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INTRODUCTION
The danger posed by tuberculosis continues to grow 
with the appearance of new multidrug-resistant strains 
of M. tuberculosis. According to the WHO report of 
2015, approximately 10.4 million people contracted tu-
berculosis and 1.8 million people died from it [1]. There 
is an obvious need for new anti-TB drugs, as well as 
medical treatment technologies, not to mention the de-
sign of more effective antibiotics to suppress the infec-
tion. That is why new, heretofore unknown, molecular 
targets that are associated with the functioning and 
structural organization of the causative agents of tu-
berculosis are of particular interest.

One of the essential distinctive features of 
Mycobacterium tuberculosis is the structure of its cell 
wall. In most bacteria, a cell wall contains classical 4-3 
cross-linkages of peptidoglycan chains (bonds between 
the meso-diaminopimelic acid (m-DAP) residue and 
D-Ala). At the same time, the cell wall of M. tuberculosis 
for the most part originates from the formation of non-
classical 3-3 cross-linkages (up to approximately 80% 
of all bonds between m-DAP residues of different 

peptidoglycan chains in the stationary phase). Once 
this was discovered, it became clear why β-lactam 
antibiotics capable of inactivating penicillin-binding 
enzymes such as D,D-transpeptidases that catalyze 
the formation of classical 4-3 cross-linkages [2] are 
ineffective in the treatment of tuberculosis. It was 
recently established that the formation of non-classical 
3-3 cross-linkages is catalyzed by the earlier unknown 
enzymes L,D-transpeptidases (Fig. 1).

The genome of M. tuberculosis encodes five proteins 
which contain L,D-transpeptidase domains (sites  
Rv0116c, Rv0192, Rv0483, Rv1433 and Rv2518c) [5]. 
Rv2518c, which codes LdtMt2, is the most abundantly 
expressed gene. Loss of this gene leads to changes in 
colony morphology, suppresses the growth of bacteria, 
and increases sensitivity to classical antibiotics 
(amoxicillin used in combination with clavulanic acid) 
[3].

LdtMt2 is a lipoprotein that consists of 408 amino 
acid residues; its N-terminal region is located in a lipid 
bilayer. The polypeptide chain contains a short region 
exposed inside the cell, a transmembrane region, and 
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a region exposed outside the membrane. The outside 
region can be divided into 3 domains: domains A and B, 
which are non-catalytic IG-like domains (comprising 
residues 55-146 and 149-250, respectively), and the 
C-terminal catalytic domain C (residues from 251 to 
408) [6]. Residues Cys354, His336, and Ser337 play a key 
role in the catalysis and constitute a catalytic triad [6]. 
The active site of LdtMt2 is isolated from the solvent 
and hidden under the so-called active site lid (residues 
Tyr298-Trp324) that forms 3 tunnels, A, B & C, the last 
two being involved in a process of substrate delivery to 
the active site [7]. This element of secondary structure 
represents an antiparallel β-sheet with a disordered 
loop.  Access of the substrate and solvent to the active 
site is limited by bulky Tyr308 and Tyr318 residues, 
which are part of the lid, as well as the Tyr330, Phe334, 
and Trp340 residues that are located at the entrance to 
the active site.

The full-atom structure of LdtMt2 remains 
unknown. However, the structures of the domains 
A&B and B&C (PDB, 4HU2 & 4HUC, respectively) 
are available [6]. Furthermore, the structures of the 
catalytic domain with the dipeptide fragment N-γ-
D-glutamyl-m-DAP of peptidoglycan (PDB 3TUR) 
[5], as well as the covalent complexes of LdtMt2 with 
meropenem and LdtMt1 with imipenem, have been 
reported [7, 8]. Confusingly, there is a discrepancy 
between the presented structures:  molecules of the 
same class of inhibitors (meropenem and imipenem) are 
located in different tunnels despite the high homology 
of the catalytic L,D-transpeptidase domains in LdtMt1 
and LdtMt2 (Fig. 2).

