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Bacillus subtilis produces a 30-kDa peptidoglycan hydrolase, CwlH, during the late sporulation phase.
Disruption of ygeE led to a complete loss of CwlH formation, indicating the identity of ygeE with cwlH. Northern
blot analysis of cwlH revealed a 0.8-kb transcript after 6 to 7.5 h for the wild-type strain but not for the o*, ¢,
o, and ¢® mutants. Expression of the o*-dependent cwlH gene depended on gerE. Primer extension analysis
also suggested that cwlH is transcribed by Ec™ RNA polymerase. CwlH produced in Escherichia coli harboring
a cwlH plasmid is an N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) and exhibited an optimum pH of 7.0
and high-level binding to the B. subtilis cell wall. A cwlC cwlH double mutation led to a lack of mother cell lysis
even after 7 days of incubation in DSM medium, but the single mutations led to mother cell lysis after 24 h.

Bacillus subtilis produces a complement set of enzymes ca-
pable of hydrolyzing the shape-maintaining and stress-bearing
peptidoglycan layer of its own cell wall (6, 37, 45). Some of
these peptidoglycan hydrolases can trigger cell lysis and there-
fore can be called autolysins or suicide enzymes (37). Autol-
ysins have been implicated in several important cellular pro-
cesses, such as cell wall turnover, cell separation, competence,
and flagellation (motility), in addition to cell lysis, and they act
as pacemaker and space maker enzymes for cell wall growth (2,
7, 8, 33, 37). Therefore, fine-tuning of autolysin activity
through efficient and strict regulation is a must for bacterial
survival (13).

Two major vegetative-phase autolysins, (i) a 50-kDa
N-acetylmuramoyl-L-alanine amidase (amidase), CwiB (LytC),
and (ii) a 90-kDa endo-f-N-acetylglucosaminidase (glucos-
aminidase), CwlG (LytD), were initially purified from B. sub-
tilis and characterized (12, 18, 22, 25, 35, 38). A study on the
physiological functions of CwlB and CwlG revealed that CwiB
is responsible for cell lysis in the stationary phase (18) and after
cold shock treatment (49) and that both proteins, but only in
concert, are required for the motility function (34). Several
other amidase genes and their homologs have been cloned
from B. subtilis. Four prophage-encoded amidase genes (cwlA,
xlyA, xlyB, and blyA) (5, 9, 17, 24, 36), a sporulation-specific
amidase gene (cwlC) (10, 16), a cortex maturation-specific and
deduced amidase gene (cwID) (41), and germination-specific
and deduced amidase genes (sleB and cwl/) (30, 15) have been
cloned and studied, in addition to cwIB (18). Recently, endo-
peptidase homologs (CwlF [LytE] and CwlE [LytF]) playing
roles in cell separation during vegetative growth were found
(14, 26, 27, 32). Regarding the sporulation phase-specific ex-
pression of autolysin genes, Smith et al. found minor autolysins
(A3, A6, and A7) during the sporulation phase (46). They also
reported that a ecwlB c¢wIC double mutant was found to be
resistant to mother cell lysis during the late stage of sporula-
tion (47).
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The B. subtilis genome contains many cell wall hydrolase
gene homologs (43, 20). To determine the cellular functions of
these homologs, it is necessary to determine the expression
phases for the genes and to construct disruptants. Moreover,
the amino acid sequence similarity of these homologs is a clue
for determination of their cellular functions. For instance, ami-
dases in B. subtilis can be divided into three classes, I (CWIA,
XlyA, XlyB, and BlyA), II (CwlB, CwIC, and CwlD), and III
(SleB and CwlJ) (15). Class I seems to be associated with
phage lysins, but classes II and III play roles in various cellular
functions and germination, respectively. The ygeE gene be-
longs to class I (28), but there is no information on its gene
expression or cellular function.

