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Summary. Three strains of Baclllus cereus have cell walls
compie%ely insensltive to lysozyme, The peptidoglycans from
these cell walls are unique 1n their large contents of glucos-
amine residues with a free amino group. These lysozyme-resistant
cell walls were converted to a sensitive form in terms of N-
acetylation with acetic anhydride. This result indicates that
the reslstance of these cell walls to lysozyme 1s ascribable to
the occurrence of the non-N~substituted glucosamine residues in
the peptidoglycans.

The cell walls from several stralns of Bacillus cereus are
highly resistant to the treatment with lysozyme. Resistance of
cell wall peptidoglycan to lysozyme has been accounted for by the
presence of O-acetyl groups (1), the attachment of accessory
polymers such as telchoic acld and polysaccharides (2), and the
occurrence of free amino groups (3) and a high degree of cross
linking in the peptide portion (4). After elimination of these
factors, however, the peptidoglycan preparations from B. cereus
st1ll remain insensitive to lysozyme. Therefore, structure of
these peptldoglycans has been studied in order to determine the
factor responsible for their resistance to lysozyme. The present
communication describes that in the peptidoglycan frow B. cereus
cell walls, a conslderable proportion of the glucosamine residues
has a free, non-N-aceiylated amino group, and that the resistance
of the cell walls from B. cereus to lysozyme should be attributed
to the occurrence of these free amino groups.

Materials and Methods. The cells of B. cereus strailns AHU 1355,
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1356, and 1030 furnished by Dr. Y. Sasakl, University of
Hoxkaido, and another strain (strain T) furnished by Dr. J. L.
Strominger, Harvard Unlversity, were grown in a medium containing
0.5 % peptone, 0.5 % yeast extract, 0.5 % meat extract, 0.2 %
glucose, and 0.2 % KoHPOy at pH 7.2. The cells of Micrococcus
lysodeikticus ATCC 4698 were grown in a medium contalning 2 %
peptone, 0.5 % yeast extract, and 0.5 % NaCl. The cells har-
vested at 60 % maximal growth were disrupted by treating in a
sonlc osclllator with glass beads and cell walls were separated
according to the method of Cummins and Harris (5) with a small
modification. De-0O-acetylation of cell walls was carried out by
treating samples in 0.0l N NaOH for 1 hour at 37°. Peptidoglycan
was prepared by collecting the insoluble fraction after heating
cell walls in 0.1 N HCl at 600 for 12 hours (6). Components of
the polysaccharide portlon were removed by this treatment. N-
Acetylation of cell walls and peptldoglycan was performed by
treating several milligrams of samples in 0.6 w1l of a soclution
containing 45 mg of NaHCO3 and 20 pl of acetic anhydride at 0°
overnight (7). Then, the insoluble material was collected,
washed twice in water, and lyophilized. Reduclng groups were
assayed by the method of Park and Johnson (8) with glucose as a
reference standard. Flavobacterium L-11 enzyme was kindly glven
by Dr. S. Kotani, Osaka University (9) and used as muramyl L-
alanine amidase after purification by DEAE-cellulose column
chromatography.
Results. The cell walls, de-0O-acylated cell walls, and peptido-
glycan prepared from B. cereus strains AHU 1355, 1356, and T were
all insensitive to the treatment with lysozyme, while the cell
walls from AHU 1030 were digested at a modest rate as shown in
Fig. 1, A. Digestion with muramyl L-alanline amidase brought
about solubilization of the cell walls and peptidoglycan from the
692



Vol. 42, No. 4, 1971 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

lysozyme-resistant stralns. The solublilized glycan portion,
which was separated from the peptlde fragments by dlalysis, was
found to be still resistant to lysozyme as shown in Fig. 1, B,
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Fig. 1. A. Digestion of cell wall preparations with lysozyme as
estimated by turbidity. 300 pg of cell walls, de-0O-acetylated
cell walls, or peptidoglycan were incubated at 37° in a suspen-
sion containing 40 mM Tris-Cl, pH 7.2, 15 pg of lysozyme (Sigma),
and 0.5 % sodium azide in a final volume of 370 pl. The absorb-
ance at 500 mp is plotted as per cent of the initial value. O,
cell walls; X, de-O-acetylated cell walls; @, peptidoglycan
from B. cereus AHU 1356; O, cell walls from B. cereus AHU 1030;
and A, cell walls from M. lysodeilkticus ATCC 4698. The results
obtained with preparations from B. cereus AHU 1355 and T were
essentially the same as those with AHU 1356.

B. Digestion of muramyl L-alanine amidase-treated cell walls
with lysozyme as estimated by reducing group liberation. 20 mg
of B. cereus AHU 1356 cell walls were digested with excess
muramyl L-alanine amidase at 37° in 20 ml of 10 mM Tris-Cl, pH
8.2 until the absorbance at 500 mp of the reaction mixture de-
creased to 7 % of the initial value. The reaction mixture was
centrifuged at 13,000 rpm for 45 min and the supernatant was
dialyzed against water overnight. Equal alliquots (1/30) of the
nondialyzable glycan fraction were dlgested with lysozyme
(10 pg) bvefore and after N-acetylation, and the increase of
reduclng groups was estimated. Curve 1, before N-acetylation;
Curve 2, after N-~acetylation.

