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The crystal structure of the D-alanine-D-alanine ligase from 
Acinetobacter baumannii suggests a flexible conformational change 
in the central domain before nucleotide binding§

Acinetobacter baumannii, which is emerging as a multidrug- 
resistant nosocomial pathogen, causes a number of diseases, 
including pneumonia, bacteremia, meningitis, and skin in-
fections. With ATP hydrolysis, the D-alanine-D-alanine ligase 
(DDL) catalyzes the synthesis of D-alanyl-D-alanine, which 
is an essential component of bacterial peptidoglycan. In this 
study, we determined the crystal structure of DDL from A. 
baumannii (AbDDL) at a resolution of 2.2 Å. The asymmetric 
unit contained six protomers of AbDDL. Five protomers 
had a closed conformation in the central domain, while one 
protomer had an open conformation in the central domain. 
The central domain with an open conformation did not in-
teract with crystallographic symmetry-related protomers and 
the conformational change of the central domain was not due 
to crystal packing. The central domain of AbDDL can have an 
ensemble of the open and closed conformations before the 
binding of substrate ATP. The conformational change of the 
central domain is important for the catalytic activity and the 
detail information will be useful for the development of in-
hibitors against AbDDL and putative antibacterial agents 
against A. baumannii. The AbDDL structure was compared 
with that of other DDLs that were in complex with potent 
inhibitors and the catalytic activity of AbDDL was confirmed 
using enzyme kinetics assays.

Keywords: D-alanine-D-alanine ligase, drug target, bacte-
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Introduction

Acinetobacter baumannii is a nonfermenting Gram-nega-
tive coccobacillus. A. baumannii has recently emerged as a 
multidrug-resistant (MDR) pathogen that causes pneumonia, 
bacteremia, meningitis, and skin infections (Peleg et al., 
2008; Sebeny et al., 2008; Howard et al., 2012). In the US 
alone, of the approximately 12,000 healthcare-associated 
Acinetobacter infections that have been reported by the 
Centers for Disease Control and Prevention, 63% were MDR 
(CDC, 2013). The clinical isolates of patients have been shown 
to confer resistance to most of the currently used antibiotics, 
including β-lactams, aminoglycosides, macrolides, tetracy-
clines, phenicols, quaternary amines, streptothricins, sulfo-
namides, and diaminopyrimidines (Taitt et al., 2014). New 
targets for MDR pathogens including A. baumannii have 
been searched systematically and D-alanine-D-alanine ligase 
(DDL; E.C. number 6.3.2.4) is one of the targets.
  With ATP hydrolysis, DDL synthesizes the dipeptide D- 
alanyl-D-alanine (D-ala-D-ala) from two D-alanines (equa-
tion 1) (Neuhaus, 1962; Mullins et al., 1990; Fan et al., 1997). 
D-ala-D-ala is a key component of the bacterial cell wall and 
it maintains cell wall stability through cross-linking the pep-
tide chain of peptidoglycan. The antibiotic vancomycin, 
which inhibits the cross-linking of the terminal D-ala-D-ala 
moiety in the peptide chain of peptidoglycan, is used to treat 
infections that are caused by methicillin-resistant Staphylo-
coccus aureus (Liu et al., 2011). D-Cycloserine (DCS), which 
is an analog of D-alanine and which was developed as a DDL 
inhibitor (Neuhaus and Lynch, 1964), was approved for the 
treatment of Mycobacterium tuberculosis infections. We were 
interested in determining the crystal structure of AbDDL, 
which can be used to develop new antibiotic agents against 
A. baumannii.

