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Advances in the study of mycobacteriophage lysis cassettes and their related proteins
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Medical School, Henan University, Kaifeng, Henan 475004, China)

_ Bacteriophage has evolved a variety of lysis systems to digest the bacterial cell wall in order to release prog-
eny phages and carry out the next round of infection. Unlike the common endolysin-holin system, the lysis system of my-
cobacteriophages consists of LysinA, LysinB, and Holin proteins. The cell wall structure of a mycobacterium contains a-
typical Al gamma type peptidoglycan and a mycolic acid-rich outer membrane covalently attached to the arabinogalactan-
peptidoglycan complex. Lysin A hydrolyzes peptidoglycan, and Lysin B, a novel mycolylarabinogalactan esterase, cleaves
the mycolylarabinogalactan bond to release free mycolic acids. Holins are small molecular transmembrane proteins that
control the length of the infective cycle and are associated with a collapse of the membrane potential and permeabilization
of the membrane. This allows LysinA and LysinB proteins to gain access to the membranes substrate, the cell wall, im-
mediately resulting in destruction of murein and bursting of the cell. Addition of exogenous LysinA/LysinB does not re-
sult in the lysis of mycobacteria as it does with Gram-positive bacteria. This paper reviews advances in the study of pro-
teins related to the mycobacteriophage lysis system, with an emphasis on the conserved domain of the LysinA protein.

This paper will provide new ideas for research on and clinical use of mycobacteriophages and their related proteins.
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Table 1 Features of the putative mycobacteriophage LysinA domains
//
Domain Putative Activity Cleavage / binding site Mycobacteriophage example Ref.
GH25 glycoside hydrolase N-acetyl-3-D-glucosaminidase Mycobacteriophage Myrna [31]
GH19 glycoside hydrolase N-acetyl-g-D-glucosaminidase Mycobacteriophage D29 [32]
TRANG Transglycosylase N-acetyl-3-D-muramidase Mycobacteriophage Blue? [33]
Ami-2A Amidase N-acetylmuramoyl-I-alanine amidase Mycobacteriophage Tweety [34]
Ami-2B Amidase N-acetylmuramoyl-1-alanine amidase Mycobacteriophage Corndog [34]
PET-M15-4 peptidase m-DAP-m-DAP endopeptidase Mycobacteriophage Timshel [26]
PET-M23 peptidase m-DAP-m-DAPendopeptidase/ D-Ala-m-DAP (DD) endopeptidase Mycobacteriophage Giles [35]
PET-C39-2 peptidase D-glutamyl-m-diaminopimelic acid peptidase Mycobacteriophage Phlei [26]
NLPC-P60 peptidase -D-glutamyl-m-diaminopimelic acid (DL) peptidase Mycobacteriophage Dori [36]
NLPD peptidases unknown Mycobacteriophage Timshel [37]
PG-1 CBD Peptidoglycan-binding Mycobacteriophage Hertubise [38]
LYSM CBD recognizes the N-acetylglucosamine Mycobacteriophage Corndog [39]
LGFP CBD unknown Mycobacteriophage Barnyard [40]
CPL7 CBD unknown Mycobacteriophages Optimus [41]
(D B-N- PET-M23 (pfam01551) ,
( ) BN ( s, 2), , D-Ala  m-DAP(4R3)
LysinA -GH25 . ) 2(LECT2) M23
GH19, GH25 . . (28] NLPC-P60
N . GHI19 D-Glu
s m-DAP NIpC / P60
GH19 , Rv0024, Rv1477 .Rv1478 ,Rv1566¢c  Rv2190c,
(Transglycosylase, TG) . 29l - PET-C39-2 LysinA s
A LysinA s s D-Glu m-DAP
s TG Lysin s . PET-M15-4 -
» AR T7 TG Ala  D-Glu )
el . NLPD
(2) (Amidase, AMD : N- -1~ , Timshel
C 2, ) €] : LysinA
s . 4 :PG-1.LysM.CPL-7 LGFP, PG-1
, o a ) D-Asn . PG-1
o AMI-2, AMI ,
3, AMI5  AMI02-C s Aly Aly
AMI-2 , s , PG-1 Aly . LysM
-2A -2B, o s N N
(3) LysinA . s
. PET-M15-4, PET-M23, PET-C39-2, NLPC-P60  NLPD, Lol | LysM C1 .



