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identifying determinants of substrate specificity.

sugar nucleotides.
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(Bacl(ground: NtdA represents a novel aminotransferase recognizing a sugar 6-phosphate.
Results: We have determined the structure of NtdA with pyridoxamine phosphate (the internal and external aldimines),

Conclusion: The structures suggest a canonical aminotransferase chemical mechanism, but features exclude the binding of

Significance: A new subfamily of sugar aminotransferases is revealed, enhancing our understanding of antibiotic biosynthesis.
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NtdA from Bacillus subtilis is a sugar aminotransferase that
catalyzes the pyridoxal phosphate-dependent equatorial trans-
amination of 3-oxo-a-p-glucose 6-phosphate to form «-p-
kanosamine 6-phosphate. The crystal structure of NtdA shows
that NtdA shares the common aspartate aminotransferase fold
(Type 1) with residues from both monomers forming the active
site. The crystal structures of NtdA alone, co-crystallized with
the product a-p-kanosamine 6-phosphate, and incubated with
the amine donor glutamate reveal three key structures in the
mechanistic pathway of NtdA. The structure of NtdA alone
reveals the internal aldimine form of NtdA with the cofactor
pyridoxal phosphate covalently attached to Lys-247. The addi-
tion of glutamate results in formation of pyridoxamine phos-
phate. Co-crystallization with kanosamine 6-phosphate results
in the formation of the external aldimine. Only a-p-kanosamine
6-phosphate is observed in the active site of NtdA, not the
B-anomer. A comparison of the structure and sequence of NtdA
with other sugar aminotransferases enables us to propose that
the VI family of aminotransferases should be divided into sub-
families based on the catalytic lysine motif.

NtdA is a pyridoxal phosphate (PLP)*>-dependent enzyme
that we have recently shown to be a 3-oxo-p-glucose 6-phos-
phate:L-glutamate aminotransferase participating in the bio-
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synthesis of kanosamine in Bacillus subtilis (1). Kanosamine is a
sugar antibiotic shown to inhibit plant pathogens, growth of
Saccharomyces cerevisiae, and a range of human pathogenic
fungi, including Candida albicans (2—4). Kanosamine biosyn-
thesis was first observed in Bacillus pumilus (5, 6). Various
microbes have been found to produce kanosamine as a biosyn-
thetic end product or as an intermediate of other natural prod-
ucts (3, 5, 7-9). Kanosamine and UDP-kanosamine are specific
intermediates in the biosynthesis of 3-amino-5-hydroxybenzo-
ate, a precursor of the mitomycin and ansamycin antibiotics,
including rifamycin B (10). Besides being the biosynthetic pre-
cursor of the 3-amino-5-hydroxybenzoate biosynthetic path-
way, kanosamine is also the source of nitrogen for the amino-
shikimate pathway (10, 11). The best described pathway for
kanosamine production involves the phosphorylation of glu-
cose to glucose 1-phosphate, followed by pyrophosphorylation
to UDP-glucose (6, 11, 12). UDP-glucose is then oxidized to
UDP-3-ox0-D-glucose. Transamination of UDP-3-oxo-D-glu-
cose yields UDP-kanosamine, which is then hydrolyzed to form
kanosamine. An additional pathway for kanosamine biosynthe-
sis has been proposed to exist in B. pumilus (6). The second
pathway involves the oxidation of glucose to 3-oxo-p-glucose,
followed by transamination to kanosamine. However, the
authors were not able to verify this second pathway (6). More
recently, we have shown that the ntd operon from Bacillus sub-
tilis expresses three enzymes (NtdA, NtdB, and NtdC) that cat-
alyze the biosynthesis of kanosamine from glucose 6-phosphate
in a manner similar to the second pathway proposed for
B. pumilus (1, 5, 6).

The ntd operon was first described by Inaoka et al. (13) as
being necessary and sufficient for the production of 3,3'-
neotrehalosadiamine (NTD), a disaccharide consisting of
a,a,1,1"-linked kanosamine residues. NTD was originally iden-
tified as an antibiotic produced by B. pumilus (9) and Bacillus
circulans (14) and shown to inhibit the growth of Staphylococ-
cus aureus and Klebsiella pneumonia. Genome sequencing
revealed that Bacillus anthracis and Bacillus licheniformis also
contain orthologs of the NTD biosynthetic enzymes and its
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Structure of NtdA
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SCHEME 1.Proposed kanosamine biosynthetic pathway in B. subtilis. The
kanosamine biosynthetic pathway proceeds via the oxidation of glucose
6-phosphate to 3-oxoglucose 6-phosphate (NtdC), followed by transamina-
tion to K6P (NtdA). Hydrolysis of the C6 phosphate by a K6P phosphatase
(NtdB) yields kanosamine.

