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Abstract

Bacteriophage-derived endolysin enzymes play a critical role in disintegration of the host bacterial cell wall and hence have
gained considerable attention as possible therapeutics for the treatment of drug-resistant infections. Endolysins can target both
dividing and non-dividing cells and given the vital role peptidoglycan plays in bacterial survival, bacteria are less likely to
modify it even if continuously exposed to lysins. Hence, probability of bacteria developing resistance to lysins appear bleak.
Endolysins from mycobacteriophages offer great potential as alternative therapeutics for the drug-resistant TB. However,
considering that a large number of mycobacteriophages have been discovered so far, the information on endolysins come
from only a few mycobacteriophages. In this study, we report the structural and functional characterization of endolysins
(LysinA and LysinB) encoded by mycobacteriophage PDRPxv which belongs to B1 sub cluster. On in silico analysis, we
found LysinA to be a modular protein having peptidase domain at the N-terminal (104 aa), a central amidase domain (174
aa) and the peptidoglycan binding domain (62 aa) at the C-terminal. Additionally, ‘H-X-H’, which is a conserved motif and
characteristic of peptidase domains, and the conserved residues His-His-Asp, which are characteristic of amidase domain
were also observed. In LysinB enzyme, a single a/p hydrolase domain having a catalytic triad (Ser-Asp-His) and G-X-S-X-G
motif, which are characteristic of the serine esterase enzymes were predicted to be present. Both the enzymes were purified
as recombinant proteins and their antimycobacterial activity against M. smegmatis was demonstrated through turbidimetric
experiments and biochemical assay. Interesting observation in this study is the secretory nature of LysinA evident by its
periplasmic expression in E.coli, which might explain the ability of PDRPxv to lyse the bacterial host in the absence of
transmembrane Holin protein.
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Introduction

Mpycobacterium tuberculosis is responsible for about 1.5 mil-
lion deaths worldwide annually. It is also estimated that
2-3% of new cases and 12—-17% of reinfection cases are
multi-drug resistant (MDR) (World Health Organisation
2018). India has the highest rates of occurrence of tubercu-
losis and the second highest MDR TB burden in the world
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(https://www.tbfacts.org/tb-statistics-india/). This highlights
the need to devise new strategies to fight this deadly patho-
gen. Besides discovering and developing novel antibiot-
ics, use of biologicals such as phages as well as their lytic
enzymes (lysins), which are natural killers of bacteria are
gaining attention. Phage-derived endolysins are promising
because of their ability to act on cell walls even on exog-
enous application (Lai et al. 2015; Gerstmans et al. 2016;
Love et al. 2018). Hence, their usage as potential alterna-
tive antibacterial agents and their synergistic effect with the
existing antibiotics is being actively explored (Pastagia et al.
2013; Kim et al. 2018). Bacteriophages infecting Gram-
positive bacteria require holin and endolysin (LysinA) to
lyse the bacterial cell wall whereas phages that infect Gram-
negative bacteria need to have additional proteins to disrupt
the outer membrane (OM) as well (Gigante et al. 2017). This
is achieved by proteins called Spanins, which mediate the
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fusion of the cytoplasmic membrane with the outer mem-
brane thereby resulting in the removal of the last barrier for
the phages, to release and complete the lysis of the host cell
(Rajaure et al. 2015).

Mycobacterial cell exhibits a complex cell wall (envelop)
consisting of a cytoplasmic membrane surrounded by a pep-
tidoglycan layer covalently linked to the arabinogalactan-
peptidoglycan (mAGP) complex and mycolic acids (Chat-
terjee 1997; Bugg et al. 2011). Thus, bacteriophages that
infect mycobacteria have to overcome this complex barrier
for the release of viral progeny after the completion of lytic
cycle (Payne et al. 2009) (Fig. 1). Mycobacteriophages are
the phages that infect mycobacterial species and several of
them encode two endolysins, LysinA and LysinB, which act
on the peptidoglycan layer and on the mycolic acid—arabi-
nogalactan layer, respectively. To date, a large number of
phages infecting Mycobacterium spp. have been reported
worldwide (Hatfull 2012; Smith et al. 2013; Franceschelli
et al. 2014; Pope et al. 2015), but relatively fewer studies
have been carried out on the mycobacteriophage-encoded
endolysins (Payne et al. 2012; Grover et al. 2014; Lai et al.
2015; Fraga et al. 2019). Amongst these, endolysins from
D29 and Ms6 mycobacteriophages, which belong to A2 and
F1 sub-clusters, respectively, are the most reported ones
(Payne et al. 2009; Gil et al. 2010; Pohane et al. 2014).

