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Abstract
Staphylococcus aureus is one of the most dreadful infectious agents, responsible for high mortality and morbidity in both 
humans and animals. The increased prevalence of multidrug-resistant (MDR) Staphylococcus aureus strains has limited the 
number of available treatment options, which calls for the development of alternative and effective modalities against MDR 
S. aureus. Endolysins are bacteriophage-derived antibacterials, which attack essential conserved elements of peptidoglycan 
that are vital for bacterial survival, making them promising alternatives or complements to existing antibiotics for tackling 
such infections. For developing endolysin lysin-methicillin-resistant-5 (LysMR-5) as an effective antimicrobial agent, we 
evaluated its physical and chemical characteristics, and its intrinsic antibacterial activity against staphylococcal strains, 
including methicillin-resistant Staphylococcus aureus (MRSA). In this study, we cloned, expressed, and purified LysMR-5 
from S. aureus phage MR-5. In silico analysis revealed that LysMR-5 harbors two catalytic and one cell wall-binding domain. 
Biochemical characterization and LC–MS analysis showed that both catalytic domains were active and had no dependence 
on divalent ions for their action, Zn2+ exerted a negative effect. The optimal lytic activity of the endolysin was at 37 °C/
pH 7.0 and in the presence of ≥ 300 mM concentration of NaCl. Circular dichroism (CD) demonstrated a loss in secondary 
structure with an increase in temperature confirming the thermosensitive nature of endolysin. Antibacterial assays revealed 
that LysMR-5 was active against diverse clinical isolates of staphylococci. It showed high lytic efficacy against S. aureus 
ATCC 43300, as an endolysin concentration as low as 15 µg/ml was sufficient to achieve maximum lytic activity within 
30 min and it was further confirmed by scanning electron microscopy. Our results indicate that rapid and strong bactericidal 
activity of LysMR-5 makes it a valuable candidate for eradicating multidrug-resistant S. aureus.
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Introduction

Staphylococcus aureus has long been considered as a major 
nosocomial pathogen, associated with various infections 
ranging from skin and soft tissue to other insidious infec-
tions like meningitis, osteomyelitis, and pneumonia [1, 2]. 

Further, rapid development of resistance by S. aureus strains 
against broad spectrum of antibiotics has posed additional 
limits to treat these infections. Besides controlling misuse 
of antibiotics, development of novel antimicrobials that are 
refractory to resistance generation is essential to eradicate 
MDR pathogens [3–6]. In recent years maximum attention 
has been directed towards bacteriophage endolysins, which 
are being investigated as a valuable alternative antimicro-
bial strategy for containing multidrug-resistant Gram-pos-
itive bacteria [7–10]. Endolysins are produced by phages 
in a bid to escape from their host at the end of phage lytic 
cycle, by targeting specific bonds in peptidoglycan, result-
ing in osmotic lysis of the cell and release of phage progeny 
[11–13]. These hydrolases can rapidly kill targeted Gram-
positive bacteria even when applied exogenously, since they 
are able to make direct contact with the cell wall carbo-
hydrates and peptidoglycan layers, which are inaccessible 
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in case of Gram-negative bacteria due to the presence of 
an outer membrane. Despite repeated attempts, resistance 
towards specific endolysin has not been reported as yet 
[14–16]. These characteristics have prompted scientists to 
use them as an antimicrobial agent against antibiotic-resist-
ant bacteria [17, 18].

Endolysins against Gram-positive bacteria are modu-
lar in nature, often with one or more enzymatically active 
domain (EAD) and a cell wall-binding domain (CBD) that 
recognizes epitopes on the surface of susceptible organ-
isms, contrary to globular architecture of Gram-negative 
endolysins, which comprises of EAD only and lacks CBD 
[19, 20]. An enzymatically active catalytic domain can be 
classified into three basic groups on the basis of specific 
bonds which they cleave in peptidoglycan: (1) glycosidases, 
cleave between sugar backbone of peptidoglycan, (2) endo-
peptidase, cleave bond between two adjacent amino acids 
of either stem peptide or interpeptide bridge, and (3) ami-
dases, hydrolyze the bond between the sugar (MurNac) and 
the peptide (L-Ala) [21]. One of the reasons that endolysins 
are considered as good antimicrobial candidates is that they 
offer many advantages over antibiotics. Firstly, their genus 
or species specificity protects commensal flora as opposed to 
broad range antibiotics which are detrimental to normal flora 
along with targeted organism. This specificity of endolysin 
activity reduces the chances of development of resistance, 
which is generally seen with antibiotics due to their broad 
host range activity. Another advantage is lesser likelihood 
of resistance development against endolysins, which could 
be attributed to co-evolution of phages with their host bac-
teria, thus requiring endolysin to target highly conserved 
bonds within bacterial peptidoglycan. Modification of these 
bonds is believed to be detrimental to the host organism 
[11, 22]. Another reason for low resistance development is 
their mode of action (lysis from without) as endolysins are 
able to attack their target peptidoglycan from outside only, 
and this in turn decreases the possibility of development 
of resistance mechanisms [7, 17, 23]. Endolysins are also 
considered safe, as they do not attack mammalian cells [17, 
24–26]. Many endolysins against Gram-positive pathogens 
have been reported during the last few years and shown to 
be successful in combating infections, in vitro and in vivo, 
however, only a few of these have been fully characterized 
[19, 24, 25, 27–29]. To apply LysMR-5 and other endolysins 
for the management of drug-resistant infections, investiga-
tion of safety, physical, biochemical and antibacterial prop-
erties in an experimental setting is required. Previously, we 
have reported the isolation, characterization and in vitro 
and in vivo therapeutic efficacy of a novel S. aureus phage 
MR-5. Phage MR-5 belongs to Order Caudovirales and Fam-
ily Herelleviridae [30]. Thus, the aim of the present study 
was to understand the properties of LysMR-5, the endolysin 
of phage MR-5, and to demonstrate its therapeutic utility 

for biomedical applications. To this end, we cloned, over-
expressed, purified, and evaluated the intrinsic antibacterial 
efficacy of LysMR-5 towards MRSA.

Materials and methods

Bacterial strains, bacteriophage, and susceptibility 
testing

Staphylococcus aureus ATCC 43300 (MRSA) was used for 
all the antibacterial assays performed in this study. Refer-
ence strains of Staphylococcus aureus were from ATCC, 
Mannasse. These included: S. aureus ATCC 43300 (MRSA), 
S. aureus ATCC 33591 (MRSA), S. aureus ATCC 25923 
(MSSA), and S. aureus ATCC 29213 (MSSA). Staphylo-
coccus epidermidis MTCC 3810 was from MTCC, Chan-
digarh, India. Clinical isolates of S. aureus (MRSA) and 
S. epidermidis procured from the Postgraduate Institute of 
Medical Education and Research (PGIMER), Chandigarh, 
India, were used. Sensitivity of these S. aureus strains was 
tested using battery of six lytic phages (MR-1, MR-2, MR-3, 
MR-4, MR-5, and MR-6) that were isolated previously in our 
laboratory using S. aureus ATCC 43300 as the primary host 
strain [30] and were stored as lab phage stock. These phages 
were lytic DNA phages belonging to tailed Herelleviridae 
family. Sensitivity of the S. aureus clinical strains towards 
these phages was determined by spot assay. Briefly, all S. 
aureus strains were grown up to mid-exponential phase in 
Brain Heart Infusion (BHI) broth, harvested and spread on 
nutrient agar plates to form a lawn. On freshly prepared 
bacterial lawn, 10 µl of each phage suspension (109 PFU/
ml) was spotted, plates were air-dried for 10 min, incubated 
at 37 °C for 24 h and were observed for the presence of 
lytic zones after incubation. Streptococcus pneumoniae D39 
was procured from MTCC IMTECH, Chandigarh. Gram-
negative bacteria used to observe host range of endolysin 
lytic activity were, Klebsiella pneumoniae 43816, Klebsiella 
pneumoniae ATCC B5055, Pseudomonas aeruginosa strain 
PAO1 and Salmonella enterica serotype Typhi. S. aureus 
specific phage, MR-5 which had been previously isolated 
and characterized in our laboratory was used [30]. Escher-
ichia coli strains DH10β and BL21 (DE3) were used for 
molecular cloning and protein overexpression, respectively. 
Staphylococcal and E. coli strains were grown at 37 °C in 
Brain Heart Infusion broth (BHI, Hi-media, Ref. #M210) 
and Luria broth (LB, Hi-media,Ref. #M575), respectively. 
The LB medium was supplemented with kanamycin (50 µg/
ml; SRL,India, Ref. #99311) when necessary.
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Cloning of the endolysin gene from phage MR‑5 
genome