transcriptional regulator, NtdR (15). Expression of the ntdABC
biosynthetic operon in Escherichia coli results in NTD produc-
tion, suggesting that the ntdABC operon encodes all enzymes
necessary for the production of NTD (13). Sequence compari-
sons suggest that the gene products of ntdA, ntdB, and ntdC are
a PLP-dependent aminotransferase, a haloacid dehalogenase
hydrolase superfamily member, and a NADH-dependent dehy-
drogenase, respectively. We have since shown that rather than
producing NTD, these enzymes produce kanosamine. On the
basis of our biochemical characterization of these enzymes, we
have proposed a kanosamine pathway in B. subtilis involving
the oxidation of glucose 6-phosphate to 3-oxoglucose 6-phos-
phate by NtdC, followed by transamination to kanosamine
6-phosphate (NtdA). The removal of the phosphate group by
the phosphatase NtdB then yields kanosamine (Scheme 1).

NtdA is the second enzyme in this pathway. On the basis of
amino acid sequence analysis, NtdA is classified as a member of
the sugar aminotransferase (SAT) family. All of these enzymes
catalyze a PLP-dependent amination of a 3-oxo- or 4-oxo-
sugar. In each case, the amino donor is either glutamate or
glutamine, and the amino acceptor is a sugar nucleotide, except
in the case of BtrR, which uses scyllo-inosose (16). SATs have
been divided into three subgroups based on multiple sequence
alignment: VI, containing enzymes that utilize 4-oxo-sugar
nucleotides; VI, those utilizing 3-oxo-sugar nucleotides; and
VL, those utilizing scyllo-inosose (16, 17). NtdA could be clas-
sified as a SAT VI enzyme because it is proposed to catalyze
the PLP-dependent amination of 3-oxoglucose 6-phosphate.

In this study, we present the structures of PLP- and pyridox-
amine phosphate (PMP)-bound forms of NtdA, in addition to
the external aldimine of PLP formed with the substrate a-p-
kanosamine 6-phosphate (K6P). These structures are the first
atomic resolution crystal structures of NtdA and provide a basis
for active site discrimination between sugar phosphates and
sugar nucleotides by this and other aminotransferases.

EXPERIMENTAL PROCEDURES

Overexpression and Purification—N-terminally His-tagged
NtdA was overexpressed in E. coli strain BL21-Gold(DE3)
(Stratagene) containing the pET28b-NtdA overexpression con-
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struct and purified to homogeneity by Ni** affinity chroma-
tography as described previously (18). NtdA was concen-
trated to 5 mg/ml in 25 mm Tris (pH 8.5) and 0.15 m NaCl for
crystallization.

Crystallization and Data Collection—Crystals of NtdA were
grown at 295 K using the microbatch method as described pre-
viously (18). Briefly, equal volumes of protein solution (1.2 ul)
and precipitant solution (1.2 ul) were mixed. The crystalliza-
tion drop was overlaid with paraffin oil (Hampton Research) to
prevent evaporation of water from the drop. Plate-like crystals
of the internal aldimine bound to NtdA (NtdA-PLP) were
obtained after 1-4 days in 0.2 M ammonium acetate, 0.1 M triso-
dium citrate (pH 5.6), and 10-30% PEG 3350 either with or
without 0.4 M NaCl. Crystals were cryoprotected in mother lig-
uid containing 30% glycerol. Plate-like crystals of PMP bound
to NtdA were obtained in 0.2 M ammonium acetate, 0.1 M triso-
dium citrate (pH 5.6), 20% PEG 3350, 20 mm glucose, and 55
mM glutamate. The NtdA-PMP crystals were cryoprotected in
mother liquid containing 30% ethylene glycol. For co-crystalli-
zation of NtdA with K6P, the protein was first incubated for 15
min at room temperature with 10 mm K6P prior to crystalliza-
tion. Pink plate-like crystals were obtained within 1 week under
the same conditions as the NtdA-PLP crystals. The addition of
K6P resulted in pink co-crystals, indicating the formation of the
PLP external aldimine with the substrate K6P. These crystals
were cryoprotected in mother liquid containing 30% ethylene
glycol.

To test whether NtdA binds nucleotides, NtdA-PLP crystals
were soaked for 2 h with either 20 mm TDP or 37 mm UDP in
0.2 M ammonium acetate, 0.1 M trisodium citrate (pH 5.6), and
20% PEG 3350. Co-crystallization of NtdA with UDP or TDP
was done under the same solution conditions with either 20 mm
TDP or 37 mm UDP in 0.2 M ammonium acetate, 0.1 M triso-
dium citrate (pH 5.6), and 20% PEG 3350. The crystals were
cryoprotected in mother liquid with 25% glycol.