In the present study, we describe cloning, overexpres-
sion, purification and functional characterization of LysinA
and LysinB endolysins derived from mycobacteriophage

Fig.1 Schematic representation
of the site of action of LysinA
(Pacman: Pink) and LysinB
(Pacman: Blue) enzymes on

the mycobacterial cell wall,
reproduced from Gerstmans

et al. (2016)
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PDRPxv, which belongs to B1 Sub-cluster (Sinha et al.
2020). To our understanding, this is the first report on Lysin
enzymes derived from a B cluster mycobacteriophage.

In silico analysis of lysin genes was carried out to charac-
terize their domain architecture and to identify the conserved
structural motifs. The anti-mycobacterial activity of LysinA
(and a mixture of LysinA & LysinB) was assessed using
turbidimetry assay, and the esterase activity of LysinB was
measured by in vitro assay using para-Nitrophenyl butyrate
(pNPB) as the substrate. We also identified a 6’*-like pro-
moter region upstream of the LysinA gene, suggesting its
putative role in expression of the endolysins during the late
infection cycle.

Materials and methods
Bacteria, chemicals and plasmids

All cloning steps were performed in Escherichia coli (E.
coli) DH5a strain, grown in Luria Bertani (LB) broth and
agar (HiMedia, India) at 37 °C. Mycobacterium smegma-
tis mc*155 was grown in Middlebrook 7H9 broth supple-
mented with 0.02% glycerol. The pET28a vector (Novagen,
USA) was a kind gift from Dr. S. Ramachandran (Institute
of Genomics and Integrative Biology, New Delhi). Primers
and analytical grade chemicals were purchased from Sigma-
Aldrich. Ni-NTA agarose and other PCR purification/
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plasmid isolation kits were obtained from Qiagen (Ger-
many). Phenylmethanesulfonylfluoride (PMSF) and other
chemicals were purchased from HiMedia Laboratories
(India).

In silico analysis

The putative endolysin gene sequences (gp51 & gp52) were
retrieved from the genome of mycobacteriophage PDR-
Pxv (Genbank Accession No. KR029087.1) and analysed
by Blastp, NCBI-CDD Search, InterProScan and HHPred
tools for homology based functional annotation (Altschul
et al. 1990; Soding et al. 2005; Jones et al. 2014; Marchler-
bauer et al. 2015). SignalP was used to find the presence of
signal peptide (Petersen et al. 2011) and prediction for non-
signal peptide triggered protein secretions was made using
SecretomeP (https://www.cbs.dtu.dk/services/SecretomeP/)
and ProtCompB (https://www.softberry.com). The recom-
mended threshold value for a prokaryotic sequence to have
non-signal peptide triggered protein secretion in SecretomeP
is 0.5. The 670 promoter was predicted using BPROM (https
://l'www.softberry.com).

Cloning and expression of endolysins

Genes coding for endolysins lysinA and lysinB were ampli-
fied by polymerase chain reaction using the following prim-
ers (Eurofins, India): LysAF 5'-ATG CCG GGA TCC ATG
CCC ATG CGC- 3"; LysAR 5'- GCG AAG CTT CTA CGG
TTT GAG GGC G-3'; LysBF 5'- AGG GGA TCC AGC
ATG ACA CAG -3'; LysBR 5'- CAC ACT CGA GCG CTA
CGC GGG CAG -3' and cloned in pMALc2x and pET28a
vectors, respectively. E. coli BL21 (DE3) cells were trans-
formed with the recombinant pET28a plasmids and the
transformed cells were grown in LB media (containing
50 pg/ml kanamycin) at 37 °C overnight. Similarly, E. coli
Rosetta-gami™ (DE3) pLysS cells were transformed with
the recombinant plasmid pMALc2x-LysA. Isolated colonies
of transformed cells were grown in LB media containing
100 pg/ml ampicillin and incubated at 37 °C overnight.

