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Characterization of the Cloned Staphylococcal
Peptidoglycan Hydrolase Gene Product

Yoonik Lee*

Microbiology Group, Department of Biological Sciences, lllinois State University, Normal, Illinois 61761 USA.
(Received March 15, 1995)

Abstract : Cloned staphylococcal peptidoglycan hydrolase was used in determining the physiological charac-
teristics of peptidoglycan hydrolase. This enzyme hydrolyzed the bacterial cell walls and released the N-termi-
nal alanine, but not the reducing groups. This cloned gene product was localized in the cytoplasm of transformed
Escherichia coli. Activity gels indicated the enzyme had an Mr of about 54,000, which was consistent
with the deduced Mr from sequencing of the cloned gene. The activity bound to CM-cellulose but not
DEAE-cellulose resin, indicating it as a basic protein. Enhanced enzyme activity in a low concentration of
cations, and inhibited enzyme activity in a solution with dissolved phospholipids, suggested that the activity
and the availability of this basic protein may be regulated between negatively charged and positively charged
cellular molecules. The activity against boiled crude cell wall was much greater than against purifed cell
wall, suggesting protein associated with crude cell wall may aid in the binding of the peptidoglycan hydrolase
The cloned peptidoglycan hydrolase showed positive activity on whole cells of some lysostaphin-resistant
coagulase-negative staphylococci. The cloned enzyme may be an alternative for lysostaphin for lysis of staph-
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ylococci.
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Autolysins (peptidoglycan hydrolases) are enzymes
present in all walled eubacteria and have peptidoglycan
as their substrate. Roles have been proposed for these
enzymes in cell wall growth, cell separation, cell wall
turnover, lysis initiated by antibiotics (Tomasz et al.,
1988), and pathogenicity (Berry et al., 1989). In Staph-
ylococcus aureus, amidase, glucosaminidase, and en-
dopeptidase activities are present in crude cell walls
retaining autolytic activity; among these, the major staph-
ylococcal autolysin is amidase (Tipper, 1969). Differ-
ent Mr for amidase and glucosaminidase have been
reported (Valisena et al, 1982; Sugai et al, 1989).

An autolysin that has been studied in detail at the
molecular level is the major amidase of Streptococcus
pneumoniae (Garcia et al, 1986). When the gene for
this enzyme was insertionally deactivated, the only al-
tered properties were an inhibition of lysis at the end
of exponential growth, and an increased resistance to
penicillin-induced lysis (Tomasz et al.,, 1988), indicating
redundancy in autolysin function.

Though there have been studies on autolysins in dif-
ferent genera of bacteria, most studies on the S. aureus
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autolysins are old and remain unclear in illustrating the
importance of these enzymes in S. aureus. Because
autolysins seem to play important roles in various as-
pects of staphylococcal metabolism, it is necessary to
study them at the molecular level to achieve a better
understanding of their roles in various physiological func-
tions. It may be possible that cloned staphylococcal
autolysin could be used for determination of the precise
role of one autolysin. In this study, the staphylococcal
peptidoglycan hydrolase, which was cloned and expressed
in our previous experiment, was used to determine the
physiological characteristics of peptidoglycan hydrolase
(Jayaswal et al, 1990).

Materials and Methods

Bacterial strains, plasmids, and growth conditions

Escherichia coli strain HB101 containing the plasmid
pBR322, or pRJ2-19 which has a staphylococcal pepti-
doglycan hydrolase gene 7.4 kb insert in pBR 322
(Jayaswal et al, 1990) was grown with 1% (vol/vol)
inoculation from 100-ml starter cultures, in 1 | of Luria-
Bertani medium (LB, Bacto-tryptone, 10 g; Bacto-yeast,
5 g NaCl, 10 g/l) in a 2 1 flask overnight at 37°C
with shaking (200 rpm) with an appropriate antibiotic
(ampicillin, 50 pg/ml). Using 1% (vol/vol) inoculation
from 100 ml starter cultures, Micrococcus luteus and
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Staphylococcus aureus PS47 were grown in 1 | of PYK
medium (Bacto-peptone, 5 g; Bacto-yeast extract, 5 g;
potassium phosphate dibasic 3 g/l) in a 2 1 flask at
37°C with shaking (200 rpm) to late exponential phase
(Asso about 1.0), to isolate cells or cell walls.