Diffraction data were collected at 100 K from single crystals
in a cold nitrogen stream on beamline O8ID-1 at the Canadian
Light Source (CLS), equipped with a MAR 225 CCD x-ray
detector. Data were processed and scaled using HKL2000 (19)
and Autoprocess (20). The data collection statistics are shown
in Table 1.

Structure Determination and Refinement—The first struc-
ture of NtdA (NtdA-PLP) was solved by molecular replacement
using the program MrBUMP (21) with MOLREP (22) from the
CCP4 suite (23). A clear molecular replacement solution was
found using Protein Data Bank code 20GA (DesV from Strep-
tomyces venezuelae (24)), which shows 35% sequence identity
to NtdA, as the search model. All other NtdA structures were
solved by molecular replacement with MOLREP (22) using the
NtdA-PLP structure as a template. Prior to molecular replace-
ment, the cofactor PLP and water molecules were removed
from the template model. Refinement was carried out using
CNS (25) and PHENIX (26). Initially, rigid body refinement was
carried out, followed by simulated annealing using torsion
angle dynamics at 5000 K to remove model bias. Iterative
rebuilding of the model was done in Coot (27), followed by
simulated annealing using Cartesian dynamics at 2500 K and
gradually lowered to 1000 K. Clear positive density was present
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TABLE 1
Crystallographic data

Structure of NtdA

Numbers in parentheses represent values for the highest resolution shell. PDB, Protein Data Bank.

NtdA-PLP NtdA-PMP K6P external aldimine
Data collection
Space group P2, P2, P2,
Unit cell dimensions
a, b, c(A) 50.2, 106.5, 98.6 50.1, 107.0, 99.2 49.7,106.4, 98.2
a B,y 90.0°, 96.2°, 90.0° 90.0°, 95.8°, 90.0° 90.0°, 96.4°, 90.0°
Resolution range (A) 30.0-2.30 (2.38-2.30) 37.0-2.22 (2.30-2.22) 46.7-1.71 (1.75-1.71)
No. of unique reflections 45,198 (3874) 50,732 (4827) 108,740 (7967)
Completeness 98.5 (85.1) 99.4(96.2) 99.3 (98.5)
Redundancy 7.9(5.9) 3.8(3.1) 4.0 (3.8)
Rerge (%)° 8.5 (29.4) 10.4 (43.8) 6.6 (75.5)
1ol 22.6 (4.3) 11.5(3.1) 14.3 (2.2)
Refinement statistics
Resolution (A) 28.9-2.30 37.0-2.22 46.7-1.71
Rwork/Rfrm(%)b 16.1/21.4 15.8/21.1 15.2/8.6
B-factor (A?)
Overall
Protein 32.8 23.9 22.7
Ligand 24.3 21.3 22.5
Water 339 30.5 36.0
No. of ligand or cofactor molecules 2 LLP 2 PMP 2 K6P
r.am.s.d.
Bonds (A) 0.007 0.007 0.007
Angles 1.049° 1.052° 1.130°
Ramachandran (%)
Favored 96.6 97.5 97.8
Allowed 3.4 2.5 2.2
PDB codes 4K2B 4K21 4K2M

“ Rierge = 2|, — (D|/2I, where I is the intensity of a reflection and (J) is the mean intensity of a group of equivalent reflections.
? Ryork = 2Fops| = [Featdl/Z|Fops| Riee is 5% of the randomly excluded reflections from refinement.

in the electron difference maps contoured at the 3o level for the
cofactor (PLP and PMP) and bound ligand (K6P) molecules.
The cofactor and ligand molecules were built in manually in
Coot. The model for K6P was generated in SKETCHER as part
of the CCP4 suite. Libraries for cofactors and K6P were gener-
ated with ELBOW in PHENIX (26). The models were then fur-
ther refined using restrained refinement. Non-crystallographic
symmetry restraints were used throughout the refinement for
all models. The refinement progress was monitored by follow-
ing R;... and inspecting the electron density maps. When Ry,
dropped below 30%, water molecules were added using water
update refinement in PHENIX, and their positions were man-
ually checked using Coot. The final round of refinement was
done without non-crystallographic symmetry restraints and
with optimized refinement target weights for best geometry.
Final refinement statistics are shown in Table 1.

