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ARTICLE INFO ABSTRACT

Keywords: The continuous evolution of antibiotic resistance in methicillin-resistant Staphylococcus aureus (MRSA) due to the
Biofilm misuse of antibiotics lays out the need for the development of new antimicrobials with higher activity and lower
MRSA

resistance. In this study, we have expressed novel chimeric endolysin CHAPk-SH3bk derived from LysK to
investigate its antibacterial activity against planktonic and biofilm-forming MRSA. The molecular docking and
MD simulation results identified critical amino acids (ASP47, ASP56, ARG71, and Gly74) of CHAPk domain
responsible for its catalytic activity. Chimeric endolysin CHAPk-SH3bk showed an effective binding to pepti-
doglycan fragment using 14 hydrogen bonds. The in-vitro antibacterial assays displayed higher activity of CHAPk
against planktonic MRSA with 2-logio reduction in 2 h. Both CHAPk and CHAPk-SH3bk displayed bactericidal
activity against MRSA with ~4log;o and ~3.5log1o reduction in 24 h. Biofilm reduction activity displayed
CHAPK-SH3bk reduced 33 % and 60 % of hospital-associated ATCC®BAA-44™ and bovine origin SA1 respec-
tively. The CHAPk treatment reduced 47 % of the preformed biofilm formed by bovine-origin MRSA SA1. This
study indicates an effective reduction of preformed MRSA biofilms of human and animal origin using novel
chimeric construct CHAPk-SH3bk. Stating that the combination and shuffling of different domains of phage
endolysin potentially increase its bacteriolytic effectiveness against MRSA.

Bacteriophage endolysin
Chimeric endolysin
Antibacterial activity
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1. Introduction

Staphylococcus aureus is a common Gram-positive bacterium with
commensal as well as pathogenic relationships with humans [1]. As a
commensal organism, it colonizes about 30 % of the human population’s
nasal cavities, followed by skin, armpits, and throat [2]. Pathogenic S.
aureus causes skin and soft tissue infections, osteomyelitis, bacteremia,
pneumonia, and endocarditis in humans [3]. The challenge to treat
pathogenic S. aureus has escalated due to the emergence of antibiotic-
resistant strains, notably methicillin-resistant S. aureus (MRSA). MRSA
is resistant to almost all f-lactam antibiotics commercially available.
The MRSA surfaced as hospital-associated (HA)-MRSA infections in the
1960s. Later it developed as community-associated (CA)- MRSA, and

livestock-associated (LA)-MRSA in the1990s and 2003 respectively. The
association of MRSA to various microbiomes represented it as a major
concern under the one-health concept [4].

Since 1999, Indian hospitals have also been grappling with the threat
of MRSA infections [5]. Numerous studies have reported MRSA infection
exceeding 40 % during the year 2008-2009. A study conducted in a
tertiary care Indian hospital in 2017 revealed a higher rate of HA-MRSA
(65 %) than CA-MRSA (35 %) [5]. The incidence of S. aureus in HA-
associated infections is elevated due to the pathogen’s biofilm-forming
ability, which allows it to adhere and form biofilm on medical equip-
ment such as catheters, and prosthetic devices (Eyeglasses, hearing aids,
pacemakers, orthopaedic shoes, braces, and bone plates). Staphylococcal
biofilms are self-secreted extracellular polymeric matrices inhabiting
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persister bacterial cells [6]. The biofilm matrix formed by S. aureus ex-
hibits an increased antibiotic resistance compared to planktonic cells
leading to chronic infections [7].Biofilm formation inhibits the treat-
ment of bacterial cells inside the biofilm matrix and increases the
resistance to antibiotics in both humans and animals [8]. Likewise,
MRSA associated with bovine mastitis infection inhabits mammary
gland as persistent bacteria buried inside biofilm. The MRSA forming
biofilm and those acting as persister cells precludes the action of anti-
biotics, restricting the use of antibiotics in veterinary hospitals and
tertiary care units [9].

The high use of antibiotics in tertiary care units has led to the
development of antibiotic-resistant strains like MRSA [10]. Therefore,
the application of novel antimicrobials such as antimicrobial peptides,
nanoparticles, phage therapy or bacteriophage endolysins is the need of
the hour to control MRSA infection. The ability of bacteriophage
endolysins to lyse bacterial cells from inside at the end of lytic life mark
them as promising antibacterial agent [11]. These bacteriophage
endolysins confer a higher degree of specificity towards pathogens
without developing resistance against bacteria compared to other anti-
microbials [12]. The application of modular endolysins on Gram-
positive bacteria has been explored in various ways to inhibit or eradi-
cate the growth of MRSA [13]. The bacteriophages infecting S. aureus
commonly feature endolysins with a unique 3-domain architecture
composed of one or two enzymatically active domains (EAD) (cysteine,
histidine-dependent amidohydrolase/peptidase; CHAP at the N-termi-
nus, N-acetylmuramoyl-L-alanine amidase at a central position) and one
C-terminal cell wall binding domain (CBD) SH3-type [12]. Therefore, we
hypothesized that randomly altering the domains of Staphylococcal
endolysins could create a chimeric endolysin with enhanced lytic ac-
tivity against biofilm-forming MRSA. The domain shuffling method
could engineer the endolysin and enhance desirable properties, such as
bacteriolytic activity, increased solubility, and broadened host range
[14]. Endolysin LysK has been explored for its antibacterial activity in
various combinations such as; LysK CHAP domain (amino acids 1-165)
[15], CHAP (amino acids 38-164) - amidase construct (amino acids
210-334), [16] and LysK221-390 (with a deletion of amidase domain
222-343) construct [17]. Both the constructs CHAP-amidase and
LysK221-390 have shown significant bacteriolytic activity against
different MRSA strains. The SH3b domain of LysK has been examined in
combination with EADs of other endolysins, revealing an enhancement
in bacteriolytic activity against MRSA [18,19] This study is aimed to
design and express a novel chimeric endolysin composed of endolysin
LysK CHAPk domain and SH3b domain. The study proposes to investi-
gate the antibacterial activity of novel chimeric endolysin CHAPk-
SH3bk and compare its lytic activity to CHAPk against MRSA biofilm
formation. Additionally, the study seeks to determine the significance of
the presence of cell wall binding domain in augmenting the lytic activity
against preformed biofilms.

2. Materials and methods
2.1. Bacterial strains

The MRSA strain used in this study includes S. aureus (ATCC® BAA-
44™) HiMedia, India. Other four MRSA isolates used in this study were
isolated from the bovine clinical-mastitis infected milk samples as
described earlier in Roshan et al. 2022 [20]. Briefly, the infected milk
samples were streaked on mannitol salt agar (MSA) plates (GMH118,
HiMedia, India) supplemented with 4 pg/ml oxacillin. The plates were
incubated overnight at 37 °C for the growth of yellow-colored S. aureus
colonies. The suspected S. aureus colonies resistant to oxacillin were
subjected to DNA isolation. The molecular detection of methicillin
resistance gene mecA and virulence genes (coa, and nuc) was performed
using monoplex PCR. The primer details are mentioned in table S1. The
mannitol-fermenting yellow-colored colonies phenotypically resistant to
oxacillin and positive for all three genes (mecA, coa, and nuc) were
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confirmed as MRSA and stored in 80 % glycerol for further testing. The
E. coli strains used in this study includes E. coli (DH5a) and E. coli BL21
(DE3) for DNA cloning and protein expression, respectively.

