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Particulate preparations from sporulating cells of Bacillus sphaericus 9602
contained an endopeptidase activity that hydrolyzed the v-p-glutamyl-(L) meso-
diaminopimelic acid linkages found in the spore cortical peptidoglycan of this
organism. Diaminopimelic acid did not occur in the vegetative cell wall
peptidoglycan, and the vy-p-glutamyl-L-lysine linkages found in this polymer
were not hydrolyzed by the endopeptidase. The endopeptidase hydrolyzed
(X)-L-alanyl-y-D-glutamyl-(L) meso-diaminopimelyl(L)-D-alanyl-p-alanine only
after removal of the terminal p-alanine residue. The preparations contained an
acyl-p-alanyl-p-alanine carboxypeptidase I activity which converted such pen-
tapeptides into substrates for the endopeptidase and which was inhibited 50% by
4 x 1077 M benzylpenicillin. This activity also hydrolyzed the analogous
pentapeptide substrates containing L-lysine. The preparations also contained an
acyl-L-lysyl-p-alanine carboxypeptidase II activity that was not active on the
meso-diaminopimelic acid-containing analogue. Neither this activity nor the
endopeptidase was inhibited by 10-* M benzylpenicillin. The specificities of the
carboxypeptidases were consistent with the exclusive presence of L-lysine
C-termini in the vegetative peptidoglycan and of meso-diaminopimelyl-p-ala-

nine C-termini in the spore cortical peptidoglycan of B. sphaericus 9602.

The vegetative cell wall peptidoglycan of
Bacillus sphaericus strain 9602 consists of a
glycan of alternating B-1,4-linked residues of
N-acetylglucosamine (GlcNAc) and N-acetyl
muramic acid (MurNAc), all of whose MurNAc
residues are substituted by the peptide Ne-L-
alanyl-p-isoglutamylN *-(p-isoasparaginyl)L-ly-
sine (see Fig. 1) 65% cross-linked between L-ly-
sine and p-isoasparagine residues by p-alanine
residues. The C-terminal peptide subunits are
devoid of p-alanine residues and therefore have
C-terminal L-lysine residues (5). These vegeta-
tive cell walls are devoid of diaminopimelic
acid. The glycan of the spore cortex peptidogly-
can also consists of alternating GlcNAc and
muramic acid residues, but 54% of the latter are
lactamized, 18% carry a single L-alanine resi-
due, and only the residual 28% carry a tetrapep-
tide, which has the sequence L-alanyl-p-iso-
glutamyl-(L) meso-diaminopimelyl(L)-D-alanine
(see Fig. 1). These tetrapeptides are cross-
linked 20% between p-alanine and (p)meso-
diaminopimelic acid (m-DPM). This structure
is probably devoid of L-lysine and is virtually
identical to that found in Bacillus subtilis spore
cortex (18; D. J. Tipper, Bacteriol. Proc., p. 24,
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1969; D. J. Tipper and L. Landbeck, manu-
script in preparation).

It has previously been demostrated that the
uridine 5'-diphosphate (UDP)-N-acetylmura-
myl-L-alanyl-D-glutamate: m-DPM ligase neces-
sary for synthesizing the nucleotide pentapep-
tide precursor of cortical peptidoglycan is ab-
sent from vegetative cells and is synthesized in
sporulating cells shortly before the appearance
of cortical peptidoglycan during synchronous
sporulation (16). It has also been demonstrated
(D. J. Tipper and P. E. Linnett, manuscript in
preparation) that this enzyme activity accumu-
lates in the mother cell cytoplasm of the sporu-
lating cell, but not in its forespores. ‘

After formation of the sporulation septum
during the process of bacterial endospore forma-
tion, the directed proliferation of membrane
results in engulfment of the forespore, which
becomes separated from the mother cell cyto-
plasm by two opposed membranes, the inner
and outer forespore membranes (reviewed in 12,
15). In B. sphaericus, the engulfment process
takes place during the latter stages of the
terminal swelling which occurs approximately
between hours 2 and 3 of sporulation (J. Gau-
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thier, D. J. Tipper, and S. C. Holt, manuscript in
preparation). Germ cell wall is laid down be-
tween these membranes adjacent to the inner
forespore membranes, and cortex is laid down
between the germ cell wall and the outer
forespore membrane. Since all of the outer
forespore membrane is elaborated de novo
either during the process of spore septum forma-
tion or during the subsequent engulfment proc-
ess, it would not be suprising to find that this
membrane contained components unique to
sporulating cells.