Genomic DNA of phage MR-5 was isolated by the method 
of Sambrook et al. [31] and was used as a template for per-
forming polymerase chain reaction (PCR). The forward 
primer AAA​GGA​TCC​ATG​GCT​AAG​ACT​CAA​GCA​ and 
the reverse primer AAA​CTC​GAG​CTA​TTT​GAA​TAC​TCC​
CCA​GGC were designed according to the LysGH15 gene 
sequence (GenBank accession number HMO15284) using 
an online tool “OligoEvaluator™”. BamHI and XhoI were 
the restriction sites added to forward and reverse primers, 
respectively. Pfu DNA polymerase (Thermo Scientific) was 
used for PCR amplification. The resulting PCR product was 
sequenced (BioServe Biotechnologies (India) Pvt. Ltd.) and 
BLAST analysis was performed to confirm the amplification 
of complete endolysin gene. To clone the endolysin gene 
(LysMR-5 gene), the PCR amplified product was digested 
with BamHI and XhoI restriction enzymes and ligated into 
the pET28a expression vector. E. coli BL21 (DE3) compe-
tent cells were prepared by calcium chloride method and 
the resulting recombinant plasmid (pET28a-LysMR-5) was 
transformed into these cells using heat-shock method for 
expression of recombinant endolysin as N-terminal fusion 
to His-tag. Colony PCR, double digestion and nucleotide 
sequencing were performed (using T7 promoter primer and 
endolysin LysMR-5 specific reverse primer) to confirm gene 
cloning [32].

Overexpression and purification of LysMR‑5 
endolysin

The E. coli BL21 (DE3) cells, harboring recombinant plas-
mid pET28a-LysMR-5, were grown in LB medium contain-
ing kanamycin (50 µg/ml) at 37 °C until the OD600 reached 
0.5. To express the recombinant endolysin, culture was 
induced with 1 mM isopropyl-β-d-thiogalactoside for 6 h at 
25 °C. Cells were harvested by centrifugation and suspended 
in lysis buffer [25 mM HEPES buffer, 300 mM NaCl, 10 mM 
imidazole, 10% (vol/vol) glycerol, 1 mM PMSF]. These 
were lysed by sonication (8 s on, 15 s off, at an amplitude of 
60 for 15 min). The cell debris were removed by centrifuga-
tion (10,000×g, 30 min, 4 °C), and supernatant containing 
soluble His-tagged recombinant protein purified with nickel-
nitrilotriacetic acid (Ni–NTA) resin column (Qiagen,India, 
Cat. #30,210). Washing of the column was done with 40 ml 
wash buffer [25 mM HEPES buffer, 300 mM NaCl, 10% 
(vol/vol) glycerol and 35 mM imidazole] and finally the 
protein was eluted with HEPES buffer [25 mM HEPES 
buffer, 300 mM NaCl, 10% (vol/vol) glycerol] containing 
250 mM imidazole. Eluted protein was dialyzed against 
HEPES buffer (6L) at 4 °C. Buffer was replaced every 6 h 
thrice, dialyzed protein was concentrated using Amicon ultra 

centrifugal filters (30 kDa MWCO, Ref.#UFC903008) and 
stored at – 20 °C. The purity of the protein was confirmed 
on 12% SDS-PAGE gel [33] and protein concentration was 
determined by bicinchoninic acid (BCA) protein estimation 
kit (G-Biosciences (India) Pvt. Ltd, Cat. #786-570).

In silico analysis of endolysin sequence 
and structure modeling

For structural analysis of LysMR-5, the nucleotide sequence 
of endolysin was translated to amino acid sequence by Prot-
param server (https​://web.expas​y.org/protp​aram/). The theo-
retical isoelectric point of the protein was calculated using 
IPC (https​://isoel​ectri​c.org/calcu​late.php). Further, BLASTp 
analysis of amino acid sequence of LysMR-5 was done with 
National Center for Biotechnology Information (NCBI) 
database (https​://blast​.ncbi.nlm.nih.gov/Blast​.cgi) to check 
the similarity of LysMR-5 with other reported endolysins. 
The endolysin sequences showing more than 90% identity 
with LysMR-5 were selected and multiple alignment of these 
sequences was performed using MULTALIN software [34]. 
Presence of conserved domains in endolysin structure was 
analyzed by conserved domain database server at NCBI 
(https​://www.ncbi.nlm.nih.gov/Struc​ture/cdd/wrpsb​.cgi). 
Secondary structure prediction was done using CFSSP 
server (Chou and Fasman Secondary structure prediction 
server) and SOPMA server [35]. Protein structures with 
high identity to LysMR-5 were extracted from PDB data-
base using HHpred and secondary structure analysis was 
performed. Analysis of secondary structure elements was 
performed by circular dichroism (CD) spectroscopy also. 
LysMR-5 (5.45 µM) was dialyzed using buffer containing 
5 mM HEPES (pH 7.4), 100 mM NaCl and 2% glycerol. A 
far UV CD spectrum was recorded on V100 chirascan spec-
trometer (Applied Photophysics) from 200 to 250 nm at a 
scanning rate of 10 nm/min using 1 mm path length cuvette 
at 25 °C and averaged over five scans. Raw data were con-
verted to mean residue ellipticity (MRE) and plotted against 
wavelength and temperature, respectively.

where Φobs is the observed ellipticity (in degrees), d is 
path length (in centimeters), C is protein concentration (in 
molar), and n is the total number of amino acid residues in 
the protein.

For constructing three-dimensional (3D) structure of 
all three domains of LysMR-5 (CHAP, Amidase-2, and 
Sh3b), homologous proteins were searched in the PDB 
database against LysMR-5 sequence. Homology modeling 
on the basis of these selected templates was done using the 
SWISS-MODEL server [36]. The cartoon representation 
was done using Chimera [37]. Active site prediction of 

Conversion of raw data to MRE: �MRE = (100∗�obs)∕[d
∗
C
∗(n − 1)]

https://web.expasy.org/protparam/
https://isoelectric.org/calculate.php
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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the individual domain structure was done using model.
pdb files in CASTp software [38]. To validate the stability 
and quality of generated structures, 3D PDB models were 
subjected to evaluation by PROCHECK (Ramachandran 
plot) [39].