2.2. Bioinformatics analysis of endolysin LysK

The sequence of endolysin LysK was retrieved from the NCBI data-
base (https://www.ncbi.nlm.nih.gov/) [GenBank: AY176327]. The
functional domain analysis was carried out using SMART (http://smart.
embl-heidelberg.de/) and InterPro (https://www.ebi.ac.uk/interpro/
search/sequence/). The Protparam (https://web.expasy.org/protp
aram/) and SAS (https://www.ebi.ac.uk/thornton-srv/databases/sas/)
servers were used to investigate the primary and secondary structure
respectively, for CHAP and SH3b domain. The ConSurf (https://consurf.
tau.ac.il/consurf index.php) was used to estimate the evolutionary
lineage and critical amino acid binding sites of CHAP and SH3b. The
CHAPKk-SH3bk was constructed by fusing the CHAP domain (amino acid
1-165) with the SH3b domain (amino acid 409-487) using the GS linker
(GSGSGS). The stability and primary structure of the construct was
analyzed using Protparam and the 3D structure of the chimeric endo-
lysin was modeled using IntFOLD (https://www.reading.ac.uk/bioinf
/IntFOLD/).

2.3. Protein modeling and molecular docking of CHAP, SH3b, and
CHAPk-SH3bk

The amino acid sequence of the CHAP and SH3b domains were
retrieved and subjected to homology modeling using the SWISS-MODEL
(https://swissmodel.expasy.org/interactive) server. The template for
each domain was selected based on sequence identity and coverage
(Table 1). The selected models of CHAP, SH3b, and CHAPk-SH3bk for
structural constraints were verified using a Ramachandran plot gener-
ated using PROCHECK (https://servicesn.mbi.ucla.edu/PROCHECK/)
and MolProbity (http://molprobity.biochem.duke.edu/). The CHAP
domain was docked against ligand Glycyl-D-Alanine and Chitin with
PubChem ID 11966077 and 6857375, respectively. The SH3b domain
was docked with Pentaglycine (PubChem ID 81537) and D-Ribitol-5-
phosphate (PubChem ID 151104). The CHAPk-SH3bk was docked
against the peptidoglycan (PG) fragment and modeled using the SMILES
code provided in Mitkowski et al. 2019 [21]. The protein-ligand docking
was performed using Autodock4.2 (https://autodock.scripps.edu/
download-autodock4/). Docking results were analyzed using PyMOL
(https://pymol.org/2/) and Ligplot (https://www.ebi.ac.uk/thornt
on-srv/software/LigPlus/).

2.4. Molecular dynamics simulations

The MD simulations were carried out to understand the dynamics of
protein-ligand interaction. The lowest energy docked complexes of
CHAP-Chitin, CHAP-Glycyl-D-Alanine, SH3b-Pentaglycine, SH3b-D-
Ribitol-5-phosphate and CHAPk-SH3bk-PG fragment were selected for
MD simulation process. All the simulations were carried out using
GROMACS 5.1.5 [22]. The systems were prepared as previously
described by Singh et al. 2022 [23]. Briefly, the AMBER99SB forcefield
was used for preparing protein topology and the AnteChamber package
from AmberTools21 was used for generating ligand parameters (AM1-
BCC charges) with the GAFF2 forcefield. The complexes were cantered
in cubic boxes with an edge distance of 10 A, filled with TIP3P water
molecules, and neutralized the system with 0.15 M NaCl. The systems
were energy minimized using the steepest descent algorithm with a step
size of 0.01 nm. Subsequent equilibrations were done at 310.15 K and 1
atm for 1 ns; each using a modified Berendson thermostat and Parinello-
Rahman barostat, respectively. The production MD was run for 100 ns
each, with a time step of 2f, and frames were stored at an interval of 10
ps. The trajectories were analyzed using standard GROMACS tools and
PyMol (https://pymol.org/2/). The data for RMSD, RMSF, the radius of



M. Behera et al.

Table 1
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List and details of templates selected for molecular docking of CHAPk, SH3bk, and CHAPk-SH3bk.

S. Domain Template  Sequence Coverage =~ QMEAN % Residue in most favored regions of % Residue in most favored regions of
No identity Ramachandran plot Ramachandran plot
(PROCHECK) (MolProbity)

1. CHAP 4olk.1 98.75 % 1.00 0.94 + 87.2% 96.91 %

0.07
2. SH3b 50lq.1 100 % 1.00 0.72 £ 88.8 % 92.31 %

0.11
3. CHAPk- 88.4 % 92.16 %

SH3bk

gyration, and hydrogen bond interactions were acquired using standard
GROMACS tools and their corresponding plots were generated using the
GNUPLOT5.4 plotting tool (http://www.gnuplot.info/).

2.5. Construction of chimeric CHAPk-SH3bk, expression and purification

The E. coli-optimized gene coding sequences of CHAPk and CHAPk-
SH3bk were synthesized by GenScript, USA. The sequences were inser-
ted into the EcoRV- EcoRV cloning site of the pUC57 plasmid. The gene
sequences in pUC57 amplified using primers having BamHI and Xhol
restriction enzyme sites were subcloned into a pET-22b(+) expression
vector including a C-terminal 6 x His-tag and pelB signal sequence. The
double digestion of amplified gene fragments and pET-22b(+) vector
was performed using restriction enzymes BamHI (Thermo Scientific™
FastDigest BamHI, FD0054) and Xhol (Thermo Scientific™ FastDigest
Xhol, FD0695), which was followed by T4 DNA ligation using T4 DNA
ligase (Thermo Scientific™ T4 DNA Ligase, EL0011). The cloning was
confirmed by PCR amplification using vector-specific T7 promoter,
terminator primers, and insert-specific primers. The CHAPk and CHAPk-
SH3bk cloned in the pET-22b(+) vector were transformed into E. coli
BL21 (DE3) competent cells at 37 °C in LB (Luria Bertani) medium
(M1245, HiMedia, India) containing 50 mg/ml of ampicillin. The cul-
tures were grown for 2-3 h in LB broth. The culture with O.Dgoopm ~ 1.0
was induced using IPTG (Thermo Scientific™ IPTG, dioxane-free,
R0392), added to a final concentration of 1 mM, and further incu-
bated for 16-18 h at 16 °C. The bacterial cell pellet was harvested and
processed for the cold osmotic shock to prepare periplasmic extract
carrying expressed protein. Protein expression was determined by SDS-
PAGE analysis of periplasmic fraction followed by staining with Coo-
massie blue. Recombinant proteins were purified through Ni-IDA af-
finity chromatography using G-His protein purification kit (GDHO1A,
GCC BIOTECH (INDIA) PVT. LTD.) as per the manufacturer’s in-
structions. Purified proteins were buffer exchanged and concentrated
with the low salt buffer (10 mM Tris-HCI, 150 mM NaCl, 1 % glycerol;
pH 7.5). The purified proteins were quantified using the Bradford assay.
The purified proteins were analyzed using SDS-PAGE (10 %) followed by
western blot using 6x-His-Tag Antibody (Invitrogen 6x-His Tag
Monoclonal Antibody (HIS.H8), MA1-21315).

