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ABSTRACT: 3-Acetamido-3,6-dideoxy-R-D-glucose or Quip3NAc is an unusual deoxyamino sugar found
in the O-antigens of some Gram-negative bacteria and in the S-layers of Gram-positive bacteria. It is
synthesized in these organisms as a dTDP-linked sugar via the action of five enzymes. The focus of this
investigation is on QdtB from Thermoanaerobacterium thermosaccharolyticum E207-71, a PLP-dependent
aminotransferase that catalyzes the penultimate step in the production of dTDP-Quip3NAc. For this analysis,
the enzyme was crystallized in the presence of its product, dTDP-Quip3N, and the structure was solved
and refined to 2.15 Å resolution. QdtB is a dimer, and its overall fold places it into the well-characterized
aspartate aminotransferase superfamily. Electron density corresponding to the bound product reveals the
presence of a Schiff base between C-4′ of the PLP cofactor and the amino nitrogen of the sugar. Those
amino acid side chains involved in binding the dTDP-sugar into the active site include Tyr 183, His 309,
and Tyr 310 from subunit 1 and Lys 219 from subunit 2. Notably there is a decided lack of interactions
between the pyranosyl C-4′ hydroxyl of the dTDP-sugar and the protein. In keeping with this observation,
we show that QdtB can also turn over dTDP-3-acetamido-3,6-dideoxy-R-D-galactose. This investigation
represents the first structural analysis of a sugar-modifying aminotransferase with a bound product in its
active site that functions at the C-3′ rather than the C-4′ position of the hexose.

Deoxyamino sugars represent an interesting and unusual
class of carbohydrates synthesized by a variety of bacteria,
fungi, and plants (1). These types of carbohydrates can be
found, for example, attached to macrolide antibiotics such
as erythromycin. A past structural analysis of the 50S
ribosomal subunit from Deinococcus radiodurans complexed
with erythromycin highlights the importance of the deoxyami-
no sugar in ribosome binding (2). Indeed, antibiotics such
as carbomycin A, spiramycin, tylosin, and azithromycin, all
of which contain derivatives of deoxyamino sugars, have
been shown to function as antimicrobial agents by binding
to ribosomes and blocking protein synthesis (3). Deoxyamino
sugars, however, are not confined solely to antibiotics. They
are, in fact, widespread in nature where they are often found
in the O-antigens of Gram-negative bacteria or in the glycan
portions of bacterial cell surface layers (S-layers) (4, 5). In
all cases, whether these deoxyamino sugars are attached to
macrolide antibiotics or are constituents of the bacterial
O-antigens or S-layers, they are synthesized via biochemical
pathways that require the initiating sugar to be attached to a
nucleotide, typically dTDP (1, 6). Additionally, regardless

of the positions of the amino groups on the carbohydrate
scaffolds, they are attached to the sugars via the actions of
pyridoxal 5′-phosphate- (PLP-)1 dependent aminotransferases
(6).

The PLP-dependent aminotransferases have been the focus
of significant structural and functional studies in the past due
to the remarkable reactions they catalyze, ranging from
racemizations, decarboxylations, transaminations, and elimi-
nations, among others (7). Only recently, however, have the
structures of sugar-modifying aminotransferases been deter-
mined (8-13). The focus of this investigation is QdtB, a
sugar-modifying aminotransferase from Thermoanaerobac-
terium thermosaccharolyticum E207-71 (14). QdtB plays a
key role in the biosynthesis of 3-acetamido-3,6-dideoxy-R-
D-glucose (Quip3NAc), a carbohydrate that has been ob-
served in the O-antigens of some Gram-negative bacteria
including Escherichia coli O114 (15) and in the S-layers of
Gram-positive bacteria (16). As indicated in Scheme 1, five
enzymes are required for the formation of dTDP-Quip3NAc
(16). In the first step of the pathway, glucose 1-phosphate is
attached to the nucleotide via the action of RmlA, a glucose
1-phosphate thymidylyltransferase. Subsequently, the 6′-
hydroxyl group is removed and the C-4′ hydroxyl group is
oxidized to a keto moiety by RmlB, a 4,6-dehydratase. The
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third step in the pathway is catalyzed by QdtA, a 3,4-
ketoisomerase that produces dTDP-3-keto-6-deoxy-D-glu-
cose. This nucleotide-linked sugar is then aminated at the

C-3′ position of the hexose by the action of QdtB. In the
final step of the pathway, dTDP-QuipN, the product of the
QdtB reaction, is acetylated by QdtC, a CoA-dependent
enzyme.

