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MurE ligase catalyzes the attachment of meso-diaminopimelic acid to the
UDP-MurNAc-,-Ala-,-Glu using ATP and producing UDP-MurNAc-, -
Ala-,-Glu-meso-A,pm during bacterial cell wall biosynthesis. Owing to the
critical role of this enzyme, MurE is considered an attractive target for
antibacterial drugs. Despite extensive studies on MurE ligase, the structural
dynamics of its conformational changes are still elusive. In this study, we pre-
sent the substrate-free structure of MurE from Acinetobacter baumannii,
which is an antibiotic-resistant superbacterium that has threatened global
public health. The structure revealed that MurE has a wide-open conforma-
tion and undergoes wide-open, intermediately closed, and fully closed dynamic
conformational transition. Unveiling structural dynamics of MurE will help
to understand the working mechanism of this ligase and to design next-gener-
ation antibiotics targeting MurE.

Keywords: Acinetobacter baumannii; ATP-dependent
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Eubacteria contain a cell wall that is a structural layer
surrounding the cell membrane [1]. This specific layer
provides the bacterial cell with a structural boundary
for protection and plays selective filter roles [1]. In bac-
teria, one of the major components of cell wall is pepti-
doglycans, which are formed by the polymerization of
repeating disaccharide subunits cross-linked by short
peptides [2,3]. Because the cell wall is critical for the

Abbreviations

viability of bacteria, peptidoglycan biosynthesis interfer-
ence has become a successful strategy for effectively
eliminating pathogenic bacteria [4,5]. For example, peni-
cillins (beta-lactams), vancomycin (glycopeptides), and
cycloserine, which are clinically used antibiotics, target
this peptidoglycan biosynthesis pathway [4].

The process of peptidoglycan biosynthesis can be
divided into three stages depending on the location

MALS, multi-angle light scattering; MR, molecular replacement; SEC, size exclusion chromatography.
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where the processes occur (cytoplasmic, membrane, and
periplasmic stages) [1,3]. During the synthesis of pepti-
doglycan precursors in the cytoplasmic stage, four ATP-
dependent ligases belonging to the Mur ligase family
(MurC, MurD, MurE, and MurF) catalyze the addition
of the peptide moiety to UDP-acetylmuramic acid
(MurNAc), which is initially generated from UDP-
acetylglucosamine (GIcNAc) by the MurA and MurB
enzymes [6-8]. Assembly of the peptide moiety on
UDP-MurNAc to generate UDP-MurNAc pentapep-
tides occurs by the successive addition of rL-alanine by
MurC, p-glutamine by MurD, diaminopimelic acid or
L-lysine by MurE, and dipeptide p-alanyl-p-alanine by
MurF [3,6,7,9]. Besides the individual function of Mur
system, possibility of formation of multienzyme com-
plex in Mur ligase family has been also suggested [7,9].
MurE catalyzes the attachment of meso-di-
aminopimelic acid (meso-A,pm) to UDP-MurNAc-,-
Ala-,-Glu (UAG) using ATP, producing UDP-
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MurNAc-, -Ala-,-Glu-meso-A,pm (UMT), ADP, and
P; (Fig. 1A) [10,11]. This family of enzyme uses Mg>"
as cofactor. Kinetics study of MurE from
Escherichia coli showed that Km values for meso-
Aopm and ATP were ~ 36 and 620 um, respectively
[12,13]. Acinetobacter baumannii, a causative agent of
hospital-derived infections, is a ‘superbug’ that may
lead to severe infections as its strains are resistant to
multiple drugs [14,15]. In the present state of global
health emergency, there is an urgent need for novel
therapeutic agents against this pathogen.

In this study, to understand the molecular mechanism
and obtain structural information for the design of next-
generation antibiotics against A. baumannii, we charac-
terized and elucidated the structure of the substrate- and
nucleotide-free forms of MurE ligase from A. baumannii
(abMurE). Based on the structural analysis and compar-
ison with several MurE complex structures from differ-
ent species [11,16-18], we revealed the novel wide-open
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Fig. 1. Purification and characterization of MurE from Acinetobacter Baumannii (abMurE). (A) Overview of MurE function. (B)

Table summarizing the current structural studies of the members of the MurE family. (C) Profile of SEC generated during purification of
abMurE; SDS/PAGE for the verification and assessment of abMurE purity is shown to the right of the main peak. Loaded fractions are
indicated by a black bar. M and B indicate the size marker and sample before SEC, respectively. (D) MALS profile derived from the main
peak of the SEC. Red line indicates the experimental molecular weight analyzed by MALS.
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conformation of MurE ligase. This wide-open structure
of MurE indicates a dynamic structural transition
between the open, intermediately closed, and fully closed
transition states of the MurE family of ligases.