  2 D-alaninest + ATP  D-alanyl-D-alanine + ADP + Pi (1)

  The structures of DDLs have three domains: the N-terminal, 
central, and C-terminal domains (Liu et al., 2006; Kitamura 
et al., 2009; Doan et al., 2014). Loops from each domain, 
especially the ω-loop and serine-loop, play important roles 
in the binding of substrates and the catalysis of D-ala-D-ala 
synthesis. The substrate binding sites for two D-alanines 
and an ATP exist at the interdomain crevices between the 
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N-terminal domain and the C-terminal domain and between 
the central domain and the C-terminal domain, respectively. 
Four loops from all the three domains complete the substrate 
binding pocket at the center of the three domains: the loop1 
from the N-terminal domain, the loop2 (serine-loop) from 
the central domain, and the loop3 (ω-loop) and the loop4 
from the C-terminal domain. The conformational changes 
of the three domains and the four loops are closely related 
to each other and are essential for the catalytic activity of 
DDL (Kitamura et al., 2009; Doan et al., 2014).
  The N-terminal domain and its loop 1 are stable and show 
little conformational changes during catalysis. The central 
domain and its serine-loop are highly flexible in the sub-
strate ATP binding. It is still controversial if ATP binding 
is the first step for the catalytic mechanism of DDL or D- 
alanine binding is the first step and if the ATP and D-ala-
nine binding is dependent on each other or independent 
(Bruning et al., 2011; Prosser and de Carvalho, 2013). The 
conformation of central domain is important for ATP bind-
ing (Kitamura et al., 2009). The interdomain conformation 
of the C-terminal domain is stable like the N-terminal do-
main, but its ω-loop is mobile depending on substrate nu-
cleotide binding. The ω-loop usually takes a closed confor-
mation with the nucleotide binding and an open flexible con-
formation without the nucleotide binding. The closed con-
formation of ω-loop and serine-loop was proposed to play 
an important role to position the phosphates of ATP for 
catalysis (Doan et al., 2014).
  In this study, we determined the crystal structure of AbDDL 
with the conformational change of the central domain, which 
was compared to DDL from Thermus thermophilus (TtDDL). 
In addition, the AbDDL structure was compared with the 
structures of DDLs that were in complex with other potent 
inhibitors, including DDL from S. aureus (SaDDL) and DDL 
from Escherichia coli (EcDDL). Enzyme kinetics studies of 
AbDDL were also conducted. An understanding of the crys-
tal structure and conformational change of AbDDL will be 
useful for determining the catalytic mechanism of AbDDL 
and developing a new mechanism-based antibiotic agent 
against A. baumannii.

Materials and Methods

Cloning, overexpression, and purification
The cloning of the AbDDL gene and the overexpression and 
purification of AbDDL were performed as previously pub-
lished (Huynh et al., 2014). Briefly, the AbDDL gene was 
cloned from the genomic DNA of A. baumannii OXA-23 
to produce a pET11a vector with a 7xHistidine (His) tag at 
the N-terminus of AbDDL. The resulting pET11a-AbDDL 
recombinant vector was transformed into the E. coli strain 
BL21(DE3)pLysS. The overexpression of AbDDL was in-
duced by adding 0.5 mM isopropyl β-D-1-thiogalactopyr-
anoside when the culture reached an OD600 of 0.6 at 310 K. 
After the induction, the cells were cultured for an additional 
4 h. The cultured cells were harvested by centrifugation for 
20 min at 6,000 × g (Supra 30K A1000S-4 rotors, Hanil Science 
Industry Corporation) at 277 K. The cell pellets were then 
resuspended in ice-cold lysis buffer (25 mM Tris-HCl; pH 

7.5, 300 mM NaCl, 15 mM imidazole, 3 mM β-mercaptoe-
thanol) and homogenized by ultrasonication on ice (Sono-
masher, S & T Science). The lysate was then centrifuged for 
40 min at 21,000 × g (Vision VS24-SMTi V508A rotor) at 
277 K. The supernatant containing soluble AbDDL was 
loaded onto a Ni2+-charged resin (Ni-NTA His·Bind® Resin, 
Bio-Rad Laboratories, Inc.) that had been previously equi-
librated with the lysis buffer. Affinity purification was per-
formed according to the manufacturer’s protocol at 277 K. 
The lysis buffer was used to wash the nonspecifically bound 
proteins. AbDDL was eluted with an elution buffer (25 mM 
Tris-HCl; pH 7.5, 300 mM NaCl, 250 mM imidazole, and 3 
mM β-mercaptoethanol). The resulting protein solution was 
dialyzed for 12 h at 277 K in buffer A (25 mM Tris-HCl; 
pH 7.5 and 3 mM β-mercaptoethanol). The 7xHis-tag was 
cleaved with a Tobacco Etch Virus protease at 277 K at a 
ratio of 20:1 (AbDDL:TEV) by weight in an overnight re-
action. The AbDDL without the His-tag was further puri-
fied by performing anion exchange chromatography with a 
Hi-Trap Q FF column (GE Healthcare Life Sciences). The 
protein was then concentrated to 30 mg/ml in crystallization 
buffer (25 mM Tris-HCl; pH 7.5, 5 mM NaCl, and 3 mM 
β-mercaptoethanol) with Vivaspin 20 (10,000 MWCO, Sar-
torius AG).