Here we present the three-dimensional structure of QdtB
complexed with its dTDP-sugar product. This investigation
reveals the detailed manner in which the nucleotide-linked
sugar is positioned into the active site. In particular, the lack
of a specific interaction between the protein and the C-4′
hydroxyl group of the hexose prompted us to examine the
substrate specificity of QdtB. Activity assays demonstrate
that QdtB can also use dTDP-3-keto-6-deoxy-D-galactose as
a substrate. In addition, we show that another aminotrans-
ferase, namely, DesV of the dTDP-desosamine biosynthetic
pathway (17), can use the QdtB substrate in place of its
natural substrate, dTDP-3-keto-4,6-dideoxy-D-glucose. Taken
together, these investigations shed new light on the active
site subtleties of the sugar aminotransferases that lead to
aminations of the hexose rings at different positions and with
different stereochemistries.

MATERIALS AND METHODS

Cloning, Expression, and Purification. Genomic DNA
from T. thermosaccharolyticum E207-71 was isolated by
standard procedures. The qdtB gene was PCR-amplified
using primers that introduced 5′ NdeI and 3′ XhoI sites. The
purified PCR product was A-tailed and ligated into the
pGEM-T (Promega) vector for screening and sequencing.
A QdtB-pGEM-T vector construct of the correct sequence
was then appropriately digested and ligated into a pET31
(Novagen) plasmid for gene expression leading to protein
being produced with a C-terminal 6×His tag.

Scheme 1

Table 1: X-ray Data Collection Statistics

resolution limits 30.0-2.15 (2.25-2.15)b

no. of independent reflections 60951 (7491)
completeness (%) 93.7 (93.0)
redundancy 8.4 (5.9)
average I/average σ(I) 22.6 (3.1)
Rsym (%)a 5.2 (25.1)

a Rsym ) (∑|I - Ij|/∑I) × 100. b Statistics for the highest resolution
bin.

Table 2: Least-Squares Refinement Statistics

resolution limits (Å) 30.0-2.15
R-factor (overall) (%) (no. of reflections)a 21.5 (60951)
R-factor (working) (%) (no. of reflections) 21.3 (54989)
R-factor (free) (%) (no. of reflections) 26.9 (5962)
no. of protein atoms 5876b

no. of heteroatoms 280c

average B values (Å2)
protein atoms 50.6
PLP derivatives 45.7
solvents 45.2

weighted rms deviations from ideality
bond lengths (Å) 0.012
bond angles (deg) 2.32
trigonal planes (Å) 0.007
general planes (Å) 0.013
torsional angles (deg)d 19.5

a R-factor ) (∑|Fo - Fc|/∑|Fo|) × 100, where Fo is the observed
structure factor amplitude and Fc is the calculated structure factor
amplitude. b These include Glu 16, Tyr 17, and Gln 258 in subunit 1
and Asp 36 in subunit 2 adopting multiple conformations. c These
include 2 PLP/dTDP-sugars and 180 waters. d The torsional angles were
not restrained during the refinement.
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The QdtB-pET31 plasmid was used to transform Roset-
ta(DE3) E. coli cells (Novagen). The cultures were grown

in Luria-Bertani media at 37 °C with shaking until an optical
density of ∼0.8 at 600 nm was reached. The cultures were

