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The intermolecular interactions of the mycobacteriophage Ms6 secretion chaperone with endolysin were
characterized. The 384-amino-acid lysin (lysinsg,)-binding domain was found to encompass the N-terminal
region of Gpl, which is also essential for a lysis phenotype in Escherichia coli. In addition, a GXXXG-like motif
involved in Gpl homo-oligomerization was identified within the C-terminal region.

Mycobacteriophages, phages that specifically infect myco-
bacteria, have evolved remarkable and sophisticated lysis
mechanisms to overcome the disadvantage that the mycobac-
terial complex cell envelope represents for a successful infec-
tive cycle (1, 11). Mycobacteriophage Ms6 is a temperate dou-
ble-stranded DNA bacteriophage (15) with an unusual lysis
cassette: in addition to the endolysin-holin lysis system en-
coded by genes lys4 (gp2) and gp4 and gp5 (2, 7), the

Ms6 lytic region comprises two accessory lysis proteins en-
coded by genes gp! and gp3 (lysB). The lysB gene encodes a
lipolytic enzyme that was shown to hydrolyze the ester bond
between the mycolic acids and the arabinogalactan in the my-
colyl-arabinogalactan-peptidoglycan complex, compromising
the stability of the mycobacterial outer membrane (8, 9, 13).
The Ms6 lysis mechanism is also unique in that the endolysin
(LysA) does not possess an N-terminal signal sequence which

TABLE 1. Strains, oligonucleotides, and plasmids used in this study

S“?‘“’ plasmlfi, or Description or sequence (5'-3")" Reference
oligonucleotide or source
Bacteria (Escherichia coli)
JM109 recAl endA1 gyr96 thi hsdR17 supE44 relA1A(lac-proAB) [F' traD36 proAB lacI"ZAM15] Stratagene
BL21 F~ ompT hsdSg (rg~ mg™) gal dmc Novagen
BL21(DE3) F~ ompT hsdSg (15~ mg ™) gal dmc (DE3) Novagen
XL1-Blue endAl gyrA96(Nal") thi-1 recAl relAl lac glnV44 ¥'[::Tnl0 proAB™ laclA(lacZ)M15] hsdR17 (g~ mg ") Stratagene
Plasmids
pQE30 Expression vector; TS promoter; Amp*, lacl? Qiagen
pET29b(+) Expression vector; T7 promoter; Kan" Novagen
pMIJC1 gpl cloned in pET29b 1
pMICI1A1-84bpgp! gpl with 84-bp deletion at the 5" end cloned in pET29b This study
pMIC1A85-157bpgpl gpl with 72-bp central deletion cloned in pET29b This study
pMIJC1A158-221bpgpl gpl with 63-bp deletion at the 3’ end cloned in pET29b This study
pMIJC3 gpl and lysA cloned in pET29b 1
pMIC3A1-84bpgp! gpl with 84-bp deletion at the 5" end and lys4 cloned in pET29b This study
pMIC3A85-157bpgpl gpl with 72-bp central deletion and lys4 cloned in pET29b This study
pMIJC3A158-221bpgpl gpl with 63-bp deletion at the 3’ end and lys4 cloned in pET29b This study
pMP320 gpl and lysA cloned in pQE30 1
pMP320A1-84bpgp! gpl with 84-bp deletion at the 5’ end and lys4 cloned in pQE30 This study
pMP320A85-157bpgp1 gpl with 72-bp central deletion and lys4 cloned in pQE30 This study
pMP320A158-221bpgp! gpl with 63-bp deletion at the 3’ end and lys4 cloned in pQE30 This study
Oligonucleotides
PrA1-84bpgplfwd GGTACCCTGGTGCCACGCGGTTCCATGGCGATATCGGATCCCGAGAACCTGCCCGACCTGT This study
CCAAC
PrA1-84bpgpIrv GTTGGACAGGTCGGGCAGGTTCTCGGGATCCGATATCGCCATGGAACCGCGTGGCACCAG This study
GGTACC
PrA85-157bpgp1fwd CGACCGAATCGCCGACAGGATCGCCGCGCAAGTCATGGACATCATCGACAGCG This study
PrA85-157bpgplrv CGCTGTCGATGATGTCCATGACTTGCGCGGCGATCCTGTCGGCGATTCGGTCG This study
PrA158-221bpgpIfwd GCGAAACTCCCCGACCTGACCAACCTTCCAGGGAGCAAACGGTGACC This study
PrA158-221bpgpIrv GGTCACCGTTTGCTCCCTGGAAGGTTGGTCAGGTCGGGGAGTTTCGC This study