Transformed cells were grown in 5 ml LB at 37 °C for
3—4 h, till O.D.4y, reached ~0.4-0.6. An aliquot of the
uninduced E. coli culture was collected in a separate tube
and to the remaining culture, inducer isopropyl-1-thio-p-
D-galactopyranoside (IPTG) was added to a final concen-
tration of 0.1 mM. The culture was incubated further at
16 °C, overnight with shaking and the cells were harvested
by centrifugation at 8000 r.p.m for 10 min. The cell pellets
obtained from both uninduced and induced E. coli cultures
were resuspended in 1 X SDS-gel loading buffer and elec-
trophoresed on 12% SDS-PAGE. The protein bands were
visualized by staining the gel with Coomassie Brilliant Blue
R250.

Purification of endolysins
Purification of LysinA

LysinA was cloned in the expression vector pMALc2x hav-
ing maltose-binding protein (MBP) as the tag and expressed
in E. coli Rosetta-gami™ (DE3) pLysS cells. The recombi-
nant LysinA obtained in the soluble fraction was purified
by affinity chromatography. Briefly, the amylose resin (New
England Biolabs, USA) was equilibrated in the Column
buffer (25 mM Tris, 0.3 M NaCl, | mM EDTA, pH 7.9)
according to manufacturer’s instructions. The recombinant
LysinA obtained in soluble form was mixed with 2 ml of
amylose resin and incubated overnight at 4 °C. The protein-
matrix mixture was poured onto a Poly-Prep Chromatogra-
phy Column (Qiagen, Germany) and the flow through was
discarded. The column was washed with the column buffer
and the bound enzyme was eluted using column buffer con-
taining maltose (25 mM Tris, 0.3 M NaCl, 10 mM malt-
ose, pH 7.9). The eluted fractions were analyzed using 10%
SDS-PAGE.

Purification of LysinB

The recombinant plasmid pET28a-LysinB was expressed in
E. coli BL21 (DE3) cells; His-tagged LysinB was obtained
in the soluble fraction and purified by affinity chromatogra-
phy. Ni-NTA matrix (Ni-NTA agarose, Qiagen, Germany)
was equilibrated in the binding buffer (25 mM Tris, 0.5 M
NaCl, pH 7.9) according to manufacturer’s instructions. The
soluble fraction containing recombinant LysinB was mixed
with 2 ml of Ni-NTA matrix, incubated overnight at 4°C
and the enzyme-matrix mixture was poured onto a Poly-Prep
Chromatography Column (Qiagen, Germany). After discard-
ing the flow through, column was washed with wash buffer
I (25 mM Tris, 0.5 M NaCl, 20 mM imidazole, pH 7.9) fol-
lowed by wash buffer II (25 mM Tris, 0.5 M NaCl, 40 mM
imidazole, pH 7.9). Finally, the bound protein was eluted
using elution buffer (25 mM Tris, 0.5 M NaCl, 200 mM
imidazole, pH 7.9). The eluted fractions were analyzed using
12% SDS-PAGE.

Turbidimetric assay for the anti-M. smegmatis
activity of LysinA and LysinB

M. smegmatis cells (O.D.qy,~0.6) were resuspended in 7H9
media and incubated with LysinA and LysinB individu-
ally or in combination, and with BSA (negative control);
experiment was done in duplicate at a fixed concentration
of 100 pg/ml for each protein. Treated M. smegmatis cell
suspensions were incubated at 37 °C (with gentle shaking)
for 24 h in a 96 well microtiter plate. At the end of the incu-
bation period, O.D. was measured at 600 nm.

@ Springer


https://www.cbs.dtu.dk/services/SecretomeP/
https://www.softberry.com
https://www.softberry.com
https://www.softberry.com

83 Page4of11

World Journal of Microbiology and Biotechnology (2020) 36:83

Assay for the esterase activity of LysinB

LysinB activity was assayed as described by Gilham and
Lehner (2005), by measuring the release of pNP (p-Nitro-
phenyl) using p-Nitrophenyl Butyrate (pNPB) as the sub-
strate. The reaction mixture containing 20 mM Tris—HCI
pH 8.0, 100 mM NaCl, 0.1% Triton X-100, pNPB (50 uM)
and 2 pg of LysinB enzyme (in a final volume of 100 pl) was
incubated at room temperature for 30 min. pNP was deter-
mined by measuring absorbance at 420 nm and the amount
released was calculated using a standard curve. In the reac-
tion kept as control, all the components except LysinB were
included.

