].
Following the N-terminal core, the polypeptide
chain, from Ile 186 to Ser 241, folds into two ahelices and terminates with a b-hairpin motif. Pro
217, situated in a turn connecting the second a-helix
to the b-hairpin, adopts a cis conformation. The bhairpin contains a classical Type I turn between Asp
225 and Gly 228. This portion of the polypeptide
chain, extending from the core domain, is responsible for the subunit:subunit interactions required for
dimerization. Specifically, the b-hairpins in each
subunit pack against one another to ultimately form
a four-stranded anti-parallel b-sheet. The dimeric
interface is characterized by a hydrophobic patch
formed by Ile 195, Leu 197, Val 201, Met 203, Ile
207, Phe 223, Val 231, Val 233, Leu 235, and Leu
237 from both monomers [Fig. 3(c)]. The two subunits of the dimer are virtually identical such that
their a-carbons superimpose with a root-meansquare deviation of 0.53 Å.
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A close-up view of the active site with bound
dTDP-Qui4N in subunit A is displayed in Figure
4(a). The thymine ring of the dTDP-sugar forms parallel stacking interactions with the aromatic side
chains of Phe 103 and Tyr 218 and participates in
hydrogen-bonding interactions with the carboxamide
group of Asn 220 and a water molecule. The ribosyl
moiety is anchored to the protein via the side chain
of Gln 105. Two water molecules and the side chains
of His 73, Tyr 149, and Tyr 218 interact with the
phosphoryl oxygens of the substrate. There are no
interactions between the protein and the functional
groups on the hexose ring of the substrate. A closeup view of the active site with bound dTDPQui4NFo in subunit B is presented in Figure 4(b).
Binding of the product results in a few minor rotations of some side chains, but overall the active site
geometries of subunits A and B are nearly identical
within experimental error. The formyl group of the
dTDP-Qui4NFo ligand, directed out of the active
site, does not lie within hydrogen bonding distance
to any protein side chains.

Comparison of WbtJ to WlaRD
N-formylated sugars were first observed in 1985 on
the lipopolysaccharides of certain strains of Pseudomonas aeruginosa.6 Until recently, however, little
had been reported on the biochemical and/or structural aspects of the enzymes required for their biosynthesis.3,6,7 The first three-dimensional structure
of a sugar N-formyltransferase, that of ArnA from
Escherichia coli, was reported in 2005.7 ArnA is a
bifunctional enzyme whose N-terminal domain converts UDP-4-amino-4-deoxy-L-arabinose to UDP-4formamido-4-deoxy-L-arabinose. The structure was
determined in the presence of N5-formyltetrahydrofolate and UMP. The second report on a sugar N-formyltransferase, appearing in 2012, described a
biochemical characterization of VioF from Providencia alcalifaciens O30.3 Like WbtJ, this enzyme catalyzes the N-formylation of dTDP-Qui4N to yield
dTDP-Qui4NFo (Scheme 1) and requires N10-formyltetrahydrofolate for activity. Very recently, we
reported a detailed structural and functional characterization of an enzyme referred to as WlaRD from
Campylobacteri jejuni 81116. WlaRD catalyzes the
N-formylation of dTDP-3,6-dideoxy-3-amino-D-glucose to yield dTDP-3,6-dideoxy-3-formamido-D-glucose.4 For this analysis, seven crystal structures
were determined in the presence of various cofactors
and dTDP-linked sugars. One of the models provided, for the first time, a detailed understanding of
an N-formyltransferase complexed to its catalytically
competent
cofactor,
N10-formyltetrahydrofolate,
rather than the more stable N5-formyltetrahydrofolate derivative.
Structural alignments of WbtJ, WlaRD, and
ArnA reveal three conserved residues located within
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Figure 2.
Electron density corresponding to the dTDP-ligands. The substrate for WbtJ, dTDP-Qui4N, was observed binding
in the active site of subunit A. The electron density map shown in (a) was calculated with coefficients of the form Fo 2 Fc, where
Fo was the native structure factor amplitude and Fc was the calculated structure factor amplitude. The map was contoured at
3r. The ligand coordinates were not included in the map calculation or in the initial model refinements. Shown in (b) is the electron density corresponding to the dTDP-Qui4NFo ligand bound to subunit B. The map was calculated as described above. All
figures were prepared with the software package PyMOL.5