Materials and methods

Protein expression and purification

The full-length gene for MurE from A. baumannii (abMurE)
(GeneBank ID: ADX05085.1) was synthesized by BIONICS
(Seoul, Republic of Korea) and cloned into a pET21a expres-
sion vector. The plasmid encoding the full-length abMurE was
transformed into E. coli BL21 (DE3) cells. A single colony
was selected and cultured overnight at 37 °C in 5 mL lysogeny
broth (LB) containing 50 pg-mL~' kanamycin, following
which the cells were transferred and cultured in 1 L medium.
When the optical density (OD) value at 600 nm reached
approximately 0.6, 0.5 mm isopropyl B-p-1-thiogalactopyra-
noside (IPTG) was added into the medium for target gene
induction. The induced cells were further cultured for 18 h at
20 °C and harvested by centrifugation at 20 °C. The collected
cells were resuspended with 40 mL lysis buffer [20 mm Tris/
HCI (pH 8.0) and 500 mm NacCl]. After adding 1 mm PMSF
(Sigma-Aldrich, St. Louis, MO, USA), the cells were disrupted
by sonication on ice with six bursts of 30 s each and a 60 s
interval between two bursts. The lysed cell suspension was
centrifuged at 10 000 g for 30 min at 4 °C to remove cell deb-
ris. The collected supernatant was then mixed with nickel
nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Hilden, Ger-
many) by gentle agitation for 1 h at 4 °C. The resulting mix-
ture was applied to a gravity-flow column pre-equilibrated
with lysis buffer. The column was washed with 100 mL of
washing buffer [20 mm Tris/HCI (pH 8.0), 500 mm NaCl, and
25 mMm imidazole]. Next, a total of 3 mL of elution buffer
[20 mm Tris/HCI (pH 7.9), 500 mm NaCl, and 250 mm imida-
zole] was loaded onto the column to elute the bound protein.
The resulting eluate was concentrated to 30 mg-mL™' and
sequentially subjected to size exclusion chromatography
(SEC). SEC purification was conducted using an AKTA
Explorer system (GE Healthcare, Chicago, 1L, USA)
equipped with a Superdex 200 Increase 10/300 GL 24 mL col-
umn (GE Healthcare) pre-equilibrated with SEC buffer
[20 mm Tris/HCI (pH 8.0), 150 mm NaCl]. Protein fractions
were collected, concentrated to 10.9 mg~mL’l, flash-frozen in
liquid N, and stored at —80 °C until use.

SEC-MALS analysis

The absolute molar mass of abMurE in solution was deter-
mined by multi-angle light scattering (MALS). The target
protein filtered with a 0.2-um syringe filter was loaded onto
a Superdex 200 10/300 gel-filtration column (GE Health-
care) that had been pre-equilibrated in a buffer comprising
20 mm Tris/HCI (pH 8.0) and 150 mm NaCl. The mobile
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phase buffer flowed at a rate of 0.4 mL-min~" at 25 °C. A
DAWN-treos MALS detector (Wyatt Technology, Santa
Barbara, CA, USA) was connected with the AKTA
explorer system (GE Healthcare). The molecular mass of
bovine serum albumin was used as a reference value. Data
for the absolute molecular mass were assessed using the
ASTRA program (Wyatt Technology).

Crystallization and data collection

For initial crystallization, 1 pL of protein solution was
mixed with an equal volume of reservoir solution, and the
droplet was allowed to equilibrate against 400 L of the
mother liquor using the hanging drop vapor diffusion
method at 20 °C. The crystal was obtained from a buffer
comprising 21% (v/v) 2-propanol, 30% (v/v) glycerol, 0.07 m
sodium cacodylate trihydrate pH 6.5, and 0.14 M sodium
citrate tribasic dihydrate. Qualified crystals appeared in
22 days and grew to a maximum size of 0.3 x 0.1 x
0.1 mm?. For data collection, the crystals were flash-cooled
in a stream of N, at —178 °C. X-ray diffraction data were
collected at the Pohang Accelerator Laboratory with the 5C
beamline (Pohang, Republic of Korea) at a wavelength of
1.0000 A. The diffraction data were indexed, integrated, and
scaled with the HKL-2000 program [19].