Periplasmic expression of PDRPxv LysinA

The periplasmic expression of LysinA was analyzed using
the Ueguchi and Ito (1990) method with slight modifica-
tions. E. coli Rosetta-gami™ (DE3) pLysS cells containing
pMALc2x-LysinA recombinant plasmid were grown in 5 ml
of LB media containing ampicillin (50 pg/ml) and chloram-
phenicol (34 pg/ml) to an O.Dg, of 0.6. Cells were induced
with 0.3 mM IPTG and grown for another 18 h at 16 °C. To
recover proteins secreted in the E. coli periplasm, the cell
pellet was resuspended in 2 ml of buffer, containing 20%
sucrose and 30 mM Tris—HCI. To this, 1 mM EDTA was
added and the cell suspension was vortexed for 5—-10 min at
room temperature. Cells were then centrifuged at 10,000xg
for 10 min and the pellet obtained was resuspended in 2 ml
of ice-cold 5 mM MgSO,, incubated in ice for 10 min and
centrifuged again to collect the supernatant containing peri-
plasmic fraction.

Western blotting of periplasmic fraction

Proteins present in the periplasmic fraction were separated
by 12% SDS-PAGE, transferred to a PVDF membrane and
blocked overnight at 4 °C with 5% BSA. Membrane was
incubated with mouse anti-MBP antiserum (Santacruz Bio-
tech, USA) and anti-mouse IgG HRP-conjugated antibody
for the identification of LysinA-MBP fusion protein in the
periplasmic fraction. Blots were developed using H,0, as
the substrate and 3,3'-diaminobenzidine as the chromophore.

Cloning of putative promoter sequence present
in proximity to endolysin genes

To experimentally test the activity of gp49 proximal to
lysinA (gp51) and lysinB (gp52) in PDRPxv genome and
identified as putative promoter region by using BPROM
tool, gp49 (564 bp) was cloned upstream to lacZ gene in
pSDS5B, a promoter less shuttle vector kindly given by Prof.
Vani Brahmachari (Dr. Ambedkar Center for Biomedical
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Research, University of Delhi). Oligonucleotide pair (Euro-
fins, India) Gp49 F: 5'- CGC TCT AGA AGC TCA CCA
CCC GGC CTT G - 3’ and Gp49 R: 5’ - CGC GCA TGC
ATG GCC ACC CCG TTC GAC - 3’ was used for the
amplification of the identified region. The amplicon and the
vector were digested with Xbal and Sphl restriction enzymes
and ligated using T4 DNA ligase. Ligated product was trans-
formed into E. coli DH5a cells. The transformants were
screened by colony PCR and recombinant plasmid contain-
ing Gp49 was confirmed by sequencing and was designated
as pPrLys.

Analysis of promoter strength

Recombinant plasmid pPrLys and the vector pSD5B were
electroporated separately in M. smegmatis mc*155 and
plated in M7H10 agar media containing 25 pg/ml kana-
mycin. M. smegmatis cells transformed with pPrLys/
pSDS5B were grown in 7H9 broth and O-Nitrophenyl-p-p-
galactopyranosidase (ONPG) assay was performed accord-
ing to Miller (1972) with some modifications. M. smegmatis
cells transformed with pSD5B were taken as the negative
control. Cell pellets obtained from 100 ml of M. smegmatis
culture were resuspended in 10 ml of assay buffer (0.1 M
sodium phosphate buffer, pH 7.0, 10 mM KCI, 1 mM
MgSO,, 50 mM B-mercaptoethanol). Cells were lysed by
sonication in ice (30 s on/30 s off mode) for 15 cycles, cen-
trifuged at 12,000 rpm and the supernatant was collected
in a fresh centrifuge tube. After estimating the total protein
present in the supernatant fraction by Bradford method,
200 pl of ONPG (4 mg/ml) was added to the supernatant
and incubated at 37 °C till the development of yellow color.
Reaction was stopped by adding 1 M Na,CO; and the release
of o-Nitrophenol was measured at A,,,. The assay was per-
formed in duplicate. Promoter activity was calculated using
the equation (Pathak et al. 2015):