Journal o f Pathogen Biology

2018 5 13 5
May 2018, Vol. 13, No. 5

N- . CPL-7
s Optimus  Baka
NLPC-P60/GH25/ Cpl-7., LGFP
s 54
o Barnyard Gp39 C
LGFP. LGFP Ag85

N
@,
D

MurNA¢

2

LGFP o

LGFP )

MurNAC
e

=D

e e

Aly

Fig. 2 The Aly peptidoglycan structure of M. tuberculosis cell wall

Rv3811

Ami2
LGFP

°

Tsukamurella phage TPA2

(Holin)-Gp4 Gp5,
3 -LysinB . Gp4 holin ,
s ( trans-membrane domain, TMD) , Gp4 N
s fazl] (signal-arrest-release, SAR) , A
a- /B . C60-90 . > (pinholin) R
, Gp5 TMD , C ,
s s Catalao Holin .
Lysin-Holin, . LysinB gpd  gp5. .
. , gpd > 8pd
B LysinB s . A Holin-Anti-
, LysinB . holin , Gp5 anti-holin R
LysinB , Gp4 Gpb ,
GXSXG b5l LysinB , . Holin LysinA
lysinB ,
AlysinB s lysinB o
. (Multidrug- resistant, MDR) (Extensively drug-
Chel2,Rosebush, Qyrzula Myrna, resistant, XDR) . (Total drug-resistant,
lysinB . AlysinB TDR) HIV s
, ) e
s o 7 s , N N ,U“{f"‘ﬂ .
(el | Ll Lae] (el | LysinA/LysinB,
P2101 BFK20, o LysinA  LysinB
LysinB s o s
4 -Holin s
Holin , . >
. Ms6 gpd  gpd , . .



2018 )

Journal o f Pathogen Biology May 2018, Vol. 13, No. 5

.

ol

nl
.

o LysinA , Ly
sinB .
s LysinA/LysinB
(D) s
, , DNA
bl Ala-Gly s a s
LysinA  LysinB el .
Rpf s
b7 (2)
SWU1  Gp39 ,
R [58—59]
(3) D29 PK34,
(Trehalose-6, 6-dimycolate, TDM) s
s PK34
s Leol LysinA/
LysinB s
[ )|

[1] Lambert N, Abdalla AE, Duan X, et al. Emerging drugs and
drug targets against tuberculosis[J]. ] Drug Target, 2017, 25
(4): 296—306.

[2] OFlaherty S, Ross RP, Coffey A. Bacteriophage and their lysins
for elimination of infectious bacteria[ J]. FEMS Microbiol Rev,
2009, 33(4). 801—109.

[3] Sybesma W, Pirnay JP. Silk route to the acceptance and re-imple-
mentation of bacteriophage therapy[J]. Biotechnol J, 2016, 11
(5): 595—600.

[4] Redondo RA, de Vladar HP. Evolutionary interplay between
structure, energy and epistasis in the coat protein of the
varphiX174 phage family[J]. ] R Soc Interface, 2017, 14(126)
247—156

[5] Koning RI, Gomez-Blanco J, Akopjana I, et al. Asymmetric cryo-
EM reconstruction of phage MS2 reveals genome structure in situ
[J]. Nat Commun, 2016(7): 12524—9.

[6] Young R. Bacteriophage lysis: mechanism and regulation[J]. Mi-
crobiol Rev, 1992, 56(3) . 430—81.

[7] Lella M, Mahalakshmi R. Solvation driven conformational transi-
tions in the second transmembrane domain of mycobacteriophage
Holin[J7. Biopolymers, 2016, 108(1); 1097—2012.

[8] Fernandes S, Sao-Jose C. More than a hole: the holin lethal func-
tion may be required to fully sensitize bacteria to the lytic action of
canonical endolysins[ J]. Mol Microbiol, 2016, 102(1); 92 —
106.