Crystallization and X-ray diffraction data collection
The crystallizing conditions were initially applied at 287 K 
by using the sitting-drop vapor-diffusion method in a 96-well 
Intelli-Plate (Art Robbins Instruments LLC), the Hydra II 
e-drop automated pipetting system (Thermo Fisher Scientific 
Inc.), and screening kits from Crystal Screen Lite, Crystal 
Screen Cryo, and PEGRx (Hampton Research Corporation), 
Wizard Precipitant Synergy (Rigaku Reagents, Inc.), and 
Morpheus MD (Molecular Dimensions Limited). We de-
veloped several different crystallization conditions for the 
AbDDL protein. The first condition (condition 1) was 0.06 
M MgCl2 and CaCl2; 0.1 M imidazole; 2-(N-morpholino) 
ethanesulfonic acid-HCl, pH 6.5; and 30% of the precipi-
tant EDO-P8K containing 40% (v/v) ethylene glycol and 20% 
(w/v) polyethylene glycol (PEG) 8000 (Huynh et al., 2014). 
The additional condition (condition 2), which was obtained 
with the microbatch method in the 72-well MicroWell Mini 
Trays w/lids (NUNCTM), was 0.2 M NaSCN and 20% (w/v) 
PEG 3350. In both conditions, the fully grown crystals were 
flash-cooled in liquid nitrogen with cryoprotectant solutions 
that consisted of each reservoir solution plus 20% (v/v) gly-
cerol. The X-ray diffraction data for the crystals were col-
lected for the 7A and 5C beamlines with the charge-cou-
pled device detectors of an ADSC Quantum 270 and an 
ADSC Quantum 315r, respectively, at the Pohang Accelerator 
Laboratory, Pohang University of Science and Technology, 
South Korea.

Structure determination and refinements
The structure of AbDDL in crystallization condition 1 was 
determined with the molecular replacement program of 
Phaser-MR from the CCP4 software package (Winn et al., 
2011), and the DDL from Yestis pestis was used as a template 
model (Protein Data Bank [PDB] ID: 3v4z). The AbDDL 
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   (A)                                                                         (B) Fig. 1. The crystal structure of the A. bau-
mannii D-alanine-D-alanine ligase (AbDDL). 
(A) Six protomers (three dimers) are shown
in the asymmetric unit. The protomer with 
the open conformation of the central do-
main is shaded in salmon. N-terminus and 
C-terminus of each protomer is labelled. 
(B) Three domains are shown in the AbDDL 
protomer. The N-terminal, central, and C- 
terminal domains are shown in cyan, pur-
ple, and orange, respectively.

Table 1. Data-collection and refinement statistics
Data collection 

X-ray source
Wavelength (Å)

7A, PLS
0.97935

5C, PLS
0.97960

Space group P212121 C2
Unit-cell parameters 
a, b, c (Å) 113.4, 116.7, 176.6 221.6, 74.8, 143.1
α, β, γ (°) 90.0, 90.0, 90.0 90.0, 103.3, 90.0
Resolution (Å) 50.00–2.80 (2.85–2.80) 50.00–2.20 (2.24–2.20)
Total reflections 413163 599505
Unique reflections 55982 115881
Completeness (%) 96.0 (92.0) 99.6 (99.0)
Multiplicity 7.4 (3.7) 5.2 (4.1)

I/σ(I) 12.9 (1.6) 22.1 (2.1)
Rmerge (%) 9.1 (42.0) 9.7 (52.4)