Antibacterial activity and zymogram assay

The lytic activity of endolysin (LysMR-5) was checked 
against Staphylococcus aureus ATCC 43300, Staphylococ-
cus epidermidis 3810, Streptococcus pneumoniae strain 
D39, a panel of clinical strains of Staphylococcus aureus 
and Staphylococcus epidermidis via plate lysis assay. 
All the strains were grown up to mid-exponential phase 
(OD600 0.6) and 100 µl of the suspension was spread plated 
on nutrient agar. 20 µl (10 µg/spot) of endolysin or 20 µl 
of HEPES buffer (negative control) was spotted onto the 
plates. The plates were air-dried and incubated overnight 
at 37 °C. Cleared spots on the bacterial lawn depicting cell 
lysis were scored next day. To further check the host range 
of endolysin, lytic activity against some Gram-negative 
bacteria was also assessed. These included, Klebsiella 
pneumoniae 43816, Klebsiella pneumoniae ATCC B5055, 
Pseudomonas aeruginosa strain PAO1 and Salmonella 
enterica serotype Typhi. All bacterial strains were grown 
till mid-exponential phase, pelleted, washed, and resus-
pended to have a cell density of 108 CFU/ml in activity 
buffer (50 mM phosphate buffer, 300 mM NaCl, pH 7.2) 
containing 100 mM EDTA. The latter was added in order 
to permeabilize outer membrane of Gram-negative bacteria 
by incubating for 5 min at 37 °C. Cells were washed three 
times to remove residual EDTA, resuspended in 950 μl of 
activity buffer [40]. The endolysin was added (25 µg/ml) 
to each reaction and incubated at 37 °C for 30 min, treat-
ment with HEPES buffer served as negative control. Serial 
dilutions of each reaction were plated, incubated at 37 °C 
and CFU counted next day. Antibacterial activity was cal-
culated, as the relative decrease in CFU count in the test 
sample in comparison with negative control. Zymogram 
assay was performed to check the activity of LysMR-5. 
Briefly, the SDS-PAGE was performed, in which 0.2% of 
autoclaved S. aureus 43300 cells were embedded in 12% 
polyacrylamide stacking gel during polymerization and 
lanes were loaded with 10 µg of purified endolysin along 
with a protein marker (BLUeye prestained protein ladder, 
GeneDireX, Inc., Cat. #PM007-0500). After electropho-
resis, gel was soaked in distilled water (30 min) to remove 
SDS. Renaturation of endolysin was performed in 50 mM 
Tris–HCl, pH 8.0, 1% Triton X-100 and incubated over-
night at 37 °C. To detect the areas of lytic activity, gels 
were stained with 0.1% methylene blue in 0.01% KOH and 
subsequently de-stained with distilled water [41].

Biochemical characterization of LysMR‑5

The optimum temperature for activity and thermostability 
of endolysin was evaluated at different temperatures (25, 
30, 37, 45, 50 °C). Effect of temperature on endolysin 
stability was evaluated in terms of its effect on lytic activ-
ity and secondary structure, as these two parameters are 
interrelated, and any change in endolysin structure can 
alter its catalytic activity. To check the optimum tempera-
ture for its activity, an antibacterial assay was performed 
at different temperatures. Briefly, S. aureus cells grown 
up to mid-exponential phase were suspended in activity 
buffer to achieve a cell count of approx. 108 CFU/ml and 
the reaction was initiated by addition of endolysin (25 µg/
ml) or buffer (control) and incubated for 30 min. Samples 
were processed and lytic activity was analyzed on the basis 
of decrease in CFU count as described in previous section 
for antibacterial assay against Gram-negative bacteria. For 
evaluating thermostability of endolysin, it was pre-incu-
bated at different temperatures for 30 min in the absence 
of bacteria, and the residual lytic activity was assessed 
at 37 °C under the conditions described for antibacterial 
assay to check optimum temperature for endolysin activity. 
Control samples were not pre-incubated. Thermal stabil-
ity of endolysin was also assessed by CD spectropolarim-
etry. Secondary structure spectra was collected at various 
temperatures (25 °C to 70 °C) under conditions described 
above for secondary structure analysis. For thermal dena-
turation, molar ellipticity at wavelength 222 nm was moni-
tored from 25 to 70 °C at a denaturation rate of 1 °C/min. 
For renaturation, same parameters were used as mentioned 
above and temperature ranged from 70 to 25 °C. Effect 
of pH on endolysin activity was determined by perform-
ing antibacterial assay in buffers with different pH val-
ues [50 mM sodium acetate buffer (pH 4.0–6.0), 50 mM 
Phosphate buffer (pH 7 and 8) and 50  mM Tris–HCl 
buffer for pH 9]. For stability assays, endolysin (250 µg/
ml) was pre-incubated for 30 min in buffer of respective 
pH and antibacterial assay performed at pH 7.0 at 37 °C. 
The effect of addition of different concentrations of NaCl 
(0–800 mM) in activity buffer (phosphate buffer pH 7.2) 
was checked on lytic activity of LysMR-5. The data for 
biochemical characterization is represented in antibacterial 
activity percentage, in comparison with highest decrease 
in bacterial log units (after treatment with LysMR-5), 
taken as 100% activity. The effect of divalent metal ions 
on the lytic activity of endolysin was evaluated. Endoly-
sin LysMR-5 was incubated either with 5 mM EDTA for 
30 min or 100 mM for 10 min at 37 °C in order to chelate 
any bound metal ions and dialyzed overnight against activ-
ity buffer. The activity was assayed using antibacterial 
assay after addition of either Ca2+, Zn2+, Mg2+ or Mn2+ 
at a final concentration of 0, 0.1, 1, and 5 mM to 5 mM 
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EDTA-treated endolysin and compared with lytic activity 
of EDTA untreated endolysin. All the experiments were 
performed in triplicate.

Lytic activity of LysMR‑5 against MRSA

To determine dose-dependent effect of endolysin, S. aureus 
43300 cells were prepared as described for evaluation of 
optimum temperature using antibacterial assay (108 CFU/
ml). Different endolysin concentrations (0, 1, 5, 10, 15, 20, 
30, 40, and 50 µg/ml) were added to separate tubes and incu-
bated at 37 °C for 30 min. The samples were serially diluted 
and plated. The lytic activity was assessed on the basis of 
decrease in bacterial count after treatment with endolysin. 
Time-dependent bacterial killing by endolysin was also ana-
lyzed. Briefly, 108 CFU/ml of cells were taken in different 
tubes and 15 µg/ml of endolysin was added to each tube, 
an equal volume of buffer (HEPES buffer) (no endolysin) 
was added to the control tube. Samples were taken out at 
1, 5, 15, 30, 45, and 60 min, serially diluted and plated to 
assess the bacterial killing of endolysin treated and untreated 
cells. Similarly, the potential of LysMR-5 to kill S. aureus 
43300 cells at different stages of the growth cycle was also 
tested [42]. S. aureus cells were harvested at early (OD600 
0.2), mid-exponential (OD600 0.55), late-exponential (OD600 
2), and stationary phase (overnight culture), resuspended to 
achieve a cell density of 108 CFU/ml in activity buffer and 
treated with 15 µg/ml of endolysin for 30 min at 37 °C. The 
antibacterial activity was assessed on the basis of decrease in 
CFU/ml. The highest decrease in viable cell count was taken 
as 100% activity. All the above experiments were performed 
in triplicate. Effect on bacterial viability and morphology 
after endolysin treatment was also observed using field 
emission scanning electron microscope (FESEM). Briefly, 
S. aureus 43300 cells were grown to mid-log phase, har-
vested, and resuspended in activity buffer (approx. 108 cells/
ml). Endolysin (15 μg/ml) treatment was given for 3 min at 
37 °C. Control was treated similarly without the addition of 
endolysin. The reaction was stopped with addition of 2.5% 
(wt/vol) glutaraldehyde, cells washed with PBS and dehy-
drated with graded ethanol series. Samples were critical-
point dried, gold-coated, and observed at SAIF-CIL, Panjab 
University, Chandigarh, India.

Enzymatic specificity of LysMR‑5

Three different assays (endopeptidase, amidase, and gly-
cosidase) were performed to analyze the type of activities 
present in the endolysin’s catalytic domains. For measur-
ing endopeptidase activity, free amino groups of purified S. 
aureus peptidoglycan (Sigma-Aldrich, Cat. #77140) were 
acetylated as described by Pritchard et al. [43]. Briefly, to S. 
aureus peptidoglycan in water (1 mg/ml) an equal volume 

of saturated aqueous sodium acetate solution was added and 
acetylation was done by adding 7 × 40 µl aliquots of acetic 
anhydride over a period of 1 h with constant stirring. The 
acetylated peptidoglycan was washed three times with water 
and resuspended in 1 ml activity buffer. Reaction was initi-
ated by the addition of 25 μg/ml endolysin and incubated for 
4 h at 37 °C. The controls (buffer+ peptidoglycan, buffer+ 
endolysin) were included for comparison. Supernatant was 
collected and passed through a 10,000 MW filter (Ami-
con, Merck). Presence of free amino groups in the filtrate 
by endolysin digestion were assessed by trinitrobenzene 
sulfonic acid (TNBS) method [44], Serine (0.02 to 5 mM) 
(Sigma-Aldrich, Cat #S4500) was used as standard. Amidase 
assay was performed by method of Hazenberg and de Visser 
[45]. Briefly, to peptidoglycan dissolved in activity buffer 
(500 µg/ml), endolysin (25 μg/ml) was added and reaction 
was incubated at 37 °C for 4 h. Pure peptidoglycan suspen-
sion and endolysin in activity buffer were used as negative 
controls. In 100 μl of supernatant, muramic acid content was 
determined by adding 1 ml of conc. H2SO4, boiled for 5 min 
and cooled in ice water. Then 10 µl of 0.16 M CuSO4·5H2O 
and 20 µl of 0.09 M p-hydroxydiphenyl (Sigma-Aldrich, 
Cat. #134341) in ethanol were added, incubated at 30 °C for 
30 min. Absorbance was taken at 570 nm and compared with 
standard curve prepared with muramic acid (Sigma-Aldrich, 
Cat. #M2503) using various concentrations 50, 100, 200, 
300, 400, 500, 600, 700, 800, and 1000 µg/ml. Glycosidase 
assay for reducing sugar analysis was performed according 
to Park- Jhonson method [46].

