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For bacteria and bacteriophages, cell
wall digestion by hydrolases is a very
important event. We investigated one of
the proteins involved in cell wall digestion,
the yoml gene product (renamed CwiP).
The gene is located in the SP-beta
prophage region of the Bacillus subtilis
chromosome. Inspection of the Pfam
database indicates that CwlIP contains
soluble lytic transglycosylase (SLT) and
peptidase M23 domains, which are similar
to Escherichia coli lytic transglycosylase
SIt70, and the Staphylococcus aureus
Gly-Gly endopeptidase LytM, respectively.
The SLT domain of CwIP exhibits
hydrolytic activity towards B. subtilis cell
wall; however, reverse-phase (RP)-HPLC
and mass spectrometry revealed that the
CwlIP-SLT domain has only muramidase
activity. In addition, the peptidase M23
domain of CwlIP exhibited hydrolytic

activity and could cleave
D-Ala-diaminopimelic acid cross-linkage, a
property associated with

D,D-endopeptidases. Remarkably, the M23
domain of CwIP possessed a unique
Zn*-independent endopeptidase activity;
this contrasts with all other characterized
M23 peptidases (and enzymes similar to
CwlIP) which are Zn?* dependent. Both
domains of CwlIP could hydrolyze the
peptidoglycan and cell wall of B. subtilis.
However, the M23 domain digested neither
the peptidoglycans nor the cell walls of S.
aureus or Streptococcus thermophilus. The
effect of defined point mutations in

conserved amino acid residues of CwIP is
also determined.

The cycle of bacteriophage infection of
microorganisms comprises adsorption,
insertion of nucleic acids, production of
bacteriophage nucleic acids and proteins, and
finally, host cell lysis. The infection cycle
follows a highly-ordered sequence of events
where cell wall hydrolases, encoded in
bacteriophage genomes, are involved in
adsorption to cell walls (first infection cycle)
and host cell lysis (final infection cycle) (1).

One of the best-studied Gram-positive
bacteria, Bacillus subtilis, has prophage-like
elements including PBSX, skin and SP-beta
(2). The SP-beta prophage is the largest
prophage-like element in B. subtilis (2).
Inspection of the BSORF database
(http://bacillus.genome.jp/) indicates that the
SP-beta prophage chromosomal region
contains 184 genes and one cell wall
hydrolase called BlyA, which has been
identified as an L-alanine amidase (3).
Interestingly, the Pfam database predicts that
another gene product, Yoml [renamed CwIP
(cell wall lytic enzyme related to phage)], has
two cell wall hydrolase domains, a soluble
lytic transglycosylase (SLT) and peptidase
M23 (Fig. 1).

However, the function of the two domains
(SLT and peptidase M23) remains unclear.
BLAST searches of the BSORF and Pfam
databases indicate that the SLT domain
contains a soluble lytic transglycosylase and a
muramidase, although the domain name is



annotated  “SLT”. At present, lytic
transglycosylases and muramidases cannot be
differentiated using amino acid sequence
similarity. The peptidase M23 domain has
hydrolytic activity, enabling it to digest
Gly-Gly bond. It is also known that LytM in
Staphylococcus aureus has a peptidase M23
domain, which has been identified as a

glycyl-glycine endopeptidase (4). However, B.

subtilis LytH also has a peptidase M23
domain and has been shown to digest the
L-Ala-D-Glu bond of spore peptidoglycans in
vivo (5). At present, the activity of peptidase
M23 domain of CwlIP is unknown. The aim of
this study, therefore, was to conduct a
biochemical analysis of CwlP to enable us to
predict its function.

Here, we report that the SLT domain of
CwlIP exhibits hydrolase activity towards B.
subtilis cell wall and can digest the linkage
between MurNAc and GlcNAc. The property
is characteristic of a muramidase, not a lytic
transglycosylase. We determined that the
active site for hydrolysis is Glul447. The
M23 domain of CwIP was also found to
exhibit hydrolase activity toward B. subtilis
cell wall as a D,D-endopeptidase, which
digests the D-Ala-diaminopimelic acid
(A,pm) bond of the cross-linkage. The critical
amino acid residues in the M23 domain
comprise His1628 and His1660. Unusually,
the D-alanyl-A,pm endopeptidase of the M23
domain of CwIP does not require Zn”>" ions,
but Ca®" for enzymatic activity.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—The
plasmids and primers used in this study are
listed in Supplemental Tables S1 and S2,
respectively. The Escherichia coli strains,
IM109 [recAl, A(lac-proAB) endAl, gyrA96,
thi-1, hsdR17, relAl, supE44, (F’ traD36
proAB’, lacl®, lacZ, AM15)] and M15 (Nal’,
Str* Rif’, lac ara, gal, mtl F, recA”, uvr’),
used in this study were grown in LB medium
(6) at 37°C containing a final concentration of
100 pg/ml ampicillin. If necessary, 2%
glucose and 1 mM IPTG were added to the
medium. B. subtilis 168 (trpC) was also
grown in LB medium at 37°C.

Construction of Plasmid pQE-SLT for
Over-expression of the SLT Domain of
CwlP—The region containing the SLT
domain of CwIP (comprising amino acids
1,424-1,534) was amplified by PCR using
BF-SLT and KR-SLT primers (Supplemental
Table S2) and B. subtilis 168 DNA. The
amplified fragments were digested with
BamHI and Kpnl and ligated to the
corresponding digested sites of pUCI119,
resulting in the plasmid designated pUC-SLT.
pUC-SLT was digested with BamHI and Kpnl,
and the fragment containing the SLT domain
was subcloned into pQE-30 (Qiagen),
resulting in pQE-SLT. The above construct
was used for over-expression of the SLT
domain (CwIP-SLT) (Fig. 1).

Construction of Plasmids for
Over-expression of the Peptidase M23
Domain and SLT-peptidase M23 Domain of
CwIP—The region containing the peptidase
M23 domain or the SLT-peptidase M23
domain of CwIP was amplified by PCR using
BF-M23 and HR-M23 primers or BF-SLT
and KR-M23 primers, respectively. B. subtilis
168 DNA was used as the template for these
reactions. The amplified fragments were
digested with BamHI and HindIII and ligated
to the corresponding digested sites of pQE-30,
resulting in pQE-M23 (peptidase M23
domain) and pQE-SLTM23 (SLT-peptidase
M23 domain). These constructs were used for
over-expression of the M23 domain
(CwlP-M23) and the SLT-peptidase M23
domain (CwIP-SLTM23), respectively (Fig.

).

Construction of Plasmid pQE-Yoml-FL for
Over-expression  of  Full  Length  of
CwIP—The region containing the full-length
CwlIP was PCR amplified using BF-YomlI-FL
and KR-YomI-FL primers, and B. subtilis 168
DNA. The amplified fragments were digested
with BamHI and Kpnl, and ligated to the
corresponding sites in pQE-30, resulting in
pQE-Yoml-FL. The construct was used for
over-expression of full-length CwlP (Fig. 1).

Construction of Plasmids for



Over-expression of Mutated lines of
CwlIP-SLT and CwlP-M23—To over-express
various  site-specific = mutations  within
CwlIP-SLT and CwIP-M23 proteins, new
plasmids were created from pQE-SLT and
pQE-M23, respectively. These were used as
templates for site-directed mutagenesis using
a QuikChange 1II kit (Stratagene), in
accordance ~ with  the  manufacturer’s
instructions. Amplification of the plasmids
containing  site-specific  mutations = was
performed using two complementary DNA
oligomers as primers (Supplemental Table
S2). The plasmids, designated pQESLT-X
(where X denotes any letter), were used to
over-express the mutated versions of the
CwlIP-SLT  proteins. These  plasmids,
pQEM23-X (where X denotes any letter),
were used to over-express the mutated
versions of the CwlP-M23 proteins. E. coli
was transformed by plasmids as described by
Sambrook et al. (6).

