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A B S T R A C T

The emergence and worldwide spreads of carbapenemase producing bacteria, especially New Delhi metallo-β-
lactamase (NDM-1), has made a great challenge to treat antibiotics-resistant bacterial infections. It can hydrolyse
almost all β-lactam antibacterials. Unfortunately, there are no clinically useful inhibitors of NDM-1. In this study,
structure-based virtual screening method led to the identification of Baicalin as a novel NDM-1 inhibitor.
Inhibitory assays showed that Baicalin possessed a good inhibition of NDM-1 with IC50 values of 3.89 ± 1.1 μM
and restored the susceptibility of E.coli BL21(DE3)/pET28a-NDM-1 to clinically used β-lactam antibiotics.
Molecular docking and molecular dynamics simulations obtained a complex structure between the relatively
stable inhibitor molecule Baicalin and NDM-1 enzyme. The results showed that the carboxyl group in Baicalin
directly interacted with the Zn2+ in the active center of the enzyme, and the residues such as Glu152, Gln123,
Met67, Trp93 and Phe70 in the enzyme formed hydrogen bonds with Baicalin to further stabilize the complex
structure.

1. Introduction

β-lactams(penicillins, carbapenems, cephalosporins and monocyclic
lactams) have been one of the most important and commonly used
classes of antibiotics in medicine due to their broad spectrum, high
efficiency and low toxicity [1]. However, with the widespread use and
even abuse of β-lactam drugs, the main pathogens have produced
various resistance mechanisms to β-lactams, and the most important is
the catalytic hydrolysis by metallo-β-lactamases (MBLs). These en-
zymes can activate nucleophilic water to cut invariant β-lactam bond
and confer resistance to bacteria [2]. At present, the speed of identi-
fying new antibiotics has been greatly slowed down in recent decades
[3]. It has been dedicated to discover the use of MBLs inhibitors in
combination with existing β-lactams to restore the efficacy of β-lactams
against MBLs-producing bacteria. This strategy has been successfully
applied to serine-β-lactamases (SBLs) clinically, and can act as a cata-
lytic nucleophile against the SBLs through the active site Ser residue
[4].

MBLs are a class of β-lactamases, which pose a serious threat to
human health. There are three subclasses in MBLs, B1, B2 and B3, and
clinically relevant inhibitors for the MBLs are currently not available
[5], New Delhi metallo-beta-lactamases (NDM-1) was firstly reported
on 2009, which belongs to the class B MBLs superfamily [6]. NDM-1
mediated drug resistance has received great attention because it can

hydrolyze almost all kind of beta-lactam antibiotics except mono-
bactams [7]. In addition, the high transferability of NDM-1 related re-
sistance also causes great panic. This resistance has been identified in
many popular human pathogens, including Enterobacteriaceae, Pseudo-
monas and Acinetobacter, and is often accompanied by genes encoding
other resistance determinants [8,9]. Currently, few effective treatment
regimens are available to combat this so-called “superbug” infection.

Natural products have played a critical role in the history of drug
discovery [10,11]. These compounds generally have weaker anti-
bacterial activity, but recent studies have shown that a variety of nat-
ural products have the effect of restoring bacteria's susceptibility to
antibiotics, and even reverse the resistance of bacteria to certain anti-
biotics, Therefore, the combination of antibiotics and natural products
provides new ideas for the treatment of resistant bacteria infections
[12–15]. In the present study, we successfully identified a potent NDM-
1 inhibitor, namely Baicalin, through virtual screening of a natural
product library. Baicalin is the main bioactive compound derived from
traditional Chinese medicine radix of Scutellaria baicalensis. To our
knowledge, it is the first report that Baicalin possesses direct inhibit
effects on metallo-β-lactamase, although the herb Scutellaria baicalensis
has been used as traditional Chinese medicine about two thousands of
years ago. We verified its inhibition by monitoring the substrate
changes using high performance liquid chromatography (HPLC). Con-
sidering the flexibility of the active site of MBLs, we also obtained the
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optimal stable structure of the complex Baicalin-NDM-1 by molecular
dynamics simulation of the docking results. The complex structure not
only lays a foundation for studying the inhibitory mechanism of in-
hibitors on NDM-1, but also helps for the design of more reasonable
inhibitors.