“ The GenBank accession number for Ms6 lysis genes is AF319619.
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FIG. 1. Ms6 Gpl homo-oligomerization. Protein extracts from of E. coli BL21(DE3) expressing Gpl (Gpl,_.77,,)or Gpl deletion proteins were
cross-linked with different bis(sulfosuccinimidyl)suberate (BS®) concentrations as previously described (1). Proteins were detected by Western blotting
with an anti-His antibody. Predicted molecular masses (in kDa) of the Gp1 homo-oligomers are indicated to the left of the panels. Oligomerization bands

are indicated by arrows.

would allow the transport via the host Sec system, as it happens
with endolysins exported in a holin-independent manner. Our
previous results have shown that translocation of Ms6 LysA is
assisted by the gene product of gpl, a chaperone-like protein.
Gpl specifically binds the N-terminal 60 amino acids of the
Ms6 endolysin and allows the enzyme access to its substrate,
the peptidoglycan, by somehow facilitating its secretion across
the cytoplasmic membrane independently of Ms6 holin-like
protein activity (1, 2).

Even though lys4 was shown to encode two proteins (3), the
384-amino-acid lysin (lysinsg,) and lysin,,;, with lysin,,, result-
ing from the use of an internal, in-frame translation initiation
site within the lys4 gene, only lysin,g, interacts with Gpl (1).
However, both forms of the endolysin are essential for the
normal timing, progression, and completion of host cell lysis.
The secretion state seems to rely on specific binding of Gp1 to
the endolysin, as in the absence of the chaperone, the enzyme
stability is severely affected during Mycobacterium smegmatis
infection (3).

The central and C-terminal regions of Gpl are involved in
homo-oligomerization. In a previous study, we observed that
Gpl1 oligomerizes up to pentamers, an important feature for its
role in mycobacterial lysis, as Gpl homo-oligomers interact
with Ms6 endolysin during phage infection of M. smegmatis (1).
To determine the region involved in homo-oligomerization,
deletions of the N-terminal, central, or C-terminal Gp1 region
were generated by a QuikChange site-directed mutagenesis

protocol for large deletions (Stratagene) (16, 20). Deletions
were performed on a pET29 derivative plasmid that harbors
the gpl gene (pMJC1) (1), yielding plasmids pMICIA1-
84bpgpl, pMIC1A85-157bpgpl, and pMICI1A158-221bpgpl
(Table 1). Loss of the first 28 amino acids (Gp1A1-28) was not
sufficient to abrogate oligomerization, and a cross-linking pat-
tern identical to the wild-type Gpl was observed (Fig. 1A and
B). However, removal of the central 24 amino acids (Gp1A29-
52) resulted in an altered cross-linking pattern with monomeric
and dimeric form accumulation (Fig. 1C). In addition, deletion
of the 21 amino acids (Gp1A53-73) at the C terminus elimi-
nated the interaction (Fig. 1 D), which suggests that both the
central and C-terminal domains are important for Gp1 oligo-
merization. Both experimental and statistical searches for spe-
cific motifs that mediate transmembrane helix-helix interac-
tions showed that motifs of two small amino acids can assist but
are not sufficient to mediate transmembrane helix interactions:
two glycine residues separated by three intervening residues
(GXXXG) are often found to mediate specific interactions of
a-helices (6, 18, 19). The C-terminal regions of Gpl and re-
lated proteins of F1 subcluster mycobacteriophages except for
phages Boomer and Ramsey (Fig. 2A) have a potential a-helix
with a GXXXG-like motif (G,,GILG,,) that might serve as
the basis for homotypic helix interactions and stabilization of
intramolecular interactions within Gpl (Fig. 2B).

LysA binding requires the N-terminal region of Gpl. The
region of binding of Ms6 lysinsg, to its chaperone has been



