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ABSTRACT
The use of antibiotics to target bacteria is a well-validated approach for controlling infections in animals
and humans. Peptidoglycan biosynthesis is a crucial process in bacteria, and the conserved peptidoglycan
synthase MraY is an attractive target for drug design. However, due to the lack of detailed MraY structural
information, antibiotics targeting MraY have not yet been developed. In the present study, 2 hydrophilic
regions of MraY from Escherichia coli were expressed as a fusion protein and used to raise a monoclonal
antibody in mice. We confirmed that the MraY amino acid sequence PESHFSKRGTPT forms the core
epitope recognized by the monoclonal antibody M-H11. Furthermore, our results show that M-H11
effectively controls Escherichia coli BL21 (DE3) plysS infection, both in vitro and in vivo. Our results may be
of great value in the search for novel approaches used to control bacterial infections.
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Introduction

Escherichia coli (E. coli) is one of the most important human
pathogens. E. coli infections, especially extraintestinal infec-
tions, represent a major public health problem.1 Antimicrobial
resistance in E. coli is increasingly common and causes signifi-
cant economic burdens on families and society.2 Monoclonal
antibody (mAb) based strategies for treating infections is an
approach with considerable potential. MAbs have been demon-
strated to enhance bacterial clearance, prevent colonization and
invasion, and prevent damage caused by cytotoxic factors.3-5

Bacterial cell walls have a critical role in maintaining cell
shape and protecting bacteria from environmental challenges.
The cell wall is composed of the polymer peptidoglycan, and
most bacterial pathogens require continuous cell wall synthesis
for survival.6,7 Peptidoglycan biosynthesis is a complex process
that takes place in the cytoplasm. MraY, or phosphor-Mur-
NAc-pentapeptide translocase, is an integral membrane protein
involved in this process, and it catalyzes the transfer of the pep-
tidoglycan precursor phosphor-MurNAc-pentapeptide to the
lipid carrier undecaprenyl phosphate. In 2013, the crystal struc-
ture of MraY from Aquifex aeolicus was determined at 3.3 A

�

resolution.8,9 The biosynthesis of the peptidoglycan layer of
bacterial cell walls is a welL-proven target for antibiotic devel-
opment. MraY catalyzes an essential step of peptidoglycan bio-
synthesis. MraY has long been considered a very promising
target for the development of antibiotics, as many naturally
occurring nucleoside inhibitors with antibacterial activity target
this enzyme. But so far there have been no antibiotics targeting

MraY developed for clinical uses. MraY-targeted natural prod-
ucts have gained more attention because of their in vivo efficacy
against pathogenic bacteria including vancomycin-resistant
Enterococcus (VRE), Mycobacterium tuberculosis, and methicil-
lin-resistant Staphylococcus aureus (MRSA).8,10 In this study,
we characterized a novel anti-MraY mAb, M-H11, which
showed efficacy in controlling bacterial infections both in vitro
and in vivo.

Results

Generation of mAb

One stable hybridoma cell line secreting M-H11 mAbs was
obtained. SDS-PAGE of purified M-H11 showed to be of high
purity (Fig. 1A). M-H11 was characterized using the SBA
Clonotyping System-HRP kit, which showed that the M-H11
isotype was IgG2b and that the light chain was the k chain.
M-H11 could bind the MraY-AB recombinant protein, produc-
ing a band at 32 KDa (Fig. 1B). The relative titer of the mAb
was measured by indirect ELISA using serial dilutions and was
found to be 1:128,000.

Phage panning yield and phage clone detection by indirect
ELISA

The phage percent yield forM-H11 increased during 3 rounds of
panning, rising from 10¡6 to 10¡2, showing successful enrich-
ment of positive phage. Subsequently, random phages were
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amplified, and their reactivities with the mAb were assessed by
indirect ELISA analysis. The results showed that 23 single phage
displayed peptides bound to mAb M-H11 (OD450 > 1.2) among
which 15 clones (OD450 > 1.5) were selected and sequenced.
Generally, greater binding force means higher affinity. We chose
15 phage clones out of the 23 clones, because the OD450 value of
them were greater than the others. Besides, the sample capacity
is sufficient and it can reduce the cost of the experiment. These
interactions were specific since no interaction was detected in
the wells coating with bovine serum albumin (BSA) (OD450 <

0.08) (Fig. 2A).