2. Methods and materials

2.1. Structure-based virtual screening

The virtual screening was performed with MOE2016 implemented
within MOE's Dock. The Dock application looks for a favorable binding
pattern between the ligand and the target. For each ligand, a number of
placements called poses are generated and scored, including contribu-
tions, solvation and entropy terms, or based on Polar interaction energy
(including metal connections) or numerical values based on qualitative
shapes [16]. To identify new MBLs inhibitors, a natural product library
was virtually screened starting with the available NDM-1 crystal
structure. Specifically, NDM-1 and ampicillin structures were sepa-
rately extracted from the complex structure of NDM-1 hydrolyzed
ampicillin (PDB:5ZGE) and pretreated (hydrogenation, charge, struc-
ture correction, etc.). Using the NDM-1 and ampicillin structures ex-
tracted in the previous step, multiple docking procedures with different
parameters were performed. By comparing the level of the GBVI/WSA
dG score of the docking result and the difference from the original
composite structure, the docking parameters are determined and the
screening model is established. The GBVI/WSA dG is a forcefield-based
scoring function which estimates the free energy of binding of the li-
gand from a given pose. The calculation formula is as follows [17]:
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where
c represents the average gain/loss of rotational and translational

entropy. α,β are constants which were determined during training
(along with c) and are forcefield-dependent. If not using an AMBER
forcefield, the parameters will be set by default to the MMFF trained
parameters. Ecoul is the coulombic electrostatic term which is calculated
using currently loaded charges, using a constant dielectric of 1. Esol is
the solvation electrostatic term which is calculated using the GB/VI
solvation model. Evdw is the van der Waals contribution to binding.
SAweighted is the surface area, weighted by exposure. This weighting
scheme penalizes exposed surface area.

Pre-treating the structure of natural products in library, including
eliminating possible system structural errors in the database (alkali
metal-oxygen single bonds, protonated strong acids, deprotonated
strong bases), calculating and setting partial charges for all molecules in
the database and Minimize structure, etc.

NDM-1 was used as a receptor to sequentially dock small molecule
ligands in the natural compound pool. Screening for small molecule
ligands with high binding activity according to the parameters de-
termined in the above steps.

2.2. Construction of NDM-1 strain and expression purification

The wild type NDM-1 gene lacking the signal peptide was synthe-
sized and then cloned between EcoRI and Hind III restriction sites into
the pET-28a plasmid harboring a kanamycin resistance gene [18]. The
constructed plasmid encoding NDM-1 was transferred into E. coli
BL21(DE3). NDM-1 enzyme was expressed and purified as shen de-
scribed [19].

2.3. Determination of the IC50 values

NDM-1 (final concentration 10 nM) supplemented with 50mM
HEPES buffer containing 100 μM Zn2+ was first pre-incubated on a dry

bath at 30 °C for 5min to allow Zn2+ to fully occupy its active site. The
enzyme was then incubated for an additional 5min with different
concentrations of inhibitor. and transferred to a quartz cuvette.
Cefuroxime sodium (final concentration 60 μM) was added, mixed im-
mediately and the initial rate of substrate hydrolysis was recorded at
260 nm using UV-1800 spectrophotometer. All experiments were re-
peated three times. The inhibition rate was calculated by the following
equation and the IC50 value was calculated by plotting the regression
equation of the inhibitor concentration against the percentage of the
mean inhibition rate [20].

= ×I 1 V
V

100%i

0

where
V0 is the initial rate of reaction without inhibitor and Vi is the initial

rate of reaction at different inhibitor concentrations.

2.4. Measurement of inhibitory effect by HPLC-based method

The enzyme reaction were prepared as IC50 determination method
discribed in 2.3. The reaction were stoped by adding 2 µl of metal
chelator EDTA (5mM) after 5min incubation. The inhibitory activity of
the inhibitors was calculated as: Ir=1− (Ai−Ax)/(Ai− A0)× 100%,
where Ir was inhibitory rate, A0 was the peak area after the reaction in
the absence of inhibitors, and Ai, Ax represented the peak area before
and after the reaction in the presence of the screened inhibitors in
different concentrations. The Agilent 1100 Series LC system (Agilent,
USA) controlled by the Agilent Chem Station Software and fitted with
an Alltech Apollo 5u C18 column (250mm×4.6mm ID) was used to
detect the concentrations of phenol and metabolites. The operating
conditions were as follows: room temperature; mobile phase, deionized
water/acetonitrile (70:30, v/v) with a solvent flow rate of 1.0mL/min.
The detailed parameters are set as follows: A solvent: B solvent= 85
(Sodium acetate, pH 3.4): 15 (Acetonitrile); and flow is 1.2mL/min and
absorption wavelength 260 nm.