Ay
Time X Volume

Activity (Mill its) = 1000 x
ctivity (Miller units) < ODoy

culture

Results
Location of endolysin genes on PDRPxv genome

LysinA (gp51) and lysinB (gp52) sequences (Fig. 2A, B)
were retrieved from PDRPxv genome (Genbank Acces-
sion No. KR029087.1). While SignalP prediction indicated
absence of a signal peptide in both the enzymes, Secrato-
meP analysis gave a score of 0.601 for LysinA and 0.308
for LysinB. Next, to identify the domains and their organi-
zation in LysinA, full-length protein sequence of Gp51
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Fig.2 A Predicted domains in A
LysinA enzyme of PDRPxv. PDRPxv
Modular structure of LysinA . . . . Cell wall bindina domai
enzyme from D29 and Ms6 M23 Peptidase domain Amidase domain ell wall binding domain
mycobacteriophages. B Pre- 21 125 159 333 367 429
dicted domain architecture of
LysinB enzyme from PDRPxv, aa 1 429
D29 and Ms6 mycobacterio-
phages Cysteine Protease like domain Lyzozyme like domain Cell wall binding domain
D29
1 156 177 360 381 493
a.a 1 L | 493
N-acetylmuramoyl-L-alanine amidase/PGRP domain
Ms6 158 312
aal 384
B
PDRPxv
Alpha/Beta hydrolase fold Glycine-richregion
104 277 321 353
[
aal __451
Alpha/Beta hydrolase fold Alpha/Beta hydrolase fold
D29 3 175 245 T 251
OO o —— ) 5 /]
41 169
Cutinase/acetylxylan esterase domain
Alpha/Beta hydrolase fold Alpha/Beta hfdrolase fold
Ms6 92 258 3241 330
a.a 332

(429 amino acids) was analyzed using Blastp and NCBI-
CDD, which showed the enzyme to be modular in struc-
ture with an N-terminal Peptidase domain (21-125 aa),
a central N-acetylmuramoyl-L-alanine amidase domain
(159-333 aa) and a C-terminal peptidoglycan recognition
protein (PGRP) conserved domain (cd06583), localized
between amino acid residues 367 and 429. On comparing
PDRPxv LysinA with its experimentally verified counter-
part in D29, we found domains at N- and C-terminal to be
similar in both the enzymes but the central domain in D29
is a lysozyme like domain (Pohane et al. 2014) (Fig. 2B).
The conserved H-X-H motif, which is a characteristic of
the metal-dependent endopeptidase family of enzymes/pro-
teins was also observed in the N-terminal region of LysinA
enzyme (Fig. 3A).

LysinB enzyme is a mycolylarabinogalactan esterase that
cleaves the ester linkage joining the mycolic acid-rich outer
membrane to arabinogalactan, releasing free mycolic acids

in mycobacterial species (Payne et al. 2009). Upon analyzing
the protein sequence of PDRPxv LysinB enzyme (451 amino
acids), a single o/} hydrolase domain, similar to that present in
LysinB from D29 and Ms6 was observed (Fig. 2B). The con-
served G-X-S-X-G motif (Ser177), which is a characteristic of
serine esterase enzymes and is considered to be important for
the activity of LysinB enzymes was also observed. Besides,
other catalytic residues such as aspartic acid (Asp267) and
histidine (His419) of the catalytic triad (Ser-Asp-His) that have
been reported in the serine esterases (Fig. 4) were also identi-
fied. Notably, gene coding for holin was not predicted either
in the vicinity of lysinA and lysinB genes or anywhere else in
the PDPRxv genome.
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Fig.3 Sequence alignment of LysinA enzymes of mycobacterio- tein sequence of LysinA from the mycobacteriophages belonging to
phages belonging to B1 sub-cluster (including PDRPxv) with Ms6 B1 sub cluster were compared with D29 and Ms6 LysinA protein
and D29. A Sequence alignment of residues predicted to be present sequences. Conserved residues are marked with dots (filled circle)
in the peptidase domain and B Sequence alignment of residues pre- and residues involved in the enzyme activity are marked with an
dicted to be present in the amidase domain of LysinA enzymes. Pro- asterisk (*)
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Oline ALPGL | AGVGGPGTGGA | FGPAAAAQAAILGMKFL FAG
< GIALAGAI IDALTFFAR
MSE e e e TIAITRAILDAGMF FAK -