Refinement 
Resolution (Å) 44.82–2.81 36.05–2.20
No. of reflections 54678 109440
Rwork / Rfree (%) 24.8/ 29.3 22.0 / 28.0
No. of atoms
Protein 11162 12700
Water 69 199
RMSDs
Bond lengths (Å) 0.013 0.014
Bond angles (°) 1.764 1.755
Ramachandran plot (%)
Favored 96.4 95.2
Allowed 2.2 4.3
Disallowed 1.4 0.5
PDB accession code 5DMX 

(crystallization 
condition 1)

5D8D
(crystallization 

condition 2)
The values in parentheses represent the highest resolution shell.
Rmerge = ∑hkl ∑i|(Ii(hkl)) – I(hkl) |/ ∑hkl ∑i Ii(hkl), where Ii(hkl) is the mean intensity 
of the ith observation of the symmetry-related reflections hkl. R free = ∑hkl||Fobs| – 
|Fcalc|| / ∑hkl|Fobs|, where Fcalc is the calculated protein structure factor in the atomic 
model (Rfree was calculated with 5% of randomly selected the reflections).
PDB: protein data bank; RMSD: root mean square deviation.

structure in crystallization condition 2 was determined with 
the AbDDL structure determined in crystallization condi-
tion 1. The model building was performed with the Coot 
software (Emsley et al., 2010). The resulting structure was 

refined with Refmac5 of the CCP4 package (Murshudov et 
al., 2011). The resulting structures were validated in the 
PROCHECK software (Laskowski et al., 1993). The statistics 
of the structure refinement are summarized in Table 1. The 
graphic presentation was performed in the Pymol software 
(Schrodinger, 2010), and the sequence alignment was per-
formed in ClustalX (Thompson, 1997) and presented with 
ESPript Server (Gouet et al., 1999).

Enzymatic activity assay
The enzymatic activity of AbDDL was determined by meas-
uring the D-alanine-dependent orthophosphate (Pi) release 
from ATP, which was detected by the colorimetric method. 
The assay solution of 50 μl contained 50 mM Tris-HCl (pH 
7.8), 10 mM MgCl2, 10 mM KCl, and ATP and D-alanine at 
required concentrations. The reaction was initiated by the 
addition of 1.5 μg of the AbDDL enzyme into the assay sol-
ution, which was incubated for 10 min. The reaction was 
stopped by adding 10 mM of ethylenediaminetetraacetic 
acid and 250 μl of water. The Ames solution (750 μl) was 
added, and the mixture was incubated at 45°C for 20 min 
to allow color development. The concentration of released 
Pi was measured by spectrometry at 820 nm. The kinetic 
parameters were determined with a nonlinear regression 
and the following equations (1–3) as described previously 
(Doan et al., 2014). The basic equation (equation 2) for DDL 
was derived from the steady state kinetics for two identical 
substrate molecules of D-alanine. To obtain the Kcat and Km2 
values for the D-ala-D-ala ligase activities, equation 3 was 
used. Km1 was calculated with equation 4. To calculate the 
Kcat for ATP and Km,ATP, we used the steady-state kinetics 
of the Michaelis-Menten equation with a single binding site. 
To test the inhibitory effects of DCS on AbDDL, the fixed 
concentrations of 5 mM or 10 mM of DCS were added into 
the assays with the various concentrations of D-alanine or 
ATP.
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   (A)                                                                      (B)

   (C)                                                                      (D)

Fig. 2. The closed and open conformations 
of the central domain. (A) The closed con-
formation of the central domain. (B) The 
open conformation of the central domain. 
The blue mesh shows a 2Fo-Fc map (con-
toured at 1.0 σ). The cyan color shows the 
N-terminal domain and the orange color 
shows the C-terminal domain. The green 
color shows the closed conformation of the 
central domain and the purple color shows 
the open conformation of the central domain.
The red oval represents the conserved nu-
cleotide-binding site. (C) The superimposed
AbDDL protomers of the open and closed 
conformations of the central domain. (D) 
The open conformation of the AbDDL struc-
ture is represented as the surface. The closed
conformation of AbDDL is the same as (C).
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Results