Cleavage site determination of digested 
peptidoglycan through ESI–MS analysis

As previously described for endopeptidase assay, acetylated 
peptidoglycan of S. aureus was digested with LysMR-5 
(25  µg/ml) for 4  h at 37  ºC. Undigested peptidoglycan 
was pelleted by centrifugation and the supernatant was 
passed through a 10,000 MW filter (Amicon, Merck, Ref. 
# UFC201024). Filtrate so obtained was then analyzed for 
the presence of muropeptides generated by endolysin diges-
tion. Separation of soluble muropeptides was done by rp-
HPLC using C18 cartridge. Peaks were analyzed by Liquid 
Chromatography-Mass Spectrometry (LTQ XL Linear Ion 
Trap Mass Spectrometer, Thermo Fisher Scientific, India). 
Undigested peptidoglycan samples were treated similarly, 
analyzed, and served as a negative control [47].

Quantification of LysMR‑5 activity by Turbidity 
reduction assay (TRA)

To quantify the endolysin activity (enzyme units) against S. 
aureus 43300, turbidity reduction assay was performed as 
described previously [48]. Briefly, mid-exponential-phase 
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cells were centrifuged, washed and resuspended in activity 
buffer to achieve a cell density of OD600 1.0. The reaction 
was initiated by adding 100 μl of bacterial suspension to 
100 μl of endolysin (concentration range of 0, 0.15, 0.31, 
0.62, 1.25, 2.5, 5, and 10 μg) in a 96-well microtiter plate 
(all the endolysin concentrations were added in triplicate). 
Bacterial suspension in buffer (no endolysin) served as a 
negative control. The decrease in OD600 of bacterial suspen-
sion was measured every 40 s spectrophotometrically in a 
BioTek Synergy H1 microplate reader for up to 30 min at 37 
°C. The experiment was performed three times in triplicate. 
The enzyme activity was calculated on the basis of steepest 
slope of the lysis curve, calculated from the linear regres-
sion of the saturation curve (relationship between lysis activ-
ity and enzyme concentration) as suggested by Briers et al. 
[48]. Enzyme activity units were calculated and expressed 
as enzyme unit per mg using the following formula.

Endolysin enzyme unit was also calculated using another 
TRA for comparison. Various concentrations of endolysin 
(15, 10, 5, 1, 0.3, and 0.1 µg) were added in bacterial sus-
pension having an OD600 of 1.2, decrease in turbidity was 
measured up to 30 min at 37 °C in microplate reader relative 

Activity (units/mg) = ΔOD600 nm/(min mg)

× reaction volume(μl)0.001 1000 μl

to control wells (no endolysin added). The enzyme unit was 
defined as the highest dilution that caused a 50% decrease in 
absorbance at OD600 after 15 min at 37 °C relative to control 
wells and calculated as described previously [49].

Results

Sequence and structural analysis of LysMR‑5

BLASTp and multiple sequence alignment of endolysin 
LysMR-5 gene showed that it had higher similarity with 
other fully characterized Staphylococcus endolysins like 
LysGH15 (99%), LysK (99%) and endolysins from phage 
JD007, qdsa002 (99%), S25-4, Sb-1, P108, phiIPLA-RODI, 
MCE-2014, vB_Sau_CG, phiSA039 (98%), vB_Sau_S24 
(97%), and vB_Sau_Clo6 (97%) (Fig.  1). Conserved 
domain analysis using the CDD search system at NCBI 
predicted that LysMR-5, a 529 amino acid long endoly-
sin is a modular protein, having two catalytic domains, a 
cysteine, histidine-dependent amidohydrolase/peptidase 
or CHAP domain(45–136 aa), a Zn2+-dependent amidase 
domain or Ami_2 (204–335 aa) and one cell wall-binding 
Sh3B_5 domain (409-475aa) (Fig S.1A). Predicted second-
ary structure by CFSSP showed that protein consisted of 
mostly alpha-helix (52.9%) and beta-sheet regions (57.4%) 

Fig. 1   Multiple Sequence alignment analysis of LysMR-5. Multiple 
sequence alignment of LysMR-5 sequence compared to Staphylo-
coccal phage endolysins having > 90% amino acid sequence identity. 

Coloring of letters indicates level of amino acid conservation between 
sequences (red, completely conserved; blue, partially conserved; 
black, not conserved)
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separated by turns and coils (Fig S.1B). SOPMA-based 
analysis (Fig S.1C) revealed the presence of alpha-helix 
(18.79%), beta-turns (9.09%), extended strand (25.45%), 
and coils (46.67%). Circular dichroism (CD) spectropola-
rimetry was performed to explore the secondary structure of 
LysMR-5 and to validate the results of predicted structures 
(Fig. 2a). Since a protein with alpha-helix secondary struc-
ture shows negative minima at 208 and 222 nm and a peak 
at 193 nm whereas a protein consisting predominantly of 
beta-sheet secondary structure displays a negative minima at 
218 nm and a peak at 195 nm. The CD spectrum of LysMR-5 
showed two dichroic minima at 210 nm and 222 nm with 
negative ellipticity of − 1300, this shift in dichroic minima 
and ellipticity are slightly lower than expected from a com-
pletely α-helical protein, suggested that LysMR-5 could 
be a mixture of both α-helix and ß-sheets in a well-folded 
native state (Fig. 2A). Deconvolution of the spectrum using 
K2D3 program also showed that LysMR-5 contained 27% 
of α-helix and 21% of ß-sheets. This data endorses the pre-
dicted structure models for LysMR-5, since these structures 
also consisted of both α-helices and β-sheets. The CHAP 
domain of endolysin LysGH15 (PDB ID 4OLK A) has 100% 
identity with LysMR-5 CHAP domain and was used as a 
template for 3D structure generation of LysMR-5 CHAP 
domain. Predicted model showed the presence of Ca2+ 

inside the domain, consisting of three ɑ-helices and six 
β-sheets (Fig. 2b). For Amidase-2 domain of the LysGH15, 
99% identity (PDB ID 4OLS A) was used as a template for 
building 3D model of Ami-2 domain. It showed that Zn was 
bound to the center of the domain with seven ɑ-helices and 
four β-sheets (Fig. 2C). LysF1 sh3b domain of Lys K, 99% 
identity (PDB ID 5O1Q A) was used as a template for Sh3b, 
predicted structure consisted of nine β-sheets and no ɑ-helix 
(Fig. 2d). Amino acid residues present in the active site of all 
three domains are listed in Table 1. Stability of the generated 
3D models was examined by Ramachandran plot analysis 
(Fig S.2). More than 90% of residues of all three domains 
were present in most favored and additional allowed regions. 
These characteristics indicated that built models are highly 
stable and of good quality.