Purification of Cell Wall and
Peptidoglycan Components—B. subtilis 168
cell wall and peptidoglycan components were
prepared as described previously (7, 8, 9).
Staphylococcus aureus and Streptococcus
thermophilus cell walls and peptidoglycans
were prepared in accordance with a method
similar to that used for the preparation of B.
subtilis cell walls and peptidoglycans.

SDS-PAGE and Zymography—SDS-PAGE
and zymography were performed as described
by Sambrook et al. (6) and Leclerc and
Asselin (10), respectively. For zymography,
renaturation of the proteins in SDS-gels were
performed at 37°C or 40°C using a
renaturation solution (1% Triton X-100, pH
5.0 or 7.5). The hydrolytic bands obtained
from CwIP-SLT, CwIP-M23 and their
mutated proteins were quantified using a CS
analyzer equipped with 2.1 software (ATTO).

Expression and Purification of
Proteins—CwIP-SLT, CwlIP-M23,
CwlIP-SLTM23, full-length CwIP, and the
mutated CwIP-SLT and CwIP-M23 proteins
were over-expressed in E. coli JM109
harboring pQE-SLT, pQE-M23,

pQE-SLTM23, pQE-YomI-FL, pQESLT-X
and pQEM23-X (where X denotes any letter),
respectively. E. coli cells were incubated at
37°C in LB medium (containing 100 pg/ml
ampicillin), in the presence or absence of 2%
glucose. When the absorbance of the cultures
reached 0.6-1.0 at 600 nm, 1 mM IPTG (final
concentration) was added to the culture, and
the cells incubated for a further 3 hours. Cells
were harvested and suspended in 10 mM
imidazole NPB buffer (10 mM imidazole, 1
M NaCl, 20 mM sodium phosphate, pH 7.4),
and disrupted by sonication.  After
centrifugation a sample of the supernatant
was used for purification of the proteins using
a HiTrap Chelating HP column (GE
Healthcare), in accordance with the
manufacturer’s instructions.

Determination of the Hydrolytic Activities
of the Recombinant Proteins for B. subtilis, S.
aureus and S. thermophilus Cell Walls and
Peptidoglycans and for E. coli Cells—To
identify the critical amino acid residues
controlling the muramidase and
D,D-endopeptidase activities of CwlIP, we
used 0.33 uM (5 pg/ml: final concentration)
of the CwIP-SLT proteins, 0.15 uM (3 pg/ml:
final concentration) of CwlP-M23 proteins,
and 0.3 mg/ml of B. subtilis cell wall
preparations. Comparison of the hydrolytic
activities of the proteins were obtained by
measurement of the cell wall densities using a
spectrophotometer (V-560, JASCO), as
described previously (11, 12). The hydrolytic
reactions were performed in 50 mM
MES-NaOH buffer (pH 5) at 37°C for
CwlIP-SLT and in 50 mM MOPS-NaOH
buffer (pH 7.5) at 40°C for CwIP-M23.

To determine the hydrolytic activities of
the proteins for the cell wall and
peptidoglycan preparations, 0.1 uM of
CwlIP-SLT, CwlIP-M23 and CwIP-SLTM23,
and a mixture of 0.1 uM CwIP-SLT and 0.1
uM CwlIP-M23 were used with 0.3 mg/ml B.
subtilis, S. aureus and S. thermophilus cell
walls or peptidoglycans. The hydrolytic
reactions were performed at 40°C in 50 mM
MOPS-NaOH  buffer, pH 7.5 (for
CwlIP-M23); at 37°C in 50 mM MOPS-NaOH
buffer, pH 7.5 (for CwIP-SLTM23 and the



mixture of CwIP-SLT and CwIP-M23); and at
37°C in 50 mM MES-NaOH buffer, pH 5 (for
CwIP-SLT).

To measure the hydrolytic activity of the
enzymes towards E. coli cells, 0.1 uM
CwlIP-SLT, CwlP-M23 or an aliquot of cells
measuring 0.3 at ODg were used in reactions
performed at 40°C in the presence of 50 mM
MOPS-NaOH buffer, pH 7.5 (for CwlP-M23)
and at 37°C in 50 mM MES-NaOH buffer,
pH 5 (for CwIP-SLT).

Determining the Effects of Divalent
Cations on CwlIP-M23 Activity—Purified
CwlP-M23 protein was dialyzed against 25
mM EDTA in 50 mM MOPS-NaOH (pH 7.5)
to remove ions, and re-dialyzed against 50
mM MOPS-NaOH (pH 7.5). Purified cell
walls were washed with a solution of 0.1 M
EDTA followed by five washes with purified
water. CwlP-M23 [0.077 uM (1.5 ug/ml):
final concentration] was used to determine the
effect of addition of 1 mM concentrations of
various cations on hydrolytic activity.
Reactions were performed at 40°C in 50 mM
MOPS-NaOH buffer (pH 7.5).

Preparation  of

N-acetylated Glycan

Strands Containing GIcNAc-MurNAc
Polymers—Preparation of glycan strands
(-[GlcNAc-MurNAc],-) from B. subtilis

peptidoglycans was performed as described
previously (13). The prepared glycan strands
were N-acetylated as described previously

(13).

CwlIP-SLT Digestion of N-acetylated
Glycan Strands—One mg of the N-acetylated
glycan strands were dissolved in 1 ml of 50
mM MES-NaOH buffer (pH 5.0), and 6.6 uM
(0.1 mg/ml: final concentration) CwIP-SLT
before incubation at 37°C for 12 hours. The
solution was divided into two 0.5 ml aliquots
prior to addition of phosphoric acid to one of
them to change the pH to 2-3 (the
“non-reduced sample”). 150 pl of 0.5 M
borate buffer (pH 9.0) and 12.5 mg/ml (final
concentration) of NaBH,; was added to the
other aliquot, which was incubated at 20°C
for 30 min to reduce the oligosaccharides at
the reducing ends, followed by adjustment of

the pH to 2-3 with phosphoric acid (the
“reduced sample”).

Separation of Glycan Strands Digested by
CwlIP-SLT —*“Non-reduced” and “reduced”
digested samples were separated by
RP-HPLC as described previously (13). A
Symmetry Shield PR18 column (Waters),
containing 0.05% TFA as elution buffer A,
and 0.05% TFA containing 40% CH3CN, as
elution buffer B was used for RP-HPLC.
Elution was performed for 10 min with buffer
A (non-gradient), then for 30 min using a
linear gradient from 0 to 50% with buffer B.

Determination of B. subtilis Peptidoglycan
Cleavage Sites of CwlP-M23—Purified
peptidoglycan (0.3 mg/ml) was digested at
40°C in a pH 7.5 solution containing 0.77 pM
(15 pg/ml: final concentration) CwIP-M23.
Samples were collected at 0 and 30 min then
boiled for at least 10 min. The 30 min-sample
was divided into two. One half, the control
sample, was incubated with 1 uM
D,L-endopeptidase CwlE (LytF) (15 pg/ml:
final concentration) (9) for 30 min then boiled
for 10 min. All samples were treated with 7
uM  lysozyme (0.1 mg/ml: final
concentration) and incubated at 37°C
overnight. Then after centrifugation, the
supernatants were collected. 200 pl of the
supernatants, 50 pul of 10% K,B407, and 250
ul of purified water were mixed together and
5 pul of 1 M 1-fluoro-2,4-dinitrobenzene
(FDNB) was added to the samples. Labeling
reactions of the free amino groups were
performed using FDNB at 60°C for 30 min in
the dark. 3 M HCI (final concentration) was
added to the samples and kept at 95-100°C
for 12 hours to digest the glycosidic and
peptide bonds followed by neutralization with
NaOH. The hydrolyzed samples were
freeze-dried, and resuspended in 10%
acetonitrile containing 0.025% trifluoroacetic
acid (TFA). Samples were separated using
RP-HPLC with a Wakosil-II 5C18 column
(4.0 mm x 250 mm, Wako) (flow rate, 0.5
ml/min; detection wave length, 365 nm;
column oven temperature, 40°C). The buffers
used for elution were 0.025% TFA (buffer A)
and 0.025% TFA containing 60% acetonitrile



(buffer B). Elution was performed for 60 min
with a linear gradient between 0 to 100% in
buffer B.