2.5. Minimum inhibitory concentration (MIC) and fractional inhibitory
concentration index (FICI) determination

MICs for E.coli BL21 (DE3) harboring NDM-1 were determined by a
two-fold checkerboard microdilution on 96-well microplatesas as pre-
viously described. [21] E.coli BL21 (DE3)/pET-28a was used as negative
control. The concentrations of inhibitors were varied between 1 μg/mL
and 64 μg/mL in serial ½ dilutions, and the bacteria was diluted to
1×106 CFU/mL by Luria-Bertani (LB) broth containing 50 μg/mL ka-
namycin and 0.2mM IPTG. All wells were complemented with the LB
medium to give a final volume of 100 µl and then incubated at 37 °C for
12 h. A reading at 595 nm was taken to determine the MICs. All ex-
periments were performed in triplicate. Then, to verify the ability of the
compound to synergically interact with therapeutically available anti-
biotics, the FICI for each compound was calculated as the lowest con-
centration in the presence of co-compound for a well showing no
growth, divided by the MIC for that compound alone. The FICI is the
sum of the two FICIs. Synergy was defined when FIC index≤0.5, while
antagonism was defined when FICI > 4. A FICI between 0.5 and 4
(0.5 < FICI≤ 4) was considered indifferent [22].

2.6. Molecular dynamics simulation

2.6.1. Model processing
In the simulation process, for the ligand molecule, the GAFF force

field in Amber was used. The atomic charge was optimized by the HF
method in the 6-31G* basis group and then the RESP charge was fitted
using the antechamber program in AmberTools. The treatment of NDM-
1 is as follows: zinc ions are treated with a cationic virtual atom model,
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and the His-coordinated is processed into a HIN form according to the
requirements of the model (ie, both protons are on both nitrogen atoms
in the His side chain) [23]. Cys is treated as a CYM form (ie, the sulfur
atom in the Cys side chain is deprotonated), and Asp is treated to a
normal ASP form (ie, the oxygen atom on the carboxyl group of the side
chain is deprotonated). Since the first two residues of the N-terminus of
the protein are deleted in the PDB structure, we add an ACE “hat” (ie, a
eC]OeCH3 group) at the N-terminus of the first Glu30 residue that
records structural information. To neutralize the charge on the N-
terminal amino group. The force field parameters of the ff14SB force
field, zinc ion, HIN residue, and bridged hydroxyl group were obtained
from Pang’s report [24]. The TIP3P water molecular box using a trun-
cated regular octahedron simulates the solvent environment [25]. Any
atom in the protein is at least 10.0 Å from the edge of the water box.
Na+ ions are added as counter ions to maintain the system neutral. The
ion parameters are derived from frcmod.ions1lsm_hfe_tip3p document
[26].

2.6.2. Dynamics simulation
For the initial system, firstly, the 2500-step steepest descent method

and the 2500-step conjugation are performed under the condition that a
binding force of 5.00 kcal·mol−1·Å−2 is applied to the protein atom
(including the zinc ion and the hydroxyl group of the active site).
Gradient energy optimization removes possible space collisions be-
tween solvent molecules and between solvent and protein molecules.
Then, the unconstrained 5000-step steepest descent method and the
5000-step conjugate gradient method energy optimization are per-
formed on the whole system to further remove the collision between
atoms. In the energy optimization process, the interaction between all
bonding atoms is calculated. The cutoff value of the long-range non-
bond interaction is set to 10.0 Å. Using the periodic boundary of con-
stant volume, the long-range electrostatic interaction is calculated using
the PME (Particle Mesh Ewald) algorithm [27]. Function, other para-
meters use the default value.