Sequencing of positive phage clones and homology
comparison

The DNA sequences of 15 positive clones were determined, and
a sequence alignment showed that 15 phage clones shared the

same sequence (SESHFQKSPQSL). A comparison of these
sequences with the MraY-AB protein sequence revealed that
the amino acid sequence PESHFSKRGTPT (designated as
Mpep) was conserved in MraY-AB (Fig. 2B). This result sug-
gested that Mpep is the core sequence of MraY-AB that forms
the epitope recognized by M-H11.

Peptide synthesis and ELISA analysis

To confirm that Mpep could be recognized by M-H11, the
interaction between the 2 proteins was assessed using an indi-
rect ELISA. The ELISA plate was coated with 10 mg/ml Mpep
and incubated with increasing concentrations of M-H11 (0, 2,
4, 6, 8, 10, 12, 14, and 16 mg/ml). The results showed that as
the mAb concentration increased, the OD values became larger,
and the affinity was very strong (Fig. 2C). These interactions
were concluded to be specific because no interaction was
detected using Epep (VRLKPLNCSR, a unrelated synthetic
peptide from E protein of bacteriophage phiX174) (OD450 <

0.08).

Competitive inhibition experiment using increasing
peptide concentrations

The result of the competitive inhibition experiment using
increasing concentrations of Mpep is presented in Fig. 2D.
With the MraY-AB protein coated at 5 mg/ml and a M-H11
concentration of 0.2 mg/ml, the binding of M-H11 to the
MraY-AB protein was significantly inhibited by Mpep. The
strength of the inhibition was dependent on the concentration;
the strength of the inhibition increased as the concentration of
the synthetic peptide increased. We conclude that the synthe-
sized peptide was the epitope of the MraY-AB protein, which
was specifically recognized by the mAb M-H11.

Figure 1. Analysis of purified IgG by SDS-PAGE and immunoblot analysis of mAb
secreted by hybridomas. (A) Analysis of purified antibody by SDS-PAGE. Lanes 1, 2:
purified mAb M-H11; Lane M: molecular mass markers (B) Immunoblot analysis of
mAb secreted by hybridomas. Lane 1: purified fusion protein reacted with mAb M-
H11; Lane M: molecular mass markers.

Figure 2. Analysis and characterization of Mpep. (A) Detection of the binding activity of the phage clones by ELISA. 1–32: phage clones from the third round of biopan-
ning; B: BSA control. (B) The sequences of 12 peptides displayed by 15 phage clones. Multiple sequence alignment was performed using Clustal Omega. The symbol �

means the site has the same amino acid, the symbol. means the amino acids belong to one group. Glutarnine (Q) and Serine (S) are both of uncharged polar side chains
group. The blue box represents the same amino acid. (C) Affinity reaction of Mpep and M-H11 (Epep as control). Data were expressed as the mean § standard deviation
(S.D). The experiment was repeated 3 times. (D) Competitive inhibition of Mpep against MraY-AB and M-H11.
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M-H11 could inhibit E. coli BL21 (DE3) plysS in vitro

After obtaining M-H11 mAb, we were interested in determin-
ing whether M-H11 could inhibit the growth of E. coli in vitro;
therefore an in vitro bacteriostatic test was performed. E-A5
was a specific mAb against E protein of bacteriophage phiX174.
We used this irrelevant mAb as a control to ensure that there is
no non-specific antibody effect. In addition, Mpep as a compet-
itive inhibitor to confirm the specificity of inhibition of M-H11
mAb activity. The bacterial growth was inhibited after 100 min
when incubated with M-H11. However, the bacteria incubated
with PBS or the E-A5 mAb grew well (Fig. 3A). Notably, the
bacteria incubated with Mpep also grew well, indicating the
specificity of the activity of M-H11. These results suggest that
mAb M-H11 inhibits the growth of E. coli BL21 (DE3) plysS.
The colony forming units (CFUs) and inhibitory rates were
determined when the experiments went on for 6 h. Bacterial
growth inhibition rates were 99.3%, 91.9% and 84.3% when
incubated with 9 mg, 5 mg and 1 mg of M-H11, respectively
(Fig. 3B), suggesting that M-H11 inhibition occurs in a concen-
tration dependent manner.