5004 NOTES
A) Lysin,g, Gp1
OLIGOMERIZATION
BINDING DOMAIN DOMAIN
-+ + -+ -+ -+ - - -— + - = = a4 .
g o swonorvacsoo.

Helix e > R >

B) AxxxAxxxA Motif

Gp29Llij = mmmmmmmmemeed MDRLGIILLKLLGPLADRIADRIADRITENLPDLSDLDDQIVAKLPD 47

GP29PMC ~ —mmmmmmmmm—oo MDRLGIILLKLLGPLADRIADRIADRITENLPDLSDLDDQIVAKLPD 47

GplMs6 0 - MDRLGIVLLKLFGPLADRIADRIADRIAENEPDLSNEDDOIVAKEPD 47

Gp28Fruitloop —--=—-—----=-- MDRLGIILLKLFGPLADRIADRIADRIAENLPDLSNLDDQIVAKLPD 47

Gp30Wee MRGVFLCPKGTPDMDRLGI I LLKLLGPLADRIADRIADRITENLPDLSNLDDQIVAKLPD 60

Gp28Ardmore MRGVFLCPKGTPDMDRLGI ILLKLLGPLADRIADRIADRITENLPDLSNLDDQIVAKLED 60

Gp29Tweety MRGVFLCPKGTPDMDRLGI ILLKLLGPLADRIADRIADRITENLPDLSNLDDQIVAKLED 60

Gp29Paccd0 ——mmm—mmmmmoo MDRLGIILLKLLGPLADRIADRIADRITENLPDLSDLDDQIVAKLPD 47

Gp31Che8 = —mmmmmmmmmee MDRLGIILLKLLGPLADRIADRIADRITENLPDLSDLDDQIVAKLPD 47

Gp30Boomer ~  ————————--m—— MDRLGIILLKLLGPLADRIADRIADRITENLPDLSDLDDQIVAKLPD 47

Gp30ORamsey ~  ————=—----——— MDRLGIVLLKLFGPLADRIADRIADRIAENLPDLSDLDDQIVAKLED 47

* ok ok ok k ok s * kK ok : dhkhkhkkhkhkhkhkhkhkkhkhkhxk s * ok k ok kkk s dhkkkkkkkkkk

GxxxG Motif

GpP29L1ij LTNLPAQVVDIIDGALRSIPVLGGILG-SKR 77

Gp29PMC LTNLPAQVVDIIDGALRSIPVLGGILG-SKR 77

GplMs6 EENEPAQVMDIIDSALRSIPVLGGILG-SKR 77

Gp28Fruitloop LTNLPAQVVDIIDGALRSIPVLGGILG-SKR 77

Gp30Wee LTNLPAQVMDIIDGALRSIPVLGGILG-SKR 90

Gp28Ardmore LTNLPAQVMDI IDGALRSIPVLGGILG-SKR 90

Gp29Tweety LTNLPAQVMDIIDGALRSIPVLGGILG-SKR 90

Gp29Pacc40 LTNLPAQVVDIIDGALRSIPVLGGILGGSKR 78

Gp31Ches LSNLPEQVINIIDGALRSIPVLGGILG-SKR 77

Gp30Boomer LTNLPEQVINIIG-RLPRFPFL---LG-GKP 73

Gp30Ramsey LTNLPERVINIIG-RLPRFPFL---LG-GKP 73

kakkk ke okk * sk

*k o x

FIG. 2. (A) Gpl secondary structure protein prediction according to the Chou and Fasman algorithm (4, 5; http://www.biogem.org/tool/chou
-fasman/). Charged residues in the Gpl amino acid sequence are indicated by + or —. N-terminal lysinsg,-binding and C-terminal homo-
oligomerization domains on Gpl are indicated in gray boxes. (B) CLUSTALW alignment of Ms6 Gpl (AAG48317) with similar sequences of
members included in subcluster F1, namely, Llij Gp29 (ABD58248), PMC Gp29 (ABE67530), Fruitloop Gp28 (YP002241713), Wee Gp30
(YP004123852), Ardmore Gp28 (ACY39910), Tweety Gp29 (YP001469262), Pacc40 Gp29 (YP002241613), Che8 Gp31 (NP817369), Boomer
Gp30 (YP002014246), and Ramsey Gp30 (YP002241817) (the primary accession numbers in the UniProtKB/TrEmb1 database are given in
parentheses). Identical (*), highly similar (:), and similar (-) amino acids are indicated. Numbers refer to the amino acids positions. The
AXXXAXXXA and GXXXG motifs are indicated in bold above the protein amino acid sequence. N-terminal/C-terminal and central Gpl

deletions are indicated by pale and dark gray shading, respectively.

already determined (Fig. 3A) and encompasses the N-terminal
region of the enzyme, which is sufficient for the interaction (1).
To further characterize this interaction, we deleted the same
regions in gpl, as described above but using plasmid pMJC3,
which harbors the gpI and lys4 genes. The shortened proteins
were expressed from the generated plasmids pMJC3Al-
84bpgpl pMIC3A85-157bpgpl, and pMIC3A158-221bpgpl
(Table 1) and cross-linked with the wild-type lysinsg, as previ-
ously described (1). We observed that neither the loss of the
central 24 amino acids (Gp1A29-52) (Fig. 3C) nor the loss of
the C-terminal 21 amino acids (Gp1A53-73) of Gp1 (Fig. 3D)
was sufficient to abolish the interaction, even though deletion
of the Gpl C-terminal domain decreased lysin,g, binding (Fig.
3D), presumably because this region is involved in Gpl homo-
oligomerization. Conversely, removal of the N-terminal 28
amino acids of Gpl (Gp1lA1-28) resulted in loss of Gpl and
lysin,g, hetero-oligomerization, which indicates that lysin,g, no
longer binds (Fig. 3B). In addition to the GXXXG motif, an
AXXXA motif has been also identified in o-helical interac-
tions in soluble proteins (12, 17). Of note is the fact that the
N-terminal regions of Gpl and related proteins also possess an
AXXXAXXXA sequence (A,;,DRIA,,DRIA,,) within the
a-helix (Fig. 2A and B), which led us to think that it may

stabilize intermolecular interactions between the endolysin
and Gpl1 subunits.