their active sites. These correspond to Asn 90, His
92, and Asp 127 in WbtJ [Fig. 4(a)]. Mutation of any
of these conserved residues in WlaRD resulted in an
inactive enzyme under the assay conditions
employed.4 The conserved histidine in WlaRD was
predicted to function as the active site base to
deprotonate the C-30 amino group of the dTDP-sugar
substrate. In WbtJ, the imidazole side chain of His
92 is located at 7.8 Å from the C-40 amino group of
the substrate. This longer than expected distance is
most likely a result of the dTDP-sugar substrate
adopting a nonproductive binding conformation in
the active site as discussed below.
Both WlaRD and WbtJ function as dimers, but
the manner in which their subunits associate is different as can be seen by comparing the ribbon representation of WlaRD shown in Figure 5(a) to that of

276

PROTEINSCIENCE.ORG

WbtJ displayed in Figure 3(a). The WlaRD polypeptide chain, extending for an additional 33 amino
acid residues at the C-terminus, folds into a fourstranded antiparallel b-sheet. As a consequence, the
subunit:subunit interface in WlaRD is markedly different to that observed for WbtJ. A superposition of
the WlaRD and WbtJ subunits is presented in Figure 5(b). Whereas the quaternary structures are different between the two enzymes, the overall folds of
their “core” domains superimpose well with a rootmean-square deviation 1.3 Å for 172 a-carbons. The
amino acid sequence identity between these core
domains is 29%.
A comparison of the active sites for WlaRD and
WbtJ is shown in Figure 5(c). The thymine rings of
the substrates are accommodated in the active sites
of these enzymes in similar manners. Specifically, in
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Figure 3.
The structure of WbtJ. A ribbon representation of the WbtJ dimer is displayed in (a). The subunit:subunit interface
is formed by a four stranded b-sheet. The dTDP-sugar ligands are displayed as sticks. Shown in (b) is a ribbon representation
of one subunit. The overall architecture of the subunit can be envisioned as a globular “core” domain that harbors the active
site region and a dimerization domain that extends away from the core motif. A close-up view of the subunit:subunit interface is
presented in (c). Subunits A and B are colored in light blue and green, respectively.
Zimmer et al.
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Figure 4.
Close-up views of the active sites. The active site in subunit A contained bound dTDP-Qui4N. Those residues surrounding the ligand are shown in (a). Possible hydrogen bonding interactions are indicated by the dashed
lines. The active site region for subunit B of the dimer is displayed in (b). This subunit contained the product, dTDPQui4NFo.

both enzymes, the thymine ring of the substrate is
surrounded by a phenylalanine residue (Phe 103 in
WbtJ and Phe 107 in WlaRD) and a tyrosine residue
(Tyr 218 in WbtJ and Tyr 222 in WlaRD). In addition, the thymine rings lie within hydrogen bonding
distance to either Asn 220 in WbtJ or Gln 223 in
WlaRD. The cis-proline (Pro 217) in WbtJ that lies
near the thymine ring of the dTDP-sugar is not conserved in WlaRD, however.
The major difference in substrate binding
between these two enzymes arises primarily through
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the dihedral angles of the pyrophosphoryl groups.
The dTDP-sugar in WlaRD adopts a more extended
conformation such that its C0 -3 amino group projects
towards the conserved asparagine, histidine, and
aspartate residues. Importantly, all of the structures
of WlaRD were solved in the presence of either N5formyltetrahydrofolate or N10-formyltetrahydrofolate. Most likely the dTDP-sugar in WbtJ adopts a
non-productive conformation due to the absence of a
bound tetrahydrofolate derivative. In the presence of
the appropriate cofactor, the WbtJ substrate