The most reasonable hypothesis for the mech-
anism of synthesis of the unique muramic lac-
tam and C-terminal L-alanine components of the
spore cortex (reviewed in 15, 18) states that they
are the result of modifications of a polymer of
disaccharide pentapeptide, synthesized from
precursors produced in the mother cell cyto-
plasm by enzymes within the outer forespore
membrane. One would expect these unique
modification enzymes to be located within the
outer forespore membrane and, more precisely,
on its cortical side.

We began our investigation in the hope of
demonstrating unique enzymes in sporulating
cells that would be responsible for producing
the disaccharide-L-alanine moieties present in
the cortical peptidoglycan. The isolation of
forespores and of forespore membranes is diffi-
cult except under unusual circumstances and
has not been successfully achieved in B.
sphaericus. We have investigated the presence,
within the total membrane fraction of sporulat-
ing cells of B. sphaericus, of enzymes capable of
hydrolyzing cortical peptidoglycan components.
A unique enzyme activity has been found in the
particulate preparations from sporulating cells
which results in the formation of C-terminal
D-glutamate residues, an activity which could
be involved in subsequent liberation of C-termi-
nal L-alanine residues, although such an event
has not been demonstrated. No evidence was
found for activities causing the production of
muramic lactam residues.

As part of these studies, we also investigated
the mechanisms which determine the presence
of C-terminal lysine residues in the vegetative
peptidoglycan and of C-terminal p-alanine resi-
dues in tetrapeptides of the cortex. Qur data on
the specificities of the p-alanine carboxypepti-
dases in these preparations is quite consistent
with the C-terminal structures of the vegetative
and cortical peptidoglycans. The sites in the
nucleotide pentapeptide precursors of vegeta-
tive cell wall and spore cortex peptidoglycans
hydrolyzed by these activities (and also by
MurNAc-L-Ala amidase) are indicated in Fig. 1.
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(This paper was presented in part at the 1st
International Congress of Bacteriology, Sep-
tember 1973, Jerusalem, Israel, and at the
Colloque Internationale du CNRS on Regula-
tion de la Sporulation Bacterienne, September
1973, Gif-sur-Yvette, France.)

MATERIALS AND METHODS

Chemicals. ['*C]Jalanine (162 and 63 mCi/mmol)
was purchased from New England Nuclear Corp. and
from the Commissariat a 1’Energie Atomique (Sa-
clay, 91 France). All other chemicals or antibiotics
were commercially available.

Enzymes. The following enzymes, which hydrolyze
specific linkages within cell wall peptidoglycan and
its precursors, were used: egg white lysozyme, an
endo-N-acetylmuramidase hydrolyzing B-1,4-N-
acetylmuramyl-N-acetylglucosamine (MurNAc-
GlcNAc) linkages (Sigma Chemical Co., St. Louis,
Mo.); Streptomyces albus G N-acetylmuramyl-L-ala-
nine amidase, which hydrolyzes the bond between
GlcNAc-MurNAc disaccharides and peptides, liber-
ating disaccharides and free peptides (3), and the
Streptomyces R39 pp-carboxypeptidase, which hydro-
lyzes C-terminal p-alanyl-p linkages (10). The latter
two enzymes were kindly provided by J. M. Ghuysen.

Analytical methods. Quantitative analyses of
amino acids were carried out with either a Beckman
or a Technicon amino acid analyzer or by the fluorodi-
nitrobenzene technique (4). Protein content was de-
termined by the method of Lowry et al. (11), with
crystalline bovin serum albumin as standard. Uridine
content was estimated by measuring the absorbance
of products in water at 262 nm, assuming a molar
absorbance of 10*. Amino terminal groups were deter-
mined according to the fluorodinitrobenzene method
(4).

Paper electrophoreses were carried out on What-
man no. 1 and 3MM papers at pH 4.1 in pyridine-
acetic acid-water (2.5:9:1,000, vol:vol:vol) at 40 V/cm,
using either a Gilson model D or a Pherograph
apparatus.

Thin-layer chromatography was performed on cel-
lulose powder MN 300 G in the following solvents: (A)
1-butanol-acetic acid-pyridine-water (30:6:20:24); (B)
ethyl acetate-pyridine-acetic acid-water (18:50:4:28);
and (C) pyridine-tert-amyl alcohol-water (35:35:30).