Overall structure
The AbDDL protein was purified to the level of a single band 
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and exists as a dimer according to the results of the size ex-
clusion chromatography. The crystal structures of AbDDL 
were determined at 2.8 Å and 2.2 Å resolutions by molec-
ular replacement in two different crystallization conditions. 
In the first crystallization condition (Huynh et al., 2014), 
all the AbDDL protomers showed the same overall confor-
mation. However, in the second condition, where six pro-
tomers were observed in an asymmetric unit (Fig. 1A), one 
of the six protomers showed the conformational change in 
central domain. When the protomer structures from both 
crystallization conditions were compared, the structures were 
well conserved (the root-mean-square deviation is 0.34 Å 
for 228 residues in 303 residues), except the one promoter 
with the conformational change in the second condition 
(Supplementary data Fig. S1A).
  We focused on the AbDDL structure in the second condi-
tion. The geometry and stereochemistry of the determined 
AbDDL structure were good and 95% of the residues were 
in the most favored region of the Ramachandran plot. The 
data collection and refinement statistics are summarized in 
Table 1.

  The overall structure of AbDDL consisted of the N-termi-
nal, central, and C-terminal domains, which were well con-
served in DDLs (Fig. 1B). The main scaffold of all three of 
the domains was an α/β fold of a tightly folded globular shape. 
The N-terminal domain and central domain were connected 
with two consecutive 2 α-helices that were arranged line-
arly and that were bound beneath the C-terminal domain. 
The three resulting domains were closely bound to each other. 
The C-terminal domain had a conserved ω-loop, the con-
formation of which is known to change depending on sub-
strate nucleotide binding (Kitamura et al., 2009). The ω-loop 
of AbDDL was disordered in all the six protomers due to 
its flexibility when nucleotides were not bound and this is 
frequently observed in other DDLs (Wu et al., 2008; Doan 
et al., 2014). The serine-loop in the central domain also 
showed flexible conformations.

The conformational change in the central domain
In the TtDDL structure (36% sequence identity with AbDDL), 
the central domain showed gradual conformational changes 
relative to substrate nucleotide binding (Kitamura et al., 2009). 
We superimposed six AbDDL protomers with each other in 
order to examine the conformational differences. Although 
the central domain of five AbDDL protomers showed the 
closed conformation, the central domain of one protomer 
was tilted by 33° by rolling around the surface of the C-ter-
minal domain, which resulted in a wide-open substrate nu-
cleotide-binding channel between the central and C-terminal 
domains (Fig. 2). The conformational change of the central 
domain was not dependent on substrate nucleotide binding. 
The open central domain only interacted with the physio-
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Table 2. Enzyme kinetic parameters of the D-alanine-D-alanine ligases 
(DDLs)

Km1 
(mM)

Km2 
(mM)

Km,ATP
(mM)

kcat 
(min-1) 

kcat/Km2
(mM/min)

AbDDL 0.008 2.7 1.7 1805 669
EcDDLB 
(Zawadzke et al., 1991) 0.0087 1.26 0.0394 1170 929

XoDDL 
(Doan et al., 2014) 0.021 12 903 73.3

HpDDL 
(Wu et al., 2008) 1.89 627 0.87 115 0.18

Ec, E. coli; Yp, Yersinia pestis; Xo, Xanthomonas oryzae pv. oryzae; Sa, Staphylo-
coccus aureus; Tt, Thermus thermophilus; Hp, Helicobacter pylori

                                                                             (B)

        (A)

                                                                             (C)

Fig. 4. The comparison of the proposed 
binding sites of known DDL inhibitors. (A)
The putative binding sites of known DDL 
inhibitors in AbDDL, based on the super-
imposition of the closed AbDDL structure 
and the inhibitor-bound DDL structures. 
ATP (orange), 3-chloro-2,2-dimethyl-N-[4 
(trifluoromethyl)phenyl]propanamide 
(inhibitor 1) (yellow in the orange shaded 
oval), and phosphorylated D-ala-D-α-hyd-
roxybutyrate phosphonate (purple in blue 
shaded circle) are positioned on the closed 
conformation of the AbDDL structure. (B) 
The binding site for inhibitor 1 is enlarged 
in the orange rectangular box, in which the 
superimposed DDL from S. aureus (SaDDL)
is shown in yellow. (C) The binding site for 
phosphorylated D-ala-D-α-hydroxybutyrate 
phosphonate is enlarged in the blue rectan-
gular box, in which the superimposed DDL
from E. coli (EcDDL) is shown in purple.