[9] Sao-Jose C, Parreira R, Vieira G, et al. The N-terminal region of
the Oenococcus oeni bacteriophage fOg44 lysin behaves as a bona
fide signal peptide in Escherichia coli and as a cis-inhibitory ele-
ment, preventing lytic activity on oenococcal cells[J]. J Bacteriol,
2000, 182(20): 5823—31.

[10] Briers Y, Peeters LM, Volckaert G, et al. The lysis cassette of

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

bacteriophage varphiKMV encodes a signal-arrest-release endoly-
sin and a pinholin[]J]. Bacteriophage, 2011, 1(1): 25— 30.

Pang T, Park T, Young R. Mapping the pinhole formation path-
way of S21[J]. Mol Microbiol, 2010, 78(3); 710—9.
Nakonieczna A, Cooper CJ, Gryko R.. Bacteriophages and bac-
teriophage-derived endolysins as potential therapeutics to combat
Gram-positive spore forming bacteria [ J]. J Appl Microbiol,
2015, 119(3): 620—31.

Yang H, YuJ., Wei H. Engineered bacteriophage lysins as novel
anti-infectives[ J]. Front Microbiol, 2014, 5(5): 542—7.
Summer EJ, Berry J, Tran TA, et al. Rz/Rzl lysis gene equiva-
lents in phages of Gram-negative hosts[J]. J Mol Biol, 2007, 373
(5): 1098—112.

Berry J, Summer EJ, Struck DK, et al. The final step in the
phage infection cycle: the Rz and Rz1 lysis proteins link the inner
and outer membranes[ J ]. Mol Microbiol, 2008, 70(2).: 341 —
51.

Catalao MJ, Gil F, Moniz-Pereira J, et al. The mycobacterioph-
age Ms6 encodes a chaperone-like protein involved in the endolysin
delivery to the peptidoglycan[J]. Mol Microbiol, 2010, 77(3):
672—86.

Catalao MJ, Gil F, Moniz-Pereira J, et al. The endolysin-bind—
ing domain encompasses the n-terminal region of the mycobacteri-
ophage ms6 Gpl chaperone[ J]. ] Bacteriol, 2011, 193(18): 5002
—6.

Lin L, Hong W, Ji X, et al. Isolation and characterization of an
extremely long tail Thermus bacteriophage from Tengchong hot
springs in Chinal[J]. J Basic Microb, 2010, 50(5); 452—6.
Chamakura KR, Tran JS, Young R. MS2 Lysis of Escherichia
coli depends on Host Chaperone DnaJ[J]. ] Bacteriol, 2017, 199
(12): 00058 —17.

Abdelhay ESFW, Catalao MJ, Milho C, et al. A second endoly-
sin gene is fully embedded in-frame with the lysa gene of mycobac-
teriophage Ms6[J]. PLoS One, 2011, 6(6): e20515.

Pedulla ML, Ford ME, Houtz JM, et al. Origins of highly mo-
saic mycobacteriophage genomes[]J]. Cell, 2003, 113(2): 171—
82.

Hatfull GF, Pedulla ML, Jacobs-Sera D, et al. Exploring the
mycobacteriophage metaproteome: phage genomics as an educa-
tional platform[]J]. PLoS Genet, 2006, 2(6): e92.

Doss J, Culbertson K, Hahn D, et al. A review of pPhage thera-
py against bacterial pathogens of aquatic and terrestrial organisms
[J]. Viruses, 2017, 9(3); 50—9.

Oliveira H, Melo LD, Santos SB, et al. Molecular aspects and
comparative genomics of bacteriophage endolysins[J]. J Virol,
2013, 87(8): 4558 —70.

Soding J. Biegert A, Lupas AN. The HHpred interactive server
for protein homology detection and structure prediction[ J]. Mol
Microbiol, 2005, 33(Web Server): W244—8.

Payne KM, Hatfull GF. Mycobacteriophage endolysins: diverse
and modular enzymes with multiple catalytic activities[ J]. PLoS
One, 2012, 7(3): e34052.

Miroshnikov KA, Faizullina NM, Sykilinda NN, et al. Proper-
ties of the endolytic transglycosylase encoded by gene 144 of
Pseudomonas aeruginosa bacteriophage phiKZ[ J]. Biochemistry
(Mosc) » 2006, 71(3): 300—5.

