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ABSTRACT: Ubiquitous D-alanylation of lipoteichoic acids modulates the surface charge and ligand binding
of the Gram-positive cell wall. Disruption of the bacterial DltABCD gene involved in teichoic acid
alanylation, as well as inhibition of the DltA protein, has been shown to increase a Gram-positive
bacterium’s susceptibility to antibiotics. The DltA D-alanyl carrier protein ligase promotes a two-step
process starting with adenylation of D-alanine. We have determined the 2.0 Å resolution crystal structure
of a DltA protein from Bacillus cereus in complex with the D-alanine adenylate intermediate of the first
reaction. Despite the low level of sequence similarity, the DltA structure resembles known structures of
adenylation domains such as the acetyl-CoA synthetase. The enantiomer selection appears to be enhanced
by the medium-sized side chain of Cys-269. The Ala-269 mutant protein shows marked loss of such
selection. The network of noncovalent interactions between the D-alanine adenylate and DltA provides
structure-based rationale for aiding the design of tight-binding DltA inhibitors for combating infectious
Gram-positive bacteria such as the notorious methicillin-resistant Staphylococcus aureus.

Cell walls of most studied Gram-positive bacteria contain
teichoic acids, polymers of glycerol phosphate, or ribitol
phosphate. These polymers are covalently linked to either
peptidoglycan (wall teichoic acids) or glycolipids (lipote-
ichoic acids). The remaining hydroxyls of this anionic
polymer are ubiquitously modified by D-alanyl esterification
or glycosylation (1-3). In studied bacteria, a dlt operon,
which typically codes for DltA,1 DltB, DltC, and DltD
proteins, is responsible for the D-alanylation of teichoic acids
(4). Alanylation reduces the net charge on the polymer. At
least four possible functions of the D-alanylated teichoic acids
have been proposed (5): (i) regulation of autolysins (3); (ii)
cation homeostasis; (iii) trafficking of nutrients, proteins, and
antibiotics; and (iv) presentation of envelope proteins. The
dlt gene appears to be unnecessary for survival and growth
of Gram-positive bacteria in the absence of stress (6).
However, reduced D-alanyl content of the cell wall enhances
autolysis (3, 6) and renders the bacteria susceptible to host
defense peptides and other antibiotics (7, 8). In addition, lack
of D-alanylation of teichoic acid impairs the ability of Gram-
positive bacteria to colonize (9) and form antibiotic-resistant
biofilms (10). Therefore, the teichoic acid D-alanylation

pathway could serve as a novel target for combating
emerging infectious diseases caused by Gram-positive bac-
teria such as the methicillin-resistant Staphylococcus aureus
(5).

The D-alanyl carrier protein ligase DltA (∼500 amino acid
residues) (4) is an enzyme resembling the adenylation
domains (also called AMP-forming domains) found in
modular nonribosomal peptide synthetases (11). Its remote
homologues include the acetyl-CoA synthetases and firefly
luciferases (12). As illustrated in Figure 1A, DltA catalyzes
the ATP-driven adenylation of D-alanine and the transfer of
the activated D-alanyl to the thiol group of 4′-phosphopan-
tetheine which is covalently attached to a serine side chain
of D-alanyl carrier protein DltC (∼80 amino acid residues)
(4). The roles have not been firmly established for DltB, an
integral membrane protein, and DltD, a protein bound to the
membrane via an N-terminal transmembrane domain. Pos-
sibly, these two proteins facilitate the transport of DltC-linked
D-alanyl across the cell membrane and alanylation of teichoic
acid (13).

DltA, as the first confirmed enzyme in the teichoic acid
D-alanylation pathway, stands out as a potential antimicrobial
target. The first characterized DltA inhibitor 5′-O-[N-(D-
alanyl)-sulfamoyl]adenosine, an analogue of D-alanyl ade-
nylate, significantly suppressed the growth of Bacillus subtilis
when used in combination with vancomycin (14). Uniquely,
this protein appears to directly activate D-alanine rather than
depending on an epimerization domain which converts an
activated L-amino acid into the corresponding D-form (14).
In order to rationalize its substrate selection mechanism as
well as provide a structural basis for inhibitor design, we
have determined the crystal structure of DltA from Bacillus
cereus and studied its preference of D-alanine over L-alanine.
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EXPERIMENTAL PROCEDURES