FIGURE 1: Molecular architecture of QdtB. A ribbon representation of the QdtB dimer is displayed in (a). Subunits 1 and 2 of the dimer are
highlighted in light blue and cyan, respectively. The ligands are drawn in stick representations. Electron density corresponding to the Schiff
base between the PLP cofactor and the dTDP-sugar is presented in (b). The map was calculated with coefficients of the form (Fo - Fc),
where Fo was the native structure factor amplitude and Fc was the calculated structure factor amplitude. Atoms corresponding to the PLP
and the dTDP-sugar were omitted from the calculation. A close-up view of the active site is shown in (c). Only those residues located
within ∼3.8 Å of the PLP and the dTDP-sugar are depicted. Amino acid residues corresponding to subunits 1 and 2 are colored in blue and
green, respectively, whereas the PLP and the dTDP-sugar are shown in gold bonds. Water molecules are represented as red spheres. Possible
hydrogen-bonding interactions are indicated by the dashed lines. All figures were prepared with the software package PyMOL (25).
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then cooled to 16 °C, isopropyl �-D-thiogalactopyranoside
was added to a final concentration of 1.0 mM, and protein
production was allowed to proceed for 18 h. QdtB was
purified by standard procedures with Ni-NTA resin. The
original lysis buffer contained 3 mM PLP. A typical yield
for recombinant QdtB was ∼25 mg per liter of cells.

Purified QdtB samples were dialyzed against 10 mM Tris-
HCl and 200 mM NaCl at pH 8. Following dialysis, the
samples were concentrated to approximately 15 mg/mL and
frozen in liquid nitrogen.

Enzymatic Synthesis of dTDP-Quip3N. dTDP-Quip3N was
synthesized starting from dTDP-glucose. A typical 10 mL
reaction contained the following: 20 mM HEPPS (pH 8.5),
5 mM MgCl2, 60 mg of dTDP-glucose, 200 mg of glutamate,
4 mg of RmlB, 3 mg of QdtA, and 15 mg of QdtB (Scheme
1). The reaction was allowed to proceed at 37 °C for 7 h.
All enzymes were removed via filtration with a 10 kDa cutoff
Centriprep concentrator, and the enzyme-free reaction prod-
ucts were diluted by 1:4 with water. Purification was
achieved with an ÄKTA Purifier HPLC (GE Healthcare)
equipped with a Resource-Q 6 mL anion-exchange column
(GE Healthcare) and using a 120 mL gradient from 0 to 250
mM ammonium bicarbonate at pH 8.5. The desired product
peak was identified by ESI mass spectrometry (Mass
Spectrometry/Proteomics Facility at the University of

WisconsinsMadison). Fractions containing the amino sugar
product were pooled and lyophilized until all traces of the
buffer were removed. Typical yields of this compound were
∼50% based on the starting amount of dTDP-glucose.

Originally it was planned to conduct steady-state kinetic
measurements with QdtB. However, the substrate for QdtB,
which is the product of the QdtA reaction, is unstable, and
attempts to isolate it were unsuccessful.

Crystallization of QdtB. Crystallization conditions were
initially surveyed with either the protein alone or that
incubated with 20 mM dTDP-Quip3N. The initial surveys
were conducted by the hanging drop method of vapor
diffusion and employed a sparse matrix screen developed in
the laboratory. Diffraction quality crystals were ultimately
grown via hanging drop by mixing in a 1:1 ratio the protein
incubated with 20 mM dTDP-Quip3N and 18-20% mono-
methyl ether poly(ethylene glycol) 5000 at pH 7.5. Prior to
X-ray data collection, the crystals were transferred to a
stabilization solution containing 25% monomethyl ether
poly(ethylene glycol) 5000, 400 mM NaCl, 20 mM dTDP-
Quip3N, and 15% ethylene glycol. X-ray data were measured
at 100K using the SBC-3 CCD detector at the Structural
Biology Center Beamline 19-BM (Advanced Photon Source,
Argonne National Laboratory, Argonne, IL). These data were

Scheme 2
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processed and scaled with HKL3000 (18). Relevant X-ray
data collection statistics are presented in Table 1.