The optimized system is then subjected to a temperature increase
treatment. The system was slowly heated from 0 K to 300.0 K in 500 ps,
applying a binding force of 2.00 kcal·mol−1·Å−2 to proteins (including
zinc ions and hydroxyl groups), using a collision frequency of 2.0 ps−1

and a thermal bath. The Langevin constant temperature algorithm with
a coupling constant of 1.0 ps uses the SHAKE algorithm to constrain the
bond length of a bond containing a hydrogen atom, the integration step
size is set to 2.0 fs, and the long-range cutoff value is also set to 10.0 Å
[28,29]. Use constant volume periodic boundaries and PME algorithms,
and other parameters use default values.

The system pressure is then balanced. The equilibrium process is
carried out in five rounds, each round of 1 ns. During the equilibrium
process, the protein skeleton atoms and zinc ions and hydroxyl groups
are bound, and the binding force is from 1.00 kcal·mol−1·Å−2, followed
by 0.50, 0.25, 0.10, and finally to 0.05. Using the Monte Carlo constant
pressure algorithm, the target pressure is set to 1.0 bar, the pressure
relaxation time is set to 2.0 ps, the periodic boundary of constant
pressure is used, and the Langevin constant temperature algorithm is
used to maintain a constant temperature of 300.0 K [30]. Other para-
meters and temperature rise process consistent.

Finally, the system was subjected to a long-term dynamic simulation
of 100 ns at a constant temperature of 300.0 K and a constant pressure
of 1.0 bar, and the atomic coordinates of the system were recorded
every 10 ps to obtain the kinetic trajectory.

3. Results and discussion

3.1. Screening results and inhibitory capabilities of the screened inhibitors

The top 1 percent of the compounds in the screening result were
selected for molecular docking. According to the interaction between
the compound and NDM-1 6 compounds were hit and purchased. The

results of the inhibition of NDM-1 by these compounds are shown in
Table 1. The compound 5 and 6 are failed to determine inhibitory
capability due to the poor solubility.

3.2. High performance liquid chromatography (HPLC) analysis

Inhibition analysis showed that Baicalin had the best inhibitory
effect on NDM-1 with IC50 of 3.89 ± 1.1 μM. In addition, compound 4,
which is a Baicalin analogue, also has a good inhibitory effect.
Therefore, the Baicalin is selected for further study. Traditional
methods for detecting substrate changes using the UV spectro-
photometer method may be affected by the potential absorption of the
inhibitor or products. In addition, new substances that may be pro-
duced during the reaction will also affect the results. Here, we try to use
high performance liquid chromatography (HPLC) to detect substrate
changes to verify the inhibitory capacity of Baicalin. It can evaluate the
inhibitory effect of inhibitors after a transient but constant process of
enzymatic hydrolysis. The results are shown in Fig. 1, using HPLC to
monitor the change of the substrate cefuroxime after a period of reac-
tion. The method has the advantages that the inhibitor, the cephalos-
porin and the hydrolyzate can be separated, the interference of other
interference factors on the experimental results is excluded, and the
change of the hydrolyzate is more accurately supervised. The results of
HPLC confirmed the inhibitory effect of Baicalin on NDM-1, and And
when the inhibitor concentration reaches 8 μM, the inhibition rate to
NDM-1 can reach 90%.

Table 1
Structures and IC50 values on NDM-1 of the screened inhibitors.

Compounds Name Structure IC50 (μM) a

1 Baicalin 3.89 ± 1.1

2 Hyperoside 80 ± 3.5

3 Matrine 16 ± 0.8

4 Jaundice 8.1 ± 1.2

5 – Not detected

6 – Not detected
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3.3. The MICs and FIC index

Monitor the hydrolytic decomposition of the carbapenem antibiotic
inside E.coli cells expressing NDM-1are currently preferred choice to
filter potential MBLs inhibitors [31]. In this experiment, E.coli
BL21(DE3)/pET28a-NDM-1 presents high resistance with an MIC of 64
or 128 μg/mL for Cerfuroxime or Ampicillin, compared to E.coli
BL21(DE3)/pET28a with an MIC of 0.5 and 1 μg/mL, respectively.
Apparently, the presence of Baicalin who is able to inhibit NDM-1 ac-
tivity successfully reduces the MIC for Ampcillin from 128 μg/mL to
8 μg/mL, and Cefuroxime Sodium from 64 to 4 μg/mL, respectively
(Fig. 2). As a bioactive component in edible medicinal plants, Baicalin
itself has moderate antibacterial activity with a MIC≥512 μg/mL.
When combined with the two antibiotics, the MICs for Baicalin varied
between 32 μg/mL and 64 μg/mL. It has been reported that Baicalin can
enhance LYSO-induced bacteriostasis during the innate immune re-
sponse to S. aureus., and suggested to be a potentially useful ther-
apeutic agent for the treatment of bacterial infections [32]. We con-
clude that Baicalin synergically interact with the two antibiotics by FIC
index shown in Table 2.