Antimicrobial activity of LysMR‑5 against S. aureus 
and other bacteria

Expression of recombinant LysMR-5 was induced in E. coli 
BL21 (DE3) cells harboring recombinant plasmid (LysMR-5 
gene+ pET 28a) at 25 °C. Recombinant protein was puri-
fied and found to be of 58 kDa [corresponding to the cal-
culated mass (58.2), 529 aa] as assessed by SDS-PAGE 
analysis (Fig. 3a). Purified protein was found to be active 

Fig. 2   CD spectra, tertiary structure and active site prediction of 
LysMR-5. a Secondary structure of LysMR-5 recorded as mean resi-
due ellipticity from 200 to 250 nm at 25 ºC. b, c, and d 3D structure 
of CHAP, Amidase-2, and Sh3B_5 domain of LysMR-5. Along with 
the respective 3D structures, active sites are also shown (1, 2, 3). The 
models were generated using the SWISS-MODEL server, cartoon 

representation of the model was done using Chimera and the active 
site prediction by CASTp software. The colors pink, yellow, and red 
represent secondary structure elements alpha-helices, beta-strands, 
and loops, respectively. The Zn2+ in the amidase-2 domain and Ca2+ 
in the CHAP domain are shown in green and blue color, respectively
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in zymogram assay. A clear band indicating bacterial lysis 
was observed in the lane containing endolysin, correspond-
ing to the calculated molar mass and position of purified 
LysMR-5 in SDS-PAGE (Fig. 3b). In plate lysis assay, clear 
zones of lysis on a lawn of S. aureus ATCC 43300 cells, 
indicated bacterial sensitivity towards LysMR-5 (Fig S.3). In 
another experiment approx. 4 log reduction (a decrease from 
8.52 ± 0.14 log units to 4.32 ± 0.267 log units) in the number 
of S. aureus ATCC 43300 cells, was observed within 30 min 
of incubation at 37 °C. Lytic spots on the bacterial lawn of 
all tested strains of Staphylococcus aureus and 95% strains 
of S. epidermidis were observed. However, it was seen that 
LysMR-5 was unable to kill Streptococcus pneumoniae D39 
and any of the Gram-negative bacteria tested (Table S.3). 
When tested against S. aureus cells in different stages of 
growth cycle, LysMR-5 was found to be highly active against 
cells in early (100% activity), mid (98 ± 4.2% activity), and 

late-exponential phase (89 ± 6% activity). However, in case 
of stationary-phase cells, activity of enzyme decreased to 
45% ± 5.4% as compared to 100% activity on early phase 
cells (Fig S.4).

Physicochemical properties of LysMR‑5

It is important to investigate the optimum conditions for maxi-
mum activity and stability of a lytic endolysin from the view-
point of its clinical use. The effect of different temperatures 
on endolysin lytic activity was assessed to obtain optimum 
temperature for its activity (Fig. 4a). The effect on endolysin 
stability was determined using two different assays: the anti-
bacterial assay to evaluate the effect of temperature on endoly-
sin stability in terms of its lytic activity and the CD analysis at 
various temperatures to test the impact of temperature on the 
endolysin’s secondary structure, related to endolysin’s activity. 

Table 1   Description of residues present in the active site of various LysMR-5 domains, as predicted by CASTp server

LysMR-5 domain Residues present in the active site

cysteine, histidine-dependent ami-
dohydrolase/peptidase or CHAP 
domain

Ala 46(CB), Asp 47(CB,CG,OD1,OD2), Tyr 49(0), Tyr 50(CB2), Gln 53(CB,CG,OE1),Cys 54(GG), Gln 
55(CB,CG), Asp 56(N,CG,ODI,OD2), Thr 59(CB,OG1,CG2),Arg71(NE,NH2), Thr 72(O,CG2), Tr 
73(CA), Gly 74(O), Asn75(CA,CB,OD1, Ala76 (N,CB), Gln 113(NE2),Trp115(CD1,NE1), Gly 116(O)

Amidase domain (Ami_2) Ser 193(N,C,O), Lys 194(CG,CE,N2), Val 251(O,CB,CG1), Glu 253(CB,OE1), Phe 304(CE1,CZ), Gly 
307(CB,OE2), Lys308(CE,NZ), Glu 311(OE2)

Cell wall-binding Sh3B_5 domain Trp 401(CZ2), Lys 411(CE,NZ), Glu 413 (OE2), Tyr 449 (OH), Val 452(CG1,CG2), Ile 459(CG2, CD1), 
Val 475(CG2), Arg 476 (CD, NH1), Phe 494 (CB,CG,CD1,CD2,CE1,CE2,CZ)

Fig. 3   SDS-PAGE and Zymogram analysis of LysMR-5. a N-termi-
nal His-6 tagged LysMR-5 purified by Ni-NTA chromatography was 
electrophoresed on 12% SDS gel and stained. Coomassie-blue stained 
SDS gel showing lane 1; marker, lane 2; supernatant of IPTG induced 
E. coli Bl21 cells containing pET28a-LysMR-5, lane 3; column flow 
through, lane 4 and 5; column washes, lane 6, 7, 8 and 9; purified 

recombinant LysMR-5 (approx. 58  kDa), lane 10; marker. b Zymo-
gram analysis of purified LysMR-5. Zymogram containing S. aureus 
43300 cells were run, renaturation of LysMR-5 in 50 mM Tris buffer 
pH 7.2 and 0.1% Triton X-100, incubated overnight and stained. 
Clear zone in lane 1 and 2 containing endolysin indicates active 
enzyme
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LysMR-5 retained activity at temperatures from 25 °C to 45 
°C (maintaining 93.5 ± 6% at 25 °C, 94 ± 5% at 30 °C, and 
34 ± 5.9% at 45 °C). Highest activity was observed at 37 °C, 
making it optimum temperature for endolysin functioning. 
In stability assays, it was observed that LysMR-5 was highly 
sensitive towards high temperature, as activity was completely 
abolished at 50 °C. Endolysin was completely stable at 25 and 
30 °C as no effect on the lytic activity was observed after pre-
incubation for 30 min. After incubation at 45 °C for 30 min, 

50 ± 5% and 87 ± 3.8% activity was lost as compared to the 
activity of native endolysin (not pre-incubated for 30 min) at 
45 °C and activity of native endolysin at 37 °C, respectively. 
After pre-incubation of enzyme for ½, 1, 2, 3, 6, 24, and 48 h at 
37 °C the residual activity observed was 76 ± 3.9%, 65 ± 2.4%, 
53.88 ± 1.2%, 34.76 ± 5.1%, 23.58 ± 3.6%, 10.33 ± 0.83%, 
4 ± 1.3%, respectively, indicating that enzyme became unstable 
on extended incubation at 37 °C. Hence, it should be stored at 
lower temperatures for long term use. Only 20% activity was 

Fig. 4   Optimization of activity conditions for LysMR-5 and thermal 
stability analysis of LysMR-5 by CD spectropolarimetry. The relative 
antibacterial activity was measured in terms of decrease in a number 
of viable S. aureus 43300 cells by cell counting. a Effect of tempera-
ture (25, 30, 37, 45, 50 °C) was measured on the activity of LysMR-5 
by adding lysin to bacterial suspension and incubating for 30 min at 
various temperatures. The optimum temperature for endolysin activ-
ity was 37 °C, with good activity within a temperature range of 25 
°C to 37 °C. b CD spectra of LysMR-5 at various temperatures. The 
loss of secondary structure (protein ellipticity) was observed with an 