Enzymes and chemicals

Polycations, phospholipids, lipoteichoic acid, lysostaph-
in, Triton X-100, antibiotics, dinitrophenyl (DNP)-alanine,
DNP-serine, DNP-lysine, and DNP-glycine were purchased
from Sigma Chemical Co. (St. Louis, USA).

Preparation of cell-free extract

E. coli cultures (1 1) were centrifuged (15,300Xg,
10 min, 4°C), and the cells were resuspended in 15
ml of 0.05 M Tris-HCI buffer, pH 7.5. Cell free extracts
were obtained by cell breakage using a French pressure
cell operated at 16,000 psi. Unbroken cells and cell
envelopes were removed by centrifugation (30,000Xg,
30 min, 4°C).

Cell wall preparation

Crude cell walls (CCW). Three liters of S. aureus
PS47 exponential-phase culture (Asgg of about 1.0)
were resuspended in 100 ml of cold distilled water
and mixed with 100 ml of glass beads (0.10~0.11
mm in diameter, VWR Scientific). The cells were bro-
ken using a Bead-Beater (Biospec Products, Bartlesville,
USA) for 10 min by repeating 1-min breaking and
1-min resting for 20 min in the cold room. The mixture
was scraped out onto a coarse grade fritted filter on
a Buchner flask connected to a vacuum aspirator. The
filtrate was centrifuged (13,800 g, 10 min, 4°C) to de-
posit cell walls. The white part of the pellet, CCW, was
suspended in water, leaving the yellow part (unbroken
cells) behind. CCWs were washed four times with cold
distilled water, lyophilized, and stored at —20°C with
desiccation.

Purified cell walls (PCW). CCW were resuspended
in water and heated for 10 min in boiling water to
destroy autolytic activity. They were harvested by cen-
" trifuging and resuspended in 200 ml of 0.05 M Tris-
HCl, pH 7.5 containing 5 mM MgCl,, DNase (5 ug/ml)
and RNase (5 pg/ml). The mixture was shaken at 37°C
gently (100 rpm) for 1 h, trypsin (200 pg/ml) was then
added, and shaking was continued for 4 h. The PCW
were washed 5 times with cold distilled water, lyophil-
ized, and stored at —20°C with desiccation.

Peptidoglycan (PG). To obtain PG, the PCW were
resuspended in 10% (wt/vol) trichloroacetic acid, heated
at 60°C for 90 min, and washed 5 times with cold
distilled water, lyophilized, and stored at —20°C with
desiccation.
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Assay of peptidoglycan hydrolase activity

Samples (cell free extracts, column fractions) were
increased up to 3.7 ml by adding 0.05 M Tris-HCl
(pH 7.5), followed by addition of 0.3 ml boiled CCW
(10 mg/ml). The sample was incubated at 30°C, and
the Assp was measured at intervals. The rate of enzyme
activity was determined from the initial rate and ex-
pressed as AAssy/min/mgXx10%,