Mass Spectrometry Determination of
Separated Materials—The RP-HPLC
separated materials were freeze-dried and
added to 50% CH;3CN containing 0.05% TFA.
Samples were identified by ESI-MS and
ESI-MS/MS (Agilent 1100 series LC/MSD
Trap VL).

RESULTS

The SLT and Peptidase M23 Domains of
CwlIP  Exhibit Cell Wall Hydrolytic
Activity—CwIP (consisting of 2,285 amino
acid residues) is related to the SP-beta
prophage (2) and is the largest protein in the
phage region. The Pfam database indicates
that the protein appears to have at least three

domains; an SLT domain (amino acids
1,424-1,534), a peptidase M23 domain
(amino  acids 1,578-1,674), and a

phage-related minor tail protein (amino acids
387-587) (Fig. 1).

Based on the prediction that CwIP has two
hydrolase domains, we used affinity
chromatography to purify the CwIP-SLT and
CwlP-M23 regions of this protein. Analysis
of the SDS-gels from these experiments
showed that the CwlP-SLT and CwIP-M23
domains were purified as single bands of the
expected sizes (CwIP-SLT, 15.2 kDa;
CwlP-M23, 19.6 kDa; Supplemental Fig. STA
and B). We used zymography to measure the
hydrolytic activity of these domains because
the strength of the hydrolytic bands in the gel
depends on the enzymatic activity of the
proteins (14). The zymography experiments
showed that purified CwIP-SLT and
CwIP-M23 both exhibited hydrolytic activity
against B. subtilis cell walls (Supplemental
Fig. S1A and B).

The SLT domain of the Cell Wall Hydrolase

CwlP,  CwlIP-SLT, has  Muramidase
Activity—Because the SLT region of the
CwlP protein appears to be a Iytic

transglycosylase that should be equipped to
digest glycan strand linkages (between

MurNAc and GlcNAc), we tested the ability
of CwlIP-SLT to digest purified glycan strands
derived from peptidoglycan of B. subtilis. The
digested samples from this experiment were
reduced then fractionated by RP-HPLC (Fig.
2A). Fig. 2A shows several peaks, indicating
that CwlP-SLT can digest glycan strands. To
determine the structure of the peak 2 material
shown in Fig. 2A we used ESI-MS and
ESI-MS/MS.  This material produced
fragment ions at m/z 999.9 (positive mode)
and 975.7 (negative mode) on ESI-MS,
(Supplemental Fig. S2A and B); this
corresponded to [M+Na]" and [M-H] ions
characteristic of a tetrasaccharide with a
reduced end (M; of reduced tetrasaccharide:
977). ESI-MS/MS analysis showed that
because the ion series b2, b3, y2 and y3 in
Fig. 3D were found among the fragment ions
in Fig. 3A and B, the material from peak 2
could be identified as the tetrasaccharide,
GlcNAc-MurNAc-GlcNAc-MurNAcr.  The
structure of the peak 3 material observed in
Fig. 2A was also determined using ESI-MS.
In this case, the material in peak 3 gave a
fragment ion at m/z 1,454.9 (in the negative
mode) (Supplemental Fig. S3A). This
corresponded to the [M-H] ion of a
hexasaccharide with a reduced end (M, of
reduced hexasaccharide: 1,456). Additional
ESI-MS/MS analysis identified the peak 3
material as a hexasaccharide with a reduced
end, namely,
(GleNAc-MurNAc),-GIcNAc-MurNAcr
(Supplementary Fig. S3B and C). Therefore,
CwlIP-SLT is a muramidase that can digest
MurNAc-GIlcNAc linkages, but is not an
N-acetylglucosaminidase.

To confirm that CwIP-SLT is a muramidase,
purified glycan strands were digested with the
enzyme and separated by RP-HPLC without
reduction. As shown in Fig. 2B, the detected
peaks produced were different from those
observed in the reduced sample (Fig. 2A),
indicating that the digested CwlIP-SLT
products had reducing ends. Furthermore,
positive mode ESI-MS analysis of the peak B
and C material produced fragment ions at m/z
997.8 (data not shown) and 1,476.9 (data not
shown), respectively. This result indicates
that the peak B and C fragments correspond



to the [M+Na]" ion of a tetrasaccharide (M,,
975) and a hexasaccharide (M, 1,454),
respectively. We also found that ESI-MS/MS
analysis of the peak B material indicated that
it was a tetrasaccharide containing a reducing
end ([GIcNAc-MurNAc],) (Fig. 3C and D).
These results, therefore, strongly suggest that
the SLT domain of CwIP exhibits only
muramidase activity.

Glul447 is the Catalytic Amino Acid
Residue within the Muramidase Domain of
CwIP—Our unexpected finding that the SLT
domain of CwlP was, in fact, a muramidase
(Figs. 2 and 3) motivated us to align the
predicted domain sequence against other
muramidase sequences from other bacterial
species. Fig. 4A shows the alignment of the
muramidase domain of CwIP and other
proteins with high sequence similarity. Based
on this alignment, conserved amino acid
residues (except for hydrophobic and glycine
residues) were selected for site-directed
mutagenesis (black arrows in Fig. 4A).

The hydrolytic activities of all of the
point-mutated proteins were measured by
analyzing the turbidity of cell wall mixtures,
as described in Experimental Procedures. Fig.
4B shows the relative hydrolytic activities of
the mutated proteins compared with the
activity of the wild-type protein. We found
that mutating residue Glul447 to either
E1447Q or E1447A, abolished all enzyme
activity. However, all seven of the other
mutated CwlP-SLT domains exhibited some
degree of muramidase activity, in comparison
with the wild-type (Fig. 4B).

It is possible that some of the mutated
proteins may have had decreased hydrolytic
activities due to misfolding or conformation
changes in the protein. Zymography is a
technique that some of renatured proteins in a
gel can assume an active form (14). Thus,
only mutations that result in completely
inactive proteins can be identified with this
technique. The mutated CwIP proteins,
E1447Q and E1447A, exhibited no activity in
the zymography experiments [Relative
activities of E1447Q and E1447A compared
with wild-type CwIP-SLT were 0.7 % and
1.1 %, respectively (Supplemental Table S3)].

However, because the other mutations
exhibited some  muramidase  activity
(Supplemental Table S3), these results

provide strong evidence that Glul447 is
indeed the critical amino acid residue
controlling muramidase activity.

Peptidoglycan  Cleavage  Sites  of
CwlP-M23 in B. subtilis—Because the
zymography experiments showed that the
peptidase M23 domain of CwIP exhibited cell
wall hydrolytic activity toward B. subtilis cell
walls (Supplemental Fig. S1B), we sought to
determine the CwlP-M23 cleavage site within
B. subtilis peptidoglycan preparations.
Purified B. subtilis peptidoglycan was
digested by CwIP-M23 and free amino
groups of the digested peptidoglycan were
labeled with FDNB, followed by digestion of
the peptide and glycoside bonds with HCI
(see Experimental Procedures). The sample
(containing DNP-amino acids), was separated
by RP-HPLC. As shown in Fig. 5B, only the
peak 1 material identified as a mono-
DNP-A,pm using mass spectrometry (data
not shown) was drastically increased in the
sample. The result indicates that the enzyme
is a D,D-endopeptidase that produced only
one free amino group in A,pm.