Fig. 3. The ATP binding site of AbDDL. The superimposed structures of 
the closed conformation of AbDDL (green) and the DDL from T. ther-
mophilus (TtDDL; orange) in complex with D-alanyl-D-alanine (D-ala- 
D-ala) and ATP. The ATP molecule is positioned based on the super-
imposed TtDDL structure. The ATP molecule in the TtDDL structure is 
represented as a stick.

logical dimer molecule and did not contact other crystallo-
graphic symmetry-related AbDDL molecules (Supplementary 
data Fig. S2). The conformational change did not result from 
crystal packing. The central domain was connected to the N- 
terminal and C-terminal domains through two parallel loops. 
The loop that was entering into the central domain consisted 
of six residues, and the loop that was coming out of the cen-
tral domain consisted of three residues. The center residue 
(Ile179) of the outgoing loop was the pivotal point for the 
open and closed conformational changes of the central do-
main.

The nucleotide-binding site
The interdomain crevice between the central domain and 
the C-terminal domain contained the conserved nucleotide- 
binding site. We compared the open and closed conforma-

tions of the AbDDL protomer structures. The open confor-
mation of the central domain exposed the large solvent-acces-
sible nucleotide-binding pocket at the bottom of AbDDL, 
which was unavailable in the closed conformation.
  We superimposed the ATP and D-ala-D-ala-bound TtDDL 
structure on the AbDDL structures in order to examine the 
nucleotide-binding site (Fig. 3). The superimposed ATP fit 
well in the crevice between the C-terminal and central do-
mains in the closed conformation of AbDDL without bum-
ping (Supplementary data Fig. S1B). In the open conforma-
tion of AbDDL, the bound ATP could not be recognized or 
interacted with the central domain. The ω-loop was also an 
important flexible component of the DDLs. The ω-loop of 
the closed conformation of TtDDL covered the bound ATP 
completely, and the ATP molecule was not accessible by the 
solvent except through the small hole near the adenine part 
of ATP. The three phosphates and the ribose ring were to-
tally covered inside the TtDDL protein. In the closed con-
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formation of AbDDL, the ω-loop was disordered and it was 
not visualized because of the flexible conformations. The 
phosphates, ribose ring, and base of ATP were exposed to 
the solvent. However, even without the ω-loop, the nucleo-
tide-binding site of AbDDL in the closed conformation was 
too narrow and tight for nucleotide to bind. Accordingly, 
the flexible open and closed conformations of the central 
domain will be important for ATP binding.

The enzyme kinetics assay
We performed an enzyme kinetics assay of AbDDL (Table 
2 and Supplementary data Fig. S3). The Km values for two 
different substrates, the D-alanines and ATP, were meas-
ured in three separate reactions. The Km1 value for the first 
D-alanine (D-ala1) was 0.008 mM and the Km2 value for the 
second D-alanine (D-ala2) was 2.7 mM. Both Km values of 
AbDDL for D-ala1 and D-ala2 were slightly higher than that 
of EcDDL (Zawadzke et al., 1991) and much lower than 
those of XoDDL and HpDDL (Wu et al., 2008; Doan et al., 
2014). The kcat value of AbDDL was higher than those of all 
compared DDLs. The resulting catalytic efficiency (kcat/Km2) 
of AbDDL was similar to that of EcDDL. The Km,ATP value 
of AbDDL was 1.7 mM. We tested if DCS inhibits AbDDL 
in the same assay condition which is the known inhibitor 
against DDL from Mycobacterium tuberculosis and a tuber-
culosis drug (Supplementary data Fig. S3). There is no DCS- 
bound DDL structure available now. Although DCS can in-
hibit AbDDL in the enzyme assay, the required inhibitory 
concentration of DCS was as high as the range of mM.