Important information concerning the catalytic 
mechanism of LdtMt2 was obtained during QM/
MM-modeling of the enzymatic reaction with the 

tripeptide fragment N-γ-D-Glu-m-DAP-D-Ala of 
peptidoglycan [9]. The authors identified the energy 
profiles for two reaction stages: the formation of the 
acyl enzyme and the consequent acyl (L-center of 
the first m-DAP residue) transfer to the nucleophile 
(D-center of the second m-DAP residue) that leads 
to the cross-linking of peptidoglycan chains (Fig. 1). 
Molecular modeling techniques may help identify the 
structural peculiarities in the active site organization 
of L,D-transpeptidases, their interaction with 
substrates, and facilitate the search for inhibitors. In 
order to achieve this, it is necessary to be in possession 
of adequate molecular models of the enzyme that can 
be used to screen libraries of potential inhibitors. The 
goal of this work was to perform a molecular modeling 
of enzyme binding with the tetrapeptide fragment of 
peptidoglycan, as well as with β-lactam compounds, 
and to build a full-atom model of LdtMt2 for the 
screening and optimization of inhibitors’ structures.

EXPERIMENTAL SECTION

Software
Calculation of the ionization states of amino acid res-
idues was performed by PROPKA 3.0 [10]. The start-
ing structure preparation and trajectory analysis were 
performed using the AmberTools 16 program pack-
age, and energy minimization and molecular dynamics 
were calculated in Amber 14 [11]. Molecular docking 
was performed with AutoDock 4 [12]. The structures of 
the inhibitors and substrate fragment were built using 
ACD/ChemSketch (http://www.acdlabs.com). Ge-
ometry optimization and calculation of partial atomic 
charges were carried out with PC GAMESS/Firefly 8.1 
[13] and the resp module of AmberTools 16, respective-

Fig.1. Catalytic 
mechanism of the 
LdtMt2 is shown 
with the tripep-
tide analog of the 
natural substrate. 
Formation of the 
acyl enzyme is pre-
sented in the left 
part, the subse-
quent acyl transfer 
to the nucleophile 
and the formation 
of 3-3 cross-link-
age of peptidogly-
can is presented 
in the right part of 
the figure
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ly. Visualization and structure editing of enzyme-sub-
strate complexes were performed by VMD 1.9.2 [14] 
and PyMol 1.8 [15]. Computation of molecular dynamics 
trajectories was performed using the MSU supercom-
puter “Lomonosov” [16].

Structure preparation
Two crystallographic structures were selected as 
starting models of the enzyme and enzyme-substrate 
complex: 4HU2 [6], which contains coordinates of the 
non-catalytic domains A and B; 3TUR [5], which con-
tains coordinates of the catalytic domain C, as well as 
the non-catalytic domain B and the dipeptide fragment 
of peptidoglycan of the M. tuberculosis cell wall (γ-D-
Glu-m-DAP). A full-atom model of the LdtMt2-sub-
strate complex was built according to the following 
procedure: two structures were aligned via domain 
B and the chains were connected to form a three-do-
main structure of LdtMt2, then the missing amino acid 
residues D-Ala and L-Ala in a peptidoglycan frag-
ment were added to the substrate’s structure, and the 
N-acetyl group was attached to the L-Ala residue in 
order to neutralize the charge of the N-terminal ami-
no group. Partial atom charges were determined as 
follows: the initial geometry of each amino acid resi-
due was optimized at the MP2/6-31G* level of theory, 
then the electrostatic potential was calculated accord-
ing to HF/6-31G*. The resulting structure of the en-
zyme-substrate complex was placed in a TIP3P water 
cell with a minimum distance of 10 Å from the edge of 
the cell. Calculation of molecular dynamics trajecto-
ries was performed with AMBER ff14SB [17]. The con-

stants of the force field for the substrate’s bonds and 
angles were obtained from ff14SB and other missing 
parameters, from GAFF. 