Cloning, Protein Preparation, and Crystallization. The
chemicals were purchased from VWR unless specified
otherwise. The open reading frame of DltA from B. cereus
was amplified by polymerase chain reaction using Pfu DNA
polymerase (Fermentas) from genomic DNA (American
Type Culture Collection). Two oligonucleotide primers
(BcDltANcoIFor,CATGCCATGGCAAAGTTATTAGAAC
AAATT GAAA AGTGG G, and BcDltAXhoIRev, CCG
CTCGAG TGCTG TAACC TCACT CA) were purchased
from Integrated DNA Technologies. The amplified DNA and
pET28a plasmid (Novagen) were both digested using NcoI
and XhoI restriction enzymes and ligated using T4 DNA
ligase (New England Biolabs). Electrocompetent XL-1 Blue
cells (Stratagene) were transformed and selected by plating
on LB/agar media with 35 mg/L kanamycin. Plasmids with
the DltA insert were purified using a plasmid purification
kit (QIAGEN). The pET28a-BcDltA construct carries an
Ala-1 mutation at the N-terminus and eight extra residues

at the C-terminus (LEHHHHHH). After verification by DNA
sequencing, the construct was used to transform electrocom-
petent BL21-Rosetta2 (DE3) cells (Novagen). The expression
of recombinant DltA was induced with 0.5 mM IPTG when
1 L of cell culture in the presence of 35 mg/L kanamycin
and 35 mg/L chloramphenicol at 37 °C reached an optical
density of 0.5-0.8 at 600 nm. Cells were cooled down to
25 °C and harvested ∼16 h after IPTG induction by
centrifugation at 5000g. The cell pellet was frozen at -20
°C overnight and thawed in 100 mL of nickel-binding buffer
(0.5 M NaCl and 30 mM Tris-HCl at pH 7.9) before cell
lysis by sonication. The insoluble debris was removed by
centrifugation at 20000g, and the supernatant was loaded onto
a 10 mL column packed with His-select nickel affinity gel
(Sigma-Aldrich). The column was washed with 150 mL of
wash buffer (0.5 M NaCl, 30 mM imidazole-HCl at pH 7.5).
The column-bound proteins were eluted by 0.5 M NaCl and
20 mM EDTA-Tris at pH 7.5. The eluted proteins were
precipitated by adding 0.3 g/mL ammonium sulfate and

FIGURE 1: Structure and function of DltA. (A) Two-step reaction catalyzed by DltA. In the first step, D-alanine is converted into DltA-
bound D-alanine adenylate (D-Ala-AMP). In the second step, the activated D-alanyl is transferred to the thiol group of DltC-linked 4′-
phosphopantetheine (HS-DltC). (B) The omit Fo - Fc difference maps (in magenta) were contoured at 4σ after simulated annealing starting
at 2000 K. The D-alanine adenylate is shown in sticks with C, O, N, and P atoms in yellow, red, blue, and green, respectively. (C) The
major and minor domains of BcDltA are shown in gray and salmon, respectively. The bound D-alanine adenylate and side chains of Asp-
383, Tyr-394, and Lys-492 are shown in sticks. The C atoms in the side chains are shown in cyan. The anchoring residues (152-153 and
159-160) of the disordered loop (154-158) are highlighted in magenta.
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stored at 4 °C overnight. The protein precipitate was collected
by centrifugation at 20000g and redissolved in 10 mL of
gel filtration buffer (0.2 M NaCl, 0.02 M Tris-HCl at pH
7.4). The gel filtration purification was performed using a
HiPrep Sephacryl S-300 column (GE Health Science), and
the fractions containing BcDltA were concentrated to at least
20 mg/mL by ultrafiltration. The C269A mutation was
introduced by following the one-step site-directed mutagen-
esis protocol (15) using the pET28a-BcDltA construct as the
template for amplification using Pfu DNA polymerase and
a pair of mutagenic pimers (C269AFor, CATTC TTATT
CGCCG GTGAA GTGTT ACCAA ATGAA G, and
C269ARev, CACTT CACCG GCGAA TAAGA ATGTT
TTCAT GTTCG). The mutant C269A protein was purified
following the same procedure for the wild-type protein.