Structural Analysis—The stereochemistry of all models was
validated with MOLPROBITY (28) as part of PHENIX (26) and
the ADIT Validation Server at the Protein Data Bank. Superpo-
sitions were calculated with DaliLite (29). Protein databases
were searched with BLASTP (30) using the full-length sequence
or the three domain sequences of NtdA, and multiple sequence
alignments were generated with ClustalW (31). Structure-
based sequence alignments were generated with PROMALS3D
and SEQUOIA (32). Figures were prepared with PyMOL,
ESPript (33), and LigPlus.

Protein Data Bank Accession Numbers—Coordinates have
been deposited in the Protein Data Bank with accession codes
4K2B (NtdA with the PLP internal aldimine), 4K2I (NtdA with
PMP), and 4K2M (NtdA with the PLP external aldimine with
K6P).
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RESULTS AND DISCUSSION

Structure of NtdA—The crystal structure of NtdA was solved
in space group P2, to 2.3 A resolution and refined to an overall
R-factor of 16.8%. There are two NtdA monomers per asym-
metric unit that form one biological homodimer. The two
monomers in the homodimer are separated by a non-crystallo-
graphic 2-fold axis (Fig. 1, A and B). Both monomers superim-
pose well with a root mean square deviation (r.m.s.d.) of 0.9 A
for all structurally equivalent Ca atoms. The monomer-mono-
mer interface buries an extensive, predominantly hydrophobic
area of ~2495 A2, which corresponds to 12.7% of the total sur-
face area of one monomer, as calculated by PISA (34).

Each NtdA monomer consists of three domains, as shown in
Fig. 1C: an N-terminal domain (residues 1-68; green), a large
cofactor-binding domain (residues 69 —310; red) and a C-termi-
nal domain (residues 311-439; blue). With the exception of the
N-terminal domain, the overall fold of NtdA is characteristic of
members of the aspartate aminotransferase superfamily (AAT
Type 1). The large cofactor-binding domain consists of a seven-
stranded mainly parallel B-sheet with a strand order of 83-39-
B8-B7-B6-B4-B5, flanked on both sides by eight a-helices (a4 —
a11) and two small helices (11 and 72). Following helix «10, a
long stretch of residues (positions 274 -294; yellow) extends
from the monomer and forms a large domain-swapping 3-hair-
pin (310 and B11) that interacts with the active site of the other
monomer. As in the case of the AAT Type 1 superfamily, resi-
dues from both NtdA monomers form the two active sites in the
homodimer. The PLP cofactor-binding site is located between
the large cofactor-binding domain and the C-terminal domain
(Fig. 1, A and C). The C-terminal domain consists of a four-
stranded antiparallel B-sheet (812—815) flanked on the top by
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Structure of NtdA

FIGURE 1. Crystal structure of NtdA. A and B, the overall dimer structure of NtdA shown in ribbon representation. Each monomer contains an N-terminal
domain (green) and the AAT superfamily fold (red or blue). The second monomer in the homodimer is shown in a lighter color. C, the overall monomer structure
of NtdA shown in ribbon representation. The N-terminal domain is colored green, the cofactor-binding domain is colored red, C-terminal domain is colored
blue, and the large domain-swapping $-hairpin is colored yellow. Secondary structure elements are indicated. D, superposition of the two monomer N-terminal
domains shows the large flexibility of the C termini of helices a1 and a2 and the loops following them.

four a-helices («12—a14 and «17) and a hairpin (residues 377—
410) containing two a-helices («15 and «16) and a small helix
(m4). The C-terminal domain packs tightly on top of the large
domain in a V-shaped structure.

NtdA possesses an additional small N-terminal domain (res-
idues 1—-68) that is not found in other aminotransferases. This
domain consists of a two-stranded parallel B-sheet (81 and 2)
flanked by two a-helices (a1l and «2) and an additional helix
(a3) (Fig. 1, A and C). The N-terminal domain packs tightly
against the C-terminal domain with its three «-helices and
forms a larger extension of the C-terminal domain. This
domain is involved in numerous crystal contacts with symme-
try-related molecules through its N terminus, the loop connect-
ing helix a1 and strand B2, the loop connecting helix a2 and
helix @3, and residues 55— 65 of the loop after helix a3. Further-
more, the C termini of helices a1 and «2, as well as the loops
following them, show a high degree of flexibility (Fig. 1D). The
domain does not show any structural or functional similarity to
known structures in the Protein Data Bank. An NCBI BLAST
search of this N-terminal domain revealed high overall
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sequence identity (57-100%) to NtdA homologs from several
Bacillus species (B. subtilis, Bacillus cereus, and Bacillus thur-
ingiensis) (supplemental Fig. S1). The precise function of this
domain is unknown but is likely to involve protein-protein
interactions, mimicking its behavior in the crystal.