Studies of the bond(s) cleaved in peptidoglycan
Release of amino and reducing groups. Three ml
of PCW (10 mg/ml) isolated from strain PS47 grown
in PYK containing 5% NaCl were mixed with cell free
extract (200 pg of protein) from strain HB101 contain-
ing pRJ2-19 or pBR322 and incubated at 37°C; 04
ml samples were removed at various intervals and di-
luted with 2.8 ml of water, and the Asgp was measured
to observe the turbidity change. Samples of supernatant
were assayed for the appearance of amino groups with
1-fluoro-2 4-dinitrobenzene (FDNB) (Ghuysen et al,
1966). Supernatant (0.1 ml), 0.1 ml of 2% (wt/vol)
potassium tetraborate, and 20 uyl of FDNB (130 ul
FDNB/10 ml 100% ethanol) were mixed and heated
at 60°C for 30 min in a water bath. The cooled mix-
ture was added to 3.8 ml of 2 M HCI, and the A4
was determined. Reducing groups were determined as
described by Thompson and Shockman (1969). One
ml of carbonate-cyanide (5.3 g sodium carbonate+ 0.
65 g KCN/I), and 1 ml of ferricyanide (0.5 g of potas-
sium ferricyanide/l) were added to samples and heated
for 15 min in a boiling water bath. After cooling, 5
ml of ferric iron solution (1.5 g ferric ammonium sul-
fate+1 g of SDS in 1 1 of 0.1 M sulfuric acid) were
added, and color was allowed to develop for 15 min.
The Agpo of the samples was then determined.
Identification of released N-terminal amino acid
One hundred mg of NaOH-treated PCW were resus-
pended in 10 ml of 0.05 M Tris-HCl, pH 7.5 and
divided into 2 tubes. Eight hundred ul of cell-free ex-
tract from HB101 containing pRJ2-19 (7.6 mg pro-
tein/ml) were added to one tube. The Asgy was meas-
ured by diluting 0.4 ml of sample with 3.6 ml of 0.05
M Tris-HC], pH 7.5 at various time intervals. Samples
were boiled for 10 min and microfuged. Ten % (wt/vol)
potassium tetraborate solution was added to the super-
natant which contains 10~50 millimicromoles of each
N-terminal groups to a final concentration of 1% (wt
Jvol), 500 pl of FDNB (130 ul FDNB in 10 ml of
100% ethanol) were added, and the mixture was incu-
bated at 60°C for 30 min. The mixture was acidified
with 2.5 ml of concentrated HCI, and the small amount
of free dinitrophenyl (DNP)-derivatives was extracted
three times with 5 ml of ether and discarded. The resid-
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ual ether was evaporated by incubation in a 60°C
water bath. Then, the samples were placed in ampules,
which were sealed, and hydrolyzed at 105°C for 6 h.
The N-terminal amino acids were extracted 3 times
with 5 ml of ether and the ether extracts were evapo-
rated in a shaking water bath at 37°C overnight. The
residue was dissolved in 400 pl of 0.05 M NH,OH,
and the remaining residue was redissolved in 3 ml of
ether, evaporated overnight, and dissolved in 200 ul
of 0.05 M NH,OH; the samples were frozen until used.
These extracted DNP-amino acids were analyzed by
chromatography. Silica gel G plates were stored in a
desiccator and activated for 2 h at 105°C just prior
to use. The plate was first developed with solvent A
(n-butanol-1% ammonia) at room temperature, and af-
ter drying was developed with solvent B (chloroform-
methanol-acetic acid, 85:14:1) at 4°C. The tracings
of DNP-amino acids on the chromatogram were com-
pared with those of DNP-alanine and DNP-lysine.
Identification of released N-terminal amino acid.
One hundred mg of NaOH-treated PCW were resus-
pended in 10 ml of 0.05 M Tris-HCl, pH 7.5 and
divided into 2 tubes. Eight hundred ul of cell-free ex-
tract from HB101 containing pRJ2-19 (7.6 mg pro-
tein/ml) were added to one tube. The Asgy was meas-
ured by diluting 0.4 ml of sample with 3.6 ml of 0.05
M Tris-HCl, pH 7.5 at various time intervals. Samples
were boiled for 10 min and microfuged. Ten % (wt/vol)
potassium tetraborate solution was added to the super-
natant which contains 10~50 millimicromoles of each
N-terminal groups to a final concentration of 1% (wt
/vol), 500 ul of FDNB (130 pl FDNB in 10 ml of
100% ethanol) were added, and the mixture was incu-
bated at 60°C for 30 min. The mixture was acidified
with 2.5 ml of concentrated HC], and the small amount
of free dinitrophenyl (DNP)-derivatives was extracted
three times with 5 ml of ether and discarded. The resid-
ual ether was evaporated by incubation in a 60°C
water bath. Then, the samples were placed in ampules,
which were sealed, and hydrolyzed at 105°C for 6 h.
_The_N-terminal amino acids were extracted 3 times
with 5 ml of ether and the ether extracts were evapo-
rated in a shaking water bath at 37°C overnight. The
residue was dissolved in 400 ul of 0.05 M NH,OH,
and the remaining residue was redissolved in 3 ml of
ether, evaporated overnight, and dissolved in 200 pl
of 0.05 M NH4OH; the samples were frozen until used.
These extracted DNP-amino acids were analyzed by
chromatography. Silica gel G plates were stored in a
desiccator and activated for 2 h at 105°C just prior
to use. The plate was first developed with solvent A
{n-butanol-1% ammonia) at room temperature, and af-
ter drying was developed with solvent B (chloroform-