Energy minimization and molecular dynamics
Models of the enzyme and enzyme-substrate complex 
were equilibrated, and molecular dynamics’ trajecto-
ries were calculated according to the following proto-
col: first, two steps of the energy minimization of the 
system were performed. The energy of the solvent 
residues was minimized by the steepest descent algo-
rithm (2,000 steps), followed by a conjugate gradient 
algorithm (2,000 steps). Afterwards, the system was 
heated up at a constant volume from 0 to 310K over 
50 ps and then equilibrated over 1,000 ps under con-
stant pressure. The integration step was 0.002 ps. All 
simulations were performed using periodic boundaries 
and the Particle Mesh Ewald method (PME) to account 
for long-range Coulomb interactions. The radius of the 
cut-off disconnected Coulomb interactions was 8 Å.

Molecular docking
The LdtMt2 model to perform the molecular docking 
of different β-lactam compounds was prepared as fol-
lows: water molecules, sodium ions, and the substrate 
(fragment of peptidoglycan) were removed from the 
solvated structure of the enzyme-substrate complex 
taken from the molecular dynamics trajectories after 
energy minimization. Then, a map of potential inter-
actions was calculated around the active site and the 
β-lactam inhibitors were docked using the Lamarcki-
an genetic algorithm. A series of 50 to 100 independent 

Fig. 2. Structural 
alignment of the 
enzyme-inhibi-
tor complexes 
LdtMt2-mero-
penem (4GSU) 
and LdtMt1-im-
ipenem (4JMX) 
demonstrates 
that residues 
of meropen-
em (blue) and 
imipenem (pink) 
are located in 
different tunnels

active site lid

meropenem
imipenem
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docking runs was performed for each compound. The 
resulting enzyme-inhibitor complexes were clustered, 
and the peculiarities of the structural organization of 
the enzyme-inhibitor complexes in each cluster were 
analyzed. We considered the following indicators as a 
criterion of productive binding of an inhibitor in the 
enzyme active site that leads to a reactive enzyme-in-
hibitor complex and then the formation of a stable acyl 
enzyme:

1. The formation of hydrogen bonds between 
the inhibitor and the enzyme in the oxyanion hole 
(formation of hydrogen bonds between the N-atoms 
of the main chain formed by the residues Gly353 and 
Cys354 with the carbonyl oxygen of the β-lactam ring);

2. The distance between the attacking sulfur atom 
Sγ of catalytic cysteine Cys354 and the C atom of 

the carbonyl group of the β-lactam ring does not 
exceed 5 Å.

RESULTS AND DISCUSSION

Molecular modeling of peptidoglycan 
binding in alternative site of LdtMt2
The difficulty in determining substrate localization 
in the L,D-transpeptidase active site is further com-
pounded by the fact that binding of two molecules of 
the same compound should be considered. One mol-
ecule should bind as the acyl donor, which further 
leads to the formation of an acyl enzyme intermediate, 
whereas the other one should bind as a nucleophile, 
which leads to the formation of the acyl enzyme-nu-
cleophile complex, followed by the acyl group trans-

Fig.3. Interaction 
of the tetrapep-
tide fragment of 
peptidoglycan 
with the LdtMt2 
active site resi-
dues at substrate 
binding in tunnel 
C (upper panel) 
and the tunnel B 
(lower panel)
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fer to the nucleophile and 3-3 cross-linking of pepti-
doglycan of the cell wall. The discrepancy in earlier 
published results concerning the localization of sub-
strate-like inhibitors in the active site of LdtMt2 and 
LdtMt1 can result from insufficient attention paid to 
the opportunities of two different ways of binding of 
the natural substrate. In order to search for an optimal 
structure of the covalent LdtMt2 inhibitors (such, for 
example, as β-lactam compounds carbapenems), it is 
necessary to proceed with an adequate structure of the 
enzyme-substrate complex, where the substrate mole-
cule occupies the position of the acyl donor capable of 
forming the acyl enzyme. Models of alternative binding 
of the tetrapeptide fragment (N-Ac–L-Ala–γ-D-Glu–
m-DAP–D-Ala) of the natural substrate in the LdtMt2 
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Fig.5. MD simulation 
of the tetrapeptide 
binding in the tunnel B 
of LdtMt2. Character-
istic distances between 
the Sγ atom of Cys354 
and the C atom of the 
carbonyl group of the 
peptide m-DAP-D-Ala 
(orange line), and the 
N-atom of the D-center 
of m-DAP (blue line)