Fig.4 Sequence alignment of residues predicted to be present in the
o/f hydrolase domain of LysinB genes of B1 sub-cluster mycobacte-
riophages (including PDRPxv) with those of Ms6 and D29. Sequence
alignment showed residues involved in the esterase activity of LysinB

Purification and functional characterization
of endolysins

LysinA gene was cloned in pMALc2x expression vector and
lysinB in pET28a. Both, the MBP-tagged LysinA and the
His-tagged LysinB (expressed in E. coli Rosetta-gami™
(DE3) pLysS and BL21 (DE3), respectively) yielded the
proteins in the soluble fraction. Purity of each recombi-
nant enzyme was above (90%) as analyzed by SDS-PAGE
(Fig. 5).

LysinA activity was studied using turbidimetry assay.
The effect of exogenous addition of LysinA (100 pg) to the
exponentially growing M. smegmatis cells was measured by
recording O.D.4,. LysinA enzyme alone showed 23% cell
lysis whereas in combination with LysinB enzyme (100 pg
each), 43% cell lysis was observed when compared to the
control. The esterase activity of LysinB enzyme was ana-
lysed using pNPB as the substrate, where release of pNP

enzymes to be conserved. Conserved residues are marked with dots
(filled circle) and residues involved in the enzyme activity are marked
with an asterisk (¥)

product was measured at 420 nm. Specific activity of LysinB
was found to be 0.56 U mg~! (Fig. 6).

Periplasmic expression of LysinA enzyme

To validate the secretory nature of LysinA as predicted by
SecretomeP, periplasmic fraction of E. coli cells express-
ing LysinA was extracted and analyzed by Western blot-
ting, using anti-MBP antibody. As evident in Fig. 7, the
presence of LysinA enzyme in the periplasmic fraction was
confirmed.

Cloning and in vivo functional assay of promoter
identified in proximity to endolysins

Analysis of regions flanking the endolysins in PDRPxv

genome had conveyed the presence of a putative 670-like
promoter sequence upstream of [ysinA gene (within the
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Fig.5 Expression and purification of LysinA and LysinB from
PDRPxv mycobacteriophage. A Agarose gel analysis of PCR ampli-
fied lysinA and lysinB genes. Lane M: DNA marker; Lane 1: lysinA
(1290 bp) and Lane 2: lysinB (1356 bp). B, C SDS-PAGE analysis
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Fig.6 Enzyme activity of PDRPxv encoded LysinA and LysinB. A
The activity of LysinA enzyme was studied by turbidimetric assay.
LysinA enzyme alone or in combination with LysinB was added to
M. smegmatis cells (~1x10° cells) and O.D.y,, was measured after

gp49 ORF), where — 10 region consisting of GGCCAT
CAT consensus sequences was found 200 bp upstream of
lysinA gene and — 35 region TCGGCA was found 223 bp
upstream to the gene. To verify the predicted promoter
region, this 564 bp (gp49) upstream region of the lysinA
gene was cloned as transcriptional lacZ fusion in a pro-
moter probe vector (pSD5B), resulting in the plasmid
‘pPrLys’. On conducting ONPG assay, PrLys was found
to induce P-galactosidase activity in M. smegmatis with
73.3 miller units (Fig. 8).
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of affinity purified recombinant LysinA and LysinB enzymes, respec-
tively. Lane M: Protein molecular weight markers; Lane 1: Purified
fraction. Molecular weight (90 kDa) of the purified protein seen in B
is inclusive of MBP tag (42.5 kDa) and LysinA (47.5 kDa)

LysinB Specific activity (U mg?) Reference
PDRPxv 0.56 This study
D29 0.72 Payne et al., 2009
Ms6 0.12 Gil et al., 2008