The first indlcation about the factor responsible for the
resistance of these cell walls to lysozyme was provided by the
isolation of the disaccharide glucosaminyl-8(1-4)-muramic aecid
from acid hydrolysates of the peptldoglycan of AHU 1356 cell
walls (10). The yleld of this disaccharide accounts for over one
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half of the amino sugar content in the peptidoglycan. The
unusual yleld of thls disaccharide suggests that the majority of
the B-glucosamlnide linkages are acld-resistant probably because
of the absence of the N-acetyl groups from the glucosamine resi-
dues., On the cther hand, the muramlc acid residues in the
peptidoglycan appear to be almost fully N-acetylated since the
alternative fragment muramyl-8(1l-4)-glucosamine was not found

in the acid hydrolysates.

The occurrence of the non-N~-substituted glucosamine residues
was confirmed by the treatment of the cell walls with fluoro-
dinitrobenzene followed by hydrolysls and separation of the DNP
derivatives on two-dimensional paper chromatograms as shown in
Table 1., Signlficant amounts of DNP-glucosamine were given from
the lysozyme-resistant cell walls of AHU 1355, 1356, and T, while
a much smaller amount from the lysozyme-sensltive cell walls of
AHU 1030. Similar results were obtailned with the peptidoglycan
preparations from these cell walls, too. In the content of
diamindpimelic acld with a free amino group, on the other hand,
any significant difference was not found among these stralns.
The parallel relationshlp between the content of the non-N-
substituted glucosamine residues and the abllity of reslsting to
lysozyme strongly suggests that the presence of the free amino
groups 1n the glucosamine residues is responsible for the resist-
ance of these §e11 walls to lysozyme.

Purther evidence compatible with this suggestion was provided
by conversion of the lysozyme-reslstant preparations lnto sensi-
tive ones by means of N-acetylation. After N-acetylatlon, thus,
cell walls (Flg. 2), peptidoglycan, and muramyl L-alanine
amidase-treated peptidoglycan (Fig. 1, B, Curve 2) were all de-
graded rapidly and completely on lysozyme treatment as lndlcated
either by measuring the turbidlity reductlon, or by assaylng the
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TABLE 1

Determination of Amino Aclds and DNP Derivatives in
Hydrolysates of Dinitrophenylated Cell Walls

Cell walls
Compounds AHU 1355 AHU 1356 7 AHU 1030
Glutamic acid 358 392 419 394
Diaminopimelic acld 251 258 286 213
Mono~DNP-dlamino-
pimelic acid 143 147 157 143
DNP-glucosamlne 251 260 264 59

Cell walls (3 mg), treated at 30° for 5 hours in a mixture
contalning 0.5 ml of 5 % 1-fluoro-2,4-dinitrobenzene in ethanol,
0.5 ml of 4 % trimethylamine, and 0.5 ml of ethanol, were hydro-
lyzed in 4 N HOl at 95° for 12 hours, and the products were
separated by two-dimensional paper chromatography in n-butanol-
pyridine~water (6:4:3) and in 1.5 M potassium phosphate, pH 6.
Amino aclds were assayed by the ninhydrin reaction on paper (11},
and DNP derivatives by measuring the absorbance at 360 mp after
extraction with 40 mM NH40H. The results are expressed as
mpmoles per mg of walls.

100
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o

Flg. 2. Digestion of N-acetylated cell walls with lysozyme.
Condltions for digestion and assay were the same as those in

Fig. 1. Solild lines, turbidity; dashed lines, reduclng groups
liberated., @O, cell walls from B. cereus AHU 1356; @, N-acetyl-
ated cell walls from AHU 1356; 0, cell walls from AHU 1030; B,
N-acetylated cell walls from AHU 1030,
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reducing group liberation.

Discussion. It seems to be belleved that the amino sugar resi-

dues 1n peptidoglycan are fully N-acylated, although Mirelman and
Sharon have provided evidence that some muramic acid residues are
non-N-substituted in M, lysodelkticus cell walls (12). Acetyl-
ation of some bacterlal cell walls with acetic anhydride has been
found to increase their sensitivity to lysozyme, and blocking of
the free amino groups of the peptide portion in the peptidoglycan
has been considered to account for the lysozyme=-susceptibility
induced (3, 13). The evidence described above indlcates that a
predominant proportlion of glucosamine residues in the lysozyme=
resistant cell wall peptidoglycans from B. cereus have free amino
groups. The resistance of these peptidoglycans to lysozyme is
consistent wlth the function of the acetamldo groups of the
glucosamine residues which has been proposed on the basls of the
X-ray crystallographic model of lysozyme in regard to the
reactlion mechanism of this enzyme (14). Therefore, it becomes of
Interest to determine whether the non-N-substituted glucosamine
resldues are of general occurrence in bacterlal cell wall
peptidoglycans, or not.
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