Structural comparisons with potent inhibitor-bound DDLs
To date, many efforts have been made to develop DDL in-
hibitors with structure-based drug design and molecular 
docking (Kovac et al., 2007, 2008; Sova et al., 2009; Tytgat 
et al., 2009; Skedelj et al., 2012; Prosser and de Carvalho, 
2013). However, only two different types of inhibitors were 
determined as cocrystal structures with DDL by X-ray crys-
tallography (Fig. 4). The crystal structure of S. aureus DDL 
(SaDDL) in complex with 3-chloro-2,2-dimethyl-N-[4(tri-
fluoromethyl)phenyl]propanamide (inhibitor 1) was deter-
mined, and its Ki was 4 μM against SaDDL (Liu et al., 2006). 
The binding site of inhibitor 1 differed from the substrate- 
binding site, which was located adjacent to the D-ala bind-
ing site. Inhibitor 1 was able to indirectly inhibit D-alanine 
binding rather than directly competing for the same D-ala-
nine binding pocket. When we superimposed the inhibitor 
1-bound SaDDL structure on the AbDDL structure, the 
corresponding binding site for inhibitor 1 was not found in 
AbDDL because of the bulkier residues at the binding site.
  A different type of inhibitors of D-ala-D-ala phosphinate 
and D-ala-D-α-hydroxybutyrate phosphonate were shown 
to bind to E. coli DDL (EcDDL) via the D-alanine binding 
site of EcDDL (Fan et al., 1997). Both inhibitors were trans-
formed to the phosphorylated intermediate form by taking 
up a phosphate from ATP. The Ki values of the phosphory-
lated phosphinate intermediate and the phosphorylated pho-
sphonate intermediate for wild-type EcDDL were 33 and 13 
nM, respectively. The D-alanine binding site was well con-
served in the DDLs and no steric hindrance was observed 

between the phosphorylated inhibitors and the binding 
pocket of AbDDL.

Discussion

We soaked the apo-AbDDL crystals in solutions of ATP or 
an ATP-analog (AMPPNP) in order to determine the nucleo-
tide-bound AbDDL structures. However, we were not able 
to obtain well-diffracting crystals. In AbDDL structure, the 
conformational change of the central domain was observed 
without nucleotide binding and the tilting conformational 
change (33°) of the AbDDL central domain was much larger 
than that in TtDDL (14°). The flexible conformational change 
of the AbDDL central domain can facilitate the easy access 
of ATP to the binding site. After ATP binds, the closed 
conformation of the central domain can stabilize the bind-
ing interactions between ATP and AbDDL. In addition, the 
ω-loop closes its conformation to cover the bound ATP 
tightly. Currently, it is not clear if the closure of the central 
domain or the closure of the ω-loop comes first. Both con-
formational changes are the conserved essential steps in 
the catalytic mechanisms of DDL.
  Two different inhibitor-binding pockets have been con-
firmed previously by X-ray crystallography in SaDDL and 
EcDDL, and the binding sites were compared in AbDDL. 
The 3-chloro-2,2-dimethyl-N-[4(trifluoromethyl)phenyl]pro-
panamide (inhibitor 1) did not bind at the substrate bind-
ing pocket of SaDDL and the equivalent binding site was 
unavailable in AbDDL. Other inhibitors of the phosphory-
lated phosphinate and phosphorylated phosphonate bind 
to the D-alanine-binding site of EcDDL. The parts of EcDDL 
that interact with the inhibitors consist of all four loops in 
the active site (Supplementary data Fig. S4). The inhibitor- 
binding site of the phosphorylated phosphinate and phos-
phorylated phosphonate is well conserved in AbDDL because 
the catalytic mechanism is conserved. The inhibitor-binding 
site is the critical site of connecting three different substrates, 
the two D-alanines and the ATP, where two consecutive nu-
cleophilic attacks take place between the first D-alanine and 
ATP and between the phosphorylated first D-ala and the 
second D-ala. Accordingly, the residues of the inhibitor-bind-
ing site and the overall geometry are well conserved in most 
DDLs and will be a good target position for the development 
of broad spectrum DDL inhibitors.
  In this study, we determined the crystal structure of AbDDL 
with a conformational change of the central domain and 
confirmed the enzymatic activity of AbDDL. The confor-
mational change of the central domain can be spontaneous 
without nucleotide binding. The structural information of 
AbDDL will be useful for the development of inhibitors 
against AbDDL and putative antibacterial agents against A. 
baumannii.

PDB ID
AbDDL structure at condition 1: 5DMX
AbDDL structure at condition 2: 5D8D
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