To confirm CwIP-M23 is not a D,
L-endopeptidase that produces two free amino
groups in Appm, the CwIP-M23 digested
peptidoglycan was further digested with LytF
(CwlE), (a D, L-endopeptidase) (9). Because
the CwIP-M23 and LytF  digested
peptidoglycan sample contained
bis-DNP-A,pm (Supplemental Fig. S4), it
was found that CwlP-M23 was only able to
digest the cross-linkage between D-alanine
and A,pm, which is a characteristic of the
activity of a D, D-endopeptidase.

His1628 and His1660 are Essential Amino
Acid Residues for the D,D-endopeptidase
Activity of CwlP—The peptidase M23
domain cleaves the cross-linkage between
D-alanine and A,pm, but it is known that this
domain also digests linkages between
Gly-Gly or L-Ala-D-Glu in peptidoglycan
molecules (4, 5). To investigate the digestion
pattern of CwlP, the peptidase M23 domain of



this protein was aligned against similar
proteins from other bacteria. Based on the
sequence alignments shown in Fig. 6A,
conserved amino acid residues (except for
hydrophobic amino acids and glycine
residues) were selected for analysis using
site-directed mutagenesis. The selected amino
acid residues were point-mutated, and the
hydrolytic activities against B. subtilis cell
walls were determined by measuring the

reduction in turbidity of cell wall preparations.

As shown in Fig. 6B, only H1628Q and
H1660Q exhibited no enzymatic activity. Of
the other eight mutated CwlP-M23 proteins,
all exhibited activity >5% of the wild-type
enzyme (Fig. 6B).

To verify that H1628Q and H1660Q had no
hydrolase  activity, = zymography  was
performed using both CwIP-M23 and the
mutated proteins. The mutated proteins,
H1580Q, D1584N and H1662Q, exhibited
very weak activities (relative activities
compared with the wild-type CwIP-M23
enzyme were 6.1 %, 5.6 % and 8.9 %,
respectively  (Supplemental Table S3).
However, we found that H1628Q and
H1660Q exhibited no activity (relative
activities compared  with  wild-type
CwlIP-M23 are 0.2 % and 1.5 %, respectively
(Supplemental Table S3). Therefore, these
results suggest that His1628 and His1660 are
essential amino acid  residues  for
D,D-endopeptidase activity.

Hydrolytic Activities and Divalent Cation
requirements of CwlIP-SLT and CwIP-M23
towards B. subtilis Cell Walls—Because our
experiments showed that CwIP-SLT and
CwlIP-M23 were both novel hydrolases, the
effects of divalent cations on their activities
were investigated. We found that the
muramidase activity of CwIP-SLT was
unaffected by the presence of several
different divalent cations, or when cation-free
conditions were used (data not shown). The
D,D-endopeptidase, CwIP-M23, however,
exhibited stronger activity in the presence of
Ca™ and Co*", but no activity was observed
when Zn®* and Mg*" were present in the
reactions (Fig. 6C).

Species Specific Hydrolytic Activity of
CwiP for Cell Walls and
Peptidoglycans—CwIP is a SP-beta prophage
protein, therefore, it may be possible that it
can digest not only B. subtilis cell walls but
other bacterial cell walls as well. We
investigated the enzyme activity of CwIP
against purified cell walls obtained from other
bacterial species including, S. aureus
(-GlcNAc-MurNAc[-L-Ala-D-GIn-L-Lys-D-A
la]-), cross-linked between D-Ala and L-Lys
with Glys (15) and S. thermophilus
(-GIcNAc-MurNAc[-L-Ala-D-Glu-L-Lys-D-A
la]-), cross-linked between D-Ala and L-Lys
with L-Ala, (16), using hydrolysis assays.

To determine the hydrolytic activity of
CwlIP, the protein designated CwIP-SLTM23
(which contains a muramidase domain and a
D,D-endopeptidase domain), together with
the full-length CwIP were over-expressed in E.
coli.  Purified CwIP-SLTM23  protein
preparations exhibited hydrolytic activity
against B. subtilis cell walls, as determined by
zymography (Supplemental Fig. SI1C).
However, the full-length version of CwIP was
not able to digest cell walls, as observed by
zymography (Supplemental Fig. S1D). This
could be because the full-length CwIP may be
an inactive precursor, or may not have been
renatured to an active form under the
renaturation conditions used to digest B.
subtilis cell walls or because of its large size,
which is > 200 kDa. CwIP-SLT, CwIP-M23
and CwIP-SLTM23 enzymes were also used
to determine hydrolytic activity. As shown in
Fig. 7A, all of these enzymes were able to
digest B. subtilis cell walls, but none could
digest the cell walls of S. aureus and S.
thermophilus (Fig. 7C, D, and data not
shown).

CwlIP-M23  exhibited much stronger
activity under optimum conditions for
enzyme activity (i.e. 1 mM CaCl,, Fig. 6C)
using B. subtilis cell walls. Thus, the
hydrolytic activities of CwIP-M23 and
CwlIP-SLTM23 toward S. aureus and S.
thermophilus cell walls were determined
using 1 mM CaCl,. However, no activities
were detected using such conditions (data not
shown). Our results, therefore, indicate that
CwIP may only be able to digest B. subtilis



cell walls. S. aureus and S. thermophilus cell
walls, used as positive controls in this
experiment, could be efficiently digested by D,

L-endopeptidase (B. subtilis LytF) and
lysozyme (data not shown).
It is known that the cells walls from

Gram-positive bacteria contain peptidoglycan
and anion polymers such as teichoic acids and
teichuronic acids (17). We investigated if the
peptidoglycan polymers of B. subtilis, S.
aureus and S. thermophilus could be digested
by CwIP enzymes (following removal of
anion polymers from the preparations). As
shown in Fig. 7B, C and D, CwIP-SLT could
digest peptidoglycans derived from all three
species of bacteria. Moreover, CwIP-SLT
could also digest E. coli cells (Supplemental
Fig. S5). This may be because E. coli does
not contain anion polymers in its cell walls
and the peptidoglycan structure is identical to
B. subtilis (18). In contrast, CwlP-M23 was
only able to digest B. subtilis peptidoglycan
and E. coli cells (Fig. 7B, C, and D, and
Supplemental Fig. S5). These results indicate,
therefore, that CwlP may hydrolyze cell walls
similar to that of B. subtilis.

DISCUSSION

In this study, we demonstrated that CwlP
has muramidase activity but lacks lytic
transglycosylase activity. The critical amino
acid residue controlling the muramidase
activity of the enzyme was found to be
Glul447 (Fig. 4B and Supplemental Table
S3). We previously reported that the
N-terminal domain of CwIT exhibits
muramidase activity, and that the critical
amino acid residues comprised Glu87 and
Asp94 (Fig. 4A) (19). In that report, we
hypothesized that Glu87 was the critical
amino acid residue controlling hydrolytic
activity, because other muramidases such as
HEWL (20,21), TAL (22), and GEWL (23),
have a conserved glutamic acid residue in the
corresponding position that controls their
catalytic activity. Because the glutamic acid
residue is conserved in all muramidases
characterized to date, including CwIP and
lytic transglycosylases (such as SIt70), it
appears likely that it could be involved in the

hydrolytic  activity of the enzyme.
Nevertheless, Asp94 of CwIT also appears to
be associated with hydrolytic activity, either
directly or indirectly (19). However, Weaver
et al. reported that GEWL lacks a catalytic
aspartic acid residue on the basis of their
crystallographic analysis of the protein (24).
Supporting this finding, inspection of the
muramidase domain of CwlP shows that it
has no candidate catalytic aspartic acid
residue within its sequence (Fig. 4A).
Therefore, it is possible that the aspartic acid
residue found in a few characterized
muramidases is not directly involved in
hydrolysis of the glycosidic linkage of
MurNAc-GIcNAc.