The structure of QdtB was solved via molecular replace-
ment with the software package Phaser (19, 20) and using

the structure of DesV (11) as the search model. Two subunits
were positioned into the asymmetric unit, and these were
partially refined by least-squares analysis with TNT (21).
The electron densities corresponding to these two subunits

FIGURE 2: Comparison of QdtB with other sugar-modifying aminotransferases. A superposition of the DesI structure (gold) onto the PseC
structure (slate) is presented in (a). Lys 200 and Lys 183 belong to DesI and PseC, respectively. These are the residues that normally hold
the cofactor in place as the internal aldimine. Note the nearly 180° rotation of the pyranosyl groups in the active sites. A superposition of
the QdtB model (gold) onto the DesI structure (slate) is given in (b). The top and bottom labels correspond to QdtB and DesI, respectively.
Shown in (c) is a superposition of the active sites for QdtB (blue and yellow) and DesV (white). The coordinates for DesV are those for
the trapped ketimine intermediate. The top and bottom labels refer to QdtB and DesV, respectively.
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were subsequently averaged with DM (22). On the basis of
this averaged electron density map, a complete subunit of
QdtB was rebuilt with the appropriate sequence using the
graphics program Coot (23). The averaged model was placed
back into the unit cell, and alternate cycles of refinement
with TNT and model building with Coot reduced the R-factor
to 21.5% for all measured data from 30.0 to 2.15 Å
resolution. Relevant refinement statistics are presented in
Table 2.

Aminotransferase ActiVity Assays. For assaying the pro-
duction of dTDP-Quip3N (Scheme 1), a reaction was set up
with the following: 20 mM HEPPS (pH 8.5), 5 mM MgCl2,
4 mg of dTDP-glucose, 25 mg of glutamate, 0.4 mg of RmlB,
0.2 mg of QdtA, and 2.0 mg of QdtB. The reaction was
allowed to proceed at 37 °C for 5 h. All enzymes were
removed via filtration with a 10 kDa cutoff Microcon
concentrator, and the enzyme-free reaction products were
diluted by 1:5 with water. Purification was achieved by
HPLC chromatography using a 1 mL Resource-Q column

and a 20 mL gradient from 0 to 250 mM ammonium
bicarbonate at pH 8.5. The desired amino-sugar product peak
was identified by mass spectrometry (ESI mass spectrometry
parent ion m/z: 546.3 amu).

To test whether QdtB could use dTDP-3-keto-6-deoxy-
D-galactose as a substrate, assays were conducted as de-
scribed above, but substituting 0.2 mg of FdtA from
Aneurinibacillus thermoaerophilus DSM10155 for QdtA.

DesV from Streptomyces Venezuelae is a sugar ami-
notransferase that is involved in dTDP-desosamine produc-
tion (17). The substrate for DesV is dTDP-3-keto-4,6-deoxy-
D-glucose. To test whether DesV could accept a sugar with
a C-4′ hydroxyl, assays were conducted as described above,
but this time substituting 2.0 mg of DesV for QdtB.

RESULTS AND DISCUSSION

QdtB crystallized in the space group P61 with unit cell
dimensions of a ) b ) 109.1 Å, c ) 177.9 Å, and one dimer

Scheme 3
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per asymmetric unit. The structure was solved and refined
to a nominal resolution of 2.15 Å with 86.5%, 12.6%, and
0.9% of the amino acids lying within the core, allowed, and
generously allowed regions of the Ramachandran plot.
Shown in Figure 1a is a ribbon representation of QdtB, and
as can be seen the subunit-subunit interface is extensive
with a total buried surface area of ∼4800 Å2. Each subunit
of the dimer contains ten �-strands, seven of which form a
mostly parallel �-sheet and the other three fold into an
antiparallel �-sheet. These �-sheets are surrounded by a total
of eleven R-helices. Overall, the electron density was well
ordered for both subunits of the dimer and in each Tyr 310
adopted a cis-peptide conformation. The side chain of Tyr
310 hydrogen bonds to the hexose ring of the sugar ligand
as described below. Given that the R-carbons for the
individual subunits of the dimer correspond with a root-
mean-square deviation of 0.29 Å, the following discussion
refers only to subunit 1 in the X-ray coordinate file unless
otherwise indicated.