Structure of an N-formyltransferase

Figure 5.
Comparison of the WlaRD and WbtJ structures. A ribbon representation of the WlaRD dimer is presented in (a).
Note the difference in quaternary structures between WlaRD and WbtJ [Fig. 3(a)]. A superposition of the ribbon drawings for
WlaRD (red) and WbtJ (light blue) is shown in (b). Whereas the core domains are similar between the two enzymes, the Cterminal regions are completely different. A comparison of the WlaRD and WbtJ active sites is provided in (c). The positions of
the three absolutely conserved residues, Asn 90, His 92, and Asp 127 are shown for WbtJ (green and wheat bonds) and WlaRD
(white bonds). The dTDP-Qui4N ligand bound to WbtJ is highlighted in gray and orange bonds whereas the dTDP-Qui3N substrate bound to WlaRD is depicted in white bonds. The amino acid numbering refers to those residues in WbtJ.

Zimmer et al.
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Table I.

X-ray Data Collection Statistics

Wavelength (Å)
Resolution limits (Å)
Unit cell dimensions (Å, deg)
Number of independent reflections
Completeness (%)
Redundancy
avg I/avg r(I)
Rsym (%)b
a
b

Selenomethionine-labeled protein

Wild-type enzyme

0.9794
30.0–2.24 (2.30–2.24)a
a 5 80.0, b 5 72.0 c 5 107.3,
b 5 107.3
56,279 (4288)
99.9 (99.9)
5.2 (5.0)
37.4 (9.0)
5.1 (22.8)

0.9794
30.0–2.10 (2.18–2.10)a
a 5 71.9, b 5 80.1, c 5 109.9, a 5 71.7,
b 5 88.6,g 5 89.8
121,975 (11,250)
90.2 (82.9)
2.1 (1.7)
24.0 (3.9)
7.0 (23.1)

Statistics
highest resolution bin.
Pfor theP
Rsym 5 ( jI 2 Ij/ I) 3 100.

probably adopts an extended conformation that places the hexose C0 -4 amino group within hydrogen
bonding distance to His 92.
There are also several notable differences in the
amino acid residues lining the active sites of WlaRD
versus WbtJ. In WlaRD, the phosphoryl moiety of
the dTDP-sugar substrate interacts with Lys 9.
Strikingly, in WbtJ, the corresponding residue is
Asp 9 whose side chain projects away from the
active site pocket. Likewise, the positively charged
Arg 192 in WlaRD, which is directed toward the
active site, is replaced with Ile 186 in WbtJ. Finally,
the indole side chain of Trp 102 in WbtJ, that abuts
one side of the pyranosyl ring of the dTDP-sugar
substrate, is replaced with Val 106 in WlaRD. These
variations in the active site pockets make it difficult
to predict with any certainty the manner in which
WbtJ accommodates the dTDP-sugar substrate in a
catalytically competent mode.
In summary, the kinetic experiments described
herein demonstrate for the first time that WbtJ
functions as a sugar N-formyltransferase using
dTDP-Qui4N as its substrate and N10-formyltetrahydrofolate as its cofactor. The overall catalytic efficiency of WbtJ is, indeed, comparable to that
observed for other sugar N-formyltransferases. The
structural analysis of WbtJ shows that it adopts a
decidedly different quaternary structure as compared to WlaRD. Experiments designed to obtain a
model for the ternary complex of WbtJ are presently
underway.