Zheng H, Miyakawa T, Sawano Y, et al. Crystal structure of
human leukocyte cell-derived chemotaxin 2 (LECT2) reveals a
mechanistic basis of functional evolution in a mammalian protein

with an m23 metalloendopeptidase fold[J]. ] Biol Chem, 2016,



anl

2018 5 13 5

Journal o f Pathogen Biology May 2018. Vol. 13, No. 5

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

291(33): 17133—142.

Manganelli R, Parthasarathy G, Lun S, et al. Rv2190c, an
NIpC/P60 family protein, is required for full virulence of Myco—
bacterium tuberculosis[J]. PLoS ONE, 2012, 7(8): e43429.

Uchara T, Dinh T, Bernhardt TG. LytM-domain factors are re-
quired for daughter cell separation and rapid ampicillin-induced ly-
sis in Escherichia coli[[J]. ] Bacteriol, 2009, 191(16): 5094 —
107.

Van WN, Drancourt M, Henrissat B, et al. Current perspec-
tives on the families of glycoside hydrolases of Mycobacterium tu-
berculosis : their importance and prospects for assigning function
to unknowns[ J]. Glycobiology. 2017, 27(2);: 112—22.

Walmagh M, Briers Y, dos Santos SB, et al. Characterization of
modular bacteriophage endolysins from Myoviridae phages OBP,
201phi2-1 and PVP-SE1[J]. PLoS One, 2012, 7(5); e36991.

Briers Y. Volckaert G, Cornelissen A, et al. Muralytic activity
and modular structure of the endolysins of Pseudomonas aerugi-
nosa bacteriophages KZ and EL[]J]. Mol Microbiol, 2007, 65
(5): 1334—44.

Pritchard DG, Dong S, Kirk MC, et al. LambdaSal and Lamb-
daSa2 Prophage Lysins of Streptococcus agalactiae[J]. Appl En-
viron Microb, 2007, 73(22). 7150—4.

Sudiarta IP, Fukushima T, Sekiguchi J. Bacillus subtilis CwlP of
the SP-B prophage has two novel peptidoglycan hydrolase do-
mains, muramidase and cross-linkage digesting dd-endopeptidase
[J7. ] Biol Chem, 2010, 285(53); 41232— 43,

Xu Q, Mengin-Lecreulx D, Liu XW, et al. Insights into sub-
strate specificity of NIpC/P60 cell wall hydrolases containing bac-
terial SH3 domains[ J]. MBio, 2015, 6(5): 02327 —14.

Stohl EA, Lenz JD, Dillard JP, et al. The gonococcal Nlpd pro-
tein facilitates cell separation by activating peptidoglycan cleavage
by AmiC[]]. J Bacteriol, 2016, 198(4): 615—22.

Schmitz JE, Schuch R, Fischetti VA. Identilying active phage
lysins through functional viral metagenomics[]J]. Appl Environ
Microb, 2010, 76(21): 7181—7.

Hu S, Kong J, Kong W, et al. Characterization of a Novel LysM
domain from lactobacillus fermentum bacteriophage endolysin and
its use as an anchor to display heterologous proteins on the sur-
faces of lactic acid bacteria[ J]. Appl Environ Microb, 2010, 76
(8): 2410—8.

Petrovski S, Seviour RJ, Tillett D. Genome sequence and char-
acterization of the tsukamurella bacteriophage TPA2[]J]. Appl
Environ Microb, 2011, 77(4). 1389—98.

Donovan DM, Foster-Frey J. LambdaSa2 prophage endolysin re-
quires Cpl-7-binding domains and amidase-5 domain for antimicro-
bial lysis of streptococci[ J]. FEMS Microbio Lett, 2008, 287
(1): 22—33.

Wei L, WuJ, Liu H, et al. A mycobacteriophage-derived treha-
lose-6,6-dimycolate-binding peptide containing both antimycobac-
terial and anti-inflammatory abilities. [J] FASEB J, 2013, 27(8):
3067—177.

North EJ, Jackson M, Lee RE. New approaches to target the
mycolic acid biosynthesis pathway for the development of tubercu-
losis therapeutics[J]. Curr Pharm Des, 2014, 20(27): 4357 —
78.