increase in temperature. c Thermal denaturation curves. Blue shows 
loss in molar ellipticity of LysMR-5 monitored at 222 nm from 25 ºC 
to 70  ºC. Red depicts the renaturation profile upon decreasing tem-
perature from 70 ºC to 25 ºC. d The influence of pH on bactericidal 
activity of LysMR-5 was assessed by adding lysin to bacterial suspen-
sions prepared in buffers of different pH (4 to 9), incubated at 37 °C 
for 30 min. Endolysin showed good activity at pH 6–9, but optimum 
pH was 7. e Effect of NaCl concentrations was assessed and maxi-
mum activity was achieved at 300 mM NaCl, beyond which no fur-
ther increase in lytic activity occurred
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lost after storage of LysMR-5 for 3 weeks at 4 °C, it was stable 
for 2 months at -20 °C. To explore the thermal stability and 
reason behind loss of endolysin activity with increasing tem-
perature, CD spectra of LysMR-5 was measured at different 
temperatures (25, 40, 45, 50, 55, 60, and 70 °C). LysMR-5 dis-
sipates its α-helix structure beyond 40 ºC and showed complete 
loss in overall secondary structure at 70 ºC (Fig. 4b). Loss in 
ellipticity was observed upon increase in temperature from 
25 ºC to 70 ºC, showing two state thermal unfolding, with a 
midpoint of 47 ºC. Further LysMR-5 was unable to regain is 
structure upon cooling from 70 to 25 ºC, suggesting irrevers-
ible thermal unfolding (Fig. 4c). Similarly, pH dependence 
of lytic activity was checked and LysMR-5 was found to be 
active over a broad range of pH 5–9 (maintaining 52 ± 2.5% 
and 90.7 ± 6.2% of its activity at pH 5 and 9, respectively). 
However, optimum pH was 7.0, as endolysin was stable and 
showed the highest activity at this pH (Fig. 4d). After incuba-
tion of endolysin for 30 min at pH 8 and 9, 31.24 ± 6.4%, and 
59.47 ± 3% a decrease in activity was observed, respectively. 
It was completely stable at pH 4, 5, 6, and 7 as no appreci-
able reduction in lytic activity was observed. Endolysin lytic 
activity was observed at various salt concentrations (Fig. 4e). 
Endolysin activity increased with an increase in NaCl concen-
trations, 44 ± 2.1% activity achieved at 50 mM NaCl which 
became 100% at 300 mM NaCl. The endolysin activity was 
even stable at higher NaCl concentrations (up to 800 mM). 
Like several other reports of staphylococcal endolysins, bioin-
formatic analysis of LysMR-5 sequence predicted association 
of Zn2+ and Ca2+ with amidase and CHAP domain, respec-
tively [50–52]. In order to determine the role of divalent metal 
ions on LysMR-5 activity, various concentrations of metal ions 
(1 µM, 100 µm, 1 mM, and 5 mM of Ca, Zn, Mg, and Mn 
ions) were added to the 5 mM EDTA-treated endolysin (excess 
EDTA was removed by dialysis). The activity of the endoly-
sin was not abolished by EDTA either 5 mM or 100 mM, as 
activity remained similar to untreated endolysin control. Addi-
tion of Ca, Mg, and Mn ions did not increase or decrease the 
endolysin activity at all the concentrations tested as compared 
to control, but addition of Zn2+ at 100 µm or more led to inhi-
bition of activity (80% at 100 µm and 100% at higher concen-
trations) (Fig. S.5).

LysMR‑5 antibacterial activity visualization and its 
concentration and time dependence

The effect of different endolysin concentrations on its lytic 
activity was analyzed by performing antibacterial assay. The 
antibacterial activity increased with increasing endolysin 
concentration till endolysin saturation was attained (Fig. 5a). 
Even 1 µg/ml of endolysin was able to show 52 ± 4.8% of 
lytic activity and 15 µg/ml of endolysin was enough to 
achieve maximum lytic activity (100%). The bacterial log 
units decreased from 8.54 ± 0.1 log units to 4.6 ± 0.08 log 

units in 30 min at optimum conditions. No further decrease 
in bacterial viability was seen by increasing the endolysin 
concentration (up to 50 µg/ml). Time-kill assay was per-
formed to determine the maximum time required for the 
endolysin to exhibit maximum killing of bacterial cells 
(Fig. 5B). The activity observed after 30 min from sample 
incubation was taken as 100% activity, since no increase in 
bacterial lysis or antibacterial activity was observed upon 
further incubation of bacterial samples with endolysin for 
45 or 60 min at 37 °C. In this relation 41 ± 4.4% activity was 
seen within 1 min of reaction initiation, after 5 min 86 ± 4% 
activity, after 15 min 95 ± 6.3% activity, and after 30 min 
100% activity was executed. The killing effect of LysMR-5 
(15 µg/ml) on S. aureus 43300 cells was visualized using 
FESEM (Fig. 6). Cells not treated with endolysin showed no 
change in cell surface morphology, no lysis, and no presence 
of extracellular cytoplasmic content (Fig. 6a, b, and c). On 
the contrary, cells exposed to LysMR-5 showed distorted 
surface morphology due to degradation of cell wall, cell 
debris (cell ghost), and cytoplasmic content present around 
the bacterial cells. The localized degradation of the cell wall 
led to extrusion, rupture of cell membrane, and release of 
cytoplasmic content (Fig. 6d, e, f, and g).

LysMR‑5 possesses active amidase 
and endopeptidase domains

Purified S. aureus peptidoglycan was digested with LysMR-5 
for 4 h at 37 °C and supernatant subjected to different 
assays. High concentration (300 μM ) of free amino groups 
in LysMR-5 treated sample in TNBS assay suggested pres-
ence of active endopeptidase domain. No free amino group 
was detected in undigested peptidoglycan since all the pre-
existing free groups were removed by acetylation (Fig. 7a). 
In amidase assay, a significantly high amount of free 
muramic acid (600 µg) was detected as compared to other 
control groups (Fig. 7b). No reducing group was detected by 
Park-Johnson assay in the digested sample, suggesting that 
LysMR-5 does not exhibit glycosidase activity. To further 
confirm these results and determine the specific cleavage site 
of LysMR-5, ESI–MS of the digested S. aureus peptidogly-
can was performed (Fig. 8). Analysis of the digest showed 
a major peak with m/z of 702.47 MS, which corresponded 
closely to the structure of peptidoglycan cleavage fragment 
NH2-l-Ala-d-Instability-l-Lys-(NH2-Gly5)-d-Ala-COOH 
(calculated MH+702.41). These results suggest that 
LysMR-5 acts as N-acetylmuramoyl-l-alanine amidase 
(hydrolyze amide bond b/w N-acetylmuramic acid and l-ala-
nine) and endopeptidase (cleaves between stem peptide and 
pentaglycine cross-bridge), as these two enzymatic activities 
are needed for the generation of above mentioned fragment. 
These findings are consistent with conserved domains of 
LysMR-5 identified with conserved domain database server 



490	 Virus Genes (2020) 56:480–497

1 3

(https​://www.ncbi.nlm.nih.gov/Struc​ture/cdd/wrpsb​.cgi), as 
well as observations made in amidase and endopeptidase 
assay.

Quantification of endolysin activity using turbidity 
reduction assays

The lytic activity of LysMR-5 was determined using two 
different turbidity reduction assays. These methods are 
most commonly used to quantify endolysin lytic activity in 
terms of enzyme units. Various concentrations of endoly-
sin were added to S. aureus 43300 live cells in a 96-well 
plate and change in turbidity was measured over a period of 
time as compared to control (no endolysin) (Fig. 9). Strong 
lytic activity was observed, as sharp drop in the OD600 
was observed within 15 min after addition of endolysin 
at a concentration of 15, 10, and 5 µg per reaction. Even 
0.3 ± 0.05 µg of enzyme was able to decrease the initial 
OD600 to its half in 15 min, which corresponds to 3333 ± 500 
U/mg. Lytic activity of LysMR-5 against targeted bacteria 
(S. aureus 43300) was also quantitated by TRA previously 
described by Briers et al. [48]. Using this method, LysMR-5 
was found to have an activity of 3800 units/mg with an R2 
of 0.960.