2.6. Zymogram analysis of CHAPk and CHAPk-SH3bk

The Zymogram assay was performed to check the bacteriolytic ac-
tivity of CHAPk and CHAPk-SH3bk as previously described with slight
modifications [24]. Briefly, the polyacrylamide gel of 12 % was pre-
pared containing 0.2 % of autoclaved S. aureus (ATCC® BAA-44™).5 ug
and 10 pg of purified CHAPk and CHAPk-SH3bk were loaded along with
a protein marker (Pierce™ Prestained Protein MW Marker, 26,612).
After the SDS-PAGE run was complete, the gel was soaked in distilled
water for 30 min to remove SDS followed by overnight incubation at
37 °C in renaturation buffer (50 mM Tris-HCl, pH 8.0, 1 % Triton X-
100). The lytic areas of endolysin were detected by staining the gel with
0.1 % methylene blue in 0.01 % KOH and subsequently de-staining with
distilled water.

2.7. Diffusion lysis assay of CHAPk and CHAPk-SH3bk

The Diffusion lysis assay was carried out as previously described with
little modifications [25]. Briefly, exponentially growing cells of S. aureus
(ATCC® BAA-44™) were harvested and washed twice with 1x PBS (pH
7.5). The pellet was resuspended in agar powder (7.5 g/1) and auto-
claved. The agar mixture was poured into a 90 mm petri dish. After
solidification, two wells per plate were created diametrically opposite.
The 50 pg of CHAPk and CHAPk-SH3bk were added to one well in each
plate and 50 pl low salt buffer in the second well as the negative control.
The plates were incubated overnight at 37 °C, and diffusion was eval-
uated by observing a clear zone around each well.

2.8. Bactericidal activity assay of CHAPk and CHAPk-SH3bk

The bactericidal activity of CHAPk and CHAPk-SH3bk was assessed
using the CFU reduction assay [26]. Briefly, an overnight culture of S.
aureus (ATCC® BAA-44™) was reinoculated in Brain Heart Infusion
(BHI) broth (SRL, 87864, India) for ~3 h to obtain 1 x 108 cells/ml. 100
ul (1 x 107 cells) were treated with purified protein at specified con-
centrations (0.015 pg/ul, 0.05 pg/ul, 0.1 pg/pl, 0.2 pg/ul) in 100 pl
volume and incubated at 37 °C, at 200 rpm for 2 h. To analyze endo-
lysin’s bacteriolytic activity, the residual viable bacterial cells (colony
forming units; CFUs) were enumerated by serial dilution and plating on
LB agar plates.

2.9. Time-kill curve study of CHAPk and CHAPk-SH3bk

To study the time-kill kinetics; overnight culture of S. aureus (ATCC®
BAA-44™) was reinoculated in 5 ml BHI broth for 2-3 h to obtain 1 x
108 cells/ml. The bacterial cells were harvested and washed twice with
1x PBS (pH 7.5). The cell pellet was resuspended in 5 ml of 1 x PBS to a
final density of 107 CFU/ml. The 0.02 pg/pl of CHAPk and CHAPk-
SH3bk in PBS with a volume of 50 pl was added to 450 pl of the cell
suspension and incubated at 37 °C, at 200 rpm. To count initial CFU/ml
at 0 h, 50 pl of aliquot was taken followed by collecting aliquots at
respective time points (2, 4, 8, and 24 h) and cultures were diluted by a
factor of 1/4 x 10~°, from which 100 pl samples were spread onto the LB
agar plate. Colony forming units (CFUs) were calculated after overnight
incubation at 37 °C.

2.10. Characterization of endolysin CHAPk-SH3bk

The thermal stability of endolysin CHAPk-SH3bk was tested using
the CFU reduction assay. 0.05 pg/pl of CHAPk-SH3bk was incubated at
different temperatures (4 °C, 20 °C, 37 °C, 50 °C, and 70 °C) for 30 min
and suspended in 1x PBS (pH 7.5). 50 pl of differently treated CHAPk-
SH3bk is mixed with 50 pl (with a final density of ~10°CFU/ml) bac-
terial solution and incubated further for 30 min at 37 °C. The negative
control contained 50 pl bacterial solution and 50 pl PBS without any
temperature treatment. The bacteriolytic activity of CHAPk-SH3bk at
different temperatures was analyzed by counting the residual viable
bacterial cells (colony-forming units; CFUs) using serial dilution and
plating.
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To evaluate the effect of pH on the lytic activity, CHAPk-SH3bk
(0.05 pg/pl) was added to S. aureus (ATCC® BAA-44™) cells sus-
pended in 50 mM Tris-HCI (pH 4, 6, 8, 10 and 12). The thoroughly mixed
reaction mixtures were incubated at 37 °C for 30 min, and OD measured
at 600 nm. The relative lytic activity was calculated using the following
equation [27]:
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in 2.5 % glutaraldehyde solution prepared in 1x PBS of pH 7.4 (4 °C, 20
h), followed by washing with 1x PBS. Biofilms were dehydrated using a
series of ethanol (30 %, 50 %, 75 %, 90 %, and 100 %) for 5 min in each
solution. Biofilms were dried by the quorum critical point dryer, coated
with chromium, and imaged using FESEM (TESCAN CLARA, TESCAN,
Czech Republic).

lytic activity (%) = 100 x (ODggonm of control without enzyme — ODgggnn Of the reaction mixture with endolysin)/ODgg of control without enzyme

2.11. Biofilm reduction assay of CHAPk and CHAPk-SH3bk

The biofilm reduction assay was performed as previously described
with some modifications [28]. Briefly, hospital-associated S. aureus
(ATCC® BAA-44™) and four other MRSA strains (SA1, SA2, SA3, and
SA4) isolated from bovine mastitis samples were grown in Tryptone
Soya Broth (TSB) (LQO09A, Himedia, India) supplemented with 0.25 %
D- (+) -glucose (G8644, Sigma) and kept for overnight incubation at
37 °C. These were further diluted (1:50) in TSB with 0.25 % glucose to
obtain O-D ~ 0.1at 600 nm. A volume of 200 pl of diluted culture was
added to a 96-well tissue culture plate and incubated for 24-h at 37 °C.
After incubation supernatant was aspirated out and washed with 200 pl
PBS twice. A total volume of 200 pl is added to each well, where the
biofilm-containing wells were treated with 0.05 pg/pl of CHAPk and
CHAPk-SH3bk suspended in TSB with 0.25 % glucose and controls
contained only 200 pl of TSB with 0.25 % glucose followed by incuba-
tion for 18-h at 37 °C. After incubation, the wells were washed with PBS
and dried at 37 °C for 15 min. The biomass attached to the wells was
determined by staining wells with 0.5 % w/v crystal violet (15 min)
followed by washing with autoclaved water and solubilization in 33 %
acetic acid; the final solution obtained was measured at ODs7gnm.