Cofactor-binding Site—The PLP cofactor is located in a deep
cavity between the large domain and the C-terminal domain of
each monomer, similar to other aminotransferases. This cavity
is formed by the C-terminal ends of strands 87 and 38 and the
N-terminal ends of strand B9 and helices a6 and a7 of one
monomer and by the C terminus of helix 10 and the connect-
ing domain-swapping hairpin from the other monomer. The
active site lysine, Lys-247, is located in the loop connecting
strands 38 and B9.

In the NtdA structure without substrate, i.e. the resting state
of the enzyme, the cofactor PLP is covalently bound to Lys-247
via a Schiff base. During the refinement of this structure, there
is a clear continuous density visible between Lys-247 N¢ and
PLP C4’, indicating that the cofactor is covalently bound. Fig.
2A shows a close-up of the residues located within 3.7 A of the

VOLUME 288+NUMBER 47-NOVEMBER 22,2013



Structure of NtdA
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FIGURE 2. Cofactor- and substrate-binding sites of NtdA. A, close-up of the internal aldimine bound to NtdA. The cofactor PLP is covalently bound to Lys-247
via a Schiff base. The cofactor and residues within 3.7 A are shown in stick representation. The 2F,, — F. electron density contoured at 1o is shown as blue mesh.
B, close-up of the cofactor-binding site. PMP is not covalently bound to Lys-247. Lys-247 is in the retracted position away from C4' of the cofactor. PMP and
residues within 3.7 A are shown in stick representation. The 2F,, — F. electron density contoured at 1 is shown as blue mesh. C, left panel, close-up of the external
aldimine bound to NtdA. The external aldimine and residues within 3.7 A are shown in stick representation. The F, — F, electron density omit map of the
external aldimine contoured at 3¢ is shown as green mesh and was calculated with the external aldimine omitted. Right panel, scheme of the addition of K6P
to the internal aldimine to form the external aldimine. D, schematic diagram of NtdA-K6P interactions generated by LigPlus. Hydrogen bonds are in dashed
green lines. Hydrophobic contacts with the ligand are presented by red semicircles with radiating spokes. Residue labels colored in black are from the first
monomer, and those colored in blue are from the second monomer.
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Structure of NtdA

cofactor. Lys-247 exists in an extended conformation. The tor-
sion angle of the C4-C4’ bond is 43°. This directs Lys-247 N{
out of plane of the PLP ring. However, the N atom is still within
hydrogen bonding distance (2.4 A) of PLP O3. The cofactor is
held in place with a number of other hydrogen bonds, as shown
in Fig. 2D. In addition, Asp-222 forms a salt bridge with the
protonated pyridoxal N1 atom. Asp-222 is strictly conserved in
the AAT Type 1 superfamily and promotes the protonation of
N1, enabling the pyridine ring to function as an effective elec-
tron sink. Asp-222 is located on the C terminus of strand 37,
and its side chain is oriented by the side chain of Thr-154 and
the backbone amide of Cys-224. The other monomer contrib-
utes a hydrogen bond from Asn-292’ via the long domain-
swapping hairpin and a bridging water with the side chain of
His-275" of helix @10. In addition, the positive end of the a-he-
lical dipole of helix a6 is located below the 5’-phosphoryl
group, helping to stabilize the negative charge of the phosphate.

In the first half-reaction of AATs, PLP reacts with an amino
acid (amino donor) to form PMP and the 2-oxo acid product. In
SATs, this amino donor is either glutamate or glutamine. Our
previous study showed that glutamate is the only amino acid
that functions as an amino donor for NtdA (1). In support of
this, we co-crystallized NtdA in the presence of glutamate. The
crystal structure was solved to 2.23 A resolution. The electron
density map shows that Lys-247 is in a retracted position away
from the cofactor, with no density visible between Lys-247 and
the cofactor. A UV-visible spectrum of NtdA incubated for 2 h
with 55 mwm glutamate shows a clear peak at ~340 nm, indica-
tive of PMP (data not shown), consistent with the structure
representing the PMP-bound form (Fig. 2B). Comparison of the
PLP- and PMP-bound structures shows that they are nearly
identical, with an overall r.m.s.d. between the two structures of
0.35 A. There are no major changes in the position of any of the
cofactor-binding residues. In the PMP-bound structure, the
PMP aromatic ring is ~0.45 A tilted over its C6 —N1 bond away
from Lys-247 and toward Phe-151, and PMP is not covalently
bound to Lys-247, with the NH, group of PMP now coplanar
with the pyridoxal ring and forming hydrogen bonds with water
molecules and O3 of the pyridoxal ring.