In this study, we identified ygeE as a new cell wall hydrolase
gene, cwlH, during the sporulation phase of B. subtilis, char-
acterized its expression, and determined the cellular function
of the gene product, which is unique in class I.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains of B. subtilis and Escherichia coli
and the plasmids used in this study are listed in Table 1. B. subtilis was grown on
Luria-Bertani (LB) medium (39) or DSM (Schaeffer) medium (40). If necessary,
tetracycline, chloramphenicol, and erythromycin were added to the medium to
final concentrations of 10, 5, and 0.3 pg/ml, respectively. E. coli was grown in LB
medium or 2XYT medium (39). If necessary, ampicillin was added to a final
concentration of 50 ug/ml.

Plasmid and mutant construction. The entire cw/H gene was amplified by
PCR using two primers, forward primer ECHF (5'-CGCCCCGGGA,TGGTAA
CCATAAAAAAGG,; the ewlH sequence is italicized, numbering is with respect
to the first A of the translational start codon of ¢wlH, and the Smal site is
underlined) and reverse primer ECHR (5'-CGCGTCGACT,;3;TATCCGTTAA
ATCCTGC;s¢; the sequence complementary to the downstream region from
cwlH is italicized, and the Sall site is underlined), with B. subtilis 168 DNA as a
template. The PCR fragment was digested with Smal and Sall, followed by
ligation into the corresponding sites of pUC118. The DNA solution was used for
the transformation of E. coli JM109 cells; then the resulting plasmid, pUCH2,
was digested with Sacl and Sall, followed by agarose gel electrophoresis. A
0.8-kb DNA fragment extracted from the gel was ligated to the SacI and Sall
sites of a histidine-tagged plasmid, pQE-31, and then used for the transfor-
mation of E. coli M15(pREP4). The resultant plasmid, pQCH2, contained a
histidine-tagged sequence (MRGSHHHHHHTDPHASSVPG) at its N ter-
minus fused with the structural gene cw/H. Therefore, the histidine-tagged
ewlH (h-cwlH) gene encodes a 270- amino-acid (aa) polypeptide with an M,
of 29,741.

To construct the B. subtilis cwlH-lacZ strain, an internal fragment of the cwlH
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or

plasmid Genotype Reference or source
Strains
B. subtilis
168 trpC2 47
AC327 purB his-1 smo-1 41
CWLHd trpC2 cwlH::pMUTIN2 This study
ANC1 purB his-1 smo-1 cwlC::cat 16
ANBI1 purB his-1 smo-1 cwlB::tet This study
ABC purB his-1 smo-1 cwlB::tet cwlC::cat This study
ABH purB his-1 smo-1 cwlB::tet cwlH::pMUTIN2 This study
ACH purB his-1 smo-1 cwlC::cat cwlH::pMUTIN2 This study
ABCH purB his-1 smo-1 cwlB::tet ¢wlC::cat cwlH::pMUTIN2 This study
1G12 gerE36 leu-2 BGSC*
1G1AcwlH gerE36 leu-2 cwlH::pMUTIN2 This study
1838 trpC2 spollIC94 BGSC
1S60 leuBS tal-1 spollG41 BGSC
1S86 trpC2 spollAl BGSC
SpollIGA1 trpC2 spolllGAI P. Setlow
ADDI1 purB his-1 smo-1 cwlD::cat 40
EDDI trpC2 cwlD::cat B. subtilis 168 transformed with ADD1 DNA
E. coli
JM109 recAl supE44 endAl hsdR17 gyrA96 relAl thi-1 Takara
C600 supE44 hsdR thi-1 leuB6 lacY1 tonA21 Laboratory stock
M15 F~ Str" AlacZ QIAGEN
Plasmids
pUCI118 Ap" Takara
pQE-31 Ap" QIAGEN
pMUTIN2 Em" lacl lacZ 47
pGEM3zf+ Ap" Promega
pCLTC Ap' cwlB::tet 33
pMCWLH Em' ewlH-lacZ lacl This study
pGCWLH Ap" This study
pUCH2 Ap" ewlH This study
pQCH2 Ap" ewlH This study