M-H11 could inhibit E. coli BL21 (DE3) plysS in vivo

The in vitro inhibition of E. coli BL21 (DE3) plysS growth by
M-H11 led us to determine whether mAb M-H11 could inhibit
the growth of E. coli BL21 (DE3) plysS in vivo. We first deter-
mined the infection dynamics of E. coli BL21 (DE3) plysS alone
in mice without mAb M-H11 treatment. The bacterial load in
the liver and spleen of mice were higher than those in lung and
kidney, and the amount of bacteria was significant higher after
3–5 h post-infection (Table 1). We therefore dissected mice at
3.5 h post-infection in subsequent experiments. The bacterial
loads present in both in the liver and spleen of mice in the
experimental group were significantly decreased compared
with control group (Fig. 3C). These results demonstrate that
mAb M-H11 is able to inhibit the growth of E. coli BL21 (DE3)
plysS in vivo.

Discussion

Antimicrobial resistance worldwide is increasingly prevalent
and threatens the health of both humans and animals. The con-
tinued emergence of antibiotic-resistant bacterial pathogens,
combined with limited available therapies, underscores the
need to identify novel antibacterial targets, with bacterial

peptidoglycan biosynthesis enzymes remaining excellent targets
for antibacterial action.12 The structural determination of
A. aeolicus MraY has revealed new possibilities for structure-
based drug design against MraY and related enzymes.9 Mono-
clonal antibodies are increasingly being developed as therapeu-
tics to complement drugs and vaccines or to fill gaps where no
options exist. These therapeutic antibodies (ThAb) may be
especially important for infections in which increasing antibi-
otic resistance, toxin-mediated pathogenesis, or emerging
pathogens are of concern.13 Characterization of a panel of novel
anti-PcrV mAbs was recently generated and characterized. The
researchers determined that some anti-PcrV mAbs exhibited
potent inhibition of P. aeruginosa in vitro, while others pro-
vided strong prophylactic protection in several murine models
of infection and therapeutic post-infection models.14

E. coli is commonly found in the gut of humans and warm-
blooded animals. While most E. coli strains are harmless, some,
such as enterohemorrhagic E. coli, can cause severe foodborne
disease.15 In this work, a stable hybridoma cell line expressing
the mAb M-H11, which targets the MraY-AB protein, was
obtained. Phage display is a laboratory technique allows expres-
sion of exogenous (poly) peptides on the surface of phage par-
ticles. The Ph.D.-12 library of phage particles expressing a wide
diversity of peptides, is commonly used to select those that
bind the desired target. Phage display technology used in epi-
tope analysis suggested that PESHFSKRGTPT was the core
amino acid sequence epitope of MraY-AB recognized by
M-H11. The reason of only one single peptide was identified
during the library screen could be explained in 2 aspects. On
the one hand, the procedure of biopanning was optimized. The
time of panning washing was increased to 10 min and the
rounds of panning washing were increased to 15 times, respec-
tively, to remove clones with insufficient binding force. In the
previous study, we found that sometimes we could not get clear
consensus binding sequence after 3 rounds of panning washing.
Therefore, we have been optimized the procedure of biopan-
ning in this experiment. On the other hand, OD450 values of
the 15 sequenced phage clones were more than 1.5, higher than
the others. The sample capacity is sufficient and it can reduce
the cost of the experiment. Notably, our results demonstrate
that the mAb M-H11 significantly inhibits the growth of
E. coli BL21 (DE3) plysS both in vitro and vivo. The main rea-
son of using E. coli strain BL21(DE3) pLysS for the animal chal-
lenge studies could be explained from the following aspects. We
found that MraY was highly conserved in all E. coli strains by
bioinformatics analysis. E. coli strain BL21 (DE3) pLysS is a