3.4. Molecular dynamics simulations

3.4.1. Rationality analysis of docking results
Since the natural conformation of the complex should be the lowest

energy stable binding conformation, we can evaluate the rationality of
the interaction mode of the complex by calculating the binding stability
of the inhibitor molecule to the enzyme. Molecular dynamics simula-
tions (MD) were performed on the top 10 ranked docking poses (Fig. 3)
using the Amber14 program [33]. First, two long-term (100 ns) kinetic
simulations were performed on the 10 composite structures previously
obtained. For the simulated trajectories, after stacking based on the
overall structure of the composite, the stability of ligand binding is
determined by calculating the mass-weighted root-mean-square devia-
tion (RMSD) value of the heavy atoms in the ligand. The change in the
ligand RMSD value (referenced to the structure at 50 ns) in the 20 ki-
netic trajectories of the 10 composite structures is shown in Fig. S1. The
trajectory with relatively stable ligand molecule binding was screened
for subsequent studies (actually a total of 9 were selected, M1_D1,
M1_D2, M2_D1, M2_D2, M5_D2, M6_D2, M8_D1, M8_D2, M10_D1).
Next, we performed a second round of dynamics simulation of the
composite structure at the last moment of the nine trajectories (re-
named M1 to M9 in turn). In addition to calculating the RMSD value of
the heavy atom in the ligand (referenced to the initial structure) to
reflect the binding stability of the ligand, the RMSD value of the ac-
ceptor heavy atom in the initial structure that is less than 10.0 Å from
any atom in the ligand molecule was introduced to evaluate the change
in the central structure of the acceptor (Fig. S2). The mass-weighted
root-mean-square fluctuations (RMSF) values of the weight-bearing
atoms were used to characterize the ligand stability (Fig. 4a). It can be
seen that the RMSF values of the complexes M1, M2, M4, M5, and M8
are restively small, But in complexes M1, M5, and M8, the ligand RMSD
values were all greater than 3.0 Å (Fig. S2). The results showed that the
binding of the ligand molecules in the two structures M2 and M4 were
more stable (Fig. 4b).

Finally, the composite structures M2 and M4 were subjected to eight
100 ns kinetic simulations (denoted D3 to D10, respectively), and the

Fig. 1. HPLC results show the inhibition of hydrolysis ability of NDM-1 on
Cefuroxime Sodium. The ordinate is expressed as the total response value (Mv)
of various components in the system, and the abscissa represents time (Min).
Curve 1 does not contain NDM-1 enzymes and inhibitors. Curve 2 contains the
NDM-1 enzyme, and curves 3-7 contain the NDM-1 enzyme and different
concentrations of inhibitors (2, 4, 8, 12, 16, 20 μM) The peak appearing at
1.179 minutes was EDTA (used to terminate the reaction with a final con-
centration of 5 mM). The peak appearing at 5.193 is the reaction product. 6.203
and the part between 1.179 and 5.193 may be the solvent peak. The peak ap-
pearing in 7.421 is cefuroxime sodium.

Fig. 2. Baicalin partially restores the susceptibility of E.coli BL21(DE3)/pET28a-NDM-1 to classical β-lactam antibiotics. (a, b) Microdilution checkerboard analysis
showing the combined effect of Baicalin and classical β-lactam antibiotics against NDM-1 expressing E. coli BL21. Heat plots are the average of three replicates. At a
concentration of 64 μg/ml, Baicalin reduces the MIC value for Ampcillin and Cefuroxime 16-fold, averagely.

Table 2
In vitro interaction between antibiotics and Baicalin (MIC unit: μg/mL).