Discussion

In the past two decades, phage endolysins have been used 
against multidrug-resistant bacteria because these are highly 
effective, specific and refractory to resistance generation, 
making them eminent antibacterial candidates [11, 17, 24, 
25, 49, 53–55]. Only 25% of the phage population belongs 
to Herelleviridae family [56] and few endolysins from 
Herelleviridae phages like phi twort, LysK, and LysGH15 
have been well characterized [19, 25, 27]. The present study 
demonstrates the in silico analysis, expression, purifica-
tion, physicochemical, and antibacterial properties of novel 
endolysin (LysMR-5) from staphylococcal phage (MR-5) 
belonging to Herelleviridae family. In silico analysis of 
LysMR-5 showed that it has high amino acid sequence simi-
larity (99%) with other reported staphylococcal endolysins, 
LysK, LysGH15, Lys-phiSA012, etc. [25, 27, 52]. It was 
predicted to have a modular architecture similar to previ-
ously described endolysins [19, 20, 25, 28, 57], which con-
sisted of three domains N-terminal CHAP, amidase-2, and 
C-terminal SH3b_5 domain. This architecture is generally 
found in mycobacterial and staphylococcal endolysins but is 
more common in mycobacterial endolysins. Modular organi-
zation of endolysin has been proposed to be an evolutionary 

Fig. 5   Enzyme concentration and time dependence of endolysin lytic 
activity. a Enzyme concentration dependence was observed by incu-
bating bacterial suspension (108 CFU/ml) with different enzyme con-
centrations (0, 1, 5, 10, 15, 20, 30, 40, 50 µg/ml) for 30 min at 37 °C 
and decrease in viable bacterial count was assessed. An enzyme con-
centration of 15 µg/ml was sufficient for maximum bacterial killing. 

b For assessing effect of incubation time on lytic activity, decrease in 
bacterial viability after addition of equal amount of endolysin (15 µg/
ml) for different time period was calculated. 30  min were required 
for endolysin to achieve maximum antibacterial activity at optimum 
activity conditions. Error bars represent means ± standard deviations 
of each experiment repeated in triplicate

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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Fig. 6   Field emission scanning electron microscopy images of 
LysMR-5 treated and untreated S. aureus 43300 cells. S. aureus cells 
in the mid-exponential phase were harvested, resuspended in activity 
buffer and treated with either endolysin or activity buffer for 3  min 

at 37 °C. a, b, and c Untreated (only buffer) cells, bar 5 µm, 1 µm, 
and 500 nm, respectively. d, e, and f LysMR-5 treated cells, bar 5 µm, 
500 nm, and 500 nm, respectively. g Lysed cells (cell ghost), bar 1 µm

Fig. 7   Identification of endopeptidase and amidase activities of 
LysMR-5. Purified S. aureus peptidoglycan (500  µg/ml) were 
digested (except controls) with LysMR-5 (25 µg/ml) for 4 h at 37 °C. 
a To detect endopeptidase activity, release of free amino groups was 
measured calorimetrically at 345 nm. Pre-existing free amine groups 
were removed by acetylation to avoid false positive results. A high 
concentration of amino groups (300  µm) was detected in digested 

samples as compared to control groups. b N-Acetylmuramoyl-l-ala-
nine amidase activity of LysMR-5 was detected (570 nm) by the pres-
ence of free muramic acid in digests by calorimetric assay. PGN; 
peptidoglycan only, LysMR-5; LysMR-5+ activity buffer, LysMR-
5+ PGN; LysMR-5 digested peptidoglycan. Error bars represent the 
mean and standard deviation of triplicate assays
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mechanism and is suggested to occur through domain swap-
ping and their co-evolution with host autolysins [58]. In 
silico predictions of the secondary and tertiary structure of 
LysMR-5 showed that it consisted of α-helical and β-sheets. 

These observations were supported by the spectra collected 
through the CD spectropolarimetry of LysMR-5.

It is reported that CHAP domain can either have a pepti-
dase or amidase activity. The CHAP domain of LysMR-5 
had endopeptidase activity as it resulted in the release of 
high concentration of muramic acid in peptidoglycan digest 
in an endopeptidase assay. Presence of the active amidase 
domain in LysMR-5 was affirmed by amidase assay, in 
which high concentration of free alanine amino groups was 
detected as compared to control. The results are consistent 
with other dual lytic staphylococcal endolysins, endolysin 
of phage phi11 has d-alanyl-glycyl endopeptidase activ-
ity [28, 59] and Lys-phi K has active CHAP and amidase 
domains [47, 60]. Further, analysis of purified peptidoglycan 
digests by ESI–MS detected a major peak with m/z ratio of 
702.47 which again corroborates the results of this study that 
LysMR-5 harbors both N-acetylmuramoyl-l-analine ami-
dase and endopeptidase activity [61]. The results are con-
cordant with the ESI–MS spectra given for endolysins that 
harbor similar catalytic domains, i.e., phi11, LysK, Twort, 
and LysH5 [47, 57, 62]. The presence of two putative anti-
microbial activities in LysMR-5 (endopeptidase and ami-
dase), might make it refractory to resistance generation as 
the bacteria would require two simultaneous compensatory 

Fig. 8   LysMR-5 peptidoglycan cleavage site determination 
using ESI–MS analysis. ESI–MS spectra (m/z range 400–800) of 
LysMR-5 digested purified S. aureus peptidoglycan. A major peak at 

m/z = 702.47 was observed, which is speculated to be the digestion 
product of functionally active amidase and d-Ala-Gly endopeptidase 
domains of endolysin

Fig. 9   Turbidity reduction assay. After addition of buffer (control) 
or different amount of endolysin to S. aureus cells, change in OD600 
of bacterial suspension was measured. A small amount of endoly-
sin (0.3  µg) was able to decrease bacterial OD600 to its half within 
15 min. Increase in enzyme activity was proportional to the enzyme 
concentration until saturation was achieved (5  µg endolysin within 
15 min of assay). Error bars represent means ± standard deviations of 
each experiment repeated in triplicate
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mutations [15, 59]. In the era of drug resistance, this trait is 
very useful for an antimicrobial candidate. LysMR-5 dem-
onstrated lytic activity against many diverse clinical isolates 
of S. aureus and S. epidermidis, which were collected from 
different patients, samples (blood, pus, soft tissue and wound 
swabs) and also had different antibiotic susceptibility and 
phage sensitivity patterns. These observations promote the 
use of LysMR-5 as a valuable antibacterial agent against 
staphylococcal infections. The results are consistent with 
previous findings, staphylococcal phage lysins like LysK, 
phi11 and phage-associated peptidoglycan hydrolase HydH5 
also had broad lytic activity against various MRSA and 
VRSA CoNS strains [19, 28, 63]. This to some extent has 
been correlated with the amidase activity of these enzymes, 
as MurNAc-l-alanine linkages are ubiquitously present in 
peptidoglycan of bacterial cells. Due to this reason, lysins 
are able to act against a wide variety of bacterial species 
[57]. As observed in case of LysGH15, LysK, and SAL-1, 
no activity was observed against Gram-negative bacteria in 
this study as well [25, 64]. The genus specificity of most 
endolysins is an important advantage over classical broad 
range antibiotics, as it decreases the risk of resistance devel-
opment. LysMR-5 was found to be highly active on actively 
dividing S. aureus cells in early, mid and late-exponential 
phase, no significant difference in enzyme activity (p > 0.05) 
was seen against cells in different exponential phase. How-
ever, a significant decrease (p < 0.05) in LysMR-5 activity 
against stationary-phase cells was observed. Similar results 
have been reported in previous studies on Streptococcus, 
Bacillus, and Staphylococcus aureus cells [42, 63, 65, 66]. 
These endolysins were more active against early and mid-
exponential cells, but LysMR-5 was equally active against 
late-exponential cells also, which is an added advantage. 
Its inability to act against stationary bacteria might be due 
to increased cross-linking of peptidoglycan layer and other 
modifications in the cell wall during this phase [66].