Figure 3. M-H11 has the ability to inhibit the E. coli BL21 (DE3) plysS growth in vitro and in vivo. (A) Line chart showing M-H11 inhibition of E. coli BL21 (DE3) plysS growth
in vitro. (B) Histogram showing the inhibition rate of M-H11 on E. coli BL21 (DE3) plysS growth in vitro. (C) Histogram showing the inhibition ability of M-H11 on E. coli
BL21 (DE3) plysS growth in vivo. Six-week-old female BALB/c mice were randomly divided into 2 groups (5 in each group) in vivo experiment.
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derivative of the wild strain for protein expression. In vitro
experiments, E. coli strain BL21 (DE3) pLysS was used and we
found that mAb M-H11 had antibacterial activity. Therefore,
we continued to use this strain in vivo experiments. We found
that even this modified strain can be transported to the liver
and spleen after challenge. The mice were morbid after chal-
lenge indicating that this strain was pathogenic. For this reason,
we did not choose more virulent strains. We think there may be
several possibilities that mAb can inhibit the growing bacteria.
Firstly, we speculate that mAb may be exposed to MraY protein
through a pathway that is not yet known at a particular point-
in-time in the process of peptidoglycan biosynthesis. In vitro
experiments have shown that antibacterial activity was dose-
dependent, suggesting that there must be enough mAb to
inhibit the growing bacteria. Of course, we do not rule out
another possibility that the epitope recognized by the mAb
M-H11 is also present in some outer membrane protein of
E. coli. MAb has a neutralizing activity, and the antigen-anti-
body reaction results in inhibition of bacterial growth. How-
ever, the current data we got could not elaborate on the exact
antimicrobial mechanism of mAb. Future investigations will be
required to determine the exact nature of this interaction.

Obviously, this is a primary assessment of the potential ther-
apeutic of the mAb in mice model. We consider the following
aspects maybe the potential weaknesses on limitations of the
mAb therapy. In our experiment, only BALB/c mice were used
as animal models of infection, no other types of mice were
used, such as C57BL/6 mice. Besides, mAb was used in single
dosage. The anti-bacterial experiments were performed only in
accordance with the dose according to the reference,16 and no
more therapeutic dose gradient was designed. All of these are
needed to supplement in later experiments.

The mAb generated in this work could potentially be evalu-
ated for efficacy as therapeutic antibodies in the future. We are
planning to extend these studies using more appropriate strains
of E. coli, such as O157 which is very important to public health
security. In addition, considering the relative conservation of
MraY between gram negative and gram positive bacteria,9 we
try to explore the antibacterial potential of the mAb against
infection of Salmonella, Shigella, Mycobacterium tuberculosis,
Streptococcus, Staphylococcus or other bacteria. For the further
experiments, we chose to focus on the molecular mechanism of
anti-bacterial activity and evaluation of the effect of mAb com-
bined with antibiotics. Furthermore, the dose and route of
injection should be optimized, to increase the likelihood of
anti-bacterial agents development. We have reason to believe

that this work contributes to a growing body of targeted mAb
design research and opens new avenues of drug development.

Methods

Ethics in animal experimentation

The specific pathogen-free (SPF) BALB/c mice used in this
study were purchased from Vital River, Beijing, China. All
experiments with live animals were approved by the Review
Board of Harbin Veterinary Research Institute of Chinese
Academy of Agricultural Sciences. All efforts were made to
minimize suffering.