Radioactive spots were detected by autoradiogra-
phy with Kodirex films (Kodak, Inc.). The radioactive
areas were removed from the plates, and the powder
was homogenized in a scintillation liquid containing,
in 1 liter of toluene, 4 g of 2,5-diphenyloxazole and 100
mg of 1,4-bis-[2]-(5-phenyloxazoyl)benzene. For sus-
pension of the powder, a Polyson Ultraschall sonicator
was used. Radioactivity was counted in a Packard
Tri-Carb liquid scintillation spectrometer (model
2010).

With nonradioactive substrates, the endopeptidase
activity was quantitated by the appearance of amino
terminal groups (4) and followed qualitatively by the
appearance of ninhydrin-positive spots after chroma-
tography.

Substrates. Uridine-diphospho-N-acetylmuramyl-
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Fic. 1. (A) Structure of the uncross-linked monomer of mature Bacillus sphaericus vegetative cell wall
peptidoglycan. A D-alanyl residue cross-links such tetrapeptides between L-lysine and D-isoasparagine.(B) The
MurNAc-L-Ala, MurNAc tetrapeptide and muramic lactam subunits of the spore cortex peptidoglycan. The
girder-like unit is m-DPM with its L and D centers arranged as indicated. The insert shows muramic lactam in
B-1,4 linkage to adjacent GlcNAc residues (not shown). (C) The UDP-MurNAc pentapeptide precursor of
structure A. (D) The precursor of structure B. The bonds in these precursors and their partial hydrolysis prod-
ucts (not shown, see text) hydrolyzed by pp-carboxypeptidase I (I), L, D-carboxypeptidase II (II), the Glu-DPM
endopeptidase and amidase are indicated. The L-D bonds not split by carboxypeptidase II (when the D-residue
is carboxy-terminal) are also indicated. Hydrolysis of these precursors by amidase or Glu-DPM endopeptidase

requires prior removal of their UDP moieties.

L-alanyl-y-p-glutamyl-L-lysyl-p-alanyl-p-alanine
(UDP-MurNAc-[Lys] pentapeptide) was isolated
from S. aureus strain Copenhagen after incubation
in the presence of benzylpenicillin (6).
Uridine-diphospho-N-acetylmuramyl-L-alanyl-y-

p-glutamyl-(L)meso-diaminopimely(L)-p-alanyl-p-ala-
nine (UDP-MurNAc-[DPM] pentapeptide) was iso-
lated from B. cereus T after incubation in the pres-
ence of ristocetin (7).
Uridine-diphospho-N-acetylmuramyl-L-alanyl-y-
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D-glutamyl-L-lysine (UDP-MurNAc-[Lys] tripeptide)
was isolated from S. aureus after incubation in the
presence of p-cycloserine (6).

Uridine-diphospho-N-acetylmuramyl-L-alanyl-+-
D-glutamyl-(L)meso-diaminopimelic ~ acid  (UDP-
MurNAc-[DPM] tripeptide) was isolated from Lac-
tobacterium plantarum after incubation in the pres-
ence of p-cycloserine. It was a gift from R. Plapp.

UDP-MurNAc-(DPM) pentapeptide p-[!*C]Ala-D-
[*C]Ala was obtained by enzymatic addition of
p-alanyl-D-alanine to the corresponding UDP-Mur-
NAc-(DPM) tripeptide. A preparation containing
alanine racemase, p-Ala-p-Ala synthetase, and p-Ala-
p-Ala adding enzyme activities was made from B.
sphaericus according to the following procedure. Cells
were grown until 30% contained refractile forespores.
The cells from a 900-ml culture were harvested and
suspended in 20 ml of cold 0.01 M potassium phos-
phate buffer, pH 7.5. Samples of cell suspension (4
ml) were disrupted for 10 min by using the microtip of
a Branson J 17-V sonifier. Immersion in an alcohol
bath at —10 C maintained the temperature of the cell
suspension at 0 to 4 C. The broken-cell suspensions
were centrifuged (15 min, 25,000 x g), and the
supernatant fractions were mixed with 3 volumes of
cold, saturated ammonium sulfate (pH 7.5) contain-
ing 10-* M ethylenediaminetetraacetic acid. After 30
min at 0 C, precipitates were collected by centrifuga-
tion, and pellets were dissolved in 2 ml of 0.01 M
phosphate buffer, pH 7.5, to give a protein concentra-
tion of 15 mg/ml and stored at —20 C.