The M23 domain of CwlIP was able to
digest linkages between D-Ala and A,pm,
which comprise the cross-linked peptide side
chains of the B. subtilis peptidoglycan (Fig.
5). It is known that the M23 family includes
the Gly-Gly endopeptidases of the
lysostaphin type (25) such as that found in S.
aureus LytM and Staphylococcus capitis Alel
(4, 26). Very few enzymes within the
metalloendopeptidase family (e.g. gp13 in the
$29 Bacillus bacteriophage), can digest
D-Ala-A,pm linkages. However, no linkage
digesting enzymes have been identified in
“the M23 endopeptidase family”, as predicted
from inspection of the Pfam database.
Interestingly, CwIP-M23  exhibited no
significant activity toward S. aureus or S.
thermophilus cell wall or peptidoglycan
preparations (Fig. 7C, D and data not shown).
Therefore, we conclude that CwIP-M23
cannot digest Gly-Gly and Ala-Ala linkages,
and appears to specifically act as a
D-alanyl-A,pm endopeptidase.

We also found that the critical amino acid
residues within CwlP-M23 were His1628 and
His1660, because in our experiments, the
mutated CwlP, H1628Q and H1660Q proteins
exhibited no hydrolytic activity (Fig. 6B and
Supplemental Table S3). The position of the
conserved histidine residue (His1660) of
CwlIP is His291 in S. aureus LytM and
His231 in S. capitis Alel; both of these
positions have been identified as catalytic
residues (27, 28). With regard to His1628 of
CwlIP, this conserved residue corresponds to



His260 of LytM and His200 of Alel.
Fujiwara et al. reported that His200 in Alel
lies within one of the active sites (27), and
Odintsov et al. indicated that His-260 in
LytM was a candidate catalytic amino acid
residue (28). Hence, it appears likely that
both histidine residues within CwIP-M23,
LytM and Alel are necessary for their
endopeptidase activities.

It is noteworthy that the other CwlP-M23
mutants, H1580Q, DI1584N and H1662Q,
exhibited small amounts of hydrolytic activity
(Fig. 6B and Supplemental Table S3). The
above three residues are also conserved in
LytM and Alel where they appear to be metal

binding sites (arrowheads in Fig. 6A) (27, 29).

Because CwlP-M23 needs divalent cations
such as Ca®", Co®" and Mn*" for its catalytic
activity (Fig. 6C), it is predicted that His1580,
Aspl1584 and His1662 of CwIP are metal
binding sites. Interestingly Zn*" appears not
to be an optimum divalent cation for
CwlIP-M23 activity (Fig. 6C), despite the fact
that LytM and Alel are both Zn*"-dependent
metalloendopeptidases (26, 30). $29 Bacillus
bacteriophage gpl3 (D-alanyl-A,pm
endopeptidase) also requires a Zn*" ion for
activity (31). We conclude, therefore, that the
CwlIP-M23 enzyme is unique because it does
not depend on Zn”" for catalytic activity.

CwlP is a phage-related protein whose
coding sequence is located in the SP-beta
prophage (2). At 2,285 amino acids in length,
or 252 kDa, CwlIP is the largest protein in the
prophage region. Because CwIP has a
phage-related minor tail domain, it is possible
that it functions as a tail protein. Recently,
Piuri and Hatfull described the gpl7 of the
tape measure protein (Tmp), as a
mycobacteriophage tail protein (1). The 1,229
amino acid Tmp protein contains a cell wall
hydrolase that facilitates efficient infection of
stationary phase cells (1). Interestingly,
Kenny et al. showed that Orf50 of the
bacteriophage Tuc2009 (906 a.a.) encodes a
tail-associated cell wall-degrading activity
that mediates infection through cell wall
hydrolysis (32). However, it is not known
whether CwlIP functions as a tail protein.
Further studies of CwIP function in infection
with the point-mutated cwlIP and null-mutated

cwlIP in vivo are ongoing in our laboratory.

CwIP-SLT, CwIP-M23 and CwIP-SLTM23
showed no significant hydrolytic activity
toward S. aureus and S. thermophilus cell
walls (Fig. 7C, D and data not shown).
Because the peptidase M23 domain of CwlP
is a D-alanyl-A,pm peptidase, the enzyme
should be able to digest target linkages
accurately, resulting in no digestion of either
cell wall or peptidoglycan. Although the
muramidase domain of CwIP appears to be
able to digest the glycan strands of various
peptidoglycans, it was not able to digest S.
aureus and S. thermophilus cell walls (Fig.
7C, D and data not shown). It is possible that
modifications in these cell walls, such as the
presence of anion polymers, may inhibit the
hydrolytic activity of the muramidase domain
of CwlIP. In fact, our studies showed that the
CwlIP muramidase domain could digest B.
subtilis, S. aureus and S. thermophilus
peptidoglycans, and E. coli cell walls, which
have no anion polymers (Fig. 7B, C, D, and
Supplemental Fig. S5). Consequently, the
muramidase domain of CwIP appears to have
a restricted hydrolase activity against cell
walls.

The full-length CwIP amino acid sequence
is conserved in B. subtilis. S. aureus phage
proteins (such as Q6GAK2 STAAS and
Q8SDP3 9CAUD) are unique in having a
three domain structure, which includes a
phage-related minor tail protein, a peptidase
M23 domain, and a SLT domain. Their sizes
are similar to the CwlP protein (>2,000 a.a.);
however, outside the three domain regions,
their sequences are quite dissimilar to CwlIP.
Accordingly, the SP-beta phage (containing
CwlIP) can only infect B. subtilis cells,
because digestion with CwIP-SLTM23 is
restricted to B. subtilis cell walls.

This is the first study of a newly
categorized muramidase domain that has
striking similarities with the E. coli SIt70
protein, both in the amino acid sequence and
its catalytic residues. The fact that the
peptidase M23 domain of CwlP is a unique
Zn*"-independent D-alanyl-A,pm
endopeptidase, means it was unlikely to have
been included in the peptidase M23 family in
the Pfam database.
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FIGURE LEGENDS

FIGURE 1. Open reading frames around the cwlP region and domain structure of CwliP.
The cwlP gene is located between the yomK-yomJ operon and yomH-yomG operon in the
SP-beta region (2). yomK, yomJ, yomH and yomG genes are function unknown. CwIP consists
of 2,285 amino acids residues, and at least three domains have been classified in the Pfam
database. These include a phage-related minor tail protein (shadow box), an SLT domain (black
box, which is actually a muramidase domain), and a peptidase M23 domain (dark gray box,
D,D-endopeptidase domain). Numbers indicate the positions of amino acid residues from the
first amino acid, Met, of CwlP. The purified proteins, CwIP-SLT, CwlP-M23, CwIP-SLTM?23
and full-length CwlP, were shown to have these domain structures.

FIGURE 2. RP-HPLC analysis of glycan strands digested with CwIP-SLT. After purified
glycan strands from B. subtilis peptidoglycan had been digested with CwlIP-SLT, the reducing
end of the amino sugar groups were reduced (panel A, “reduced sample”) or left untreated
(panel B, “non-reduced sample”), then separated by RP-HPLC as described in “Experimental
Procedures”. The numbers on the peaks indicate retention times. The materials from peaks 1, 2
and 3 in panel A were identified as GIcNAc-MurNAcr (peak 1, data not shown),
GlcNAc-MurNAc-GlcNAc-MurNAcr (peak 2, Fig. 3A, B, D and Supplemental Fig. S2A and B),
and (GIlcNAc-MurNAc),-GlcNAc-MurNAcr (peak 3, Supplemental Fig. S3). The materials
from peaks B and C in panel B were identified as (GlcNAc-MurNAc), (peak B, Fig. 3C and D)
and (GlcNAc-MurNAc); (peak C, data not shown). When the glycan strands were digested with
the enzyme for a longer time followed by reduction, only peaks 1 and 2 were observed (data not
shown).