Preparation of mAb

DNA encoding 2 hydrophilic MraY fragments, designated A
(Arg43-Met74 amino acid (aa)) and B (Phe311-Trp343 aa), were
amplified (primers shown in Table 2) from E. coli DH5a geno-
mic DNA. The A and B fragments were fused together by over-
lapping PCR. The PCR product was then cloned into the
BamHy and Saly sites of the vector pGEX-6p-1 (Novagen,
Germany). MraY-AB was expressed in E. coli BL21 cells
(Novagen, Germany). The insert was verified by sequencing.
MraY-AB protein expression and purification, as well as
hybridoma generation, were performed as described previ-
ously.11 Each of the 5 BALB/c female mice (N D 5) approxi-
mately 4–6 weeks old was immunized intraperitoneally with
100 mg purified MraY-AB protein emulsified with an equal
volume of Complete Freund’s Adjuvant (CFA; Sigma, St. Louis,
USA). Then 2 further injections were administered using
incomplete adjuvant at 2-week intervals. Three days after the
last injection, the mice were injected with 100 mg of purified
MraY-AB protein without adjuvant. Immunoglobulin G (IgG)
was purified from mouse ascitic fluid using protein G-agarose
affinity chromatography (GE Healthcare, United States). The
mAb isotypes were determined using an SBA Clonotyping
System-HRP Kit (Southern Biotechnology Associates, Inc.,
Birmingham, AL, USA). Immunoblot analysis was used to
assess the reactivity and specificity of the mAb.11

Peptide library screening, biopanning and indirect ELISA

The Ph.D.-12 library (Ph.D.-12 Phage Display Peptide Library
Kit, New England Biolabs Inc., USA) displays 12-mer peptides
at the N-terminus of the PS M13 phage protein, which was

Table 1. The colony count of organs in mice infected with E. coli BL21 (DE3) plysS alone.

Time (h)

Organ 3 5 7 9

Liver 47333 § 9713a 20333 § 4509b 5700 § 1114c 4833 § 1450
Spleen 19333 § 6658d 16333 § 3786e 3100 § 360.6 f 1667 § 472.6
Kidney 129.7 § 23.71g 155 § 31.22h 46 § 38i 28.67 § 6.51
Lung 97.67 § 12.50j 51.67 § 14.64k 20.67 § 13.43l 17.33 § 12.74

a, h Significantly compared to the later time point group (�� p < 0.01)
b, e, j Significantly compared to the later time point group. (� p< 0.05)
c, d, f, g, i, k, l Not Significantly compared to the later time point group (ns, p > 0.05)
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amplified from E. coli 2738. Three rounds of biopanning were
performed according to the manufacturer’s instructions, as
described previously.11 The yields from the 3 rounds of pan-
ning were compared with assess the phage-enrichment effi-
ciency. Individual phage clones were selected and assayed for
target binding by ELISA according manufacturer’s instructions.

Sequence analysis of phage single-stranded DNA

The positive phages selected from the ELISA were cloned
and sequenced with the ¡96 gS sequencing primer
(50-CCCTCATAGTTAGCGTAACG-30) according to the
manufacturer’s instructions. Peptide sequences were
deduced from the phage displayed sequences, which were
compared with the native MraY protein sequence (Gen-
Bank, CP014225) using Lasergene software. Peptide synthe-
sis was conducted using GenScript.

ELISA analysis of synthetic peptides

The binding affinity between the synthetic peptide
PESHFSKRGTPT (Mpep) and M-H11 was assessed using an
indirect ELISA. The synthetic peptide was dissolved in sterile
deionized water and diluted in carbonate buffer (pH 9.6) to
10 mg/ml. The ELISA plate was coated with the synthetic pep-
tide solution and then incubated with increasing concentrations
of M-H11 (0, 2, 4, 6, 8, 10, 12, 14, and 16 mg/ml). A unrelated
synthetic peptide (VRLKPLNCSR) (Epep, from E protein of
bacteriophage phiX174) was used as a negative control.

Competitive inhibition assay using increasing
concentrations of the Mpep peptide

Briefly, 96-well plates were coated with the MraY-AB protein
(5 mg/ml) and then incubated with 0.2 mg/ml of mAb plus
increasing concentrations of Mpep (5, 10, 15, 25, 50, 75, and
100 mg/ml). Subsequent procedures were performed according
to standard ELISA protocols.