“ BGSC, Bacillus Genetic Stock Center, Ohio State University.

gene was amplified by PCR using two primers, forward primer CWLHF (5'-G
CCGAAGCTTG¢,CGAATACAGCCAAAGGC,; the internal sequence of the
cwlH region is italicized, numbering is with respect to the first A of the transla-
tional start codon of cwlH, and the HindIII site is underlined) and reverse primer
CWLHR (5'-CGCGGATCCA;5;TCAGCTTTCTGATCAGCC5;5; the sequence
complementary to the internal region of cwlH is italicized, and the BamHI site is
underlined), with B. subtilis 168S DNA as a template. The PCR fragment was
digested with HindIII and BamHI. pMUTIN2 was digested with HindIIl and
BamHI and then ligated to the digested PCR fragment, followed by transforma-
tion of E. coli JM109. The resulting plasmid, pMCWLH, was used for the
transformation of E. coli C600 to produce concatemeric DNAs (4). pGEM-
3zf(+) was digested with HindIII and BamHI and then ligated to the digested
PCR fragment, followed by transformation of E. coli JM109. The resulting
plasmid, pGCWLH, was used to synthesize an RNA probe. To construct B.
subtilis ANB1 (cwIB), pCLTC, containing the cwiB::lacZ fusion, was digested
with EcoRI and then used for transformation of B. subtilis AC327. B. subtilis
ABC (cwIB cwlC) was constructed by transformation of B. subtilis ANB1 with B.
subtilis ANC1 (cwIC) DNA. B. subtilis 1G1AcwlIH (gerE cwlH) was constructed by
transformation of B. subtilis 1G12 (gerE) with B. subtilis CWLHd DNA. Com-
petent cells of B. subtilis ANB1, ANC1, and ABC were transformed with B.
subtilis CWLHd DNA. The resultant mutants, ABH, ACH, and ABCH, respec-
tively, were used for zymographic analysis of cell wall hydrolase activity and also
for morphological analysis. The cwlH disruption of the mutants was confirmed by
long-range PCR using a Gene Amp XL PCR kit (Perkin-Elmer).

Transformation of E. coli and B. subtilis. E. coli transformation was performed
as described by Sambrook et al. (39), and B. subtilis transformation was per-
formed by the competent cell method (1).

Purification of the CwlH protein. E. coli M15(pREP4, pQCH2) was cultured
in LB medium containing ampicillin (200 ml) to a cell density (optical density at
600 nm [ODg]) of approximately 0.8 at 37°C. Then 2 mM (final concentration)
isopropyl-B-D-thiogalactopyranoside was added to the culture, followed by fur-
ther incubation for 3 h. The culture was centrifuged, and the pellet was sus-

pended in 50 ml of 10 mM imidazole NPB solution (10 mM imidazole and 1 M
NaCl in 20 mM sodium phosphate buffer [pH 7.4]). After ultrasonication, the
suspension was centrifuged, and the supernatant (25 ml) was filtered through a
0.45-pm-pore-size membrane filter (Nalgene), followed by application onto a
HiTrap chelating column (1 ml; Pharmacia). The column was washed with 10
mM imidazole NPB solution (20 ml), and then the h-CwlH protein was eluted
with the NPB solution containing a stepwise gradient of imidazole from 30 to 60
mM.

Preparation of cell walls. Cell walls of B. subtilis 168S and Micrococcus luteus
ATCC 4698, unless otherwise noted, were prepared essentially as described
previously (8, 17).

SDS-PAGE and zymography. Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) of proteins was performed in 10 or 12% (wt/vol)
polyacrylamide gels as described by Laemmli (21). Zymography was performed
essentially as described by Leclerc and Asselin (23), using SDS-polyacrylamide
gels containing 0.1% (wt/vol) B. subtilis cell wall, M. luteus cell wall, or B. subtilis
cortex as a substrate.