K6P-binding Site—The crystal structure of NtdA with K6P
was solved to 1.71 A resolution. Both active sites show a clear
continuous electron density between the nitrogen atom of K6P
and the C4’ atom of PLP, indicating that we have trapped the
external aldimine in both active sites (Fig. 2C). The reaction
mechanism depicted in Scheme 2 is completely reversible, and
the presence of the external aldimine in the active site of NtdA
indicates that the transamination reaction, the final step in
Scheme 2, proceeded in the “reverse direction” upon incuba-
tion of K6P with NtdA. The external aldimine is buried in the
active site cavity, which can be divided into two regions: the
cofactor-binding site and the substrate-binding site.

Lys-247 is located at the interface of the cofactor- and sub-
strate-binding site and is found in the retracted position, away
from C4' of the cofactor, as observed in the PMP-bound struc-
ture. Comparison of the external aldimine with PMP-bound
structures shows that they are essentially identical, with an
overall r.m.s.d. between the two structures of 0.55 A. The cofac-
tor is bound in the same position as observed in the PMP-
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SCHEME 2. Proposed mechanism for the NtdA-catalyzed half-reaction of
L-glutamate. 1, internal aldimine of PLP; 2, external aldimine with L-gluta-
mate; 3, quinoid intermediate; 4, imine of 2-oxoglutarate and PMP; 5, PMP.

bound structure and makes the same interactions as described
above.

The K6P-binding cavity is delineated by four loops and the
long stretch of residues following helix «10 that contains the
domain-swapping B-hairpin (810 and B11). The loops are
between strand B4 and the N terminus of helix a7, strands 38
and B9 (Lys-247 motif), the C terminus of strand 814 and helix
a15, and helices a4 and o5 of the second monomer.

As in the case of the cofactor-binding site, the substrate-
binding cavity is formed by residues from both monomers. A
close-up view of the residues located within 3.7 A of the K6P-
binding cavity is presented in Fig. 2 (C and D). K6P is bound in
the substrate cavity and is oriented such that its phosphate
group points toward the entrance and the pyranose ring, which
is in the *C, chair conformation, is located on top of the cofac-
tor, and is covalently bound to it through its N3” equatorial
atom. Lys-247 is positioned such that its N¢ atom is within
hydrogen bonding distance of the N3” atom and the C4”
hydroxyl group of K6P. The C1”, C2”, and C4” hydroxyl groups
of the K6P pyranose ring all face the same direction and interact
with the protein either by direct hydrogen bonds or through
bridging waters. In solution, K6P exists as a mixture of a- and
B-anomersina 1:1.7 ratio. Ntd A apparently recognizes only the
a-anomer of K6P because the B-anomer is never observed in
the crystal structure. Like the PLP cofactor, the K6P portion of
the intermediate also makes a series of hydrogen bonds and
hydrophobic interactions with both monomers, as shown in
Fig. 2D. The C1” axial hydroxyl group of K6P is also anchored
via a bridging water molecule to His-349. The pyranose ring is
stacked on one side against the phenyl ring of Phe-151 and
is shielded on the other side by Tyr-246. The phosphate group
is held in the cavity via hydrogen bonds to both monomers, but
predominately by residues from the second monomer. Thr-98’
and Ser-99’, from the loop connecting helices a4 and o5 of the
second monomer, have moved closer upon substrate binding to
contribute hydrogen bonding interactions with the phosphate
group of K6P.
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FIGURE 3. Structure-based sequence alignment of NtdA with NDP-3-ox0-SATs. Shown is the alignment of NtdA with the SATs QdtB (Protein Data Bank code
3FRK) from T. thermosaccharolyticum, WbpE (code 3NUB) from P. aeruginosa, and DesV (code 20GA) from S. venezuelae. Strictly conserved residues are

indicated by white letters on a red background. Conservatively substituted resi

dues are indicated by red letters on a white background. The strictly conserved

catalytic Lys and Asp residues are indicated with red asterisks. The four SAT sequence motifs are highlighted with colored bars: motif | (blue), motif Il (red), the
catalytic aspartate motif Il (black), and the catalytic lysine motif IV (green). Residues involved in K6P binding and recognition are indicated with blue triangles.