Bacteriostatic test of mAb M-H11 anti-E. coli BL21 (DE3)
plysS in vitro

E. coli BL21 (DE3) plysS (Novagen, Germany) cells were grown
overnight in LB media (BD Biosciences) containing 34 mg/ml
chloramphenicol (Amresco) at 37�C. A single clone was
selected and grown at 37�C overnight, and then, the bacteria
were inoculated into fresh LB medium with chloramphenicol
until the OD600 reached 0.6. Bacteriostatic tests of the mAb M-
H11 were performed in vitro in 200 ml reaction system contain-
ing 100 ml of E. coli BL21 (DE3) plysS and the purified mAb M-

H11 at increasing concentrations (0, 1, 5 and 9 mg) in a 96-well
cell culture plate. E-A5 was a specific mAb against E protein of
bacteriophage phiX174. We used this irrelevant mAb as a con-
trol to ensure that there is no non-specific antibody effect. The
mAb (E-A5) and PBS served as controls. Additionally, Mpep as
a competitive inhibitor to confirm the specificity of the activity.
The experiment was performed in triplicate at 37�C with shak-
ing (220 rpm). Bacterial growth curves were generated by mea-
suring the absorbances at 590 nm every 20 min, and this
monitoring process lasted for 6 h. The reaction product was
obtained after 6 h. The CFUs were identified by increasing dilu-
tion ratios (103, 104, 105, 106, 108) grown overnight in LB media
containing 34 mg/ml chloramphenicol at 37�C. Inhibitory rates
were calculated as follows: (1 - bacteria count of experiment
group/control group) £ 100%.

The bacteriostatic test of mAb M-H11 anti-E. coli BL21
(DE3) plysS in vivo

Firstly, 5 female BALB/c mice (6-week-old) in each group
housed under specific pathogen-free conditions were used
to determine the infectivity of E. coli BL21 (DE3) plysS in
mice. Mice were injected with either 100 ml E. coli BL21
(DE3) plysS (OD600 reached 0.6) or 100 ml sterile PBS
through the caudal vein. The challenge dose of 100 ml E.
coli BL21 (DE3) plysS is about 1.0 £ 108 CFU. The mice
were dissected at 3 h, 5 h, 7 h and 9 h post-injection. Then,
1 ml of sterile PBS was added to 0.1 g of liver, lung, spleen
or kidney tissue. After being ground on a sterile copper net-
work, 100 ml of grinding fluid (a 103 dilution) was plated
and grown overnight, and colony counting was conducted
the following day. The comparison was conducted between
the earlier time point and the later time point. Two-tailed
Student’s t test was used for the analysis of statistical signif-
icance (P value) in this study, and Prism software (version
5.0; GraphPad, San Diego, CA, USA) was used for these
analyses. A P value of less than 0.05 was considered signifi-
cant (� P < 0.05; �� P < 0.01; ��� P < 0.001; ns, not signifi-
cant). Subsequently, the bacteriostatic ability of mAb M-
H11 was tested in vivo. Six-week-old female BALB/c mice
were randomly divided into 2 groups (5 in each group) and
maintained separately under specific pathogen-free condi-
tions. Firstly, mice were injected with either 100 ml the
purified mAb M-H11 or sterile PBS through the caudal
vein. After 24 h, mice were injected with 100 ml E. coli
BL21 (DE3) plysS (OD600 reached 0.6). The mice were dis-
sected 3.5 h post-injection and bacterial loads in the liver
and spleen tissue were determined as described above.
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Table 2. Primers used in this study.

Primer Sequence (50!30)

A-F CGCAGGATCCCGTATGATTGCTCATTTG
A-R GCGCAGTTTAAACATGGTCGGCGTAC
B-F GTACGCCGACCATGTTTAAACTGCGC
B-R ACGGTCGACTTACCAGAAACGCACAATGA
¡96 gS CCCTCATAGTTAGCGTAACG
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