Cell wall hydrolase assay. B. subtilis cell wall was suspended in 0.1 M TMB
buffer (0.1 M Tris, 0.1 M maleic acid, 0.1 M bovic acid; adjusted to pH 7.0) to
yield a final absorbance of 0.3 at 540 nm. The purified t-CwlH was added to the
solution, followed by incubation at 37°C. One unit of cell wall hydrolase activity
was defined as the amount of enzyme necessary to reduce the absorbance at 540
nm by 0.001 per min.

Measurement of the optimal pH. B. subtilis cell wall was added to various
buffer solutions to yield a final absorbance at 540 nm of 0.3. Purified h-CwlH was
added to the buffers, followed by incubation at 37°C for 10 min. The buffers used
for pHs 3 to 5 and 5 to 10 were 0.1 M citrate buffer and 0.1 M TMB buffer,
respectively.

Cell wall binding ability. The cell wall binding ability of the enzyme was
examined in distilled water containing 5.5 pg of the purified protein and 10 mg
of B. subtilis cell wall. After 30-min incubation at 0°C, the reaction mixture was
centrifuged, and then protein in the supernatant was applied to a gel. After
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FIG. 1. Gene organization of ygeE (designated cwlH) and its flanking regions, and nucleotide sequence of the upstream region of cwlH. The peptides are numbered
with respect to the translational start codon (+1) of each protein. —35 and —10 represent the —35 and —10 regions of a o® promoter, and SD represents a
Shine-Dalgarno sequence. The arrowhead indicates the transcriptional start point of cw/H. The GerE consensus sequence and restriction sites are shown by underlining

and overlining, respectively, of the nucleotide sequence.

SDS-PAGE, the amount of protein in the supernatant was measured by densi-
tometric analysis.

Identification of the specific substrate bond cleaved by the cell wall hydrolase.
The amino groups released during enzyme digestion of B. subtilis cell wall were
labeled with 1-fluoro-2,4-dinitrobenzene (18). Dinitrophenyl (DNP) derivatives
were separated by ODS column (Wakosil-1II5C18) chromatography, and b and L
isomers of DNP-alanine were separated by Sumichiral OA-2500S column chro-
matography (18).

B-Galactosidase assay. The B-galactosidase assay was performed basically as
described by Shimotsu and Henner (44). One unit of B-galactosidase activity was
defined as the amount of enzyme necessary to release nmol of 2-nitrophenol
from 2-nitrophenyl-B-p-galactopyranoside in 1 min.

A M 1 2 3 B
(kDa) (kDa) M1 2
97 - 97 -
66— 66
45
15 - ->
31 - <% CwlH
31 - 21 -
14 -
21 -

FIG. 2. SDS-polyacrylamide (12%) gel electrophoretic analysis of expression
of the CwlH protein in E. coli(pREP4, pUCH2) (A) and zymography of CwlH
with B. subtilis 168 cell wall (B). (A) E. coli M15(pREP4, pUCH2) cells were
cultured in 100 ml of LB medium at 37°C. When the cell density reached 0.8 at
ODgqp, 2 mM (final concentration) IPTG was added to the culture, followed by
further incubation for 3 h. The cells were washed and sonicated, and then the
broken-cell suspension was centrifuged. Proteins in the supernatant (equivalent
to the 0.1 ODyy cells) were loaded onto lane 2. Lane 1 is a sample without IPTG
induction. Lane 3 is the purified CwlH protein (7.5 pg) after nickel affinity
column chromatography. M, marker proteins (Bio-Rad broad-range markers [1.5
wg of each]; from top to bottom, 97.4, 66.2, 45.0, 31.0, and 21.5 kDa). (B) The
purified CwlH (1 ng) was loaded onto lanes 1 and 2. Lanes M (marker proteins)
and 1, SDS-PAGE; lane 2, zymography with strain 168 cell wall. Zymographic
patterns toward the M. luteus cell wall, 168 spore cortex, and muramic acid
lactam-deficient EDD1 cortex were very similar to that toward the 168 cell wall
(B, lane 2; reference 31).