Crystallization and Structure Determination. The concen-
trated BcDltA protein (20-30 mg/mL) was crystallized using
the hanging drop crystallization method at a room temper-
ature of 21 °C. The protein was premixed with 1 mM ATP
and 1 mM D-alanine (both from Sigma-Aldrich). The optimal
well solution for crystallization contained 0.1 M MgCl2, 0.2
M KCl, 12% PEG 3350 (Sigma-Aldrich), and 0.05 M
Hepes-NaOH buffer at pH 7.2. Each drop was composed
of 1 µL of protein and 1 µL of well solution. The plate-
shaped crystals grew to a maximal size of 0.5 mm wide and
0.05 mm thick in 2 days. Crystals were gradually transferred
to soaking solutions composed of the crystallization reservoir
solution supplemented with 5%, 10% 15%, 20%, and 25%
glycerol and 1 mM fresh ATP and D-alanine, soaked for 2
min, and then flash-cooled to 100 K in a nitrogen stream
generated by an Oxford CryoSystems device. The 0.4°
oscillation images were acquired and processed using a
Brukers Proteum-R system as described (16). The previously
solved PheA model (PDB code 1AMU) (17) retrieved from
the Protein Data Bank (18, 19) was used as the model for
molecular replacement solution using AMoRe (20). The
resulting model and electron density map were improved by
Arp/Warp (21). The model was iteratively rebuilt using
XtalView (22) and refined using CNS (23). A 3.0 Å
resolution anomalous difference map was generated using
model-derived phases retarded by 90°. Peaks in this anoma-
lous difference map were used as guides for sulfur atoms in
Cys and Met residues. The bound D-alanine adenylate was
modeled using the difference electron density map. The final
model has 91.1% of the residues in the most favored regions
on a Ramachandran plot. Val-301 is the only residue found
in the disfavored region. This residue lies in a region with
clear electron density. Statistics of the diffraction data,
refinement, and geometry are listed in Table 1. The molecular
figures were generated using Molscript (24) and rendered
using Raster3D (25). The coordinates and structure factors
have been deposited in the Protein Data Bank (entry code
3DHV).

Pyrophosphate Detection Assay. A dye solution containing
0.033% (w/v) Malachite Green, 1.3% (w/v) ammonium
molybdate, and 1.0 M HCl was used to monitor the release
of inorganic phosphate (26) from a pyrophosphatase-coupled
reaction. Absorbance at 620 nm was recorded for quantifica-
tion. The 200 µL reaction solutions contained 5 µM BcDltA,
5 mM ATP, 0.1 M KCl, 0.01 M MgCl2, 0.05 M Tris-Hepes
buffer at pH 7.4, 5 units/mL inorganic pyrophosphatase from
baker’s yeast (Sigma-Aldrich), and the specified concentra-

tion of alanine (Sigma-Aldrich). Concentrated BcDltA was
added after a preincubation step at 37 °C for at least 5 min
to remove any potential pyrophosphate contamination. A
volume of 25 µL of reaction solution was retrieved every 5
min and immediately mixed with 475 µL of the dye solution.
The absorption at 620 nm was recorded after 90 s. The initial
rates (half of the inorganic phosphate accumulation per
minute) of the reaction were derived from the time courses
of phosphate accumulation. The trend of rate against alanine
concentration was fitted with a hyperbola using the Prism
software (GraphPad Software).

RESULTS

OVerall Structure of BcDltA in Complex with D-Alanine
Adenylate. DltA protein from B. cereus was crystallized in
the presence of ATP, D-alanine, and magnesium. One crystal
diffracted to 2.0 Å resolution (Table 1). The electron density
map (Figure 1B) indicated the presence of a bound D-alanine
adenylate, the product of the first reaction step catalyzed by
DltA proteins (Figure 1A). Except for residues 154-158,
the polypeptide chain is highly ordered. The disordered
segment belongs to a highly conserved region shown to be
important for the adenylation step in homologous proteins
(27-29). Due to its similar amino acid composition (glycine,
serine, threonine, and lysine) to that of the P-loop in ATPases
and GTPases (30), this loop was hypothesized to be involved
in ATP or pyrophosphate binding. The disordered state of
this loop, as observed in most homologous structures, also
implies a possibility of its involvement in binding ATP or