FIGURE 3. ESI-MS/MS analysis of the peak 2 material in Fig. 2A and peak B material in
Fig. 2B. Panels A and B show the results for the peak 2 material (a reduced tetrasaccharide)
from MS/MS analysis conducted in positive and negative modes, respectively. The precursor
ions obtained using both modes were [M+Na]" (m/z 999.9) and [M-H] (m/z 975.6), thus the
material in peak 2 was identified as GlcNAc-MurNAc-GlcNAc-MurNAcr. Panel C: the results
for the peak B material (a non-reduced tetrasaccharide) from MS/MS analysis performed in the
positive mode. The precursor ion obtained was [M+Na]™ (m/z 997.8), and the material in peak B
was identified as GIcNAc-MurNAc-GIlcNAc-MurNAc. Panel D: the structure identified and the
calculated molecular weight of each fragment in peaks 2 and B. For the peak B material, the
structure identified was similar to the peak 2 structure. However, the MurNAcr structure (gray
broken box; peak 2) is different from MurNAc (black broken box; peak B). Ion series b and y,
and b’ and y’ correspond to the fragment peaks of the materials in peak 2
(GlcNAc-MurNAc-GlcNAc-MurNAcr) and peak B (GlcNAc-MurNAc-GleNAc-MurNAc),
respectively.

FIGURE 4. Identification of the critical amino acid residues involved in CwIP muramidase
activity. (A) Alignment of the muramidase domain of CwIP, homologous proteins, lytic
transglycosylases, and muramidases. The alignment was performed using the Pfam database.
The characterized or predicted critical amino acid residues for the hydrolytic activity (references
19, 33, 34, 35) are shown in boxes. Amino acid residues identical to those in the CwlP sequence
are shaded. Numbers indicate the amino acid positions from the N-terminus. Gray rectangles
and broken arrows denote secondary structures, o-helices and B-sheets in the SIt70 E. coli
protein (SLT_ECOLI) (23, 36). Arrows indicate amino acid residues that were mutated. An
asterisk denotes the amino acid that was exchanged and is not conserved between SLT ECOLI
and MItC_ECOLI. Abbreviations: CwlP_SLT, SLT domain (exhibiting CwlP muramidase
activity); YjbJ BACSU, Bacillus subtilis YjbJ protein; YjbJ BACLI, B. licheniformis YjBJ
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protein; YjbJ BACHA, B. halodurans YjbJ protein; Geobacillus, Geobacillus sp. protein;
Heliobacterium, Heliobacterium modesticaldum protein; Shewanella, Shewanella benthica
protein; Acinetobacter, Acinetobacter baumannii protein; Lawsonia, Lawsonia intracellularis
protein; Pelotomaculum, Pelotomaculum thermopropionicum protein; Lysinibacillus,
Lysinibacillus sphaericus protein; Oceanobacillus, Oceanobacillus iheyensis protein;
Clostridium, Clostridium cellulolyticum protein; Desulfotomaculum, Desulfotomaculum
reducens protein, SLT ECOLI, soluble lytic transglycosylase 70 in E. coli; MItC_ECOLI,
membrane-bound lytic murein transglycosylase C in E. coli; LYG_ANSAN, Anser anser anser
goose-type lysozyme; CwlT N, N-terminal domain (muramidase) of CwlIT. Panel B: In vitro
cell wall hydrolytic activity. Purified cell walls (0.3 mg/ml) were digested with 1 pM (15 pg/ml)
CwIP-SLT or the mutated CwIP-SLT for 30 min at 37°C (pH 5.0). The reduction in the turbidity
of the solution for the mutated CwlP-SLT was compared with that of the wild-type CwIP-SLT.
In this experiment, the mutated residues E1447Q and E1447A exhibited no activity toward B.
subtilis cell walls.

FIGURE 5. Determination of CwIP-M23 cleavage sites using RP-HPLC. B. subtilis
peptidoglycan (containing no anionic polymers) was cleaved without (panel A) or with (panel
B) CwIP-M23 for 30 min. The free amino acid residues in the samples were labeled with FDNB
and the samples were hydrolyzed with HCl. Samples were separated by RP-HPLC. Both
samples contained only the material derived from peak 1 (mono-DNP-A,pm) or peak 2 (DNP).
An arrow indicates the (54 min) retention time of bis-DNP-A,pm. The peptidoglycan sample
digested with CwIP-M23 and LytF (D,L-endopeptidase) gave three peaks; peaks 1 and 2, and a
new peak derived from bis-DNP-A,pm that had a 54 min retention time on RP-HPLC
(Supplemental Fig. S4).

FIGURE 6. Identification of the CwlIP catalytic amino acid residues controlling
D,D-endopeptidase activity (digestion of linkage between D-Ala and A,pm) and the effect of
divalent cations. (A) Alignment of the M23 domain of CwlIP, homologous proteins, and
Gly-Gly, L-Ala-D-Glu and D-Ala-A,pm endopeptidases. The protein sequences were aligned
using the ClustalW algorithm (see http://align.genome.jp/). The hydrolytic amino acid residues
that are not related to the metal binding are denoted by boxes. Zinc binding sites in S. aureus
LytM (28), S. capitis Alel (27), or ¢$29 Bacillus bacteriophage gpl3 (31) are denoted by
arrowheads (the open arrowhead shows the Zn*" binding site for LytM and Alel, and the closed
arrowheads represent Zn®" binding sites for LytM, Alel and gp13), respectively. Residues that
are identical to CwlIP are represented by shading, and the numbers represent amino acid
positions starting from the N-terminus of each protein. The gray rectangle and arrows represent
a-helix and B-sheets, respectively, in S. aureus LytM (28). The HXH motif is the consensus one
for Zn*"-metallopeptidases (28) and is conserved in all of the proteins shown here. However, the
Asp-His motif described by Bochtler et al. differs between gpl3 and many other proteins
(HX¢D and HX;D, respectively) (where X is any letter) (29). Arrows indicate amino acid
residues that were mutated in this study. Asterisks denote the critical amino acid residues within
CwlIP-M23 that were identified in this study. Abbreviations: CwIP-M23, B. subtilis CwlP;
Clostridium, Clostridium nexile protein; Ruminococcus, Ruminococcus lactaris protein; Dorea,
Dorea formicigenerans protein; Eubacterium, Eubacterium ventriosum protein; Roseburia,
Roseburia intestinalis protein; Bacteroides, Bacteroides capillosus protein; Lawsonia, Lawsonia
intracellularis protein; Vibrio, Vibrio alginolyticus protein; Streptomyces, Streptomyces
clavuligerus protein; LytM STAAS, S. aureus LytM; Alel STACP, Staphylococcus capitis
Alel; LytH BACSU, B. subtilis LytH; Phi29 gp13, $29 Bacillus bacteriophage gp13. S. aureus
LytM and S. capitis Alel are Gly-Gly endopeptidases (4, 26). B. subtilis LytH is an L-Ala-D-Glu
endopeptidase (5). $29 Bacillus bacteriophage gp13 is a D-Ala-A;pm endopeptidase (31). (B) In
vitro cell wall hydrolytic activity. Purified cell walls (0.3 mg/ml) were digested with 0.15 uM (3
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pg/ml) CwlP-M23 or the mutated CwlP-M23 for 30 min at 40°C (pH 7.5). The reduction in
turbidity of the solution was measured, and the decrease in turbidity with the mutated
CwlIP-M23 was compared with that of the wild-type, CwIP-M23. In this experiment, H1628Q
and H1660Q exhibited no hydrolytic activity. (C) Hydrolytic activity of CwlP-M23 in the
presence of divalent cations. After purified CwlP-M23 had been dialyzed against 25 mM EDTA
and re-dialyzed against 50 mM MOPS-NaOH (pH 7.5), the turbidity of a cell wall solution (0.3
mg/ml) with 0.077 uM (1.5 pg/ml) CwIP-M23 and various divalent cations (I mM) was
measured (at 40°C, pH 7.5). Closed squares: intact CwlP-M23 (without dialysis against EDTA);
closed circles, Ca*" ion; closed diamonds, Co®" ion; closed triangles, Mn*" ion; open squares, no
cation; open circles, Zn>" ion; open diamonds, Ni*" ion; open triangles, Mg”" ion. Error bars in
panel C indicate the standard deviations for three independent experiments.