Materials and Methods
Cloning of wbtj
A synthetic gene encoding for a protein with a Cterminal His-tag was originally synthesized by
DNA2.0 using E. coli optimized codons. This Cterminally tagged construct did not yield soluble
protein, however. Thus, the synthesized gene was
subsequently employed as a template for further
cloning. A new construct was prepared via PCR
using Platinum Pfx DNA polymerase (Invitrogen)
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and primers that incorporated NdeI, 50 -CATATG
AAGAAGATTTTTGTTGTGACTGATAACCGTACC-30 ,
and XhoI, 50 -CTCGAG TTAGCTGATCTTTTCCAGT
TCCAATGCGACGAAAACTTTGTTACC-30 restriction
sites. The PCR product was digested with NdeI and
XhoI and ligated into pET28t, a lab pET28b(1) vector that had been previously modified to incorporate
a TEV protease recognition site after the N-terminal
polyhistidine tag.8

Protein expression and purification
The pET28t-wbtj plasmid was utilized to transform
Rosetta2(DE3) E. coli cells (Novagen). The cultures
were grown in lysogeny broth supplemented with
kanamycin and chloramphenicol at 37 C with shaking until an optical density of 0.8 was reached at
600 nm. The flasks were cooled in an ice bath, and
the cells were induced with 1 mM IPTG and allowed
to express protein at 16 C for 24 h.
The cells were harvested by centrifugation and
disrupted by sonication on ice. The lysate was
cleared by centrifugation, and WbtJ was purified
with Ni-NTA resin (Qiagen) according to the manufacturer0 s instructions. The protein was dialyzed
against 10 mM Tris-HCl (pH 8.0) and 200 mM NaCl
and concentrated to 14 mg mL21 based on an extinction coefficient of 1.33 (mg mL21)21 cm21. For
removal of the N-terminal His6-tag, a solution containing a 30:1 molar ratio (WbtJ:TEV protease) was
allowed to digest at 4 C for 48 h. Uncleaved protein
and the TEV protease were removed by passage
over Ni-NTA resin. Cleaved enzyme was dialyzed
and concentrated to 13.5 mg mL21 in the same manner as described above for the N-terminally tagged
version.
Selenomethionine-labeled protein was prepared
via standard methods used in the laboratory.9 The
E. coli cells were grown in minimal media, and prior
to the addition of IPTG, methionine biosynthesis
was suppressed by the addition of lysine, threonine,
phenylalanine, leucine, isoleucine, valine, and selenomethionine. The selenomethionine labeled protein
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Table II.

Refinement Statistics

Resolution limits (Å)
R-factor (overall)%/no. reflectionsa
R-factor (working)%/no. reflections
R-factor (free)%/no. reflections
Number of protein atoms
Number of heteroatoms
Average B values
Protein atoms (Å2)
Ligand (Å2)
Solvent (Å2)
Weighted RMS deviations from ideality
Bond lengths (Å)
Bond angles ( )
Planar groups (Å)
Ramachandran regions (%)b
Most favored
Additionally allowed
Generously allowed

30–2.1
19.5/121975
19.1/115826
27.4/6149
15686
1012
39.9
41.3
38.8
0.012
2.29
0.010
89.1
10.3
0.6

a

R-factor 5 (R|Fo 2 Fc|/R|Fo|) 3 100 where Fo is the
observed structure-factor amplitude and Fc. is the calculated structure-factor amplitude.
b
Distribution of Ramachandran angles according to
PROCHECK.18

was purified in the same manner as the wild-type
enzyme, the His6-tag was removed, and the protein
was concentrated to 12.5 mg mL21.