Structure determination and analysis

PHASER [20] in PHENIX package [21] was used for the molecu-
lar replacement (MR) phasing method to determine the
structure. Two separated domains, the N-terminal-central
and C-terminal domains of the previously solved MurE/
ADP complex structure (PDB ID: 4BUB) [22], which
shares 32% sequence homology with abMurE, were used
as an individual search model. The initial model was con-
structed automatically with AutoBUILD in PHENIX [21] and
completed with coot [23]. Model refinement was iteratively
performed using PHENIX.REFINE of the PHENIX package [21].
The quality of the model was validated using MOLPROBITY
[24]. Structural representations were generated using the py-
MoL program [25]. The angle of domain movement was
analyzed using DYNDOM3D [26].

Structural data accession number

Coordinate and structural factors were deposited in the
Protein Data Bank under PDB ID: 7D27.

Results and Discussion

Overall structure of abMurE

To further understand the mechanisms underlying the
function of MurE, we elucidated the substrate- and
nucleotide-free structures of MurE after its purification
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using a quick two-step chromatography. The final pro-
tein sample used for crystallization was eluted approxi-
mately 16-17 mL position from the SEC column,
indicating that abMurE exists as a monomer in solu-
tion. To confirm the stoichiometric state of abMurE in
solution, we analyzed the absolute molecular weight
using MALS. The experimental molecular weight of
abMurE in solution was 62.3 kDa (2.01% fitting
error) (Fig. 1D). As the theoretically calculated molec-
ular weight of the monomeric full-length abMurE
(residues 1-499), including the C-terminal His-tag, is
58.4 kDa, we concluded that the working stoichiome-
try of abMurE is a monomer in solution.

The purified and characterized abMurE was crystal-
lized, and the crystal structure of full-length abMurE
at 2.48 A resolution was elucidated using the MR
phasing method. At the initial stage of structural
determination, the previously reported structure of
MurE from Thermotoga maritima (PDB ID: 4BUB)
[22], sharing 32% sequence identity with abMurE, was
used for the MR search model. However, we did not
obtain a reasonable solution from MR. Mur family
ligases (including MurE) possess a similar domain
organization, with an N-terminal domain responsible
for binding UDP-MurNAc-peptide precursors, a cen-
tral domain responsible for binding ATP, and a C-ter-
minal domain responsible for binding the amino acids
to be added onto the precursor [6,22], and C-terminal
domain changes its location by binding to the sub-
strate and nucleotide [3,6,9,22]. We therefore divided
the full-length MurE search model into two parts, an
N-terminal and central domain and a C-terminal
domain. By using these two parts separately, we first
found a correct solution with N-terminal and central
domain search model, following which we found a
solution with a C-terminal domain search model. The
two separately found solutions were combined and a
final model was generated. The final structure was
refined to Ryorc = 21.43% and Rpee = 25.70%. The
crystallographic and refinement statistics are summa-
rized in Table 1. A single molecule was present in the
asymmetric unit, and the final structural model was
constructed from residues 2 to 491 (Fig. 2A).
Although the expressed gene contains the full-length
abMurE, 16 residues containing poly-histidine tags at
the C-terminus and several loops formed by residues
43-46, 148-153, and 205-208 were not included in the
final model owing to untraceable electron density
(Fig. 2A). The abMurE structure was composed of 15
a-helixes (HI-H15), 21 B-strands (S1-S21), and con-
necting loops (Fig. 2A) forming three distinct
domains, an N-terminal domain (residues 1-98), a cen-
tral domain (residues 103-331), and a C-terminal
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Table 1. Data collection and refinement statistics.

Data collection
Space group
Unit cell parameter a, b, ¢ (A)

P4,2,2

a b, c(A) a=119.96, b= 119.96,
c=116.73
o, B,y (°) a =90, B=290, y=90

Resolution range (A)? 29.18-2.48

Total reflections 544 491

Unique reflections 30 793

Multiplicity 17.7 (17.4)

Completeness (%)? 100.0 (100.0)

Mean //o(/)? 20.4 (1.9)

Rmerge™® 0.096 (1.728)

Rmeas 0.099 (1.780)

Roim 0.023 (0.424)

CCypo 0.934 (0.695)

Wilson B-factor (A®) 24.91

Refinement

Resolution range (A) 19.99-2.48

Reflections 30 726

Ruoork (%) 21.43 (27.73)

Hfree (%) 25.70 (3213)

No. of molecules in the 1

asymmetric unit
No. of nonhydrogen atoms 3716

Protein 3696
Solvent 20
Average B-factor values (Ab)  30.18
Protein 30.12
Solvent 25.48