Table 1: X-ray Crystallographic Data Collection and Structure
Refinement Statistics

BcDltA/D-alanine
adenylate complex

Data Collection

space group P21

cell dimensions
a, b, c (Å) 60.7, 86.7, 57.4
R, �, γ (deg) 90.0, 113.5, 90.0

resolution (Å) 2.0 (2.09-2.00)a

Rsym 0.074 (0.265)
I/σI 8.0 (1.9)
no.of reflections 35392 (3576)
completeness (%) 95.7 (76.2)
redundancy 5.15 (3.6)

Refinement

resolution (Å) 20.0-2.0
no. of reflections 35313
Rwork/Rfree 0.217/0.258
no. of atoms

protein 3934
ligand/ion 28
water 197

average B-factors (Å2)
protein 22.5
ligand 12.3
water 27.6

rms deviations
bond lengths (Å) 0.006
bond angles (deg) 1.26

a Values in parentheses refer to values in the highest resolution shell.
b Rsym ) ∑|Ih - 〈I〉h|/∑Ih, where 〈I〉h is average intensity over symmetry
equivalents and h is the reflection index. c Rwork ) ∑|Fc - Fo|/∑Fo. The
summation is over all reflections used in refinement. Rfree is calculated
using a randomly selected 5% of the reflections set aside throughout the
refinement.
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pyrophosphate. Although ordered states of equivalent loops
have been observed in at least two homologues (31, 32),
there have been no structural data for such an adenylation
domain in complex with ATP or pyrophosphate to verify
this assumption. The 504-residue BcDltA structure can be
approximately divided into two domains (Figure 1C): an
N-terminal major domain from the N-terminus to residue
399, and a C-terminal minor domain from residue 400 to
the C-terminus.

D-Alanine Adenylate-Binding Pocket. The adenylate was
observed in the interface between the two domains. Three
segments (Phe-196 to Leu-198, Cys-269 to Val-272, and
Asn-292 to Val-301) partially enclose the D-alanine adenylate
intermediate (Figure 2A). Three additional side chains (Asp-
383, Tyr-394, and Lys-492) participate in close contacts with
the adenylate. The adenine moiety is intercalated by unusu-
ally flat peptide planes between Gly-270 and Val-272 on one
side and the aromatic side chain of Tyr-294 on the opposite
side. The 6-amino group forms hydrogen bonds with the side
chain carbonyl oxygen of Asn-292 and the main chain
oxygen of Thr-293. The ribose appears anchored by two
hydrogen bonds between its 2′- and 3′-hydroxyls and the
carboxylate group of Asp-383. The 2′-hydroxyl also forms
a hydrogen bond with the Tyr-394 side chain. The R-phos-

phate forms hydrogen bonds with the �-hydroxyl and amide
groups of Thr-297 and the ε-amino group of Lys-492. The
lysyl residue also forms a hydrogen bond with the D-alanyl
carbonyl oxygen. The rest of the D-alanine-binding pocket
is lined by residues Phe-196 to Leu-198, Cys-269 to Gly-
270, Gly-295 to Pro-296, and Val-301. The D-alanyl amino
group forms hydrogen bonds with the carboxylate group of
Asp-197 and with the main chain carbonyl oxygen atoms of
Gly-295 and Val-301. The D-alanyl methyl group points
toward Leu-198. The sulfur atom of Cys-269 is positioned
3.6 Å from the R-carbon of the D-alanyl moiety. A modeled
L-alanine positions its R-methyl group (purple sphere, Figure
2A) as close as 2.6 Å to the side chain thiol group of Cys-
269. Such a close encounter would result in steric clashes
and disfavor the binding of L-alanine.