2.12. Confocal laser scanning microscopy (CLSM)

The biofilms were grown on 12 x 12 mm? glass coverslips in a 12-
well plate for confocal microscopy. Coverslips were inoculated with
200 pl of overnight S. aureus culture diluted to obtain O-D ~ 0.1at 600
nm in 3 ml TSB with 0.25 % glucose and incubated for 24-h at 37 °C.
After washing the biofilms twice with 1x PBS, they were treated with
0.05 pg/pl of CHAPk and CHAPk-SH3bk suspended in TSB with 0.25 %
glucose. The controls were suspended in TSB with 0.25 % glucose fol-
lowed by incubation for 18-h at 37 °C. After treatment, biofilms were
prepared for imaging as described previously [29]. Briefly, biofilms
were washed with 1x PBS and fixed with 2.5 % glutaraldehyde (4 °C, 1
h). The biofilms were washed again and stained with 4',6-Diamidino-2-
phenylindole dihydrochloride (DAPI) (D8417-1MG, Sigma) according to
the manufacturer’s instructions. The stained biofilms were analyzed at
100x followed by z-stack scanning using CLSM (Leica TCS SP8, AOBS-
Acousto Optical Beam Splitter based, Germany). Three-dimensional
projections of the biofilms were analyzed using ImageJ [30] and the
biomass, maximum thickness, and volume of microcolonies at the sub-
stratum were analyzed using COMSTAT software [31].

2.13. Scanning electron microscope (SEM)

For SEM analysis, biofilms were grown on 12 x 12 mm? glass cov-
erslips in a 12-well plate as described above. After an 18-h treatment of
0.05 pg/pl of CHAPk and CHAPk-SH3bk suspended in TSB with 0.25 %
glucose, biofilms were rinsed with 1x PBS. The biofilms were then fixed

2.14. Statistical analysis

All experiments were performed in triplicates. Statistical analysis
and graphs were generated using GraphPad Prism 8.0 (GraphPad Soft-
ware, USA). Results are shown as mean =+ standard deviation of the
mean. Statistical significance was analyzed using two-way ANOVA and
Tukey’s multiple comparisons tests. P-values of <0.05 were considered
statistically significant.

3. Results
3.1. Sequence and domain analysis of LysK

The Endolysin LysK identified from the genome sequence of Staph-
ylococcus phage K (AY176327.1: 27072-29435) is a 54 kDa protein
encoded by two open reading frames separated by an intron. The
functional domain analysis using SMART and InterPro revealed LysK
with a modular structure comprising CHAP domain, Amidase-2 domain,
and SH3b domain (Fig. S1). The CHAPk, SH3bk, and CHAPk-SH3bk
were characterized using Protparam and considered as stable protein
with their instability index at 36.44, 34.92, and 35.90 respectively; (the
index below 40 means that the protein is stable). The secondary struc-
ture analysis revealed two alpha-helices, one 31¢-helix, and six beta-
strands in CHAPk. The two alpha helixes located at the N-terminal
form a long loop whose base forms the catalytic site. This catalytic site
was formed by the hydrophobic groove comprising amino acids CYS54,
HIS117, and GLU134. Also, the conserved amino acids and the dynamics
evolutionary conserved residues of Consurf results demonstrated that
CYS54, HIS117, and GLU134 amino acids are highly conserved in the
CHAP domain (Fig. S2). The SH3bk domain of the LysK endolysin was
found to be composed of nine beta-strands, which play a major role in S.
aureus cell wall binding. The Consurf results also indicated the conser-
vation of amino acids in the beta sheets of SH3b domains and is an
essential requirement to bind the bacterial peptidoglycan layer. The 3D
structure of CHAPk-SH3bk was modeled using IntFOLD and is repre-
sented in Fig. S3.

3.2. Molecular docking analysis

The SWISS-MODEL modeled CHAPk, SH3bk domain, and IntFOLD
modeled CHAPk-SH3bk were analyzed for the Ramachandran plot
(Table 1). The Ramachandran plots and values indicated that 96.91 %,
92.31 %, and 92.16 % of residues were present in favored regions
(Fig. S4). The modeled structures were docked with respective ligands
(Table 2) using Autodock4.2. The best mode selected for each protein-
ligand pair corresponds to the best binding affinity across 10 runs. The
binding affinity and interacting amino acids of each domain are repre-
sented in Table 2. The common amino acid residues of the CHAPk
domain interacting with Glycyl-D-Alanine and Chitin are ASP56 and
ARG71, respectively (Fig. 1 a, b). The SH3bk domain docked with
Pentaglycine displayed hydrogen bond interactions with amino acids
ASN15, GLU62, ASN75, ARG81, and TYR83 (Fig. 1c). The ligand D-



M. Behera et al.

Table 2
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Result of molecular docking between CHAPk, SH3bk, and CHAPk-SH3bk with their respective ligands.

S. Endolysin LysK Ligands Ligand structure Affinity (Kcal/ No. of H-bond Interacting amino acid residues
No domain mol) interactions
1. CHAPk Glycyl-D-Alanine !: -5.1 3 ASP47, ASP56, ARG71
2. CHAPk Chitin -6.0 3 ASP56, ARG71, GLY74
&
3. SH3bk Pentaglycine & -5.0 5 ASN15, GLU62, ASN75, ARG81,
X ‘ TYR83
4. SH3bk D-Ribitol-5-phosphate W —-4.3 4 TRP12, LYS22, ARG87, GLN96
5. CHAPk-SH3bk peptidoglycan -5.8 5 ASP47, ASP56, THR59, ARG71,

fragment

GLY74

Ribitol-5-phosphate showed interactions with some critical amino acids
of the SH3b domain like TRP12, LYS22, and ARG87 (Fig. 1d). The
CHAPk-SH3bk bound peptidoglycan-fragment with binding affinity
—5.8 kcal/mol formed hydrogen bond with amino acids ASP47, ASP56,
THR59, ARG71, and GLY74 (Fig. 1e). This shows that CHAPk domain
retains its interaction with peptidoglycan fragment even in the presence
of cell wall binding domain SH3bk.

3.3. MD simulation analysis

The MD simulation study was carried out to assess the stability of
CHAPKk, SH3bk, and CHAPk-SH3bk with ligands including Glycyl-D-
Alanine, Chitin, pentaglycine, D-Ribitol-5-phosphate, and PG frag-
ment. The trajectory of Root Mean Square Deviation (RMSD) is used to
measure the overall dynamics, stability, and convergence of the system.
The RMSD trajectories of the CHAPk domain and in complex with
Glycyl-D-Alanine were stable that indicated that CHAPk domain is sta-
ble during most of the run except between 40 and 60 ns and the last 10
ns of the run. As observed in the Fig. 2a, the ligand (Glycyl-D-Alanine)
RMSD did not show value more than that of the CHAPk domain implying
that it does not diffuse away from the catalytic site. Whereas, as
compared to Glycyl-D-Alanine, ligand chitin was much more stable
alone; as well as in complex with CHAPk domain. Only fluctuation was
observed with an increase in RMSD after 60 ns till 100 ns of the rum time
(Fig. 2b). The RMSD of the CHAPk-Glycyl-D-Alanine complex and
CHAPKk-Chitin complex can be observed to have increased by ~0.07 nm
from the CHAPk domain. This increase in RMSD can be attributed to the
binding of the ligands to the catalytic sites of the CHAPk domain and
forming hydrogen bonds. The RMSD plot of SH3bk ligands pentaglycine
and D-Ribitol-5-phosphate display that the latter is much stable in the
system. Also, if we compare the RMSD trajectory of the pentaglycine and
D-Ribitol-5-phosphate in complex with SH3bk, with pentaglycine; SH3b
was stable only for the last 40 ns (Fig. 2c¢). While with D-Ribitol-5-
phosphate, SH3bk was stable during most of the run, except for the first

10 ns and between 35 and 40 ns (Fig. 2d). As compared to RMSD of
SH3bk alone, in complex with ligands, an increase of ~1 nm was
observed which indicates the interaction of ligands with SH3bk domain.
The RMSD trajectory of protein CHAPk-SH3bk in complex with PG-
fragment showed stability from 40 to 100 ns run time, with a fluctua-
tion around 80 ns (Fig. 2e). The RMSD of the complex can be observed to
have increased by ~0.05 nm from the protein, which might be the result
of mobility in protein due to ligand binding. The results displayed
interaction of CHAPk, SH3bk, and CHAPk-SH3bk with respective li-
gands is stable with a slight increase in RMSD indicating catalytic
activity.