methanol-acetic acid, 85:14:1) at 4°C. The tracings
of DNP-amino acids on the chromatogram were com-
pared with those of DNP-alanine and DNP-lysine.
Localization of the cloned peptidoglycan hydrolase
activity in E. coli. E. coli periplasm, cytoplasm, and
cell envelope fractions were obtained by the process
as described by Nossal and Heppel (1966). Fifty ml
of E. coli HB101 containing pRJ2-19 was grown to
Asg 0.5, harvested, suspended in 20 ml of plasmolysis
buffer (100 mM Tris-HCl, pH 8 containing 1mM EDTA
and 20% (wt/vol) sucrose), and incubated at room tem-
perature for 10 min. The cells were pelleted by centrif-
ugation (15,300Xg, 5 min, 4°C), resuspended in 10
m! of cold distilled water, and incubated on ice for
10 min. The cells were pelleted and the supernatant
(periplasmic fraction) was saved. The cell pellet was
resuspended in 20 ml of 0.05 M potassium phosphate
buffer, pH 7.2. Cells were broken using a French pres-
sure cell, and unbroken cells were removed by centrifu-
gation (8,000Xg, 5 min, 4°C). The supernatant was
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Fig. 1. Release of free amino group from PCW in the presence
peptidoglycan hydrolase-containing cell free extract. PCW (3 ml,
10 mg/ml, isolated from PS47 grown in PYK+5% NaCl) and
900 pl cell-free extract from HB101 containing pRJ2-19 (320
ug/ml) were incubated at 37°C and diluted (1:8) with 0.05 M
phosphate buffer (pH 7.2) at various intervals. O, Asgg PCW plus
cell free extract from pBR 322; @, Asso PCW plus cell free extract
from pRJ2-19; M, release of free amino groups from PCW in
the presence of cell free extract from pRJ2-19; A, release of
reducing groups from PCW in the presence of cell free extract
from pRJ2-19.

J. Biochem. Mol. Biol. (1995), Vol. 28(5)
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Fig. 2. Identification of DNP-amino acids by silica gel thin-layer
chromatography. After dinitrophenylation and acid hydrolysis,
DNP-amino acids were extracted by ether and analyzed by chro-
matography. The plate was first developed with solvent A (n-buta-
nol-1% ammonia) at room temperature, and after drying was de-
veloped with solvent B (chloroform-methanol-acetic acid, 85:14:
1) at 4°C. The figure shows the tracings of DNP-amino acids
on the chromatogram. 1:DNP-alanine; 2:DNP-lysine; 3:PCW
plus cell free extract from pRJ2-19; 4:PCW plus cell free extract
from pBR322.

centrifuged (105,000Xg, 1 h, 4°C) to separate the cy-
toplasmic and cell envelope fractions.

Renaturing gel electrophoresis (activity gels). To
check the lytic activity of protein bands (Leclerc & As-
selin, 1989), SDS-PAGE was carried out in a gel con-
taining 0.4% PCW and 0.2% sodium dodecyl sulfate.
After complete running, the substrate-containing gel
was renatured overnight with 0.05 M Tris-HCl, pH 7.5
containing 1% Triton X-100 with gentle shaking at 37°C.
After renaturation, the gel was stained in 0.1 % meth-
ylene blue in 0.01% KOH for 3 h with gentle shaking,
and then destained in distilled water (Foster, 1992).

Influence of various cations and phospholipids on
peptidoglycan hydrolase activity. The effects of 0~
150 mM monovalent cations (NaCl, KCl, LiCl), divalent
cations (MgCl,, CaCly), 0~10 mM polycations (lysyl-ly-
sine, streptomycin, poly-L-lysine), 0~100 pyM lipotei-
choic acid, phosphatidyl glycerol, and cardiolipin on
peptidoglycan hydrolase activity were determined. Car-
diolipin and phosphatidyl glycerol were supplied with

54 kd

Fig. 3. Lytic activity of partially purified peptidoglycan hydrolase
on activity gels. Samples (1 : cell free extract of HB101 containing
pRJ2-19; 2:sample eluted from CM-cellulose column) were pre-
pared and subjected to SDS-PAGE and renaturing SDS-PAGE.

methanol and chloroform-methanol (98:2) solutions
respectively, by the manufacturer. These compounds
were diluted in methanol for use in the assays. Metha-
nol was present at a final concentration of 10%
(vol/vol) in the samples and the control. Lipoteichoic
acid was resuspended in 0.05 M Tris-HCl buffer, pH
7.2 and used in the assays.