The incubation for alanine addition contained, in 10
ml: 100 mM tris(hydroxymethyl)aminomethane (Tris)-
hydrochloride (pH 8.5), 100 mM KCl, 256 mM MgCl,,
25 mM adenosine 5'-triphosphate (pH 6), 0.005 mg of
pyridoxal phosphate per ml, 3 mM glutathione, 0.5
mM UDP-MurNAc-(DPM) tripeptide, 1.2 mM L-
[**C Jalanine (100 xCi), and enzyme solution (75 mg of
protein). After incubation for 60 min at 37 C, the
solution was made 5% in trichloroacetic acid, stirred
for 30 min, and centrifuged. The supernatant fraction
was extracted six times with ether at 0 C and applied
to a column of Dowex 1 x 2 (1.5 by 30 cm) in 0.01 HCI.
The column was washed with 0.01 N HCI; then the
nucleotides were eluted with 0.15 M NaCl in 0.01 N
HCI and detected by counting the radioactivity of
samples. The total yield for the purified UDP-Mur-
NAc pentapeptide was 70% of added tripeptide. The
nucleotide product was used as a 3.4-mM solution at a
specific radioactivity of 1.6 107 counts per min per
umol.

UDP-MurNAc-(Lys) pentapeptide b-(**C)Ala-p-
(**C)Ala was prepared in the same way from the
corresponding UDP-MurNAc-(Lys) tripeptide. The
final 0.1-mM solution had a specific radioactivity of
5.10° counts per min per umol.

UDP-MurNAc-L-Ala-v-p-Glu-(L)m-DPM(L)-p-
[*4C JAla (UDP-MurNAc [DPM ] tetrapeptide) was ob-
tained from the corresponding labeled UDP pentapep-
tide. The removal of the C-terminal p- [**C Jalanine was
performed with the p-alanyl-p-alanine carboxypepti-
dase of Streptomyces R39: 200 nmol of UDP-Mur-
NAc-(DPM) pentapeptide labeled on both p-alanine
residues (specific radioactivity, 2.5 x 10° counts per
min per ymol) was treated in 20 mM Tris buffer (pH
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8) with the R39 carboxypeptidase. The resulting UDP-
MurNAc tetrapeptide was separated from the free
p-[**C Jalanine by passage through a column of Sepha-
dex G-15 (1.5 by 16 cm) in water. The total yield was
90%, and the final 1.25-mM solution had a specific
radioactivity of 1.1 x 10® counts per min per pmol.

UDP-MurNAc-L-Ala-v-p-Glu-L-Lys-p-[**C]Ala
(UDP-MurNAc-[Lys] tetrapeptide) was obtained
from the labeled UDP-MurNAc(Lys) pentapeptide as
described above. The final 0.85-mM solution had a
specific radioactivity of 1.5 x 10° counts per min per
umol.

The different N-acetylmuramyl pentapeptides and
tetrapeptides (MurNAc peptides) were obtained from
the corresponding UDP derivatives by hydrolysis with
0.02 N HCIl at 100 C for 7 min followed by neutraliza-
tion.

The DPM or Lys pentapeptides labeled on both
p-alanine residues and the DPM or Lys tetrapeptides
labeled on their single p-alanine residue were ob-
tained from the corresponding MurNAc peptides by
treatment with the N-acetyl-muramyl-L-alanine ami-
dase from Streptomyces albus G in 10 mM Tris buffer
(pH 8.8).

The disaccharide tetra- and tripeptides GlcNAc-
MurNAc-L-Ala-y-bp-Glu-(L)m-DPM(L)-p-Ala and
GlcNAc-L-Ala-v-p-Glu(L)m-DPM were isolated from
the cell wall of B. megaterium (17).

Free tetra- and tripeptides, L-Ala-y-p-Glu-(L)m-
DPM(1)-p-Ala and L-Ala-y-p-Glu-(L)m-DPM were
also obtained from two disaccharide peptides by
treatment with N-acetylmuramyl:L-alanyl amidase.

Synthetic tripeptide L-Ala-a-Glu-(L)ym-DPM was a
gift from P. Dezelee (17).