The observed electron density corresponding to the dTDP-
sugar ligand, displayed in Figure 1b, shows that a Schiff
base between C-4′ of PLP and the amino nitrogen of the
sugar has been trapped within the active site cleft. The
pyranosyl group assumes the 4C1 conformation whereas the
ribosyl moiety adopts the C2′-endo pucker. A close-up view
of those residues located within ∼3.8 Å of the PLP and
dTDP-sugar is presented in Figure 1c. The thymine ring
forms hydrogen bonds with the carbonyl oxygen of Asn 30
and the backbone amide nitrogen of Phe 32 from subunit 2,
and it also participates in parallel stacking interactions with
the side chains of Phe 8 and Trp 31 from subunits 1 and 2,
respectively. The R-phosphoryl oxygens of the dTDP-sugar
ligand lie within 3.2 Å of the side chains of Tyr 183 from
subunit 1 and Lys 219 from subunit 2. In addition, the side
chain of His 309 from subunit 1 participates in a hydrogen
bond with a �-phosphoryl oxygen. Both Asp 157 and Gln
160 from subunit 1 anchor the pyridoxal ring to the protein
whereas the side chain of Ser 181 and the backbone amide
nitrogens of Gly 60 and Leu 61 lie within 3.2 Å of the 5′-
phosphate group. The hydrogen-bonding pattern surrounding
the 5′-phosphate group is completed via interactions with
Tyr 214 and Asn 228 from subunit 2. There is only one
specific protein interaction between the pyranosyl ring of
the ligand and the protein, namely, a hydrogen bond between
the C-2′ hydroxyl and Oη of Tyr 310 from subunit 1. Five
water molecules surround the dTDP-sugar ligand with one
serving as a bridge between a �-phosphoryl oxygen and the
ring oxygen of the hexose. Other than Lys 186, which
normally forms a Schiff base with the PLP cofactor (the
internal aldimine), there are no catalytic bases within the
general area of the hexose ring.

Previous X-ray crystallographic studies on sugar-modify-
ing aminotransferases have focused primarily on those that
attach amino groups to the C-4′ rather than the C-3′ position
as is the case for QdtB. Historically, the structural analysis
of PseC, an aminotransferase from Helicobacter pylori,
provided the first detailed glimpse of the active site geometry
for a sugar aminotransferase (9). PseC is involved in the
biosynthesis of pseudaminic acid, and it catalyzes the reaction
outlined in Scheme 2, namely, amino transfer to the axial
position of the sugar C-4′. For this X-ray analysis, the protein
was complexed with UDP-4-amino-4,6-dideoxy-�-L-AltNAc.

Following this elegant X-ray analysis, the molecular archi-
tecture of DesI from S. Venezuelae was reported from this
laboratory with its product, dTDP-4-amino-4,6-dideoxyglu-
cose, bound in the active site (12). DesI is involved in the
production of dTDP-desosamine, and its specific reaction is
presented in Scheme 2. Note that this enzyme transfers the
amino group to the equatorial position at the sugar C-4′.
Strikingly, a superposition of the active sites for PseC and
DesI revealed a nearly 180° difference in the hexose
orientations of their respective ligands, thereby explaining
the equatorial versus axial amino transfer exhibited by DesI
and PseC, respectively (Figure 2a).

Like DesI, QdtB catalyzes equatorial transfer, albeit at the
sugar C-3′ rather than the C-4′ position. A close-up view of
the differences in sugar binding observed between QdtB and
DesI is presented in Figure 2b. As might be expected, given
that these two enzymes are 31% identical and 51% similar
in amino acid sequences, the protein regions surrounding the
hexose moieties in these aminotransferases are exceedingly
similar. However, as can be seen in Figure 2b, the phosphoryl
groups of the nucleotide-linked sugars differ markedly in
their dihedral angles, which allows for the different position-
ing of the hexose groups into their respective active sites.
The loops defined by Glu 217 to Tyr 224 in QdtB (subunit
2) and Asp 230 to Ala 237 in DesI (subunit 2) contain very
different amino acid residues and adopt markedly different
conformations. In particular, Lys 219 in QdtB interacts with
the phosphoryl groups of the dTDP-sugar (Figure 1c), and
this residue is a proline in DesI. The loop in QdtB reaches
down into the active site region whereas the corresponding
loop in DesI splays outward. As a consequence, in QdtB,
the phosphoryl groups are pushed more toward the interior
of the protein.