Results and Discussion

The S. aureus peptidoglycan hydrolase activity was
originally cloned as a 7.4-kb insert in PBR322, yielding
pRJ2-19 (Jayaswal et al., 1990). This cloned staphylo-
coccal peptidoglycan hydrolase was used in the present
experiment. Four common types of autolysins are rec-
ognized: (i) a lysozyme-like enzyme hydrolyzing N-acet-
ylmuramyl-1, 4-B-N-acetylglucosamine bonds {murami-
dase); (i) a B-N-acetylglucosaminidase liberating the
free reducing groups of N-acetylglucosamine (glucosa-
minidase); (i) a B-N-acetylmuramyl-L-alanine amidase
(amidase) hydrolyzing the bond between N-acetylmura-
mic acid and L-alanine, and (iv) peptidases hydrolyzing
the stem or bridge peptides (Rogers et al, 1980). To
determine the specificity of the cloned enzyme, recom-
binant cell free extract was added to PCW. The rates
of lysis and release of NH; groups increased markedly,
however there was no increase in the rate of liberation

Table 1. Distribution of peptidoglycan hydrolase activity in cell fraction from E. coli containing pRJ2-19

Total mg protein and

Peptidoglycan hydrolase activity

Fraction (% distribution) Specific activity® Total units % Distibution
Periplasm 044 ( 9.7) 2 09 16
Cytoplasm 311 (68.7) 168 523 947
Cell envelope 197 (21.5) 21 41 37

@ Asgo/min/mg protein X 10%

J. Biochem. Mol. Biol (1995), Vol. 28(5)
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Fig. 4. Activity of the cloned peptidoglycan hydrolase and lyso-
staphin on whole cells. Bacteria were grown overnight and resus-
pended in 5 ml of 0.05 M Tris-HCl and 0.05 M Tris-HCI contain-
ing 0.05 M NaCl to an Asg of 0.5~0.6. One hundred pl of
cloned peptidoglycan hydrolase (protein concentration, 48 mg/ml)
were added to 5 ml of 0.05 M Tris-HCL 0.1 ml lysostaphin (50
pg/ml), were added to 5 ml of 0.05 M Tris-HCl containing 0.15
M NaCl. Turbidity changes were measured at various intervals.
0, cell free extract from HB101 containing pBR322; O, cloned
peptidoglycan hydrolase; @, lysostaphin. Strains; A:S. aureus PS
47, B:S. capitis 278407, C:S. hominis; D:S. xylosus.

of reducing groups (Fig. 1). This strongly indicates that
the cloned gene does not encode glucosaminidase activ-
ity. The N-terminal amino acid(s) released by the cloned
peptidoglycan hydrolase was identified by reaction of
the supernatant of digested NaOH treated-PCW with
1-fluoro-2,4-dinitrobenzene (FDNB), followed by acid
hydrolysis and thin-layer chromatography of the dini-
trophenyl amino acids (Fig. 2). The major N-terminal
amino acid released by the cloned peptidoglycan hy-
drolase was clearly identified as DNP-alanine, suggesting
that a gene encoding amidase had been cloned. A lytic
band appeared on activity gels with an approximate
Mr of 51~54,000 which was consistent with the de-
duced Mr from sequencing of the cloned gene (Fig. 3.
(Wang et al, 1991). Sometimes lower Mr lytic bands
could be seen between 20,000 and the dye front. The
bands may represent protein processing or degradation
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Fig. 5. Susceptibilities of boiled CCW, PCW, and PG to peptido-
glycan hydrolase. Four ml of each cell wall preparation (1.2
mg/ml) in 0.05 M potassium phosphate buffer, pH 7.2 were
mixed with 100 pl of cell free extract (pRJ2-19, 7.6 pg/pl), and
turbidity changes were measured at various intervals. (0, boiled
CCW; O, PCW; 4, PG.