Growth of B. sphaericus 9602 and harvesting
procedures. The organism and the medium have
been previously described (16). Cultures were inocu-
lated from heat-activated spores grown at 32 C with
vigorous aeration and transferred twice in mid-expo-
nential growth phase before sporulation was allowed
to occur. This gives rise to highly synchronous and
almost complete (at least 95%) sporulation. Samples
were assayed for turbidity at 600 nm by using a Jouan
Junior spectrophotometer. The proportion of termi-
nally swollen cells and refractile prespores (percent-
age of morphology) was estimated by phase-contrast
microscopy with a Wild microscope. Cells were har-
vested at different phases of growth and sporulation.
They were rapidly chilled and immediately cen-
trifuged in a Jouan K 63 F centrifuge. The cell pastes
were washed with 10 mM Tris buffer (pH 8) contain-
ing 20 mM MgCl, and 0.1 mM dithiothreitol (DDT).

Particulate enzyme preparations. A 1.3-g amount
of each cell sample was shaken with 13 ml of glass
beads (0.17-mm diameter) and 5 ml of 10 mM Tris
buffer (pH 8), 20 mM MgCl,, 0.1 mM dithiothreitol in
a Braun MSK homogenizer. Cells were usually 90%
broken in 5 min. The pellets sedimenting in 1 h
between 6,000 and 30,000 x g were homogenized in
the same Tris buffer as above to give a protein
concentration of 8.5 mg/ml.

Assays for endopeptidase and carboxypeptidase
activity. (i) Assays with radioactive substrates.
The assays for the maximal release of p-[**C Jalanine
and m-DPM(L)-p-[**C]Ala from MurNAc-(m-DPM)
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of the spore cortex was followed by estimating

pentapeptide or tetrapeptide contained, in 30 uliters:
0.04 mM substrate, 15 mM Tris buffer (pH 8), 8 the proportion of terminally swollen cells and

mM MgCl,, and 10 to 40 ug of protein per nmol of
substrate. Incubations were performed at 37 C for 15

h. The reaction was stopped by immersion in a boiling
water bath for 3 min. After centrifugation the super-

refractile forespores. Six samples were har-
vested: I at the mid-log phase; II at the start of

sporulation after completion of vegetative divi-
sion and just before the first appearance of

tant fluid lyzed by thin-1 h; togra- . . R’
B llylns analyzed by Luin- ayer chromatogra terminal swelling; III at the time of spore

phy on cellulose plates in solvent A.
The assays for the release of free p-[**C]Ala or of engulfment; and IV, V, and VI when 40, 70, and
100%, respectively, of cells contained refractile

Lys-p-[**C]Ala from MurNAc-(Lys) pentapeptide or

tetrapeptide were performed in an identical fashion, forespores. The corresponding particulate en-

except that final chromatography was performed in zyme preparations were obtained as described

solvent (ii), in which the relative mobilities of sub- in Materials and Methods. All these prepara-
tions were assayed for their endopeptidase and

strate, free alanine, and dipeptide Lys-Ala are 100, 75,
and 55, respectively. carboxypeptidase activities.

The radioactive spots were detected by autoradiog-
raphy, removed frorl;lo the support, and iounted. Ag- The release of {n-DPM-D-Ala from MurNAc-
tivities were expressed as percentage of radioactivity (DPM) tetrapeptide by enzyme preparation V
liberated as alanine or m-DPM-Ala. (30 ug of protein per nmol of substrate), under

The specific activity of the endopeptidase on the the standard assay conditions described in Ma-
radioactive MurNAc-(m-DPM) tetrapeptide and on terials and Methods, was linear with time until

the radioactive tetrapeptide Ala-Glu-m-DPM-Ala was 0% of the substrate had been hydrolyzed (2 h),
and was 90% complete by 4.5 h. The hydrolysis

of this substrate during incubation for a fixed

determined as follows. In 20 uliters, 12.5 mM sub-
time (2 h) under these conditions was propor-

strate, 11 mM Tris buffer (pH 8), 5 mM MgCl,, and 7
ug of protein per nmol of substrate were incubated at
37 C for 2 h.The specific activities were expressed as
nanoequivalents of Glu-m-DPM linkages hydrolyzed
per milligram of protein per hour.