Comparison with Known Structures of Homologous AMP-
Forming Domains. The BcDltA structure appeared to be most
similar to PheA (17) based on comparison with known
structures using the ProFunc server (33). A root-mean-square
deviation of 1.91 Å was obtained between 406 CR atoms in
38 equivalent secondary structure elements of BcDltA and
PheA. Less than 34 equivalent secondary structure elements
were found between BcDltA and other known structures with
root-mean-square deviations greater than 2.4 Å. Despite high
level of variation in their amino acid sequences among
homologous adenylation proteins, all known structures of
such domains appear to share a relatively conserved major
N-terminal domain and a minor C-terminal domain. Two
drastically different dispositions of the two domains have
been observed in homologous structures. The first is appar-
ently relevant to the adenylation reaction, in which the minor
domain contributes a lysyl side chain (Lys-492 in BcDltA)
which bridges the nucleophilic attack of a carboxylate group
on the R-phosphate of ATP (34). The other is thought to be
relevant to the transfer reaction of the adenylated intermediate
to the thiol group of coenzyme A or the 4′-phosphopanteth-
eine group of a carrier protein (31, 32). This structure of
BcDltA appears to be determined in a conformation relevant
to the adenylation reaction. In order to analyze the substrate
selection, we compared the BcDltA structure with three
homologous structures of this enzyme superfamily deter-
mined in their respective adenylation conformation: PheA
(phenylalanine-activating domain of the first module of the
Bacillus breVis gramicidin S synthetase I, in complex with
AMP and phenylalanine, PDB code 1AMU) (17), DhbE (2,3-
dihydroxybenzoate activation domain from B. subtilis, in
complex with the adenylate intermediate, PDB code 1MDB)
(35), and yeast ACS (acetyl-CoA synthetase, in complex with
AMP, PDB code 1RY2) (36). In addition to the conserved
Lys residue, the ribose-anchoring Asp (residue 383 in
BcDltA) is conserved, and the adenine-interacting Tyr
(residue 294 in BcDltA) is somewhat conserved as a Tyr or
Phe. The adenosine-wrapping main chain segments corre-
sponding to Gly-270 to Val-272 and Asn-292 to Ala-299 of
BcDltA appear to be in very similar conformations in those
structures. Least-squares superposition was therefore applied
to these main chain atoms. The resulting overlapped struc-
tures showed significant differences in their acyl- or aryl-
binding pockets (Figure 2B). Consistent with the highest
sequence similarity between BcDltA and PheA (29% iden-
tity), the two structures showed the highest similarity in main
chain conformations of residues lining up the amino acid-

FIGURE 2: Structure of the active site in stereo. The orientation is
similar to that in Figure 1B,C. (A) Ball-and-stick model of the active
site. The atom coloring scheme is similar to that in Figure 1. The
Sγ atom in Cys-269 is shown in green. The modeled C� atom of
L-alanine is highlighted in purple. Selected hydrogen bonds are
shown in brown dashed lines. (B) Comparison of substrate-binding
pockets in DltA homologues. The D-alanine adenylate is colored
as in panel A. Three main chain segments of BcDltA (in cyan),
PheA (in magenta), DhbE (in green), and yeast ACS (in yellow)
are shown. The three homologous structures, PheA (in complex
with AMP and phenylalanine, PDB code 1AMU), DhbE (in
complex with the adenylate intermediate, PDB code 1MDB), and
yeast ACS (in complex with AMP, PDB code 1RY2), have also
been crystallized in their respective adenylation conformation. The
starting and ending residues of BcDltA are labeled. The substrate-
binding pocket is lined by residues around Leu-198, Cys-269, and
Val-301.
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binding pocket (cyan and magenta, respectively, Figure 2B).
Equivalent to Asp-177 of BcDltA, Asp-235 of PheA
stabilizes the amino group of the substrate. Nearby, Ile-330
of PheA and the equivalent Val-301 of BcDltA both have
an unusual conformation in the disfavored region on a
Ramachandran plot. Consistent with the requirement for
binding a bulkier phenylalanine substrate, PheA has smaller
side chains at Ala-236 (Leu-178 of BcDltA) and Ala-301
(Cys-269 of BcDltA). The DhbE and yeast ACS structures
(green and yellow, respectively, Figure 2B) have drastically
different dispositions of one of their respective aryl- or acyl-
binding residues corresponding to Val-301 of BcDltA (cyan
and labeled, Figure 2B).