of the 54,000 protein. As a prelude to attempts to
purify the peptidoglycan hydrolase, its distribution
among the periplasmic, cell envelope, and cytoplasmic
fractions of E. coli HB101 containing pRJ2-19 was
determined (Table 1). The protein distribution among
the different cell fractions was similar to that reported
by Diaz et al. (1989). The overwhelming majority of
the activity was located in the cytoplasm. Consequently,
this cytoplasmic fraction was used as the starting point
for purification attempts. Enzyme activity of cell free
extracts from E. coli HB101 with and without pBR322
was determined; no activity was observed (data not
shown).

Lysostaphin is used extensively to digest staphylococ-
cal cell walls for the preparation of cell membranes
(Madiraju et al, 1987) and cell-free extracts, and for
the isolation of chromosomal and plasmid DNA (No-
vick, 1991). Most staphylococci investigated were sensi-
tive to lysostaphin (Fig. 4A, B.). However, some coagu-
lase-negative staphylococci are considerably less suscep-
tible to lysostaphin than S. aureus because of pepti-
doglycan cross bridges containing serine and glycine

dJ. Biochem. Mol. Biol. (1995), Vol. 28(5)
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Fig. 6. a) CM- b) DEAE-cellulose chromatography. Twenty five
ml of cell free extract (enzyme activity, 100, AAsgo/min/mgX 10%)
were applied to a 100 mi CM column (diameter, 3.7 cm; height,
85 cm) and eluted with 200 ml of 0.01 M potassium phosphate
buffer (fractions 1~10) followed by 200 ml of a 0~1 M NaCl
gradient in 0.01 M potassium phosphate buffer (fractions 11~20).
The volume of each fraction was 20 ml

residues, rather than just glycine residues as in S. au-
reus (Schleifer, 1983). Because the cloned peptidogly-
can hydrolase (amidase) hydrolyzes peptidoglycan at
a different site from lysostaphin (glycyl glycine endoe-
peptidase), its ability to lyse coagulase-negative staphy-
lococci was tested. The cloned peptidoglycan hydrolase
showed good activity on whole cells of some coagu-
lase-negative staphylococci, S. hominis and S. xylosus
(Fig. 4C, D). The cloned enzyme may be an alternative
for lysostaphin for lysis of staphylococci.

The activities of cell free extract from HB101 contain-
ing pRJ2-19 on various cell wall preparations were
compared. The activity against boiled CCW was much
greater than against PCW (Fig. 5). In order to prepare
PCW, CCW were treated with RNase, DNase, and tryp-
sin. Trypsin (200 pg/ml) treatment of boiled CCW sus-
pension (5 mg/ml) produced cell walls with lower sus-
ceptibility to the cloned peptidoglycan hydrolase (Data
not shown). This implies that protein associated with
CCW (Wilkinson et al, 1978) may aid in the binding
of the peptidoglycan hydrolase to CCW. Peptidoglycan
is produced by hot trichloroacetic acid treatment of
PCW. The treatment is relatively harsh, breaking cova-
lent bonds, and possibly attacking various funtional
groups in cell walls (Schleifer, 1975; Wilkinson et al.,
1981). Partial chemical degradation may explain thein-
creased susceptibility of PG to the peptidoglycan hyd-
rolase. Similar results to those in Fig. 5 were obtained
when cell wall preparations were made from cells
grown in the presence of 1 M NaCl (Data not shown).

dJ. Biochem. Mol. Biol. (1995), Vol. 28(5)
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Fig. 7. Influence of monovalent and divalent cations on peptido-
glycan hydrolase activity. Boiled CCW (3 mg) were resuspended
in 4 mi of 0.05 M Tris buffer (pH 7.4) containing various concen-
trations of cationic compound, 40 pl of cell free extract (protein
concentration, 48 mg/ml) were added, and enzyme activity was
determined by turbidity measurements. Cations: A, NaCl; B, KCl;
C, MgCly; D, CaCl,. Enzyme activity, 100, AAsso/min/mgXx10%,