(ii) Assays with unlabeled substrates. The assays .
for the release of DPM-Ala from MurNAc, or disac- (VAR
charide, or free tetrapeptides or of DPM from Mur-
NAc, disaccharide, or free tripeptides or of glutamate
from D- or L-glutamine contained, in 20 uliters: 0.2  ° Iy /
mM peptide or glutamine, 10 mM Tris buffer (pH 8), " / /
6 mM MgCl,, and 8.5 ug of enzyme protein per nmol Iy /
of substrate. Incubations were performed at 37 C for 6 .

h. The products of the reaction were analyzed by 2
cellulose thin-layer chromatography in solvents A and
B for the peptide substrates and in solvent C for the
glutamine substrates. The spots were detected with

ninhydrin reagent. The dipeptide m-DPM-Ala has a

specific orange coloration that clearly distinguishes it

from the peptide substrate, which gives a mauve
coloration, after subsequent treatment with an ace-
tone solution of Cu(NO,), (5 g/liter) containing con-
centrated HNO, (0.1 ml/liter).

(iii) Assays with L-y-glutamyl-p-nitroanilide.

The glutamyl endopeptidase was assayed by the

procedure of Orlowski and Meister (13, 14), using

L-y-glutamyl-p-nitroanilide. The enzymatic release of
p-nitroaniline was followed at 410 nm. The assay for
the release of p-nitroaniline contained, in 300 uliters:
0.2 mM L-y-glutamyl-p-nitroanilide, 10 mM Tris
buffer (pH 8), 7 mM MgCl,, and 14 ug of protein per
nmol of substrate. Incubations were performed at
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added to stop the reaction. After centrifugation the
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absorbance was measured at 410 nm in comparison
with absorbance of increasing amounts of p-nitroani-

line ranging from 12 to 60 nmol.
RESULTS

Enzyme preparations. The growth curve of
B. sphaericus is shown in Fig. 2. The formation

F16. 2. Growth curves of Bacillus sphaericus 9602.
Samples were assayed for turbidity at 600 nm (O), for
the percentage of terminally swollen cells (®), and for
the percentage of cells containing refractile forespores
(O). Samples I to VI were harvested at the indicated

times.
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tional to the amount of enzyme V preparation
added over the range from 3 to 30 ug of protein
per nmol of substrate.

Assays on DPM-containing MurNAc pen-
ta- or tetrapeptides. The ability of the six
particulate preparations (I to VI) to hydrolyze
MurNAc(DPM) pentapeptide p-[**C]Ala-D-
[**C]Ala was determined (Fig. 3). The autora-
diogram (Fig. 3A) illustrates the separation of
labeled products (free alanine and m-DPM-p-
Ala) from substrate. This experiment resulted
in only about 25% hydrolysis of the substrate,
since the incubation conditions were subopti-
mal (2 mM Mg?*; 2 ug of enzyme per nmol of
substrate). After incubation, the boiled enzyme
control contained only the substrate. Under
optimal conditions (see Materials and Meth-
ods), all enzyme hydrolyzed approximately 84%
of the substrate to produce free alanine (p-ala-
nyl-p-alanine carboxypeptidase activity) since,
of the total radioactivity present in the reaction
mix after such incubation, an average of 42%
was present as free alanine (Fig. 3B), and
complete release of the terminal p-alanine from
the pentapeptide substrate would release 50% of
its radioactivity as free alanine. The enzymes
from sporulating cells also produced increasing
amounts of a second product, which was identi-
fied as the dipeptide DPM-Ala; on hydrolysis it
gave equimolar amounts of DPM and alanine, it
was electrophoretically neutral, and DPM was
demonstrated to be N-terminal by dinitrophen-
ylation. No free DPM-p-Ala-p-Ala was seen,
and the amount of free p-alanine always ex-
ceeded the amount of dipeptide liberated (Fig.
3B). Thus, the particulate preparations from B.
sphaericus exhibit two activities on the spore
cortex precursor: a D-alanyl-p-alanine carboxy-
peptidase and a Glu-DPM endopeptidase activ-
ity.

The penicillin sensitivity of these enzymes
was determined by using preparation V (which
is one of the most active) and the radioactive
DPM pentapeptide precursor (see Fig. 4A).
Both activities were 100% inhibited by 10-* M
benzyl-penicillin and were 12% inhibited by
2.10-* M penicillin (Fig. 4A). Fifty percent
inhibition was obtained with 4.10-" M penicillin
(not shown). Benzylpenicillin is known to in-
hibit p-alanyl-p-alanine carboxypeptidases of
various bacterial species (7-10), and this is
apparently also true in B. sphaericus, since no
free alanine was produced in the presence of
10~* M benzylpenicillin. It was, therefore, possi-
ble that the inhibition of the Glu-DPM en-
dopeptidase activity by benzylpenicillin was
due to the inability of the enzyme to hydrolyze
MurNAc pentapeptide unless it had first been
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hydrolyzed to MurNAc tetrapeptide by the
pb-carboxypeptidase, which would also account
for the lack of a DPM-p-Ala-p-Ala product.
This possibility was tested by following the
action of preparation V on the MurNAc-(DPM)
tetrapeptide in the presence of various amounts
of benzylpenicillin. The release of the dipeptide
DPM-Ala was followed by autoradiography.
The hydrolysis of the MurNAc tetrapeptide was
not affected by even 10-* M benzylpenicillin
(Fig. 4B). No free p-alanine was released, so no
activity capable of hydrolyzing DPM-p-alanine
linkages was detected.