E. coli lysis requires the N-terminal region of Gpl. Besides
determination of the Gpl1 regions that interact with LysA, inves-
tigation of its contribution to the lysis phenotype is also impor-
tant. Wild-type Gpl and mutant proteins were coexpressed with
wild-type lysinag, in Escherichia coli, under the control of a TS
promoter by using derivative plasmids of pMP320 (a pQE30
[Qiagen] derivative that harbors gpl and lysA genes) (2).
Deletions of the N-terminal, central, and C-terminal Gpl
regions were made as described above, generating
plasmids pMP320A1-84bpgpl pMP320A85-157bpgpl, and
pMP320A158-221bpgp1 (Table 1). E. coli IM109 carrying plas-
mid pQE30 or the derivative plasmids was grown in LB broth
at 37°C until the optical density at 600 nm (ODy,) was 0.2 to
0.3. At time zero, transcription of cloned genes was induced
with 1 mM IPTG (isopropyl-B-D-thiogalactopyranoside). Ex-
pression of wild-type Gpl and lysinsg, resulted in cell lysis,
beginning 20 min after induction (Fig. 4). However, this phe-
notype was not observed when the N-terminal region of Gpl
was absent (Fig. 4). This result strengthens the hypothesis that
Gpl binding to lysinsg, is required for a lysis phenotype. In-
terestingly, removal of the central 24 amino acids of Gpl
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FIG. 3. Interaction of different regions of S-tagged Gpl with
lysinsg,. BS® cross-linking of E. coli lysates expressing lysinsg, and
wild-type Gpl (Gply.77..) (A), Gpl1A1-28 (B), Gp1A29-52 (C), or
GplA53-73 (D). Cross-linking experiments were performed as pre-
viously described (1). The numbers to the left are molecular masses
(in kDa).

results in an accentuated lysis phenotype in E. coli cells, pre-
sumably due to an increase of the Gp1 hydrophobicity (Fig. 4).
In addition, deletion of the C-terminal Gpl region results in
growth inhibition; however, a lysis phenotype could not be
observed (Fig. 4), suggesting that Gp1 homo-oligomerization is
required for LysA access to the peptidoglycan.

The data presented herein indicate that Gpl interaction
with lysinsg, requires the N-terminal region of the chaperone,
and the relevant region has been narrowed to amino acids 1 to
28: deletion of this region completely abolishes hetero-oligo-
merization between the two proteins and also hinders E. coli
lysis. However, additional studies in mycobacteria are needed
due to the lack of information regarding the physiological
levels and localization of Ms6 lysis proteins in M. smegmatis
and the limitations that exist when employing overexpression
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FIG. 4. Effect of lysinsg, expression with Gpl and Gpl deletion
derivatives on E. coli growth. E. coli IM109 carrying plasmid pQE30
with no insert or cloned genes was grown in LB broth at 37°C to an
ODy of 0.2. At time zero, transcription of cloned lysis genes was
induced with 1 mM IPTG. Culture turbidity was monitored at 600 nm.
At the time indicated by the arrow, 2% CHCI; was added to cultures.
@, GplA1-28-lysinsg,, uninduced; ¢, GplA1-28-lysinsg,, induced; A,
Gpl1A29-52-lysin,g,, uninduced; A, GplA29-52-lysinsg,, induced; X,
GplA53-73-lysinsg,, uninduced; X, GplA53-73-lysinsg,, induced; M,
wild-type Gp1-lysinsg,, uninduced; [, wild-type Gp1-lysinsg,, induced.

systems. To date, at least 80 mycobacteriophage genome se-
quences are available in GenBank (14); however, excepting the
study on mycobacteriophage Ms6 endolysin translocation (1,
2), little is known about how the mycobacteriophage lytic en-
zymes, the endolysin LysA, and the lipolytic enzyme LysB are
localized to their substrates. Concerning the sequence similar-
ity of the lysis regions of mycobacteriophages grouped in sub-
cluster F1 and Ms6, we conceived that the molecular mecha-
nisms underlying F1 mycobacteriophage lysis of mycobacteria
are identical. We propose that N-terminal interactions linking
lysinsg, and the secretion chaperone Gpl allow the enzyme to
be exported to the periplasm during phage assembly in order to
guarantee rapid cell lysis when lysis is triggered.
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