48 h of incubation. LysinA showed 23% cell lysis; LysinB showed
34% lysis, and LysinA+LysinB showed 43% cell lysis, B Specific
activity (U mg™!) of LysinB enzymes from PDRPxv (0.72), D29
(0.56) and Ms6 (0.12) depicted. Experiments were done in duplicate

Discussion

Mycobacterial infections are proving to be increasingly
difficult to treat with the growing incidence of multidrug-
resistant strains and due to an excruciatingly slow pace of
discovery of new TB drugs. In this context, bacteriophage-
derived endolysins are gaining notice as promising alter-
native/adjuncts to the antibiotics. Owing to their crucial
role in breakdown of the cell wall for releasing the phage
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Fig.7 Periplasmic expres- A

sion of LysinA. a SDS-PAGE

analysis of periplasmic fraction

isolated from E. coli Rosetta- 1
gami™ (DE3) pLysS express-

ing pMALc2x-LysinA. Lane

1: Unstained protein marker; 116kDa—> |

Lane 2: Periplasmic fraction. b

Western blot analysis of peri- 65kDa—>

plasmic fraction. Lane 1: Pre-

stained protein marker: Lane 2:

Periplasmic fraction containing 45kDa— .

LysinA enzyme identified using

anti-MBP antiserum 35kDa—>
25kDa—»
18kDa—»

TCGGCACCGGTGGCCTTGGCCTTGGCCATCAT
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Fig.8 ONPG Assay for measuring the activity of the putative pro-
moter (gp49). The x-axis represents the control (M. smegmatis-
pSD5B) and M. smegmatis-pPrLys promoter and the y-axis repre-
sents promoter activity in Miller units. The experiments were done
in duplicate

progeny (Borysowski et al. 2006), endolysins cause lysis
of the host bacteria at the end of the infection cycle. The
presence of mycolic acid in the mycobacterial cell wall
poses an additional barrier for the phages to escape the
infected cell and therefore in addition to LysinA, myco-
bacteriophages also have LysinB enzyme. In this study,
we performed functional analysis of LysinA and LysinB
encoded by mycobacteriophage PDRPxv, which is a dou-
ble-stranded lytic DNA mycobacteriophage, belonging to

B
1 2
— 130kDa—> +
pa <_90 kDa 100kDa» W P— ;(y)sli(nDA
70kDa—» a
55kDa—>}....

B1 sub-cluster of Siphoviridae family (Sinha et al. 2020).
Its genome size is 69,171 bp with a GC content of 66%.

Lysis cassettes in phages are generally situated at differ-
ent chromosomal locations (Payne et al, 2009) with LysinB
gene being present downstream to LysinA in all the cases.
Both the genes are invariably linked and present either
towards left side of the structural genes (like in D29 and
Bxz2 mycobacteriophages) or on the right side (as seen
in PDRPxv in this study) (Fig. S1). In PDRPxv genome,
gp5S1 and gp52 genes code for endolysins lysinA and lys-
inB, respectively. While the gene size of lysinA (1290 bp)
from PDRPxv was comparable to D29 (1482 bp) and Ms6
(1155 bp) mycobacteriophages, lysinB (1355 bp) gene was
considerably larger than its counterpart in D29 (765 bp)
and Ms6 (999 bp) (Payne et al. 2009; Pohane et al. 2014).
We also observed a stretch of glycine-rich region towards
the C-terminal of LysinB. To understand if this feature is
observed in other phages too, we examined the reported
LysinB protein sequences and found glycine-rich region
to be a common feature in phages belonging to B1 sub
cluster. This is an interesting observation, though we
don’t yet understand its significance. While the domains
in endolysins are usually conserved (Drulis-Kawa et al.
2015), the lysin enzymes are known to exhibit consider-
able divergence in their nucleotide and protein sequences.
The analysis of PDRPxv LysinB shows a single a/f hydro-
lase domain similar to that present in LysinB from D29
and Ms6 (Fig. 3B). Also, by multiple sequence alignments,
we found it to show less than 20% identity with D29 and
Ms6 LysinB protein sequence; though, the G-X-S-X-G
motif (Fig. 4), which is a characteristic of serine esterase
enzymes (Gil et al. 2010; Henry et al. 2011) was present
in all the three enzymes.
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In LysinA enzymes, essentially four types of activities
have been reported, based upon the bond in the peptidogly-
can layer they act upon. These are: (i) lysozymes (ii) trans-
glycosidases (iii) amidases and (iv) endopeptidases (Oliveira
et al. 2013; Love et al. 2018; Cataldo and Pimentel 2018).
Protein sequence analysis of LysinA from PDRPxv showed
the presence of the conserved H-X-H motif, which is a
characteristic of the metal-dependent endopeptidase fam-
ily of enzymes/proteins. The presence of His179, His301,
and Asp313, which appear to be the conserved residues in
amidase domain (Fig. 3A and Fig. 3B) were also observed.
On comparing PDRPxv LysinA from those from Ms6 and
D29, we found that while LysinA in PDRPxv and D29 are
modular, their counterpart in Ms6 has a single domain
which possesses both N-acetylmuramoyl-L-alanine amidase/
PGRP domain in its central region (Fig. 2A). Although the
predicted variations in the domain architecture of LysinA
enzymes from the three mycobacteriophages are notewor-
thy, however the fact that these phages belong to different
clusters perhaps also needs to be considered before the sig-
nificance of their structural variability could be assessed.