Synthesis and purification of the dTDP-sugar
ligands
dTDP-Qui4N was prepared by modifications of a
previously reported procedure.10 Solutions (50 mL)
containing 3.5 mM dTDP-glucose, 0.25 mg mL21 E.
coli RmlB (a 4,6-dehydratase), 0.4 mg mL21 DesI
(an aminotransferase from Streptomyces venezuelae),
40 mM sodium glutamate, and 50 mM HEPPS (pH
8.5) were allowed to react at room temperature for
12 h to generate dTDP-Qui4N. All enzymes were
then removed by filtration through a 10,000 MW
cutoff Amicon filter. The filtered reaction mixture
was diluted 20-fold with water and loaded onto a 50
mL HiLoad 26/10 Q-Sepharose HP column. The
dTDP-Qui4N was purified with a 12-column volume
gradient of 0–0.9 M ammonium acetate (pH 4.0) and
eluted at a concentration of 0.250 M ammonium acetate. All enzymes required for the dTDP-sugar synthesis were cloned and purified in the laboratory.
N10-formyltetrahydrofolate was synthesized as
previously described.11 Specifically, N5-formyltetrahydrofolate was first converted to 5,10-methylenetetrahydrofolate by mixing 20 mg of N5formyltetrahydrofolate and 50 mL b-mercaptoethanol
in 4 mL water and adjusting the pH to 1.9 with 0.1
M HCl. The solution was incubated at room temperature for 4 h. The mixture was then converted to
N10-formyltetrahydrofolate by raising the pH to 8.5
with 1 M KOH followed by incubation at 37 C for 60
min.
For the preparation of the dTDP-Qui4NFo sugar
used in this investigation, an 18 mL N10-formylte-
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trahydrofolate mixture was combined with 100 mg
of dTDP-Qui4N, 30 mg WbtJ, and 5 mL of 500 mM
HEPPS (pH 8.5) and incubated overnight at 37 C.
The reaction mixture was passed through a 10,000
MW cutoff Amicon filter to remove enzymes, diluted
to 700 mL with water, loaded onto a 50 mL HiLoad
26/10 Q-Sepharose HP column, and eluted with a
15-column volume gradient of 0–1.2 M ammonium
acetate (pH 4.0). The dTDP-Qui4NFo eluted at a
concentration of 750 mM ammonium acetate. The
material was diluted, the pH adjusted to 8.5, and
the sample loaded onto a second 50 mL 26/10 column for further purification. A 10-column volume
gradient of 0–600 mM ammonium bicarbonate (pH
8.5) was used for this step, with the dTDP-Qui4NFo
eluting at a concentration of 200 mM ammonium
bicarbonate. ESI mass spectrometry of the product
in negative ion ionization mode gave an M-1 peak
mass of 574, which corresponds to the calculated
mass for dTDP-Qui4NFo.

Crystallization of WbtJ complexes
Crystallization conditions were surveyed by the
hanging drop method of vapor diffusion using a
laboratory-based sparse matrix screen. The enzyme
was initially tested in the absence of ligands or in
the presence of 5 mM dTDP and 5 mM N5-formyltetrahydrofolate at both room temperature and 4 C.
The untagged version of the enzyme, at room temperature, yielded the best crystals from the initial
screens. X-ray diffraction quality crystals of the protein in complex with 5 mM dTDP and 5 mM N5-formyltetrahydrofolate were subsequently grown from
precipitant solutions composed of 27–31% 2-methyl2,4-pentanediol (MPD) and 100 mM MOPS (pH 7.0).
The crystals belonged to the monoclinic space group
P21 with unit cell dimensions of a 5 80 Å, b 5 72 Å,
c 5 107 Å and b 5 107 and four subunits in the
asymmetric unit. Crystals of the selenomethioninelabeled protein were also grown under the same conditions and belonged to the P21 space group.
A second crystal form was subsequently
obtained from 12 to 15% poly(ethylene glycol) 8000
and 100 mM HEPPS (pH 8.0) in the presence of 5
mM dTDP and 5 mM N5-formyltetrahydrofolate.
These crystals belonged to the P1 space group with
unit cell dimensions of a 5 72 Å, b 5 80 Å, c 5 110
Å, a 5 72 , b 5 88 , and c 5 90 and eight subunits in
the asymmetric unit. Crystals of WbtJ complexed
with N5-formyltetrahydrofolate and either dTDPQui4N or dTDP-Qui4NFo were grown under similar
conditions.