In the CM-cellulose column (Fig. 6A), there was an
increase in peptidoglycan hydrolase activity in the first
fraction of gradient elution (#11) as compared to the
last fraction of washing with 0.01 M potassium phos-

_phate buffer, pH 7.2 (#10). Cloned peptidoglycan hy-
drolase had an affinity for the CM cellulose column,
but was eluted by an NaCl gradient. The cloned pepti-
doglycan hydrolase did not bind to the DEAE cellulose
column (Fig. 6B), and most of the activity was recov-
ered by washing with a 0.01 M potassium phosphate
buffer. The NaCl gradient did not elute any further
activity. These results confirm the indications from batch
chromatography (Data not shown) that the enzyme is
basic. The effect of pH on peptidoglycan hydrolase activ-
ity was determined with 0.05 M Tris buffer at various
pH values. The pH optimum of this enzyme was 6.9~
7.1 (Data not shown).

Influence of various cations and phospholipids on
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Fig. 8. Influence of organic cations on peptidoglycan hydrolase activity. Determination of peptidoglycan hydrolase activity is described
in the legend to Fig. 7. Organic cations:A, Streptomycin; B, Lysyllysine; C, Poly-L-lysine. Enzyme activity, 100, AAsgo/min/mgx10*
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Fig. 9. Influence of cardiolipin, phosphatidyl glycerol and lipoteichoic acid on peptidoglycan hydrolase activity. Determination of peptidogl-
ycan hydrolase activity is described in the legend to Fig. 7. A, Cardiolipin; B, Phosphatidyl glycerol; C, Lipoteichoic acid. Enzyme activity,

100, AAsg/min/mgXx10*

peptidoglycan hydrolase was determined. Concentra-
tions of NaCl of 30 mM and above were progressively
more inhibitory on peptidoglycan hydrolase activity (Fig.
7A). Some stimulation of activity occurred with KCl
up to 30 mM, but higher ionic strength proved inhibi-
tory (Fig. 7B). LiCl concentrations up to 50 mM were
stimulatory, and marked inhibition was observed only
with high (500 and 1,000 mM) LiCl concentrations
(Data not shown). Similarly, low concentrations of MgCl,
(Fig. 7C) and CaCl; (Fig. 7D) were slightly stimulatory,
and higher concentrations were somewhat inhibitory
(MgCly), or had little effect (CaCly).' The effects of the
organic cations, streptomycin (Fig. 8A), lysyl-lysine (Fig.
8B), and poly-L-lysine (Fig. 8C) on peptidoglycan hy-
drolase activity were determined. In all cases, low concen-
trations of the cations were stimulatory and high con-
centrations were inhibitory. Autolysins are potentially

dangerous enzymes to the cell and must be strictly
regulated to avoid damage to the cell envelope, which
would result in lysis of the protoplast and cell death.
In my studies, the activity of cloned peptidoglycan hy-
drolase was modulated by basic peptides in vitro. Low
concentrations of cationic compounds increased the
cloned peptidoglycan hydrolase activity, although con-
centrations higher than a certain level were inhibitory.
Low concentrations may prevent the positively charged
peptidoglycan hydrolase from being complexed with
negatively charged teichoic acid, thereby increasing the
activity of the enzyme on the substrate. In contrast,
high concentrations of cationic compounds may inter-
fere with access of the enzyme to its substrate, thereby
decreasing enzyme activity. The cloned peptidoglycan
hydrolase activity was inhibited by cardiolipin (Fig. 9A),
phophatidyl glycerol (Fig. 9B), and lipoteichoic acid (Fig.
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9C). Polyanionic lipoteichoic acids have been discussed
as potential regulators of autolytic activity (Rogers et
al., 1984). Phospholipids and lipoteichoic acid are ne-
gatively charged because of phosphate groups in these
molecules. The positively charged peptidoglycan hydrol-
ase may bind to the negatively charged compounds,
thereby interfering with access to the substrate. Above
results suggest that the activity and the availability of
this basic protein may be regulated between negatively
charged and positively charged molecules. Because bac-
terial peptidoglycan hydrolases are important enzymes
involved in various bacterial metabolisms, understan-
ding the regulatory mechanisms of these enzymes may
help the control of bacterial growth.
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