Antibiotic E.coli BL21(DE3)
/pET28a

E.coli BL21(DE3)
/pET28a-NDM-1

FICI

Ampcillin 1 128
Ampcillin+ Baicalin 8 ≤0.19
Cefuroxime 0.5 64
Cefuroxime+Baicalin 4 ≤0.125
Baicalin ≥512
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Fig. 3. The structure of Baicalin and the
docked baicalin/NDM-1 complexes. (a) The
structure of Baicalin for the Molecular
Docking. (b, c) Top 10 scored docking re-
sults performed with Amber programs,
where b and c represent front and top view,
respectively. The protein are showed in
ribbon and colored according to the sec-
ondary structure of the residues (orange:
helix, yellow: lamella, light blue: double
fold, white: random). The ligand molecules
are denoted in sticks in which the carbon
atoms on the carboxyl groups are colored
green, and oxygen atoms are colored on red.
Other atoms are colored through red to
white and to blue in accordance with the
ranking in docking results. all hydrogen
atoms are hidden.

Fig. 4. a: Ligand RMSF value plot. D1 and D2 represent the two measured trajectories, respectively. The ordinate range is from 0.5 to 1.5 Å; b: The ligand (blue lines)
and the pocket receptor residues (green lines) RMSDs of the M2 and M4. The vertical ranges from 0 to 3.0 Å.
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MMGBSA binding energy between the complexes in these trajectories
was calculated. The results obtained are shown in Table 3. The average
MMGBSA binding energy of the composite structure M2 is
−10.26 kcal/mol, and the average binding energy of the composite
structure M4 is −14.37 kcal/mol. Since the binding energy of M4 is
significantly more negative, The results showed that the binding ability
between ligand and receptor in M4 is stronger than that of M2, so the
complex structure M4 should be more reasonable.

3.4.2. Inter-complex interaction study
In order to explore the possible inhibition modes of Baicalin, the 10

trajectories of the relatively most reasonable complex structure M4
identified in 3.4.1 were clustered and the representative structure was
obtained. At the same time, the MMGBSA binding energy between the
complexes in each trajectory (except D4 and D10) was decomposed
according to the residues, and then the contribution of each residue in
the receptor (except for zinc ions and residues directly coordinating
zinc ions) to ligand binding was observed, Receptor residues with an
absolute energy contribution greater than 0.5 kcal/mol in the results of
residue binding energy decomposition are reported in Table 4. It can be
seen that the energy contribution value of a total of 5 residues is less
than −0.5 kcal/mol, these residues should play a major role in pro-
moting the binding of the ligand.

The structure of the complex obtained by clustering is shown in
Fig. 5. It can be seen that the carboxyl group in the inhibitor Baicalin
acts directly on the two zinc ions in the NDM-1 enzyme. The ligand C8
(the number of carbon atoms is shown in Fig. 3a) and the hydroxyl
group on C9 will have a significant hydrogen bond with the carboxyl
group of the side chain of Glu152, and the hydroxyl oxygen on C8 will
also have a significant hydrogen bond with the backbone of Gln123.
The hydrophobic side chains of the three residues Met67, Trp93 and
Phe70 are located near the hydrophobic phenyl group of Baicalin.
Combined with the energy contribution of Table 4, these residues may
promote the binding of inhibitors through hydrophobic interaction. In
addition, in the representative structure, the hydroxyl group on Baicalin
C2 also forms hydrogen bonds with the side chain of Asn220 to promote
the stability of the complex.

In summary, we speculate that the inhibitor molecule Baicalin is
likely to directly bind to the zinc ion of the active center of the NDM-1

enzyme through its carboxyl group. At the same time, through the
hydrogen bonding between Glu152, Gln123 and Asn220, and the hy-
drophobic interaction between Met67, Trp93 and Phe70, further
stabled the binding of Baicalin.