Northern blot and primer extension analyses. B. subtilis cells (15 OD units)
cultured in DSM medium were harvested and then suspended in 1 ml of chilled
killing buffer (20 mM Tris-HCI [pH 7.5] containing 5 mM MgCl, and 20 mM
Na,Nj; (14). After centrifugation at 11,000 X g for 2 min, the pellet was sus-
pended in 1 ml of SET buffer containing lysozyme (final concentration 6 mg/ml)
(14). After incubation at 10 min at 0°C, the suspension was centrifuged at
11,000 X g for 2 min. The pellet was used for RNA preparation with Isogen
(Nippon Gene) according to the manufacturer’s instructions. Agarose-formal-
dehyde gel electrophoresis was performed as described by Sambrook et al. (39).
The transfer of RNAs onto a nylon membrane (Magnagraph; Micron Separa-
tions) was performed with a vacuum blotter (model BE-600; BIOCRAFT). The
DNA fragment used for preparing an RNA probe was amplified by PCR with
M13(—21) and M13RV as primers and pPGCWLH DNA, containing the internal
region of cwlH, as a template. The amplified fragment was digested with HindIII;
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FIG. 3. Digestion of B. subtilis cell wall with the purified CwlH protein. B.
subtilis cell wall (2.0 mg) and the purified CwlH (9.6 pg) were mixed in 6 ml of
a 1% potassium borate solution (pH 9.0) and then incubated at 37°C. Aliquots
(500 pl of each) was removed at various intervals for determination of turbidity
at 540 nm (@), DNP-diaminopimelic acid (A), DNP-L-alanine (), and DNP-p-
alanine ().
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FIG. 4. (A) B-Galactosidase activities of the cwlH-lacZ transcriptional fusion
strains constructed in the B. subtilis chromosome. The strains were grown in
DSM medium at 37°C. Squares, strain CWLHd; circles, strain 1G1AcwlH, dia-
monds, strain 168. (B and C) Northern hybridization analysis of ¢cwlH with a
specific RNA probe. B. subtilis total RNAs from cultured cells were purified with
Isogen (numbers indicate the times [hours] after onset of sporulation), and 10 g
of each RNA was separated on a 1% formaldehyde agarose gel. Signals were
detected with the digoxigenin-labeled RNA probe. The cw/H mRNA signal is
indicated by a thick arrow; positions of 23S and 16S RNAs are indicated by thin
arrows. 168, B. subtilis 168; SigE ™, 1S60 (spollG); SigF ~, 1586 (spollA); SigG
spollIGA1 (spollIG); SigK™, 1S38 (spollIC); GerE™, 1G12 (gerE).

the resulting fragments were purified by phenol and chloroform treatments and
precipitated with ethanol. The RNA probe was prepared with a DIG (digoxige-
nin) RNA labeling kit (Boehringer Mannheim), and Northern (RNA) hybrid-
ization was performed according to the manufacturer’s instructions. Primer ex-
tension analysis was performed as described previously (41), using primer PEH1
(5'-CCATCGCATAGCCAGGACGA; the 5’ and 3’ ends corresponding to the
complementary nucleotides at positions 64 and 45 with respect to the 5’ end of
the cwlH gene).

Microscopic observation and cell density determination. Cells were shake-
cultured in a test tube (17-mm diameter) containing 5 ml of DSM medium at
37°C. After 1 and 7 days, 5-pl samples were mixed with 5 wl of 2% agarose on
slide glasses, and then the cell morphology was observed by phase-contrast
microscopy. The ODg(, was measured after strong vortexing of samples. In the
case of filamentous mutant cells, a small amount of lysozyme was added to the
samples just before vortexing.