Time, ns

d
, 

Å
 

15

10

5

0
0 3 6 9 12

Fig.4. MD simulation 
of the tetrapeptide 
binding in the tunnel C 
of LdtMt2. Character-
istic distances between 
the Sγ atom of Cys354 
and the C atom of the 
carbonyl group of the 
peptide m-DAP-D-Ala 
(orange line), and the 
N-atom of the D-center 
of m-DAP (blue line)

active site were built on the basis of the 3TUR struc-
ture, and molecular dynamics was applied to discrimi-
nate between two different ways of substrate binding 
in the active site. In the first model, the tetrapeptide 
N-Ac–L-Ala–γ-D-Glu–m-DAP–D-Ala was placed in 
tunnel C, whereas in the alternative model the tetra-
peptide was located in tunnel B (Fig. 3).

At binding of the peptidoglycan fragment in tunnel 
B, the substrate hydrogen bonds are formed with 
the residues His352, Ser331, Tyr308 and Tyr318. In 
the model of the enzyme-substrate complex with 
the substrate positioned in tunnel C, labile hydrogen 
bonds form with the residues Asn356, Trp340, His352, 
and Tyr318, similarly to the binding of the shorter 
tripeptide analog of the natural peptidoglycan [9]. 
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Our simulations show that the L-Ala residue in a 
tetrapeptide fragment of peptidoglycan does not play 
a key role in the substrate binding in both (B and C) 
tunnels, and it is exposed to the solvent most of the 
time during MD trajectories. However, it is capable of 
forming short-lived hydrogen bonds with the N- and 
O-atoms of a backbone formed by the residues Arg319 
and Thr320. This fact allows us to suggest that the 
residues of N-acetylglucosamine and N-acetylmuramic 
acid next to L-Ala in a peptidoglycan structure do not 
participate (or play a minor role) in the recognition of 
the acyl donor by the enzyme.

At binding of the substrate in tunnel C, a reactive 
enzyme-substrate complex is formed: the Sγ-atom of 
the catalytic Cys354 residue is at a distance (3.5–5.7 Å) 
favorable for a nucleophilic attack of the C atom of 
the carbonyl group of the peptide bond m-DAP-D-
Ala during the whole MD trajectory (Fig. 4, orange 
line). It should be noted that in a model of the enzyme-
substrate complex when the peptidoglycan fragment 
is located in tunnel B, the substrate is positioned 
differently and is incapable of forming an acyl enzyme. 
The distance between the Sγ-atom of the catalytic 
Cys354 residue and the C atom of the carbonyl group of 
the peptide bond m-DAP-D-Ala during the whole MD 
trajectory (Fig. 5, orange line) varies in the range 8.1–
12.3 Å, which excludes the possibility of this substrate 
molecule playing the role of acyl donor. At the same 
time, the orientation of the substrate molecule in 
tunnel B well corresponds to the role of the nucleophile 
at the formation of the 3-3 cross-linkage: the distance 
between the N-atom of the free amino group of m-DAP 
and the Sγ-atom of catalytic Cys354 is in the range 
3.2–6.8 Å (Fig. 5, blue line). Simulations have shown 
that an alternative role for each substrate molecule 

is impossible: the tetrapeptide positioned in tunnel C 
cannot serve as the nucleophile (Fig. 4, blue line), and 
the tetrapeptide bound in tunnel B cannot play the role 
of an acyl donor (Fig. 5, orange line). Establishment 
of this fact is important both for understanding the 
full catalytic cycle of the enzyme, and for searching 
for its inhibitors. Thus, at a structural optimization of 
β-lactam inhibitors capable of inactivating the enzyme 
due to the formation of a stable acyl enzyme, it is 
necessary to consider the binding of the inhibitor in 
tunnel C: i.e., in the location where binds the substrate 
molecule that plays the role of an acyl donor at the 3-3 
cross-linking of the peptidoglycan chains. 