3.3.1. Root mean square fluctuation (RMSF)

RMSF of CHAPk, SH3bk, and CHAPk-SH3bk was calculated to
observe the effect of ligand binding on the flexibility of each residue. The
RMSEF value of the CHAPk- Glycyl-D-Alanine complex lies between 0.04
nm-0.22 nm (Fig. S5a); while that of the CHAPk- Chitin complex lies
between 0.04 nm-0.3 nm (Fig. S5b). The average RMSF in both CHAPk
complexes is 0.1 nm. The RMSF graph displays more fluctuation in the
N-terminal as compared to the C-terminal with violent fluctuations
observed between amino acid residue 20-40 and 40-60 indicating the
role of amino acids ASP47, ASP56, ARG71, and GLY74 in ligand bind-
ing. The catalytic residue CYS54 shows fluctuation in RMSF of 0.18 nm
in the CHAPKk- Glycyl-D-Alanine complex while 0.3 nm in the CHAPk —
Chitin complex. The catalytic residues HIS117 and GLU134 of the
CHAPK catalytic triad displayed RMSF of 0.1 nm in both complexes. This
indicates the interaction of catalytic triad CYS54, HIS117, and GLU134
with the Glycyl-D-Alanine region of the endopeptide bond present in the
S. aureus peptidoglycan layer. The RMSF graph of the SH3bk-
Pentaglycine complex (Fig. S5¢) does not show much fluctuation with
a value of the RMSF between 0.09 nm — 0.75 nm. The average RMSF
observed was ~0.1 nm. The violent fluctuation observed was between
the C-terminal residues 75-80 (0.2 nm). The low flexibility of the SH3bk
domain in complex with pentaglycine may be attributed to the
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Fig. 1. Molecular docking results: Three dimensional structures of CHAPk, SH3bk and CHAPk-SH3bk showing the binding sites (left), and main residues involved in
the ligand-protein interactions (right) followed by 2-D plot hydrogen bond interactions (a) CHAPk- Glycyl-D-Alanine (b) CHAPk- Chitin, (¢) SH3bk- Pentaglycine, (d)
D-Ribitol-5-phosphate, (e) CHAPk-SH3bk- PG fragment.
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secondary structure of SH3bk composed of 9 p-sheets and compact
binding of the SH3bk domain to the pentaglycine region of S. aureus
peptidoglycan layer. In contradiction to this, the RMSF of SH3bk-D-
Ribitol-5-phosphate complex (Fig. S5d) displayed an RMSF value be-
tween 0.05 nm — 0.44 nm with violent fluctuations in the C-terminal.
Residue ASN45 displayed RMSF of 0.19 nm, residues ILE65, and ASN80
showed RMSF of 0.18 nm, and amino acid residue GLN90 displayed the
most violent fluctuation at 0.24 nm. The high RMSF of SH3bk with D-
Ribitol-5-phosphate indicates high mobility of residues when the SH3bk
domain interacts with the teichoic acid component of S. aureus cell wall.
The RMSF value of CHAPk-SH3bk in complex with PG-fragment was
between 0.1 nm-0.6 nm with an average of 0.35 nm (Fig. S5e). The
RMSF graph displayed more fluctuation in the C-terminal as compared
to N-terminal. The residues (amino acid 47-74) of the CHAPk domain in
interaction with PG-fragment displayed RMSF of ~0.3 nm, signifying
their role in ligand binding and catalytic activity. The SH3bk domain in
CHAPKk-SH3bk displayed more fluctuation in the C-terminal with amino
acid 230-240 displaying RMSF of 0.5-0.6 nm. The results displayed that
the CHAPk domain is much more compact and stable in the presence of
the SH3bk domain.

3.3.2. Radius of gyration

The radius of gyration (Rg) determines the compactness of the pro-
tein structure in the dynamic system. The less the value of Rg, the more
stable and compact the protein in a complex with the ligand. The Rg of
the CHAPk domain in complex with Glycyl-D-Alanine and Chitin dis-
played a range of 1.46 nm — 1.49 nm (Fig. S6a, S6b), with the average Rg
of 1.475 nm. The CHAPk- Glycyl-D-Alanine complex displayed constant
Rg after the first 20 ns and the CHAPk- Chitin complex Rg remained
constant with a dip after 50 ns. This confirms that the CHAP protein is
compact and stable. The Rg of SH3bk domain in complex with Penta-
glycine and D-Ribitol-5-phosphate displayed an average of 1.32 nm
(Fig. S6c, S6d). The stability with the pentaglycine ligand is attained in
the last 40 ns, while with D-Ribitol-5-phosphate, it was stable
throughout the run after the first 10 ns. This signifies SH3bk domain was
much more stable in complex with D-Ribitol-5-phosphate as compared
to Pentaglycine. The CHAPk-SH3bk-PG fragment complex displayed Rg
range of 1.8 nm-2.19 nm, with an average of 1.99 nm (Fig. S6e). The
CHAPk-SH3bk-PG fragment complex was not stable only during 60-80
ns, but was constant till 60 ns and for the last 20 ns. The results confirm
the stability of CHAPk-SH3bk in a complex with peptidoglycan fragment
with compact folding throughout most of the run time.

3.3.3. Hydrogen bond analysis

To understand the stability of complexes during MD simulation, the
number of hydrogen bonds formed between protein and ligand were
analyzed. The CHAPk in complex with Glycyl-D-Alanine and chitin

(Fig. S7a, b) showed a minimum of 3 hydrogen bonds stabilizing the
complex, though a maximum number of 6 hydrogen bonds was
observed. The Pentaglycine and D-Ribitol-5-phosphate formed a mini-
mum of 2 hydrogen bonds throughout the run with the SH3bk domain
(Fig. S7c). The interaction between the SH3b domain and D-Ribitol-5-
phosphate displayed a minimum of 2 hydrogen bonds throughout the
run (Fig. S7d). The ligand peptidoglycan-fragment made a maximum of
14 hydrogen bonds with CHAPk-SH3bk construct with a minimum of 8
hydrogen bonds that was maintained throughout the run (Fig. S7e). The
results displayed interaction of CHAPk-SH3bk with bonds of S. aureus
peptidoglycan layer is much more effective as compared to the CHAPk
or SH3bk domain alone.