Structural analysis of WbtJ complexes
The crystals grown from MPD were transferred into
a cryo-protectant solution containing 35% MPD, 300
mM NaCl, 5% ethylene glycol, and ligands in the
same concentrations used for the crystallization
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trials. The crystals grown from the poly(ethylene
glycol) 8000 solutions were first transferred to a
solution containing 19% poly(ethylene glycol) 8000,
200 mM NaCl, and ligands in the same concentrations used for the crystallization experiments. They
were then transferred to a final solution containing
25% poly(ethylene glycol) 8000, 400 mM NaCl, 16%
ethylene glycol, and ligands in the same concentrations used for crystallization trials.
All X-ray data were collected at the Structural
Biology Center Beamline 19-BM (Advanced Photon
Source). The data were processed and scaled with
HKL3000.12 Relevant X-ray data collection statistics
are listed in Table I.
The first structure of WbtJ was solved via a
SAD experiment (selenium peak wavelength 0.9794
Å) using selenomethionine labeled crystals obtained
in the presence of 5 mM dTDP, 5 mM N5-formyltetrahydrofolate and MPD and belonging to the P21
space group. Analysis of the X-ray data with
SHELXD located 16 of the expected 24 sites.13 Initial phases were calculated with SOLVE, and further
improved with fourfold averaging and solvent flattening using RESOLVE.14,15 The resulting electron
density map allowed for an almost complete tracing
of the polypeptide chain. The model was then used
as a search probe to solve the structures of the proteins in complex with various substrate analogs,
substrates, or products via molecular replacement.
Unfortunately, no crystals that were examined contained bound tetrahydrofolate derivatives.
An electron density map using X-ray data collected from a crystal belonging to the P1 space group
did reveal the position of a dTDP-Qui4NFo ligand in
one subunit. In addition, four other subunits within
the asymmetric unit contained dTDP-Qui4N. The
remaining three subunits also contained bound
ligands, but the electron density was sufficiently
ordered only for the dTDP moiety of the ligand. Iterative cycles of model building with COOT and refinement with REFMAC reduced the Rwork and Rfree to
19.1 and 27.4%, respectively, from 30 to 2.1 Å resolution.16,17 Model refinement statistics are listed in
Table II.

Kinetic analyses
Kinetic parameters for WbtJ were obtained via a
€
discontinuous assay using an AKTA
HPLC. The
reaction rates were determined by calculating the
amount of dTDP-Qui4NFo produced on the basis of
the peak area of the HPLC trace as measured at 267
nm. The area was correlated to concentration via a
calibration curve created with standard samples
that had been treated in the same manner as the
reaction aliquots.
Specifically, for these experiments, 1.1 mL reactions were set up that contained 7 mM N10-formyltetrahydrofolate, 50 mM HEPPS (pH 8.5), 0.002 mg
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mL21 enzyme, and substrate concentrations ranging
from 0.15 to 20 mM dTDP-Qui4N. 250-mL aliquots
were taken at various time points over 4 min and
quenched by the addition of 12 mL of 6 M HCL.
Afterwards, 200 mL of carbon tetrachloride were
added, the samples were vigorously mixed, spun at
14,000g for 1 min, and a 200-mL aliquot of the aqueous phase taken for subsequent analysis via HPLC.
The samples were diluted with 2 mL water and
loaded onto a 1 mL ResQ column, and the products
quantified after elution with an eight-column volume gradient of 0–400 mM LiCl (pH 4.0, HCl). Plots
of concentrations versus initial rates were analyzed
using PRISM (GraphPad Software) and were fitted
to the equation vo 5 (Vmax [S])/(KM 1 [S]). The kinetic
parameters
determined
were
as
follows:
Km 5 0.73 6 0.08 mM and kcat 5 12.3 6 0.5 s21.
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