RESULTS

Paralog analysis of many cell wall hydrolase genes in B.
subtilis revealed that the ygeE gene is located at 226° on the B.
subtilis chromosome. This gene encodes a 250-aa polypeptide
with an M, of 27,571 (20). Figure 1 shows the gene organiza-
tion of the ygeE gene and its flanking regions and the nucleo-
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FIG. 5. Determination of transcriptional start sites by primer extension anal-
ysis. Total RNAs (50 p.g) at to from B. subtilis 168 (W), 1S38 (¢%7), and 1G12
(GerE™) were used as RNA samples. Signals were detected with 3?P-labeled
primer PEH1. Dideoxy DNA sequencing reaction mixtures with the same primer
were electrophoresed in parallel (lanes G, A, T, and C). The arrows indicate the
nucleotide at the transcriptional start site. The nucleotide sequence of the tran-
scribed strand is given beside the sequence ladder.

tide sequence of the upstream region of ygeE. The amino acid
sequence of YqeE (designated CwlH) exhibits 59.6, 44.7, 42.8,
and 27.1% identity with those of B. subtilis XIyA (297 aa), B.
subtilis CwlA (272 aa), B. subtilis XlyB (317 aa), and B. subtilis
BlyA (367 aa), respectively (5, 9, 17, 24, 36).

Expression of h-CwlH in E. coli. pPQCH2 containing a histi-
dine-tagged sequence followed by the cw/H gene was intro-
duced into E. coli cells as described in Materials and Methods,
and the h-CwlH protein (270 aa) was expressed by IPTG in-
duction. Figure 2A shows the results of SDS-PAGE analysis of
the expression of h-CwlH. A large amount of h-CwlH was
accumulated in E. coli cells (lane 2), and the M, of 31,000 was
in good agreement with that calculated from the sequence
(29,741). The h-CwlH protein was purified by nickel affinity
chromatography, and the purified protein was run in lane 3.

Characterization of the h-CwlH protein. The substrate spec-
ificity of the purified h-CwlH protein was determined by zy-
mography with B. subtilis and M. luteus cell walls and the
wild-type and modified (muramic acid lactam-deficient) cortex.
The h-CwlH protein gave a clear hydrolyzing band with all of
the above substrates on zymography (Fig. 2B) (31). The opti-
mal pH was 7.0 (relative activities of 5.1% at pH 5.0, 47.5% at
pH 6.0, 100% at pH 7.0, 94.9% at pH 8.0, 55.9% at pH 9.0, and
47.5% at pH 10.0). The specific activity of h-CwlH under the

AC327 ANC1 ACH
cell sup. cell sup. cell sup.

(kDa)
97 >
66 >

45 >

CwlH

< cwiC

31 >

21 >

FIG. 6. Zymographic analysis of cell extracts and culture supernatants of B.
subtilis AC327 (wild type), ANC1 (ewlC), and ACH (cwlC cwiH) cells. Cultures
at t;, were centrifuged, and then the supernatants (sup.) of the cultures (2 ml of
each) and SDS extracts of the pellets were applied on a 12% polyacrylamide gel
containing 0.1% B. subtilis cell wall. The cell wall lytic bands of CwIH and CwIC
overlapped, as indicated by an arrow. Standard size markers are shown on the
left.
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FIG. 7. Phase-contrast micrographs of B. subtilis AC327 (wild type), ANBI1 (cwiB), ANC1 (cwlC), CWLHd (cwIH), ABH (cwiIB cwiH), ACH (cwIC cwIH), ABC
(ewlB ¢wlC) and ABCH (cwIB cwIC cwlH) cells after 24 h incubation in DSM medium at 37°C. Bars, 10 wm.

optimal conditions was 1.6 X 10* U per mg of protein. The
h-CwlH protein was completely bound to B. subtilis cell wall in
distilled water.