Ramachandran plot
Favored/allowed/outliers
(%)

96.79/3.21/0

Rotamer outliers (%) 0.51

Clashscore 6.69
RMS deviation from ideal values

Bonds lengths (A) 0.009

Bonds angles (°) 0.958

Dihedral angle (°) 3.207

%Values for the outermost resolution shell in parentheses.;
meerge =X, Zlh); — <Kh)>|/Zy Z; [h);, where [(h) is the observed
intensity of reflection h and </(h)> the average intensity obtained
from multiple measurements.

domain (residues 337-491) (Fig. 2B). B-factor analysis
showed that the previously identified UAG substrate
binding region located between the N-terminal and
central domains was the highest B-factor region, indi-
cating that several flexible loops of abMurE mediated
the interaction with the UAG substrate (Fig. 2C).
Sequence and structural surface analyses also indicated
that a typical ATP binding site (GxxGKT motif) and
two substrate binding sites, UAG and mA2pm, were
conserved in the abMurE structure by forming proper
binding pockets on the surface of the enzyme
(Fig. 2D,E).
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Fig. 2. Overall structure of abMurE. (A) Rainbow-colored cartoon representation of monomeric abMurE. The chain from the N- to C-terminal
is colored blue to red. Helices and sheets are labeled with H and S, respectively. (B) Cartoon representation of the abMurE structure
showing the domain boundaries. (C) Putty representation showing B-factor distribution on the abMurE structure. B-factor value order is
shown in rainbow color from red (high value) to blue (low value). Black oval indicates the substrate binding site. (D) Surface feature of
abMurE. The UAG, mA2pm, and ATP binding sites are indicated by black arrows. (E) Sequence alignment of MurE from various bacterial
species. Completely and partially conserved residues are indicated by red and blue color, respectively. GxxGKT motif, important for
nucleotide binding, is indicated. Other residues that are involved in the nucleotide binding are indicated by sharp mark. Star mark indicates

residues involved in the substrate interaction.

Structural comparison of abMurE with MurE
from different species

To investigate the molecular mechanism of activity
control and the structural dynamics of MurE, we com-
pared it to its structural homologs searched by the
Dali server (Table 2) [27]. Although the structures of
MurE from four different species, T. maritima
(tmMurE), Mycobacterium tuberculosis  (mtMurE),
Staphylococcus aureus (saMurE), and E. coli (ecMurE)
are selected as the best matches from Dali server
[11,16,18,22], the previously reported MurE structures
from different species were complexes containing either
the substrate (or product) or nucleotide (Fig. 1B and
Table 2). Those structures include the following:
ecMurE/UMT (PDB ID: 1E8C) [11], mtMurE/UAG
(PDB ID: 2WTZ) [18], mtMurE/UAG-ADP (PDB ID:
2XJA) [17], tmMurE/ADP (PDB ID: 4BUB) [22],
saMurE/UMT (PDB ID: 4C12) [16], and saMurE/

FEBS Letters 595 (2021) 275-283 © 2020 Federation of European Biochemical Societies

Table 2. Structural similarity search using the Dali server [27].

Proteins (accession  Z- RMSD  Identity
number) score  (A) (%) References
MurE from T. maritima 349 57 33 [22]
(4BUB)

MurE from 342 56 29 [18]
M. tuberculosis (2WTZ)

MurE from S. aureus 338 6.5 26 [16]
(4C12)

MurE from E. coli 31.8 6.4 31 [11]
(1E8C)

MurE from 315 34 29 171

M. tuberculosis (2XJA)

UMT-ADP complexes (PDB ID: 4C13) [16]. Our cur-
rent abMurE structure is the first to show the sub-
strate- and nucleotide-free form of MurE. Based on
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Dali server searches, nucleotide (ADP)-bound tmMurE
was the most structurally similar protein (Table 2).

Structural comparison of abMurE with the
tmMurE/ADP complex by superpositioning showed
that the two structures were not identical, exhibiting a
RMSD of 57 A over 490 Co atoms, although the
sequence identity between abMurE and tmMurE was
32%, and the domain composition with three distinct
domains was the same (Fig. 3A). This structural devia-
tion derived from a structurally mismatched C-termi-
nal domain translocated by approximately 35° toward
the exterior from the central domain. This indicates
that the substrate- and nucleotide-free form of
abMurE has a wide-open structure of the MurE fam-
ily, which has not been detected in other MurE family
members from different species (Fig. 3A). Pairwise
superimposition analysis of abMurE with various
MurE ligases from different species also showed that
the C-terminal domain of the substrate- and nucleo-
tide-free form of abMurE was dislocated from the C-
terminal domain of the substrate/nucleotide complex
form of other MurG structures by approximately 35°—
50°, confirming that the structure of abMurE, the first
substrate- and nucleotide-free form of MurE to be
described, is wide-open (Fig. 3B-E).