Structural Comparison with NDP-3-ox0-SATs—The enzymes
most closely related to NtdA are the SATs. Several SATs with
known structure and function were identified using a Dali
search (29), and the top three matches were S. venezuelae DesV
(rms.d. = 1.6 A for all structurally equivalent Co atoms, 33%
sequence identity to NtdA, Protein Data Bank code 20GA),
Thermoanaerobacterium thermosaccharolyticum QdtB (rm.s.d. =
1.6 A, 34% identity, code 3FRK), and Pseudomonas aeruginosa
WbpE (r.m.s.d. = 1.6 A, 33% identity, codes 3NU8 and 3NUB).
All of these enzymes are homodimers and catalyze a PLP-de-
pendent equatorial transfer of the amino group to a 3-oxo-
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sugar nucleotide substrate and are classified in the SAT sub-
group V1. A structure-based sequence alignment of NtdA with
DesV, QdtB, and WbpE shows high conservation in the large
cofactor-binding domain, including the four conserved SAT
motifs I-IV (Fig. 3) (17). Of the three related structures, only
the crystal structures of QdtB and WbpE have been reported
with trapped external aldimines (35, 36). A superposition of the
PLP external aldimines of NtdA with K6P and QdtB with TDP-
3-aminoquinovose (Protein Data Bank code 3FRK) is shown in
Fig. 4 (similar results were obtained using WbpE; supplemental
Fig. S3). As shown in Fig. 4, the external aldimines are posi-
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FIGURE 4. Comparison of NtdA with the external aldimines of NDP-3-ox0-SATs. A, superposition of the PLP external aldimine of NtdA with a-K6P (green
ribbon) and QdtB with TDP-3-aminoquinovose (red; Protein Data Bank code 3FRK). The external aldimines are shown as stick models (Corey-Pauling-Koltun)
and yellow, respectively. Residue labels refer to NtdA sequence. B, surface representation of NtdA from A showing the lack of room for the external aldimine of

QdtB TDP-3-aminoquinovose (yellow sticks) in the NtdA active site.

tioned in the same orientation within their binding cavities.
The PLP cofactors make the same interactions, all with con-
served active site residues (Fig. 3). All three sugar moieties are
oriented the same way, with their sugar rings flanked on both
sides by aromatic side chains (Tyr or Phe), sealing them off from
the surrounding environment. Larkin et al. (36) proposed that
this may serve to stabilize the positively charged reaction inter-
mediate through cation-m interactions and to prevent solvent
from interfering with catalysis. Furthermore, the C2" hydroxyl
group of NtdA and QdtB and the C2" N-acetyl group of WbpE
are hydrogen-bonded to a strictly conserved tyrosine (Fig. 2D).
In addition, the C6” atom of each substrate is pointing into a
large pocket. However, the geometry and residues that accom-
modate the large C6” phosphate group of the NtdA substrate
differ from the other three enzymes (Figs. 3 and 4). In NtdA, the
C6" phosphate group is tightly bound by numerous hydrogen
bonding interactions compared with the much smaller C6”
methyl group of QdtB (zero H-bonds) and the C6” carboxylate
group of WbpE (two H-bonds). An additional difference
between NtdA and the SAT VIg enzymes is found in the cata-
lytic lysine motif IV SF(Y/F)P(G/A,S/T)KxxGuxG(D/E)GG
(Fig. 3, green line). The aromatic side chain (Tyr or Phe) is
replaced by a smaller side chain, GIn-244 in NtdA, which cre-
ates the space required for the bulky phosphate group of K6P. In
addition, the small side chain before the catalytic lysine is
replaced by the aromatic side chain (Tyr-246) in NtdA, and the
bulky aliphatic residues Ile and Leu from the second monomer
in both WbpE and QdtB are replaced by the polar residues
Thr-98" and Ser-99', respectively, in NtdA and have moved
slightly, resulting in hydrogen bonding interactions with the
phosphate group of K6P.

We have recently reported that NtdA is part of a novel
kanosamine biosynthetic pathway originating with glucose
6-phosphate (1). However, the resemblance of NtdA to SATs
recognizing sugar nucleotides suggested that it might also rec-
ognize such substrates, which would allow the enzyme to par-
ticipate in more than one pathway. To investigate the possible
nucleotide binding in NtdA, we tried to both soak and co-crys-
tallize NtdA with UDP, TDP, or TDP-kanosamine. None of
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these experiments resulted in nucleotide bound in the active
site. A structural comparison of the nucleotide-binding region
between NtdA and the SAT VI; enzymes shows that this region
is much smaller in NtdA and not conserved (Figs. 3 and 4). The
loops bordering the nucleotide-binding site have similar geom-
etry, with the exception of residues Phe-69 —Glu-80 in NtdA,
corresponding to where the nucleoside portion of the substrate
binds in QdtB and WbpE (Figs. 3 and 4). NtdA does not contain
this binding region because there is a small 3,, helix (n1, Val-
72—-Leu-75) that, together with Leu-70 and Tyr-246, occupies
this space. Helix m1 is held in position by salt bridges and hydro-
phobic interactions and is not likely to alter position to create
the space required to bind a nucleotide. Furthermore, Tyr-378
in NtdA (which is a highly conserved His in SAT VI enzymes)
would clash with the B-phosphate of a nucleotide moiety.