The purified h-CwlH protein was added to the B. subtilis cell
wall, and the mixture was incubated at 37°C for various time
periods. The products resulting from the enzyme reaction were
investigated by labeling of free amino groups with 1-fluoro-2,4-
dinitrobenzene, followed by chromatography as described in
Materials and Methods. Only DNP-L-alanine increased during
the enzyme reaction (Fig. 3). Therefore, this protein is an
N-acetylmuramoyl-L-alanine amidase.

Regulation of the cwlH gene. A transcriptional fusion be-
tween cw/H and lacZ was constructed with a 8.9-kb plasmid,
pMCWLH, containing the internal region of CwlH in the B.
subtilis chromosome. The cwlH lacZ strain, CWLHd, expressed
significant lacZ activity during the late sporulation stage (Fig.
4A). Northern hybridization analysis of the cwlH gene with a
specific  RNA probe consisting of the internal region
(HindIII-BamHI region) of cwlH revealed a single 0.8-kb sig-
nal band at 7, (6 h after onset of sporulation) for the wild-type
168 strain, but no hybridizing band was observed for the sigE,
sigF, sigG, and sigK-deficient strains (Fig. 4B). Since some of
the SigK-dependent genes are also regulated by the gerE gene,
the GerE dependence of the cwlH gene was determined with
the gerE-deficient strain, 1G12. No 0.8-kb transcript was ob-

served for the 1G12 strain (Fig. 4C). These results shows that
the ¢cwlH gene is transcribed by Ec® RNA polymerase and
regulated by the GerE protein.

Primer extension analysis of the cw/H gene with the primer,
PEH]1, corresponding to the 5" end of cwlH, revealed one
transcriptional start point, A, at position —14 with respect to
the translational start point of cwlH (¢, 5 sample for the 168
strain in Fig. 5). RNAs of the 168 strain at ¢; and the o*-
deficient strain at ¢, 5 did not show the transcriptional start
point (Fig. 5). A significant p-independent terminator exists in
the downstream region of the cw/H gene (AG = —15.9 kcal/
mol). The 0.8-kb transcript shows good correspondence in size
from the transcriptional start point to the terminator region of
cwlH (about 814 bp), thus indicating monocistronic transcrip-
tion. TC and CATTCTTAT sequences, which are very similar
to the consensus sequences of —35 and —10 sequences (AC
and CATANNNTA) (11, 29), were observed at —32 to —31 bp
and at —13 to —5 bp, respectively, relative to the transcrip-
tional start point of cwl/H (Fig. 1). The GerE consensus se-
quence (TPuGGPy [Pu, purine; Py, pyrimidine]) was also ob-
served in the region from —152 to —148 bp (TAGGT in Fig.
1). These results confirmed that the cwlH gene is transcribed
by Ea® RNA polymerase and regulated by GerE.

Production of the CwlH protein during the late sporulation
phase. Since the cwlH gene is expressed during the late sporu-
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FIG. 8. Alignment of amino acid sequences of class I N-acetylmuramoyl-L-alanine amidases. CwlA is a deduced phage lysin (17, 27), XlyA and XlyB are phage lysins
from PBS1 (24, 5), and BlyA is a phage lysin from SP (36). Asterisks indicate identical amino acids among the five amidases in class I. Dashes indicate the introduction
of gaps in the alignment, and numbers on the left are with respect to the N-terminal amino acid of each amidase.

lation phase, surface proteins were extracted in that phase
from strains AC327, ANCI1 (cwlC), and ACH (ewIC cwlH) and
analyzed by zymography (Fig. 6). The wild-type strain gave a
cell wall hydrolyzing band corresponding to a molecular size of

28 kDa. Since CwlC is a 28-kDa polypeptide, the size being
very similar to that of CwlH, the cwIC gene was disrupted and
then analyzed by zymography. A 28-kDa band was still ob-
served, but to a much lesser extent. For the cwlC cwlH mutant,
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however, no 28-kDa band was detected. Therefore, the 28-kDa
band corresponded to CwlH.