Wide-open conformation of MurE without the
nucleotide or substrate that undergoes wide-
open, intermediately closed, and fully closed
dynamic conformational transition

Dynamic conformational changes upon substrate bind-
ing is a common feature of the Mur family of bacterial
cell wall ligases [6]. Structural studies of the Mur fam-
ily, including MurC, MurD, and MurF, indicate that
the Mur ligase has an open conformation when not
bound to the substrate or nucleotide. Once the sub-
strate or nucleotide binds to the enzyme, it shows a
closed conformation by moving the C-terminal domain
that surrounds the substrate. In the Mur family of
ligases, MurE is known to be the most structurally
unchanged ligase upon substrate or product binding
[22]. Although the movement of the C-terminal
domain of the MurE enzyme is minimal, the substrate
(UAG)- or product (UMT)-bound MurE is considered
to have a closed conformation, while the nucleotide
(ADP)-bound MurE has been suggested to possess an
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open conformation [9,16,28,29]. In the nucleotide- and
substrate-free structure of MurE determined in the
current study, the open conformation was formed
without binding to any molecule. The nucleotide-bind-
ing structure of MurE, considered an open conforma-
tion, may be an intermediate form of the MurE
enzyme. Our structural superposition analysis showed
that in MurE structures from various species, the C-
terminal domain was moved toward the central and
N-terminal domains by approximately 35° upon ADP
binding, ~ 40°—45° upon UAG or UAG/ADP binding,
and ~ 50°-55° upon UMT or UMT/ADP binding
(Fig. 4A). The existence of a nucleotide-bound inter-
mediate form of the Mur ligase has been previously
suggested for the MurF family. The structural study of
MurF from T. maritima complexed with ADP revealed
that the C-terminal domain is located between the
closed and open structures, indicating that MurF
forms an intermediate conformation after binding the
nucleotide [22]. Phylogenetic analysis of homologous
MurE sequences from various species using the Con-
Surf server [30] indicated that the residues involved in
the formation of the central/C-terminal domain con-
necting loop, which is critical for the movement of the
C-terminal domain, were conserved, making the loop a
functionally important region (Fig. 4B). Recent study
indicated that each family of Mur ligase can form a
complex each other. In the case of Streptococcus pneu-
moniae, MurE interacted with MurC, MurD, and
MurF [7]. This structural plasticity of the MurE ligase
under nucleotide or substrate binding could modulate
the affinity between the different components of the
Mur system.

In conclusion, because of its involvement in the pep-
tidoglycan biosynthesis pathway and essential role in
maintaining cell viability, the Mur ligase family,
including MurE, is considered an attractive target for
antibacterial therapeutic interventions [5,9,17]. MurE
has a wide-open conformation without the nucleotide
or substrate. When the nucleotide binds to MurE, the
C-terminal domain of MurE moves slightly toward the
central domain, forming an intermediately closed con-
formation. Finally, MurE reaches a fully closed con-
formation by accommodating the substrate. This open,
intermediately closed, and fully closed dynamic confor-
mational transition is critical for the function of
MurE, and it is conserved in most bacterial MurE.

Fig. 3. Structural comparison of substrate- and nucleotide-free abMurE with MurE enzymes from different species complexed with
substrate, product, and nucleotide. (A-E) Pairwise structural superimposition of abMurE with tmMurE/ADP (A), mtMurE/UAG (B), mtMurE/

UAG/ADP (C), ecMurE/UMT (D), and saMurE/UMT/ADP complexes (E).
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Conserved
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Fig. 4. Conformational changes of the C-terminal domain of MurE upon binding with substrate and nucleotide. (A) Structural

superimposition of the wide-open conformation of the substrate- and nucleotide-free form of abMurE with different forms of MurE. The
color code shown is the same as in Fig. 3. The rotation angles of the C-terminal domain of MurE upon binding to ADP, UAG, and UMT are
indicated with black curved arrows. (B) Cartoon representation of abMurG with colors indicating the degree of amino acid sequence

conservation.

The transition occurs through a conserved central/C-
terminal domain connecting loop that controls the
movement of the C-terminal domain.
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