3.4. Purification, SDS-PAGE, and zymogram analysis

The chimeric endolysin CHAPk-SH3bk and CHAPk cloned in pET-
22b(+) were expressed productively using 1 mM IPTG, followed by
immobilized metal ion affinity chromatography. The SDS-PAGE and
western blot analysis of isolated proteins CHAPk-SH3bk and CHAPk
displayed discrete bands at their predicted molecular weight of 28 kDa
and 22.6 kDa, respectively (Fig. 3a). A zymogram gel was run to check
the lytic activity of purified proteins, and the appearance of a clear band
at the predicted molecular weight for CHAPk-SH3bk and CHAPk show a
strong PG hydrolysis activity (Fig. 3b).

3.5. Antibacterial assay against MRSA

The antibacterial activity of the CHAPk-SH3bk and CHAPk was first
compared using diffusion lysis assay and bactericidal assay. The endo-
lysin CHAPk-SH3bk showed a small region of clearance as compared to
CHAPk which was found to form clear, round, significant halos in the
agar plate containing hea t-inactivated S. aureus (Fig. 4a). Further, to
verify the bactericidal activity of endolysin CHAPk-SH3bk and CHAPK,
S. aureus (ATCC® BAA-44™) was challenged with different concentra-
tions of purified proteins. The results showed that the 2-h treatment of
0.2 pg/pl CHAPk caused a 2-log;o reduction in colony-forming units
(CFU/ml) when the initial concentration was 108 CFU/ml as compared
to 0.2 pg/pl CHAPk-SH3bk, that could reduce CFU/ml by only 1-logig
unit (Fig. 4b). The time-dependent killing assay for CHAPk-SH3bk and
CHAPk were performed using S. aureus (ATCC® BAA-44™) cultures
treated with 0.02 pg/pl of each lytic protein. Incidentally, both CHAPk-
SH3bk and CHAPk displayed similar reduction in the viable cell count
with time. After 4-h of incubation, a reduction of ~ 0.7-log;o unit was
observed, followed by a 1-logio unit reduction after 8-h of incubation.
After 24-h of incubation, 0.02 pg/pl CHAPk displayed ~4-log;o reduc-
tion in CFU/ml compared to CHAPk-SH3bk, which displayed a reduc-
tion of ~3.5-log1¢ in CFU/ml. The results confirmed bactericidal activity
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Fig. 2. Analysis of RMSD plots generated: (a) CHAPk- Glycyl-D-Alanine (b) CHAPk- Chitin, (c¢) SH3bk- Pentaglycine, (d) D-Ribitol-5-phosphate, (¢) CHAPk-SH3bk-

PG fragment. Black — protein, Red - protein + ligand, Green - ligand.

of CHAPk and CHAPk-SH3bk after 24-h of incubation (Fig. 4c). Also, the
higher bacteriolytic activity of CHAPk was observed in comparison to
CHAPk-SH3bk on planktonic cells for a short duration of treatment.
Whereas, almost similar lytic activity was observed for novel chimeric
endolysin CHAPk-SH3bk and CHAPk after 24-h treatment.

3.6. Stability of CHAPk-SH3bk at different storage temperatures

The thermostability of the CHAPk-SH3bk was determined and the
result showed that CHAPk-SH3bk was highly active after 30 min of in-
cubation at 4 °C (Fig. 4d). The endolysin maintained its lytic activity
over a range of 20 °C to 37 °C. The incubation of endolysin at 50 °C and
70 °C caused complete inactivation of CHAPk-SH3bk.

3.7. Effect of pH on CHAPk-SH3bk

The incubation of CHAPk-SH3bk at different pH values displayed
that lytic activity is maintained at pH 6; while at acidic pH 4 and at
alkaline pH above 8, the chimeric endolysin loses its activity (Fig. 4e).
The optimal pH range analyzed was (pH 6-pH 7.5).

3.8. Biofilm reduction activity of CHAPk and CHAPk-SH3bk

The biofilm reduction assay was analyzed using visual appearance in
crystal-violet staining followed by measuring absorbance at ODs7opm.
The biofilm reduction activity of CHAPk-SH3bk was higher than CHAPk.
The CHAPk-SH3bk showed biofilm reduction activity against all the five
S. aureus isolates with ~33 % activity against S. aureus (ATCC® BAA-
44™) (Fig. 5b). CHAPk domain alone was able to lyse only two of the
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induced CHAPk-SH3bk, and lane 4-uninduced CHAPk-SH3bk. (2) Western blot: lane 1- uninduced CHAPK, lane 2- induced CHAPk (band at 22.6 kDa), lane 3-
uninduced CHAPk-SH3bk, and lane 4- induced CHAPk-SH3bk (band at 28 kDa). (3) SDS-PAGE: lane 1- purified CHAPk (10 pg), lane 2- purified CHAPk (5 pg), lane 3-
purified CHAPk-SH3bk (5 pg), and lane 4- purified CHAPk-SH3bk (10 pg). (b) (1) Zymogram gel of CHAPKk: lane 1- purified CHAPk (10 pg), lane 2- purified CHAPk
(5 pg), lane 3- zone of clearance of 10 pg CHAPk & lane 4 - zone of clearance of 5 pg CHAPKk. (2) Zymogram gel of CHAPk-SH3bk: lane 1- purified CHAPk-SH3bk (5
pg), lane 2- purified CHAPk-SH3bk (10 pg), lane 3- zone of clearance of 10 pg CHAPk-SH3bk & lane 4- zone of clearance of 5 pg CHAPk-SH3bk. M1- PageRuler™
Prestained Protein Ladder (26616), M2- Pierce™ Unstained Protein MW Marker (26610).

five S. aureus isolates preformed biofilm. CHAPk showed no lytic activity
against biofilm formed by hospital-associated S. aureus (ATCC® BAA-
44™) (Fig. 5a). While 47 %, and 40 % of the reduction activity was
displayed against biofilm formed by bovine origin S. aureus isolates SA1
and SA3 respectively. No significant activity of CHAPk was observed
against preformed biofilms of isolates SA2, SA3, and SA4. The highest
biofilm reduction activity of chimeric endolysin CHAPk-SH3bk of 60 %
was displayed against bovine origin S. aureus isolate SA4. The biofilm
reduction activity of 40 %, 20 %, and 30 % was observed against isolates
SA1, SA2, and SA3, respectively. The crystal-violet staining results dis-
played clearing of biofilms after treatment with 0.05 pg/ul CHAPk-
SH3bk in all isolates as compared to biofilm growth in the negative
control (Fig. 5¢). Whereas, in the case of treatment with 0.05 pg/pl
CHAPK, biofilm reduction can be observed only in isolates SA1, and SA3.
In conclusion, CHAPk-SH3bk was more effective against preformed
biofilms of hospital-associated MRSA S. aureus (ATCC® BAA-44™) and

bovine origin MRSA isolates SA1, SA2, SA3, and SA4.
3.9. CLSM, COMSTAT, and SEM analysis