3.5. Discussion

In this study, Baicalin was identified as a potential NDM-1 inhibitor
using virtual screen method. MIC experiments showed that it has the
ability to restore the sensitivity of antibiotics to NDM-1, and its in-
hibition was confirmed by HPLC analysis. As an active ingredient of
traditional Chinese medicine, Baicalin has been reported in synergistic
effect with antibiotics and antivirals in recent years. For example, Zhao
verified that baicalin has the ability to inhibit E. coli isolates in bovine
mastoid milk and reduce antibiotic resistance [34]. Luo found that
Baicalin can inhibit the formation of P. aeruginosa biofilm and enhance
the bactericidal effect of various conventional antibiotics [35]. In ad-
dition, Wu has also identified its role in regulating bacterial virulence
and host response as a promising agent for the prevention of Salmonella
typhimurium infection [36]. These all show the broad prospects of Bai-
calin in the field of drug-resistant bacteria treatment. Considering the
high safety of Baicalin itself, it can be used as a potential scaffold for
future development of NDM-1 inhibitors.

Molecular dynamics can track the motion law of all particles at all
times, and derive the simulation of the properties of the whole material,
which is an effective means to study the microscopic world [37,38]. It
has unique advantages in studying flexibility, cexploring the stability of
composites and drug discovery [39,40]. In this study, Molecular dy-
namics explored the intrinsic interaction between Baicalin and NDM-1
complex and determined the relatively reasonable complex structure. It
should be pointed out that the ligand stability in the first round of si-
mulation can be maintained at the late stage of the trajectory, and the
ligand stability of most complexes decreased significantly during the
second round of molecular dynamics simulation. The reason for this
may be that we recalculated the charge distribution on the atom based
on the new ligand structure before the start of the second round of
simulation. Since these new structures are significantly different from
the original docking structure, the atomic charge on them may also
change significantly. On the other hand, in the second round of simu-
lation, the system re-experiences the energy optimization and tem-
perature rise equilibrium process. All of these make the structure of the
complex originally located in a certain energy valley, and in the new
simulation it is likely that it is no longer in the same energy valley. At
the same time, in the second round of calculation of RMSF value
(Fig. 4), it can be seen that the RMSF values of the composites M1, M2,
M4, M5 and M8 are small. However, considering that the ligand RMSD
values in M1, M5, and M8 are more than 3.0 Å (Fig. S2), the binding of
the ligand molecules in the two structures M2 and M4 is considered to
be the most stable.

Finally, In inter-complex interaction study, We found that the car-
boxyl group in Baicalin directly interacts with the zinc ion in the active
center of the enzyme, and the residues such as Glu152, Gln123, Met67,
Trp93, and Phe70 in the enzyme further stabilize the binding of the
inhibitor. From the above experimental results, it is speculated that the
modification of the hydroxyl group at the C9 position of the Baicalin
molecule to the amino group enhances the hydrophilic interaction with
the Glu152 side chain, thereby enhancing the inhibitory activity of the
inhibitor molecule, which needs further study.

4. Conclusion

Pathogenic bacteria expressing NDM-1 poses a real and escalating
threat to human health. Although a number of compounds with great
inhibitory activity have been reported, they still need to match some
requirements including good synergistic effect with antibiotics, broad-
spectrum inhibition, and reasonable pharmaceutical properties. There

Table 3
MMGBSA binding energy (unit: kcal/mol) of each trace of composite
structure M2 and M4.

M2 M4

D1 −9.72 −15.77
D2 −9.80 −15.73
D3 −10.47 −17.12
D4 −9.02 −10.35
D5 −8.87 −15.18
D6 −11.44 −13.54
D7 −10.89 −15.82
D8 −11.44 −14.93
D9 −10.36 −15.35
D10 −10.56 −9.94
Mean −10.26 −14.37

Table 4
Receptor residues with MMGBSA binding energy contribution
values less than −0.5 kcal/mol.

Residues Energy contribution (kcal/mol)

Glu152 −3.008
Gln123 −2.437
Met67 −1.346
Trp93 −0.944
Phe70 −0.679
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is no doubt that the natural products perform an important function for
drug development. Our group found an NDM-1 inhibitor Baicalin from
a natural product library through virtual screening. In vitro experiments
prove that Baicalin exhibits excellent inhibiting capacity on NDM-1
with IC50 3.89 ± 1.1 μM, and efficiently restores the antibacterial ac-
tivity of Ampcillin and Cefuroxime Sodium. Meanwhile, Molecular
Docking and Dynamics simulations construct a rational complex
structure of Baicalin and NDM-1 to explore the mechanism of inhibitory
activity of Baicalin. Considered of the low toxicity character of Baicalin,
it may serve as potential lead compound for anti-NDM-1 drug devel-
opment.
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