To experimentally validate the results obtained from com-
putational analysis, LysinA and LysinB genes were cloned
in expression vectors and the predicted promoter region was
cloned in a promoter probe vector (pSD5B). The esterase
activity of recombinant LysinB enzyme (cloned in pET28a
vector) showed a specific activity of 0.56 U mg~", which is
comparable to the activity of LysinB observed in D29 (0.72
U mg™!) and Ms6 (0.12 U mg~!). When LysinA was cloned
in pET28a vector, it was consistently obtained in insolu-
ble form even under varied conditions of incubation tem-
perature, concentration of inducer etc. (unpublished data).
Therefore, LysinA gene was cloned in expression vector
pMALc2x, which yielded the recombinant protein in soluble
form. Interestingly, we observed the expressed recombinant
LysinA to cause partial lysis of E. coli cells when expres-
sion was induced using IPTG. Though we did not find the
signal peptide in LysinA, a score of 0.610 in SecretomeP
(higher than the recommended threshold value of 0.5 for a
prokaryotic sequence to have non-signal peptide-triggered
protein secretion) indicated secretory nature of the protein.
The periplasmic expression of LysinA was confirmed by
Western blotting (Fig. 7) which explain its access to pepti-
doglycan and thus the ability to cause damage to the bacte-
rial cell wall. This also expounds how intracellular LysinA
translocate in the absence of holin in PDRPxv and act upon
the peptidoglycan.

Finally, the purified recombinant LysinA and LysinB were
tested for their ability to kill M. smegmatis cells. We found
that the combination of two enzymes was more effective than
LysinA alone, thus confirming that the enzymes work together
towards the lysis of mycobacterium for the release of phage
progeny. Similar observation has been made earlier (Payne

@ Springer

et al. 2009), where co-treatment with LysinA and LysinB pro-
teins showed improved cell lysis. It is pertinent that regulation
of the synthesis of endolysins should be stringent since they
are critical for determining the time of bacterial cell lysis (Gar-
cia et al. 2002). While in L5 mycobacteriophage, genes that
encode ‘host lysis’ and the ‘structural proteins’ are transcribed
as a single operon, in Ms6 mycobacteriophage, they are not
(Brown et al. 1997). In PDRPxv, we predicted a putative 670-
like promoter sequence upstream to lysinA and experimen-
tally demonstrated it to have regulatory activity through the
expression of the B-galactosidase reporter gene. The proximal
location and the demonstrated activity (Fig. 8) suggest that the
promoter sequence might be playing a role in the expression
of Lysin enzymes, though more experimental data would be
required for it to be certain.

To conclude, we have highlighted some of the unique prop-
erties of PDRPxv mycobacteriophage-derived endolysins,
and made a broad comparison with the endolysins previously
described from other mycobacteriophages. In addition, experi-
mental validation by demonstration of biochemical and anti-
bacterial activity of both LysinA and LysinB further support
the opinion that co-treatment with endolysins could be a pos-
sible option for combating mycobacterial pathogens.
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