The DAPI-stained bacterial cells in the treated and untreated biofilms
can be observed in Fig. 6. The interactive 3D surface plots of biofilms
were prepared using ImageJ (Fig. S8). The COMSTAT results displayed
the maximum thickness of untreated S. aureus (ATCC® BAA-44™), SA1,
and SA4 biofilm was 9.19 + 0.69 pm, 17.25 + 1.84 pm, and 7.32 + 0.11
pum respectively. After treatment with CHAPk-SH3bk the maximum
thickness of the ATCC® BAA-44™, and SA4 biofilm was found to be 4.46
+ 0.50 pm, and 5.26 + 1.15 pm respectively. Whereas, after the sub-
sequent treatment with CHAPk, the maximum thickness of biofilm
formed by SA1, and ATCC® BAA-44™ was 3.19 + 0.34 pm and 7.59 +
1.03 pm respectively. The maximum thickness, biomass, and volume of
microcolonies at the substratum of biofilms after treatment is mentioned
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Fig. 4. Bactericidal activity of CHAPk and CHAPk-SH3bk against Staphylococcus aureus (ATCC® BAA-44™): (a) Diffusion of CHAPk (50 pg), CHAPk-SH3bk (50 pg),
and LSB (50 pl) across agar containing heat-inactivated S. aureus (ATCC® BAA-44™). (b) Dose-dependent bacteriolytic efficacy of CHAPk and CHAPk-SH3bk against
S. aureus (ATCC® BAA-44™) at different concentrations. (c¢) Time-dependent killing assay of CHAPk and CHAPk-SH3bk against S. aureus (ATCC® BAA-44™) at
different time periods (0, 2, 4, 8, and 24 h). (d) Effect of temperature on the bacteriolytic stability of CHAPk-SH3bk against S. aureus (ATCC® BAA-44™). (e) Effect of
PH on the bacteriolytic stability of CHAPk-SH3bk against S. aureus (ATCC® BAA-44™). The data are presented as the means-tstandard deviations of three replicates.
Statistical significance was calculated using two-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; ****P < 0.0001; ns,

not significant.

in Tables 3a and 3b. The biofilm reduction ability of CHAPk-SH3bk was
also analyzed using FESEM. As shown in Fig. 7(a-c), and (g-i), compact
cell aggregation with thin biofilm matrix arranged in different layers
was observed for the untreated S. aureus (ATCC® BAA-44™, and SA4)
biofilms incubated for 24-h. Whereas, a significant decrease in the
number and layers of the S. aureus cells was observed after treatment
with 0.05 pg/pl CHAPk-SH3bk Fig. 7(d, and j). Furthermore, after 18-h
treatment a decrease and degradation of biofilm matrix was observed
Fig. 7(e, ), and (k,D).

4. Discussion

S. aureus has developed antibiotic resistance against most of the
commercially available antibiotics like oxacillin, vancomycin, etc. [32].
MRSA is emerging as a notorious pathogen because of its ability to form
persistent biofilms on biotic and abiotic surfaces [33]. Previous studies
have demonstrated that endolysins composed of EAD and CBD can
disrupt preformed MRSA biofilms and act as promising biofilm
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reduction agents [34,35]. The present study investigated the bacterio-
lytic and biofilm reduction ability of the gene encoding CHAPk (165
amino acids) domain of LysK endolysin from bacteriophage K and a
novel chimeric LysK construct composed of CHAPk-SH3bk (250 amino
acids). Bioinformatic analysis revealed that amino acid residues (ASP47,
ASP56, and GLY74) within CHAP domain interact with Glycyl-D-
Alanine, Chitin, and peptidoglycan-fragment, respectively were found
to be highly conserved with a score of 9. The SH3b domain interacted
with Pentaglycine forming hydrogen bonds with amino acids ASN15,
GLU62, TYR83, and with D-Ribitol-5-phosphate at ARG87, indicating
the conserved state of these amino acids with a score of 8-9 in ConSurf.
The molecular docking studies were carried out to understand the
interaction of CHAPk, and SH3bk domains with the bonds Glycyl-D-
Alanine and pentaglycine respectively, as these bonds represent the
activity site of these domains in the S. aureus peptidoglycan layer. The
results were then compared to the insilico activity of novel chimeric
endolysin CHAPk-SH3bk. The docking results displayed that the inter-
action of critical amino acids ASP47, ASP56, ARG71, and GLY74 of the
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Fig. 6. CLSM analyses of the lytic activity of CHAPk, and CHAPk-SH3bk on 24-h preformed biofilms. (a) 24 h biofilm control (ATCC® BAA-44™), (b) ATCC® BAA-
44™ bjofilm treated with 0.05 pg/pl CHAPk-SH3bk, (c) 24 h biofilm control (SA4), (d) SA4 biofilm treated with 0.05 pg/pl CHAPk-SH3bK, (e) 24 h biofilm control
(ATCC® BAA-44™), (f) ATCC® BAA-44™ biofilm treated with 0.05 ug/ul CHAPK, (g) 24 h biofilm control (SA1), (b) SA1 biofilm treated with 0.05 pg/pl CHAPk.
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Maximum thickness, biomass, and Volume of microcolonies at the substratum of biofilms after treatment with CHAPk-SH3bk analyzed using COMSTAT.

S. Sample Name CHAPk-SH3bk

No
Control Treated
Maximum Biomass Average volume of colonies at Maximum Biomass Average volume of colonies at
thickness (um3/ substratum (um®) thickness (um3/ substratum (um®)
(pm) pm?) (pm) pm?)

1. ATCC®BAA- 9.19 £ 0.69 3.43017 22,294.32 4.46 £+ 0.50 2.05252 5141.6118

44TM
2. SA4 7.32+0.11 3.15735 38,239.55 5.26 £ 1.15 1.82908 21,037.93
Table 3b
Maximum thickness, biomass, and Volume of microcolonies at the substratum of biofilms after treatment with CHAPk analyzed using COMSTAT.
S. Sample Name CHAPk
N
° Control Treated

Maximum Biomass Average volume of colonies at Maximum Biomass Average volume of colonies at
thickness (um®/ substratum (pm?®) thickness (pm3/ substratum (um?®)
(pm) pm?) (pm) pm?)