The biochemical properties of endolysin LysMR-5 
showed that it is active over a pH range of 5–9 (optimum 
7) and a temperature range of 25 to 45 ºC (optimum 37 ºC). 
The optimum conditions for maximum enzyme activity are 
similar to physiological conditions, making it an attractive 
antimicrobial candidate. These results are consistent with 
previous reports, for LysK and LysGH15 [24, 67]. The 
isoelectric point of LysMR-5 was predicted to be 8.9, the 
enzyme was stable at pH 4–7 and instability of endolysin at 
pH 8 and 9 might be due to close proximity of these pH val-
ues to pI, which leads to inactivation of enzyme, most prob-
ably due to aggregation [68]. The biochemical characteri-
zation showed that the enzyme is highly sensitive towards 
higher temperature. This is corroborated on the basis of the 
observations made on stability and changes in the secondary 
structure analysis of LysMR-5 at different temperatures. CD 
spectrum of LysMR-5 showed loss in secondary structure at 

temperatures above 37 ºC with an apparent Tm of 47 ºC. At 
higher temperatures, complete loss of secondary structure 
could be seen. Inability of LysMR-5 to regain its secondary 
structure upon renaturation depicts its irreversible nature. 
These observations suggest that instability of LysMR-5 and 
loss of its enzyme activity could be attributed to the gradual 
loss of secondary structure. Only few similar studies have 
been conducted, and similar phenomenon has been reported. 
Loss of secondary structure at 40 ºC in case of staphylococ-
cal endolysin LysK resulted in enzyme inactivation [68]. 
On the contrary a Salmonella phage endolysin Lys68 was 
thermostable and had stable CD spectra at temperatures up 
to 40 ºC (Tm 44 °C). Only small changes in ellipticity were 
observed up to 80 ºC [69]. Another Acinetobacter phage 
endolysin ABgp46 had an α-helical structure and a high 
melting temperature of 52 °C [70]. In this study highest 
lytic activity of LysMR-5 was observed in the presence of 
300 mM of NaCl. Quite similar observations were made for 
two other staphylococcal endolysins LysGH15 and LysK, 
which were structurally also similar to LysMR-5. These 
endolysins showed maximum lytic activity at 400 mM NaCl 
[25, 70]. On the contrary, endolysins like HydH5 and LysB4 
showed high lytic activities at lower NaCl concentrations 
(< 200 mM). The domain architecture of these endolysins 
was also different from LysMR-5, as HydH5consists of 
CHAP and LYZ2 domains and LysB4 has VanY and SH3_5 
domain [8, 63].

The predicted structure model of CHAP domain had 
three α-helices packed against six β-sheets, this conforma-
tion is considered to be typical of NplC/P60 papain-related 
peptidases. The 3D structure of amidase_2 domain consisted 
predominantly of seven α-helices and four beta-sheets. This 
alpha/beta/alpha structure is a characteristic of amidase 
family [71]. Predicted 3D models of CHAP and Amidase_2 
domain showed the presence of bound Ca2+ and Zn2+, so 
dependence of the lytic activity on these metal ions was ana-
lyzed. EDTA treatment did not abolish the endolysin activity 
even though 3 Zn2+-binding residues in the PGRP domain 
were predicted in LysMR-5. This could be due to the fact that 
either the metal ions are too tightly bound to endolysin and 
EDTA is unable to chelate them or that the endolysin does 
not require the metal ions for its lytic activity. The addition 
of Ca2+, Mg2+ or Mn2+ (1, 10, 100 µM, 1 and 5 mM) did not 
show any effect on LysMR-5 lytic activity, but addition of 
Zn2+ 100 µM onwards inhibited its lytic activity. LysBPS13 
from Bacillus cereus phage and PGH from P. acidilactici 
ATCC 8042 have also been shown to be unaffected by EDTA 
treatment and metal ion addition [72, 73]. The inhibitory 
effect of Zn2+ on lytic activity has previously been reported 
for staphylococcal endolysin LysK, LysGH15, PlyTW, and 
HydH5 [51, 63, 68, 74]. Another Zn2+-independent ami-
dase was reported from E. faecalis bacteriophage EF24C 
[75], and endolysin LysBPS13 [72]. On the contrary some 
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of the reports have shown that Zn ion exerts a positive effect 
on enzyme’s lytic activity [8, 52, 76, 77]. Increase in lytic 
activity with addition of Ca2+ has been reported by several 
groups, but in case of LysK, similar to LysMR-5, no effect 
on lytic activity was observed. It is hypothesized that these 
ions might not be involved in catalytic reaction at the active 
site but may be of great importance in supporting an active 
conformation or stability of LysK.

It is known that endolysins, when tested in various anti-
bacterial assays, give different results. This may be due to the 
differences in the sensitivity of every assay and its inherent 
biases. Hence, lytic activity of LysMR-5 against S. aureus 
cells was characterized with the help of different activity 
assays. An assay was performed to check the dependence of 
lytic activity on endolysin concentration. The results showed 
that LysMR-5 was highly antibacterial even at 15 µg/ml as 
it was able to kill 4 log units of bacteria within 30 min of 
incubation at 37 ºC. Similar results have been shown in case 
of P. aeruginosa phage endolysin LysPA26 [78], endolysin 
LysB4 [8], ClyS and HydH5 [29, 63]. In a time-kill assay, 
LysMR-5 showed rapid bacterial killing as within 1 min of 
endolysin incubation with S. aureus, 2 log unit reduction 
was seen, though 30 min of incubation resulted in 100% 
antibacterial activity (approx. 4 log units decrease). Excep-
tionally high enzyme activity was reported by Nelson and 
co-workers [49] for Streptococcal lysin (PlyC), as 100 units 
(1 ng enzyme) of this lysin was able to decrease 3 log units 
of streptococcus in 5 s.

Different laboratories have used different types of 
assays, conditions and unit definitions to quantitate 
endolysin activity [17]. In order to compare the activity of 
LysMR-5 with other reported endolysins, we determined 
the enzyme units by employing two different assays. The 
results obtained with both the methods showed compat-
ibility. In a turbidity reduction assay, to achieve maximum 
activity (OD600 dropped to 0.06 from 1.1) only 5 µg of pro-
tein was required, a similar assay performed by Son et al. 
[8] also showed that maximum activity and enzyme satura-
tion was achieved at 5 µg of protein. It was observed that 
minimum of 0.3 ± 0.05 µg enzyme was required to drop the 
OD600 to its half, which translated to 3333 Units/mg ± 500. 
In the case of purified LysGH15, comparatively higher 
concentration (approximately 0.8  μg) of enzyme was 
required to bring about similar decrease [25]. Equivalent 
amount of enzyme units were quantified for LysMR-5, i.e., 
3800 U/mg in another TRA [48]. The antibacterial nature 
of LysMR-5 is further supported on the basis of results of 
FESEM analysis, as major alteration in the morphology 
of S. aureus cells was observed even after an exposure of 
3 min. Treatment resulted in distorted cell shape, blebbing 

due to extrusion of cell contents from degraded cell wall 
of bacteria. Similar observations were made after addi-
tion of 250 μg of ClyS for 1 to 3 min to S. aureus 8325-4 
cells and 500 µg of LysAB2 for 60 min to Acinetobacter 
baumannii cells by SEM and TEM analysis, respectively 
[29, 79]. Most of the structural and biochemical properties 
of the LysMR-5 are similar to the endolysins that share 
high sequence identity with it. Few of the observed vari-
ations in the properties of LysMR-5, like effect of Ca2+ 
ions and difference in the endolysin concentration required 
for achieving similar bactericidal effect, might be due to 
the minor difference (4 amino acids) observed between 
the sequences of these endolysins. Previously it has been 
reported that minor changes in the endolysin sequence can 
affect its antibacterial activity [64, 80].

In conclusion, LysMR-5 exhibits highest lytic activity 
at conditions similar to the physiological environment, 
shows rapid bactericidal kinetics and exhibits a strong 
bacteriolytic effect against staphylococcal strains. Taken 
together these findings suggest that, LysMR-5 has features 
conducive for a promising antimicrobial agent, making it 
an attractive addition to the alternative drug arsenal and 
potent enzybiotic against MRSA infections. As the in vitro 
conditions that are used to evaluate antibacterial efficacy 
of enzymes vary greatly from the in vivo scenario, work on 
animals will further validate the endolysin potential as a 
therapeutic agent to treat human infections. To implement 
LysMR-5 as a clinically viable treatment option, currently 
we are working to improve the delivery of LysMR-5 which 
could further enhance its therapeutic efficacy by various 
means and on the in vivo evaluation of its antibacterial 
efficacy in treating S. aureus mediated infection.
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