FIGURE 7. Hydrolytic activity toward cell wall and peptidoglycan preparations. (A) and
(B) Hydrolytic activity toward B. subtilis cell wall (panel A) and peptidoglycan (panel B). (C)
Hydrolytic activity toward S. aureus cell wall and peptidoglycan preparations. (D) Hydrolytic
activity toward S. thermophilus cell wall and peptidoglycan. The hydrolytic activity of
CwIP-SLTM23 toward S. aureus and S. thermophilus cell walls is shown in panels C and D,
respectively. Open circles, no enzyme (panel A) or CwlP-SLTM23 cell wall directed activity
(panels C and D); closed squares, CwlIP-SLT activity towards cell walls (panel A) and
peptidoglycans (panels B, C and D); closed triangles, CwlP-M23 activity towards cell walls
(panel A) and peptidoglycans (panels B, C and D); closed circles, CwIP-SLTM23 activity
toward cell walls (panel A) and peptidoglycans (panels B, C and D); closed diamonds, mixture
of CwIP-SLT and CwIP-M23 activities towards cell walls (panel A) and peptidoglycans (panels
B, C and D). CwIP-SLT, CwlP-M23 and mixtures of CwIP-SLT and CwIP-M23 exhibited no
activity toward S. aureus and S. thermophilus cell walls, in common with CwIP-SLTM23 (open
circles in panels C and D). The error bars indicate the standard deviations from three
independent experiments.

14



yomK

387 587 1424 1534 2,285(a.a.)
1

77777, |l

yomd

FulHlength CwiP

1 ] [}
cwiP (yoml), | | yomH yomG
1 ’ 1

o
1
CwIP-SLT i (1420'aa ~1539 aa)
1 1

1
1

1,535 aa. ~1,703 ,

CwlP-M23 : \:I:!c aa. 1,703 aa)
1

CwiP-SLTM23 B (120 aa 1703 aa)

[

Y7777 M) (a2 2a)

FIGURE. 1.



Reduced

(G xead) 1€'92
(¥ dead) §L+2

(€ dead) G122

(z Yead) g8l

(1 Yead) 167

2.5 50 75 100 125 150 175 200 225 250 275 200 325 350

0.0

Retention time (min)

Non-reduced

(a xead) e¥'se

(B)

(D %ead) 98¢z

(a ead) 6602

,M

(v deed) 1¥9G

nvw

-200

100 125 150 175 200 225 250 275 300 325 350

75

25 50

0.0

Retention time (min)

FIGURE. 2.



(A)

)
o
=)
]
@
2
= §
5]
2
A
N
-3
g

<10' b3+Na-CH;CHCOOH b3+Na
y2+Na | 2
2.0 2 |
£ b2+Na| | Peak 2 (reduced)
2 \ ‘ .
I - || MeNa-CHsCHCOOH Positive mode
i S |
i .
2 p 5
0‘0“ . u| T if: L T L‘ . .
200 400 600 800 1000 1200 1400
miz
(B)
xl(ﬁ y3 M-CH;CHCOOH
-
2
e g
£ o g Peak 2 (reduced)
g 2 y3-CH;CHCDOH g Negative mode
! 2 g g
= ~ >
z
0 - . | . L! | - u[ - : .
200 400 600 800 1000 1200 1400
miz
E)
©) z
' at R &
) b3 Na-CILCHCOOH | . £
x10 (I w 2
y2'+Na| 2 5 =5
1.5 | ‘l 1
b2"tNa | |
£ o 2/ | | M#Na-CH;CHCOOH-H,0 Peak B (non-reduced)
2 T . Positive mode
b2'Na-CH;CHCOOH | | | £
05 ™ | E
g =2 .
E
00 : TN PR Y : :
200 400 600 800 1000 1200 1400
mfz
D)
CH,yOH
OH
"/
H,0H
o H Reduced end
0o H NH
IICCI[3C0(‘EI3
COOM
CHZOH
b3 682.3
(b3’ 682.3)
Non-reduced end
b2 479.2 i
(b2'479.2) HCCH; cocis
COOH,
b1 204.1
(b1’ 204.1) y1294.1

cochi;

Y2 497.2

HCCHucocy,  \(42/496.2)

COOH

y3772.3
{y3'770.3)

{y1’292.1)

FIGURE. 3.



(A)

(B)

CwlP SLT
YibJ_BACSU
ijJ_BACLI
¥ibJ_ BACHA
Geckacillus
Heliocbacterium
Shewanella
Acinetobacter
Lawsonia
Pelotomaculum
Lysinibacillus
Oceancbacillus
Clostridium

Desulfotomaculum

1436
74
110
124
89
121
206
103
128
98
139
118
121
1086

Eng_ﬁiﬂnl(secandary)

SLT_ECOLI
M1tC_ECOLI

LYG_ANSAN
CwlT_N

CwlP_SLT
YjbJ_BACSU
YjbJ_BACLI
YibJ BACHA
Geobacillus
Helickacterium
Shewanella
Acinetobacter
Lawsonia
Pelotomaculum
Lysinibacillus
Oceanobacillus
Clostridium

Desulfotomaculum

494
206

62
76

1476
114
150
le4
129
161l
246
143
168
138
179
158
161
146

SLT ECOLI (secondary)

SLT_ECOLI
M1tC_ECOLI

LYG_ANSAN
cwlT N

CwlP SLT
¥ibJ_BACSU
YjbJ_ BACLI
YibJ_BACHA
Geobacillus
Heliobacterium
Shewanella
Acinetobacter
Lawsonia
Pelotomaculum
Lysinibacillus
Oceancbacillus
Clostridium

Desulfotomaculum

543
257

110
106

1521
159
195
209
174
2086
291
188
212
183
224
203
206
191

SLT ECOLI (secondary)

SLT_ECOLI
M1tC_ECOLI

LYG_ANSAN
cwlT N

100

80

60

40

20

Relative activity (% of Wild-typeprotein)

582
310

157
150

IARQ PKVKS—
IMQTIE|SSENP Y] -

EPAVIAGI.SR.HAGKVLIG\IGWG@RGNG F-\@(RSHKPQI

. THTVKMFSIP-GYS
~RSD, GKDVFRSQGKSGTP

QVNT IMALTMOE|SGGRSLDIM-- -~ Q88----—----—-- ESI

N ‘1A A

~ATDLFDBMTNVDAG-SRYLRQQLDRFG
-WoDPYDPAGN I DCE-VRYLROMEDRYGE
v IMAG-AKYLROMLDKFDN
- TNAY.V.INA.—TK-SQM]QRYNI

GG-TRYLKYQLERFDG

ID
f.KNPY.E.ADGI VRYLKSMEERFDG- -~~~

SPGQLLBBETHINIE-TSEEQYVYQQFGN NRIFSSAAYNAGPER-VRT
SRSFLFDBASNIDTE-TAYLAMLNNVYLEGI DNPTSRRYAVITAYNGEGAGS-VLR

SEVHITQGTT-ILIN---FIKTIQKKFPSWIKDQ--QLKGCISAYNAGAEN-VRS

~PNSITDBERSIEVEI -KHFKKVFKQAGE -~ ————- DVRLTLQAYNFGSGF—ID-
inm:.mctmy 1541

IPPFQETONYVKKITSVY 179

KETQ 215

FKETQHYVPRVUYGTY 229

IPPFAETRAYVEKVLNTY 194

2286

311

208

232

203

244

223

226

-YE.TRIIQKIIRYQ 211

P  S—  S— —

WLENSAGRIDAVAFVESI - ---——==——~~| BrsETRGYVKNVLAYD 622
VESND--KIQAANIINTMTPGDVYQTLTTRHESAESRRYLYKVNTAQ 354
FARMDIG-—————————————— ===~ TTHDD---¥ANDVVARA 177
¥VKKNGGKYTKKLALD-FSRLOAFKMGWK- - S YGDP- S¥UDHVYMRYV 192

WT E1447Q EI1447A S1448A S1456A Q1465A DI1481N NI1485A NI1512A E1529Q

542
255

109
105

1520
158
194
208
173
205
290
187
211
182
223
202
205
190

588
309

156
149

FIGURE. 4.