1. ATCC®BAA- 9.19 £+ 0.69 3.43017 22,294.32 7.59 + 1.03 2.53554 13,973.8535

44
2. SAl 17.25 + 1.84 7.24364 34,449.0273 3.19+0.34 1.02547 4288.4839

CHAPk domain is maintained in the chimeric endolysin CHAPk-SH3bk.
Additionally, the molecular docking studies showed the interaction of
the SH3bk domain with S. aureus cell wall teichoic acid component (D-
Ribitol-5-phosphate) using four amino acids. The MD simulation results
for the same represented a maximum of 5 hydrogen bonds between D-
Ribitol-5-phosphate and SH3b domain with 3 hydrogen bonds remain-
ing during most of the 100 ns run time. Also, in comparison to penta-
glycine; SH3bk showed a more stable interaction with D-Ribitol-5-
phosphate as can be observed from RMSF, RMSD, and Rg plots of both
the complexes. This interaction of the SH3b domain with the WTA
component can be explored for diagnosis of Gram-positive bacteria and
therapeutic studies as earlier explored in the case of Listeria spp. [36].
The CHAP domain alone formed a maximum of 6 hydrogen bonds with
Glycyl-D-Alanine and Chitin, whereas chimeric construct CHAPk-SH3bk
displayed interaction with peptidoglycan fragment using a maximum of
14 hydrogen bonds with a minimum of 8 hydrogen bonds during the run
time of 100 ns. This signifies a better interaction of the CHAPk-SH3bk
domain with the peptidoglycan layer of Gram-positive bacteria, which
may lead to better bacteriolytic activity of the chimeric construct than
the CHAPk domain alone. The solubility of a protein is important for its
stability and therapeutic usage [37]. In this study, the pET-22b(+)
vector was used to ensure that expressed CHAPk and CHAPk-SH3bk
were properly folded, purified, and soluble. The presence of N-termi-
nal pelB signal sequence facilitated the expression of proteins in the
periplasmic localization instead of inclusion body formation, which can
be easily purified with the help of C-terminal 6 x His-tag [38]. The
zymogram and diffusion lysis assay showed bacteriolytic activity of
expressed CHAPk and CHAPk-SH3bk by the development of clear zones
on heat-killed S. aureus. Also, the purified CHAPk and CHAPk-SH3bk
displayed lytic activity against clinical isolates of MRSA. The decrease
in the CFU/ml of MRSA bacteria with increased concentration of
endolysin CHAPk shows the effectiveness of this single-domain endo-
lysin against planktonic bacterial culture. The results of the bactericidal
activity assay results displayed no significant difference between the
activity of CHAPk and CHAPk-SH3bk when used in concentrations
0.015 pg/pl, and 0.05 pg/pl. However, a significant difference was
observed when 0.1 pg/pl (p < 0.05), and 0.2 pg/pl (p < 0.0001) of lytic
proteins were used for 2-h incubation period. Bactericidal assay results
displayed higher activity of CHAPk as compared to chimeric endolysin
CHAPKk-SH3bk with 2-logy¢ reduction in cell forming units in 2-h of
incubation. Earlier studies have reported the lytic activity of CHAPk
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domain in combination with cell wall binding domain like endolysin
PRF-119, and HY-133 composed of LysK CHAP domain and cell wall
binding domain of Lysostaphin [39,40]. It was found that both combi-
nations were effective against MRSA. While there are no previous
studies of CHAPk in combination with the LysK SH3b domain, this study
showed that the treatment of CHAPk-SH3bk for 24 h significantly
reduced MRSA by ~3.5-1og1¢ units (p < 0.05). Although, no significant
difference in the activity of CHAPk-SH3bk and CHAPk was observed in
the time-kill experiment for the first 8 h. Time kill kinetics results
showed that the lytic activity of CHAPK is retained in the presence of
SH3b domain in the construct CHAPk-SH3bk. Becker et al. [17]
demonstrated that the CHAP domain conjugated to LysK221and small
fragment of Amidase (amino acid 197-221) did not result in better lytic
activity but significantly increased in activity when CHAP is conjugated
to both amidase domain (amino acid 197-221) as well as SH3b domain.
This implies that the presence of the cell wall binding domain does not
necessarily inhibit the lytic activity of the enzymatically active domain
but rather enhances its activity. The temperature and pH play an
important role in the stability and activity of the protein for therapeutic
usage or biopreservation [41]. This study reports that CHAPk-SH3bk is
highly active at 4 °C and maintains its activity in the range of 20-37 °C,
which represents the optimal human body temperature. While CHAPk-
SH3bk is nearly inactive at temperatures above 50 °C, which is similar
to the activity of the CHAPk as determined by Fenton et al. [42]; with no
activity of CHAPk above 45 °C. The dependency of biological processes
on pH makes it necessary to determine the optimal pH for the activity of
expressed novel endolysin CHAPk-SH3bk. In this study, we found that
CHAPKk-SH3bk was active in the range pH 6-7.5 which is the normal
range for human body fluids. It was observed that at high acidic (pH 4)
and in alkaline pH (pH 8); the activity of CHAPk-SH3bk was decreased.
Conversely, Fenton et al. found CHAPk to be most active at pH 9
(Table S2) [42].

To analyze if the combination of SH3bk domain with CHAPk exhibits
enhanced lytic activity against sessile MRSA forming biofilm, four MRSA
isolated from bovine mastitis cases and one MRSA ATCC® BAA-44™
(isolated from hospital in Lisbon, Portugal) were selected. The results
displayed high biofilm reduction activity of CHAPk-SH3bk against
MRSA ATCC® BAA-44™, The CHAPk-SH3bk reduced ~33 % of the
biofilm formed with a concentration of 0.05 pg/ul over 24 h of incu-
bation, while there was no visible reduction on the preformed biofilm
due to the activity of CHAPk. The results displayed no significant
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349pm 9.90mm 10.4kx 135pm 6.99mm
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Fig. 7. SEM analyses of the lytic action of CHAPk, and CHAPk-SH3bk. (a—c) 24 h biofilm control (ATCC® BAA-44™), (d-f) ATCC® BAA-44™ biofilm treated with
0.05 pg/pl CHAPk-SH3bK, (g-i) 24 h biofilm control (SA4), (j-1) SA4 biofilm treated with 0.05 pg/pl CHAPk-SH3bk.
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difference between CHAPk negative control and CHAPk-treated biofilm
formed by ATCC® BAA-44™., There are no previous studies of the
antibiofilm activity of CHAPk on MRSA from human or hospital origin.
Olsen et al. [43] studied the effect of full endolysin LysK on biofilm
formed by S. aureus [SA113 (ATCC 35556)] isolated from conjunctiva,
corneal ulcer and found that LysK reduced >40 % of the biofilm formed.
Biofilm reduction activity of CHAPk against S. aureus of bovine origin (S.
aureus strain DPC5246) has been studied by Fenton et al. [44], and they
found that CHAPk (31.25 pg/ml) can remove Staphylococcal biofilm
completely with an incubation time of 4 h. In contradiction, the MRSA
isolates of bovine origin used in our study (SA2, SA3, and SA4) displayed
no significant difference in bacterial cell concentration before and after
CHAPK treatment and only a significant biofilm reduction of 47 % (P <
0.01) was observed against SA1 after CHAPk treatment. Whereas, in
comparison to CHAPk, CHAPk-SH3bk displayed a significant difference
in biofilm formation against two MRSA isolates SAl, and SA4. The
present study revealed the potential of novel chimeric endolysin CHAPk-
SH3bk against biofilm formed by MRSA bacteria of both hospital and
bovine origin with biofilm reduction ability ranging from 20 %60 %.
Also, CHAPk-SH3bk is more efficient in the removal of biofilms as
compared to CHAPk. This study recommends the use of CHAPk-SH3bk
for the lysis of biofilm-forming MRSA and destruction of preformed
MRSA biofilms on hospital related medical equipment, glassware’s. This
study also provides evidence that CHAPk-SH3bk should be studied and
explored more for the treatment of bovine mastitis associated-MRSA
resistant to antibiotics that is difficult to treat because of the biofilm
formation in the udder.

5. Conclusion

The present study demonstrated bioinformatic analysis, cloning,
expression, purification, and bacteriolytic activity of novel chimeric
endolysin CHAPk-SH3bk against planktonic and sessile MRSA. It was
found that CHAPk-SH3bk was more effective than CHAPk against pre-
formed biofilms of MRSA from hospital and bovine origin in in-vitro
conditions. Bactericidal and time-kill assay displayed that the presence
of cell wall binding domain SH3bk enhanced the activity of enzymati-
cally active domain CHAPk against sessile MRSA. Overall, this study
provides a reference for using CHAPk-SH3bk chimeric endolysin as an
alternative to antibiotics to combat MRSA-associated biofilms persistent
in hospital devices. Further studies are needed to exploit the full po-
tential of this chimeric endolysin in combination with other antimicro-
bial agents and explore its efficacy in in-vivo conditions for therapeutic
usage in MRSA-associated infections in animals and humans.
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