Gil F, Grzegorzewicz AE, Catalao M]J, et al. Mycobacteriophage
Ms6 LysB specifically targets the outer membrane of Mycobacte-

[45]

[46]

[47]

[48]

[49]

[53]

[54]

[55]

[56]

[57]

[58]

[60]

rium smegmatis[ J]. Microbiology, 2010, 156(5): 1497 —504.

Payne K, Sun Q. Sacchettini J, et al. Mycobacteriophage Lys-
inB is a novel mycolylarabinogalactan esterase[ J ]. Mol Microbiol,
2009, 73(3): 367—681.

Lané¢elle M-A, Tropis M, Daffé M. Current knowledge on my-
colic acids in Corynebacterium glutamicum and their relevance for
biotechnological processes[]J]. Appl Microbiol Biot, 2013, 97
(23): 9923—30.

Nishiuchi Y, Baba T, Yano I. Mycolic acids from Rhodococcus,
Gordonia, and Dietzia[ J]. ] Microbiol Methods, 2000, 40(1): 1
—9.

de Carvalho CCCR, Fischer MA, Kirsten S, et al. Adaptive re-
sponse of Rhodococcus opacus PWD4 to salt and phenolic stress on
the level of mycolic acids[J]. AMB Express, 2016, 6(1); 66—
73.

Marrakchi H, Lanéelle MA, Daffé M. Mycolic Acids: Struc-
tures, Biosynthesis, and Beyond[]J]. Chem Biol, 2014, 21(1):
67—385.

Catalao MJ, Gil F, Moniz-Pereira J, et al. Functional analysis of
the holin-like proteins of mycobacteriophage Ms6[J]. J Bacteriol,
2011, 193(11): 2793—803.

Valafar F. Pathogenesis of multi drug-resistant and extensively
drug-resistant tuberculosis as a determinant of future treatment
success[ J]. Int ] Mycobacteriol, 2016, 5(Suppl 1): S64—S65.

Vasava MS, Bhoi MN, Rathwa SK, et al. Drug development a-
gainst tuberculosis; Past, present and future. Ind J Tuberc,
2017, 64(4): 252—17.

Park S, Jun SY, Kim CH, et al. Characterisation of the antibac-
terial properties of the recombinant phage endolysins AP50-31 and
LysB4 as potent bactericidal agents against Bacillus anthracis. Sci
Rep., 2018, 8(1). 8—18.

Young R, Gill JJ. Phage therapy redux--What is to be done
[J]. science, 2015, 350(6265): 1163—4.

Lai X, Weng J., Zhang X, et al. MSTF: a domain involved in
bacterial metallopeptidases and surface proteins, mycobacterioph-
age tape-measure proteins and fungal proteins[J]. FEMS Micro-
biol Lett, 2006, 258(1). 78 —82.

Piuri M, Hatfull GF. A peptidoglycan hydrolase motif within the
mycobacteriophage TM4 tape measure protein promotes efficient
infection of stationary phase cells[J]. Mol Microbiol, 2006, 62
(6): 1569—85.

Dusthackeer A, Hassan VN, Kumar V. Tape measure protein
having MT3 motif facilitates phage entry into stationary phase
cells of Mycobacterium tuberculosis [ J]. Comput Biol Chem,
2008, 32(5): 367—09.

Yan S, Xu M, Duan X, et al. Mycobacteriophage putative GT-
Pase-activating protein can potentiate antibiotics[J]. Appl Micro-
biol Biotechnol, 2016, 100(18). 8169—77.

Li Q, Zhou M, Fan X, et al. Mycobacteriophage SWU1 gp39
can potentiate multiple antibiotics against Mycobacterium via alte-
ring the cell wall permeability[J]. Sci Rep. 2016(6): 28701 —6.
Wei L, Wu J, Liu H, et al. A mycobacteriophage-derived treha-
lose-6, 6-dimycolate-binding peptide containing both antimycobac-
terial and anti-inflammatory abilities J ]. FASEBJ, 2013, 27(8):
3067—77.

[ 1 2018-02-27 [ 1 2018-04-23