Modeling of the interaction of LdtMt2 
and β-lactam compounds
In two reported structures of acyl enzymes (4JMX 
formed at the inactivation of LdtMt1 by imipenem and 
4GSU formed at the inactivation of LdtMt2 by merope-
nem), the residues of the inhibitors are located in differ-
ent tunnels of the active site. The meropenem residue 
in the LdtMt2 active site is positioned at the entrance to 
tunnel B and mostly exposed to a solvent, whereas the 
thiazoline ring of the imipenem residue in the active site 
of LdtMt1 is entirely immersed in tunnel C.

In this case, it is important to determine the primary 
location of the β-lactam ring in the active site, which 
could correspond to the reactive enzyme-inhibitor 
complex capable of forming the acyl enzyme. Based on 
the criteria of theoretical chemistry, the nucleophilic 
attack on the C atom of the carbonyl group of the 
β-lactam ring by the Sγ atom of the catalytic Cys354 
residue of LdtMt2 may materialize only if the distance 
between these atoms is in the range 3.5–4.0 Å and if 
the carbonyl group of the β-lactam ring is located in 
the oxyanion hole. Basing on our molecular modeling 
results of enzyme binding with the tetrapeptide 
fragment of natural peptidoglycan, we performed the 
molecular docking of three β-lactam inhibitors known 
from the literature that were shown to form reactive 
enzyme-inhibitor complexes with LdtMt2 (Fig. 6). Like 
in the modeling of enzyme-substrate interactions, we 
considered the binding of inhibitors in both tunnel B 
and tunnel C.

At docking in tunnel B, we observed no formation 
of reactive enzyme complexes with any of the tested 
inhibitors: the distance between the Sγ atom of the 
catalytic Cys354 of LdtMt2 and the C atom of the 
carbonyl group of the β-lactam ring exceeded 5 Å. 
Binding in tunnel B also did not allow the carbonyl 
group of the β-lactam ring to form hydrogen bonds 
with the oxyanion hole residues (main chain N-atoms of 
Cys354 and Gly353). A typical example of the LdtMt2-
meropenem complex is shown in Fig. 7 (left). Thus, 

Fig.6. Structures of 
β-lactam antibiotics 
that were docked in 
the active site of Ldt-
Mt2. [A] - faropen-
em, [B] - meropenem, 
[C] - imipenem

А

B

C
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we concluded that an inhibitor cannot form a reactive 
complex with the enzyme at binding in tunnel B.

CONCLUSIONS
The main goal of this work was to study binding of the 
tetrapeptide fragment of the natural substrate - cell 
wall peptidoglycan in the LdtMt2 active site and build 
a full-atom model of the enzyme-substrate complex 
which could allow one to search for new substrate-like 
irreversible inhibitors and to optimize their structure. 

The conducted molecular dynamics simulations have 
shown that binding of the N- and C-terminal frag-
ments of the growing peptidoglycan chain in different 
tunnels is responsible for the different steps of the cat-
alytic mechanism at the formation of non-classical 3-3 
cross-linkages in peptidoglycan. In order to simulate 
LdtMt2 interaction with β-lactam inhibitors capable of 
inactivating the enzyme through the formation of sta-
ble acyl enzymes, it is necessary to consider the binding 
of potential inhibitors in tunnel C of the active site.

Fig.7. Localization of β-lactam antibiotics in the LdtMt2 active site at meropenem binding in the tunnel B (left panel) and 
faropenem binding in the tunnel C (right panel). In case of meropenem there is no accurate place for binding of the in-
hibitor and formation of the reactive enzyme-inhibitor complex, a distance between the Sγ-atom of the catalytic Cys354 
and the C atom of the carbonyl group of β-lactam ring is not optimal for nucleophilic attack. At faropenem binding in the 
tunnel C (right panel) all docked structures form a single cluster that correspond to the reactive enzyme-inhibitor com-
plex. The distance between the Sγ atom of the catalytic Cys354 and the C atom of the carbonyl group of β-lactam ring is 
optimal for nucleophilic attack and the carbonyl group of β-lactam ring can form hydrogen bonds with the oxyanion hole 
residues
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