D-Alanine Is the Preferred Substrate oVer L-Alanine. In
order to analyze the likely preference for D-alanine over
L-alanine, we studied the initial rates of the first-step reaction
catalyzed by BcDltA by monitoring the pyrophosphatase-
coupled release of inorganic phosphate. The initial rates of
this reaction appeared to have reached a plateau in the
presence of 5 mM D-alanine and 1 mM or higher concentra-
tions of ATP (data not shown). The reaction rates were
therefore measured in the presence of 5 mM ATP and varied
concentrations of D- or L-alanine (Figure 3A). The curve of
the reaction rates against alanine concentrations appeared to
be hyperbolic, which is consistent with the protein being
monomeric in gel filtration (data not shown) and in the
crystal. The derived apparent dissociation constant (KM) and
turnover rates (kcat) are listed in Table 2. For D-alanine, KM

was estimated as 1.1 ( 0.2 mM. For L-alanine, a noticeably
larger dissociation constant was derived (14.4 ( 1.6 mM).
The estimated turnover rate for D-alanine (1.5 ( 0.1 min-1)
was lower than that for L-alanine (6.7 ( 0.4 min-1). In the
presence of 2 mM or lower concentrations of alanine, the
observed reaction rates for the D-form were significantly
faster than those for the L-form at the same alanine
concentration.

C269A Mutation Relaxes D-Alanine Preference. Cys-269
in the BcDltA structure has its side chain dispositioned in a
way which would clash with the R-methyl group of an
L-alanine. Mutation for a smaller Ala was made at this
position. The purified C269A protein showed relaxed enan-
tiomer selection as expected (Figure 3B). The apparent
dissociation constant (KM) for D-alanine was estimated as
3.1 ( 0.3 mM. For L-alanine, a larger dissociation constant
was derived (6.6 ( 0.5 mM). The KM gap was noticeably
smaller than that of the wild-type protein (between 1.1 and
14.4 mM). The estimated turnover rates (kcat) were 6.2 (
0.2 min-1 for D-alanine and 7.6 ( 0.3 min-1 for L-alanine.
Unlike the wild-type protein which showed a ∼4-fold smaller
kcat value for D-alanine than that for L-alanine, the C269A
mutant protein appeared to have very similar kcat values for
both enantiomers.

Sequence Alignment of RepresentatiVe DltAs and PheA.
The amino acid sequences of adenylation domains vary
significantly. Even between the DltA proteins from Gram-
positive bacteria, less that 60% sequence identities were
found between DltA from B. cereus and those from model
organism B. subtilis (56%) and pathogenic microbe S. aureus
(43%), Streptococcus pneumoniae (42%), and Clostridium
difficile (43%). BcDltA closely resembles DltA from Bacillus
anthracis (501 out of 504 residues are identical) as expected
from the fact that the two species are arguably one. In

contrast, BcDltA was found to share only 29% sequence
identity with PheA, the closest homologue outside the DltA
family. Sequence alignment (Figure 4) showed that the two
proteins’ amino acid-binding pockets are highly conserved.
BcDltA’s segment of Phe-196 to Leu-198 belongs to an
invariable motif SFDLSV among the DltA representatives.
In comparison, PheA has a similar SFDASV sequence (the
equivalent residue of BcDltA’s Leu-178 is substituted by
an Ala). Similarly sized residues (Cys, Ile, Asp) were found
in these DltAs at the position equivalent to Cys-269 of
BcDltA. PheA has a smaller Ala at this position. The DltAs
also share a N(T/A/G)YGPTEATV motif equivalent to
residues from 292 to 301 of BcDltA. PheA is also similar in

FIGURE 3: Rate of pyrophosphate release catalyzed by BcDltA in
the presence of D- and L-alanine. The reaction solutions contained
0.005 mM wild-type or mutant BcDltA, 5 mM ATP, 0.1 M KCl,
0.01 M MgCl2, 0.05 M Tris-HCl buffer at pH 7.4, 5 units/mL yeast
inorganic pyrophosphatase (Sigma-Aldrich), and specified concen-
tration of alanine (Sigma-Aldrich). The initial rates of pyrophosphate
accumulation divided by the BcDltA concentration were shown.
(A) Reaction catalyzed by the wild-type BcDltA. (B) Reaction
catalyzed by the C269A mutant protein.

Table 2: Kinetic Data for DltA Protein from B. cereus

BcDltA (alanine) KM (×10-3 M) kcat (min-1) kcat/KM (mM-1 ·min-1)

wild type (D-Ala) 1.1 ( 0.2 1.5 ( 0.1 1.4 ( 0.2
wild type (L-Ala) 14.4 ( 1.6 6.7 ( 0.4 0.47 ( 0.05
C269A (D-Ala) 3.1 ( 0.3 6.2 ( 0.2 2.0 ( 0.2
C269A (L-Ala) 6.6 ( 0.5 7.6 ( 0.3 1.2 ( 0.1
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this segment with a sequence of NAYGPTETTI with
differences limited to the last and third last positions.