The biosynthesis of dTDP-desosamine requires two sugar-
modifying aminotransferases, the first being DesI and the
second DesV. Like QdtB, DesV transfers the amino group
to the sugar C-3′ (Scheme 2) (24), and both of these enzymes
catalyze equatorial transfer. Thus far, however, only the
structures of DesV in the internal aldimine form or with a
trapped ketimine intermediate have been reported (11). On
the basis of amino acid sequence alignments (DesV and QdtB
are 45% identical and 65% similar), we predict that the
dTDP-sugar binding mode observed in QdtB serves as an
excellent model for substrate binding to DesV as well. A
superposition of their two active sites is presented in Figure
2c. Note that the loop enveloping the thymine ring of the
dTDP-sugar in QdtB (Asn 30 to Ile 33) has a nearly identical
conformation to that found in DesV (Gly 37 to Leu 40). Also,
the key side chains involved in binding the dTDP-sugar to
the protein in QdtB, namely, His 309, Tyr 310, and Tyr 183
in subunit 1 and Lys 219 in subunit 2, are conserved in DesV
as His 317, Tyr 318, and Tyr 190 in subunit 1 and Lys 226
in subunit 2. Like Tyr 310 in QdtB, Tyr 318 in DesV adopts
a cis conformation, and the loop in QdtB that is formed by
Glu 217 to Tyr 224 has nearly the same conformation as
that observed in DesV (Arg 224 to Thr 231).

It is notable that whereas the side chain of Tyr 310 in
QdtB hydrogen bonds to the C-2′ hydroxyl of the dTDP-
sugar, there are no interactions between the sugar and the
C-4′ hydroxyl. In light of this decided lack of interactions
between the protein and sugar C-4′ hydroxyl group and
given the similarity between the QdtB and DesV active
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sites, we were curious as to whether DesV could accept
dTDP-3-keto-6-deoxy-D-glucose as a substrate. The nor-
mal substrate for DesV is missing a hydroxyl group at
the C-4′ position (compare the QdtB and DesV substrates
in Scheme 2). To test for this, a reaction mixture was set
up as described in the Materials and Methods section, but
substituting DesV for QdtB. As shown in Figure 3, the
substitution of DesV for QdtB in the reaction mixture still
led to the formation of an amino sugar product peak with
the same retention time. We were also curious as to
whether QdtB could accept dTDP-3-keto-6-deoxy-D-
galactose as a substrate, which differs in configuration
from the natural QdtB substrate around the C-4′ hydroxyl.
For this experiment, a reaction mixture was set up whereby
the enzyme FdtA from A. thermoaerophilus DSM10155
was substituted for QdtA. As indicated in Scheme 3, both
QdtA and FdtA are 3,4-isomerases and function on the
same substrate. But the product of FdtA is dTDP-3-keto-
6-deoxy-D-galactose rather than dTDP-3-keto-6-deoxy-D-
glucose (Scheme 3). The reaction mixture was set up and
allowed to proceed. The HPLC traces for the FdtA/QdtB
reaction (Figure 3) again clearly showed the development
of a peak having the same retention time as that for the
QdtA/QdtB reaction product. These experiments indicate
that both QdtB and DesV can function on dTDP-linked
sugars with differing configurations from their natural
substrates about the C-4′ hydroxyl positions.

In summary, whereas the structures of sugar-modifying
aminotransferases that function at the C-4′ position have
been solved with bound ligands, this report represents the
first glimpse of one with a bound dTDP-sugar that
functions at the C-3′ position. Importantly, the QdtB
structure and its comparison to other sugar aminotrans-
ferases highlights the fact that the orientation of the

pyranosyl group in the active site is not solely a function
of those amino acid residues immediately surrounding the
Schiff base. Rather, the orientation of the pyranosyl group
in the active site results from interactions that extend to
those residues involved in binding the pyrophosphoryl and
nucleotide groups of the nucleotide-linked sugars.
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