Structural Basis for Mechanism—The results of our struc-
tural studies provide excellent support for the mechanism of
transamination proposed for similar enzymes (Scheme 2) (36).
The PLP-bound structure represents the initial internal aldi-
mine formed between Lys-247 and the PLP cofactor. The bind-
ing and reaction of glutamate result in the formation of the
PMP-bound structure, where the amine has been transferred
from the glutamate. There is no evidence of the 2-oxoglutarate,
presumably due to release of this product upon formation. The
K6P complex structure represents the external aldimine
formed by transamination of the internal imine. Overlap of the
PLP-bound structure (internal aldimine) and the K6P-bound
structure (external aldimine) (Fig. 5) clearly shows the orienta-
tion of the PLP between the lysine and K6P in such a way as to
facilitate the transamination reaction between the internal and
external aldimines.

NtdA Is a Member of a Novel Subfamily of SATs—Although
NtdA is structurally and functionally closely related to the SAT
Vi, family, it shows structural differences to accommodate the
large C6” phosphate group, and it lacks a nucleotide moiety.
Also, the sequence in NtdA containing the active site lysine
(S**2FNPYK**"NFGVCGKAGA?”) is different from the
reported sugar nucleotide aminotransferases in that an aro-
matic side chain (Tyr-246) is positioned next to the catalytic
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FIGURE 5. Superposition of the internal and external aldimines of NtdA.
The superposition of NtdA with the internal aldimine (red) and with the exter-
nal aldimine (blue) is shown. The positioning of the internal and external
aldimines illustrates the orientations that will facilitate the transamination
reaction.

Lys-247. On the basis of these differences, we suggest dividing
the SAT Vg family into two subfamilies: VIg ;, made up of
enzymes utilizing 3-oxo-sugar nucleotide substrates; and VI ,,
containing those utilizing 3-oxo-sugar substrates (i.e. the
3-oxo-a-D-glucose 6-phosphate subfamily). We expect that
members of this latter subfamily all have the same geometry of
the binding pocket and that substrate-binding residues are con-
served. An NCBI BLAST search with the catalytic lysine motif
SENPYKNFGVCGKAGA identified proteins with high overall
sequence identity (53—100%) to NtdA annotated as either NtdA
homologs or as yet uncharacterized proteins from several
Bacillus species (B. subtilis, Bacillus mojavensis, Bacillus vallis-
mortis, B. pumilus, B. anthracis, B. licheniformis, B. cereus, and
B. thuringiensis) (supplemental Fig. S2). Additionally, proteins
were identified with lower overall sequence identity to NtdA
from Mycobacterium abscessus, Mycobacterium massiliense
(49% sequence identity), E. coli (41% sequence identity), and
Erwinia species (40% sequence identity) (supplemental Fig. S3).
These proteins have been annotated as UDP-4-amino-4-deoxy-
L-arabinose:oxoglutarate aminotransferases (ArnB), putative
NtdA homologs, or as yet uncharacterized aminotransferases.
ArnB is classified in the SAT VI, family and catalyzes the axial
conversion of UDP-4-oxoarabinose to UDP-4-amino-4-deoxy-
L-arabinose. The putative ArnB enzymes found by searching
with the NtdA catalytic lysine motif are different from the
known ArnB subfamily. According to the ArnB subfamily in
the UniProt list (EC 2.6.1.87), members of this family contain
the catalytic lysine motif SF(F/Y)HAIKNxxxAEGG and do not
have an additional N-terminal domain. As shown in supple-
mental Figs. S2 and S3, the proteins identified in our search
contain an additional N-terminal domain, and the residues that
would line the putative nucleotide-binding site are highly con-
served as NtdA-like, indicating that these proteins most likely
do not possess a nucleotide-binding site. Furthermore, all of the
residues involved in PLP binding (black triangles) and K6P
binding (blue triangles) are highly conserved (supplemental Fig.
S2 and S3). Thus, our observations suggest that these enzymes
are PLP-dependent sugar-6-phosphate aminotransferases.
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Conclusion—The structural studies of NtdA reported in this
work support the role of this enzyme in the conversion of
3-oxoglucose 6-phosphate to K6P through a PLP-dependent
aminotransferase-type mechanism with glutamate as the
amino donor. Our structures show the internal and external
aldimine forms of NtdA and the activated PMP form. A com-
parison of NtdA with other similar SATs has revealed a novel
motif based on the active site lysine region that we propose is
predictive for identifying SATs that recognize sugar 6-phos-
phate substrates.
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