DISCUSSION

Bacteria selectively incorporate D-alanine in various cell
wall components. In Gram-positive bacteria, there is no
exception in the ubiquitous alanyl esterification of teichoic

acids. The measured apparent dissociation constants for D-
and L-alanine suggest that the bacterium favors the use of
D-alanine. In cultured cells of E. coli and B. subtilis, a
previous study (37) found that intracellular D-alanine (in the
order of 102 µM) is approximately 20-fold more abundant
than the L-enantiomer (in the order of 101 µM). As suggested
by the apparent dissociation constants (∼1.1 mM for

FIGURE 4: Sequence alignment of selected DltAs and PheA. Sequence alignment of DltA homologues from B. cereus (BcDltA), B. subtilis
(BcDltA), S. aureus (SaDltA), S. pneumoniae (SpDltA), and C. difficile (CdDltA) and PheA domain from B. breVis gramicidin S synthetase
I. The sequences were aligned by ClustalW (38). Sequences, secondary structures, and residue numbers of BcDltA and PheA were shown
in red and blue, respectively. Invariable residues within the DltA family were highlighted in cyan. Highly conserved segments within the
DltA family were boxed. The D-alanine adenylate-contacting residues in BcDltA were marked with arrows. This alignment figure is generated
by Alscript (39).
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D-alanine and ∼14 mM for L-alanine), BcDltA likely operates
in a cellular environment where D- and L-alanine concentra-
tions are significantly less than their respective KM. As a
result, the substrate concentrations and the enzyme’s speci-
ficity constants (kcat/KM) would serve as indicators of
substrate selectivity. Such specificity constants of BcDltA
are 1.4 mM-1 min-1 for D-alanine, and 0.47 mM-1 min-1

for L-alanine. In combination with a possible 20-fold
difference in D- and L-alanine concentration, BcDltA would
favor D- over L-alanine by approximately 60-fold. In non-
ribosomal peptide synthesis, adenylation domains such as
PheA function as a complex with peptide carrier domains.
It is possible that DltA may achieve higher selectivity in a
complex with DltC. Interestingly, the turnover rate for
D-alanine is ∼4-fold smaller than that of L-alanine in the
adenylation reaction. Although our data do not provide an
experimental explanation, the slower rate may be caused by
slower release of the D-alanine adenylate. This assumption
is consistent with the structural finding that the binding
pocket is perfect for D-alanine but not L-alanine due to the
disposition of the Cys-269 side chain. A slower release rate
would be clearly advantageous for retention of the adenylate
and subsequent transfer of the D-alanyl group to the thiol
acceptor on DltC. Usually in nonribosomal peptide synthesis,
L-amino acids are activated by adenylation domains and
sometimes racemized by epimerization domains for subse-
quent conversion into the D-form (11). There is no such
epimerization domain known to associate with D-alanylation
of teichoic acid. The DltA protein from Gram-positive
bacteria may therefore stand out as the first structurally
characterized adenylation domain that selectively activates
a D-amino acid.

Similarity in primary sequences as well as in tertiary
structures between BcDltA and PheA suggests that the
D-alanine-activating DltA proteins and the phenylalanine-
activating domain PheA in nonribosomal peptide synthesis
may have evolved from a common ancestor. Our results
suggest that the preference for D-alanine is partly determined
by steric hindrance imposed by the side chain of Cys-269
on L-alanine but not D-alanine. Despite lower than 60%
sequence identity between representative DltA proteins, their
D-alanine specific binding pocket appears to be highly
conserved. It is therefore possible to design a common
inhibitor for combating infectious diseases caused by Gram-
positive bacteria. The crystal structure of BcDltA outlined
structural similarities among adenylation domains as well
as differences in their respective acyl- or aryl-recognition
pocket. The differences would aid in the design of DltA-
specific inhibitors without impeding the normal functions of
similar human enzymes such as the ubiquitous acetyl-CoA
synthetase.
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