(A)

(€ Yead) [p9f =memem==—=="

(1 Yead) ¥'0g L

25

15

10

nyw

Retention time (min)

(B)

(¢ Yead) 08 ——=—=—==

|
)
’
(1 Yead) 850§ ———=

f
I

8

15

10

§ § 8 8 °

nvw

Retention time (min)

FIGURE. 5.



A

CwlP-M23
Clostridium
Ruminococcus
Dorea
Eubacterium
Roseburia
Bacteroides
Lawsonia
Vibrie
Streptomyces
LytM STAAS
(secondary)
LytM_STAAS
Alel STACP
LytH BACSU
Phi2% gpl3

CwlP-M23
Clostridium
Ruminococcus
Dorea
Eubacterium
Roseburia
Bacteroides
Lawsonia
Vibrio
Streptomyces
LytM STAAS
(secondary)
LytM_STAAS
Alel STACP
LytH BACSU
Phi2% gpl3

(B)

100 +
80 1

60 9

Relative activity (% of Wild-type protein)

*
Q N A Q
+

T T T
SSPHKGT---DFAAKAG-TAIKSLQSGKVQIAGY SKTAG-NWVVIKQDDG-T--—-- VAKYMHMLN--
SRPHKGH---DYAAAPG-TPIYAAAAGKVTTAGYSNSAG-YWVVINHGNG-L----- VTKYMHMWQ- -
PRPHKGN---DYAAPAG-TPTYAAAAGTVVIAGWSNSAG-NWVVINHGNG-L-———— VTKYMHHSA-—
STNHKGV---DFAASTG-TPIYAAAAGTVTSAGYSGKAG-NLIIINHGNG-L----- LTYYMHCNT--

SEFHKGI---DIPASAG-TTIVAAGSGTVEWANYSTTAG-NWIGINHGNG-V-—-—-—
SSNHKGI---DIGASGG-AAIVAAADGTVTTAAYSSAAG-NYVMIDHGGG-L-

PHSHTGT---DIAAPYG-TPIKAVKSGVVTISEYGSSYG-NYVVISHGDG-T-——-— TSLYAHMSS-—
IEYHKGL---DISAAIG-TPIQASGNGRVILAGCDGAYG-NCVVLQHGSG-L————— TSRYAHMST-—
TTPHLGT---DYATPVG-TPIRSIADGIVLKSRYNRFAG-NYINIRHTNG-S—-——- VSRYLHLSQ-—
SGQHTGL- - -DFAAAAG-TPVKAVGSGTI TARGWAGPYG- YRI LLQLSDG-T———-— EILYAHLSS--
' I N
r} y)—l 5 >— 6
GGRAHYGV---DYAMPEN-SPVYSLTDGTVVQAGWSNYGGGNQVT I KEANSNN————— YQWYMHNNR-—
GGNHYGV---DFFMNVG-TPVRAISDGKIVEAGWTNYGGGNEI GLVENDGVH- ROQWYMHLSKF-
RRIHEGT---DIFAHYG-LPVKSTCYGVVEMKGWNRFGG-WRIGIRDINN-T -——-— YHYFAH-LNGF

SFSHKGTLCIDFVGKTEKYPYYAPCDCTCVWRGDASAYLAWTSDKEVMCADGSVRYT TW\INVEE SP--

PP —— *
‘Asp-His” motif A A Qaa A

T t L T
TPSVKAGQSVKAGQTIGKVGSTG-—--NSTGN-- -HLHLQI---—-EQNG--——— KT---IDPEKYM

-VP---VNPSNYM
—TA---VNPNTYL

MPYVSEGQTVEKGONIGGVGTTG
I-CVAAGOKVAKGOOIGYVGSTG

I-FVSAGQRVSKGONIGQVGTTG—---NSTGP---HLHFQV-----MNNG----— KP---VNPMNYL
L-LVSAGTKVSAGQSIGLVGNTG----ASQGN---HLHFAV-----RKNG--—--— AY---VNPWDYL
L-LVSPGQTVSAGQTIAQVGSTG-—---ISTGN---HLHFGV-----SLNG-—-—— SY---VSPWSYL
R-AVSAGDVVSQGDVIGYVGSTG----NSTGN---HLHLEI-----RVNG----— TR---VDPEQYW
V-DVKVGQNVRRGQIIGYVGSTG —RSSGP---HLHYEV —MN---VDPLRYT
R-NVHVGEKISRGQVIGKTGNTG----RTTGP---HLHLEL-----HING----— VP---VDYERYI
M-TVGVGQQVSAGETIGRVGDSG—---NVTGN---HLHLEV---—- KTSGG----AA---VDPMAWL
v
=y - T —
L-TVSAGDKVKAGDQIAYSGSTG----NSTAP---HVHFQR----- M-SGGIGNQYA---VDPTSYL
—-NVKVGDRVKAGQIIGWSGSTG----YSTAP---[HLHFQR---—- M-TNSFSNNTA---QDPMPFL
AKGIKTGQIVEPGQVIGSVGSSGYGPPGTAGKFPPHLHYGMY - -~ -KDNG----— RTEWSFDPYPHL
L—PFDVGKKLKKGDLMGHTGIGG———-NVTGD———EWHFNV—IDGKEYQG ————— WI---KKPDSCL
“HXH" motif

WT HI580Q DI1584N NI612A H1628Q QI1645A S1656A H1660Q HI1662Q NI1668A DI6T3A

%) ]iggleﬁtg ggtion free,

F N

Mn2*
Intact

Co?"
Cﬂl +

(C)
100
80
S
5 60
=
Ke
2 4
2
&
& 90
0
0

5 10 15 20

Reaction time (min)

1631
318
327
331
373
354
369
251
234
298

263
204
279
250

1678
366
373
377
419
400
415
297

345

FIGURE. 6.



(A) B. subtilis cell wall
100
80
60
40

20

Relative turbidity (%)

No enzyme

CwlIP-SLT
CwlP-M23

Ny
a0\ CwIP-SL.TM23

Mixture (SLT and M23)
Reaction time (min)
(B) B. subtilis peptidoglycan
100
g 80
=
B 60
2
o
£ 40
3 CwIP-SLT
4
20 «——— CwIP-M23
. +CwlP-SLTM23
0 X X » Mixiure (SLT and M23)
0 10 20 30
Reaction time (min)
(C) S. aureus peptidoglycan
100 » CwiP-M23
CwlIP-SLTM23

80 F (toward §. aureus cell wall)
g

60 | CwliP-SLTM?23
g ~
5 «— CwlIP-SLT
% 40 r +— Mixture (SLT and M23)
2
g ol
4

0 . . ,
0 10 20 30

Reaction time (min)

(D) S. thermophilus peptidoglycan

o CwIP-SLTM23

100 § (toward S. thermophilus cell wall)
CwlP-M23

80
;g i b +—— CwIP-SLT
Z +— CwlP-SLTM23
g A
& Mixture (SLT and M23)
E 40
o
5
% 20
[

0 s . )
0 10 20 30

Reaction time (min)

FIGURE. 7.