Role of CwlH in cell morphology. Cell wall hydrolases play
various roles in cell morphology, but the role of CwlH has not
been determined. CwlH disruption affected neither vegetative
cell growth, sporulation frequency, nor germination frequency
(31). Since the cwlH gene is expressed during the late stage of
sporulation, we investigated the sporulation and germination
more precisely with multiple combinations of mutations of cell
wall hydrolase genes. Mother cell lysis was blocked strongly by
the ewlH cwlIC double mutation but weakly by the cwlH cwlB
double mutation (Fig. 7). The single ¢cwlH, cwlIC, and cwlB
mutations did not affect mother cell lysis. The combined effect
of CwlH and CwlIC is very similar to that of CwIB and CwlC
(Fig. 7) reported by Smith and Foster (47).

DISCUSSION

The CwlH protein exhibited extensive amino acid sequence
similarity with class I (CwlA type) N-acetylmuramoyl-L-alanine
amidases (Fig. 8). XlyA, XlyB, and BlyA are autolysins of
phages PBS1 and SPB (24, 36, 5). CwlA is assumed to be a
phage lysin, because the cwlA gene is located in the skin ele-
ment (17, 28). In contrast to these phage lysins, CwlH plays a
role in mother cell lysis in concert with CwlC, and this is
exceptional in class I, because CwlH is produced during the life
cycle and has a specific function in cells (Fig. 7). The catalytic
domains of class I amidases are located in the N-terminal
region, and the amino acid sequences of the C-terminal do-
mains are also very similar to each other except that of BlyA
(Fig. 8). Recently, Regamy and Karamata reported that BlyA
bound to cell wall very strongly and that it was difficult to
release the enzyme from the cell wall with a 5 M LiCl solution
(36). This property probably depends on the large difference in
the C-terminal amino acid sequence between BlyA and other
class I amidases. CwlH exhibits a broad substrate specificity,
including hydrolyzing activity for spore cortex (31), which was
also found for CwlA and CwlIC (9, 16). It is interesting that
CwlH is able to hydrolyze immature cortex without muramic
acid lactam (31).

The c¢wlH gene is transcribed by Eo™ RNA polymerase and
affected by GerE (Fig. 4). The cwIC gene is also transcribed by
Ec® RNA polymerase and affected by GerE (43), and the gene
product also plays a role in mother cell lysis in concert with
CwlH or CwiIB (Fig. 7). The major autolysin (CwIB [LytC]) is
produced actively at the end of the exponential growth phase
(19, 22) and remains until the late stationary phase (18) and
also until the late sporulation phase (Fig. 6 and reference 10).
In the late sporulation phase, CwIC is the major hydrolytic
enzyme, as judged by zymography, CwlB and CwlH being mi-
nor ones (Fig. 6 and reference 10). The results correspond well
with the effects of these proteins on mother cell lysis. The total
activity of these three peptidoglycan hydrolases may be most
important. However, we are unable to eliminate the possibility
that the enzymatic property of CwIC in concert with CwlB or
CwlH is most important for mother cell lysis.

Combined effects of cell wall and cortex hydrolases are often
found for cellular functions. Cell separation is greatly affected
by a combination of two endopeptidases (14, 26, 32). Vegeta-
tive cell lysis is affected by the major autolysin, CwiB (3, 18,
46), and greatly by four autolysins, including minor ones (CwlF
[LytE] and CwlE [LytF]) (26). Motility and cell wall turnover
were also affected by combinations of cell wall hydrolases (27,
34, 46), and recently germination was found to be completely
blocked with the lack of two deduced class II amidases (15).
The combined effect on mother cell lysis observed in this study
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further supports the idea that peptidoglycan and cortex hydro-
lases play essential roles in cellular functions in concert.
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