Assays on Lys-containing MurNAc penta-
or tetrapeptides. The specificity of both car-
boxypeptidase and endopeptidase was investi-
gated with lysine-containing substrates. Mur-
NAc(Lys) pentapeptide-b-['*C]Ala-p-[*C]Ala
was hydrolyzed by all of the six particulate
enzyme preparations by p-alanine carboxypep-
tidase activities with the release of p-[**C]Ala
only. No radioactive spot of a dipeptide L-Lys-
p-[**C]Ala was ever detected. The release of
p-Ala was completely inhibited by 10-* M
benzylpenicillin. Again only p-['*C]Ala was re-
leased from MurNAc(Lys) tetrapeptide labeled
in D-alanine. By definition, this release must be
due to a p-alanine carboxypeptidase II activity.
No L-Lys-p-Ala was released from the tetrapep-
tide, and the carboxypeptidase II was not inhib-
ited by even 10~* M benzylpenicillin. Thus at
least two carboxypeptidases are present in these
particulate preparations: a penicillin-sensitive
carboxypeptidase I or acyl-p-alanyl-p-alanine
carboxypeptidase and a penicillin-resistant car-
boxypeptidase II that catalyzes the hydrolysis
of the L-lysyl-D-Ala bond. The carboxypeptidase
I activity acts either on DPM- or lysine-contain-
ing substrates. The carboxypeptidase II activity
acts only on the lysine-containing substrates.

Since no Lys-Ala peptide was detected, the
v-D-glutamyl endopeptidase does not act on
lysine-containing precursors and seems specific
for the Glu-DPM linkages. The properties of
this Glu-DPM endopeptidase were further in-
vestigated.

Effect of pH and ionic concentration on the
endopeptidase and carboxypeptidase I
activities. The pH, ionic strength, and divalent
metal ion optima of the endopeptidase and
carboxypeptidase I activities of preparation V
are very similar, using MurNAc-(DPM) penta-
peptide as substrate (Fig. 5). These optima are
pH 8, >15 mM Tris buffer, and >8 mM MgCl,.

Preparation V was also assayed with the
MurNAc-(DPM) tetrapeptide as substrate in
the presence of several metal ions at various
concentrations (Table 1). Mg?*, Mn?*, and
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Fic. 3. Variation in the activity of the D-alanyl-D-alanine carboxypeptidase and of the Glu-DPM
endopeptidase during sporulation in B. sphaericus with the MurNAc-(DPM) pentapeptide as substrate. The
1C label (*) was equally distributed between the two D-alanine residues. (A) Autoradiogram of a thin-layer
chromatogram in solvent A. From left to right samples were: alanine (Ala); substrate with a boiled enzyme
control (S); and substrate S with, in linear succession, the preparations I through VI. Incubation was for 10 h,
the chromatogram was run for 6 h, and the autoradiogram was exposed for 36 h. (B) Release of free alanine (-}
and of the dipeptide DPM-Ala (A) expressed as percentage of radioactive product. This indicates the percent of
the total radioactivity (in D-alanine) present in the initial MurNAc pentapeptide substrate, MurNAc
tetrapeptide (not shown), m-DPM-D-Ala, and free D-alanine at the end of the incubation. These data are from
an experiment in which hydrolysis (10 h of incubation) was more complete than that illustrated in Fig. 3A. Note
that, after complete carboxypeptidase I action, 50% of the radioactivity would have been in free alanine.
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Fic. 4. Penicillin sensitivity of the D-alanyl-D-alanine carboxypeptidase and of the Glu-DPM endopepti-
dase. Autoradiograms of thin-layer chromatograms in solvent A. (A) Action of enzyme preparation V on

MurNAc-(DPM) pentapeptide. From left to right samples were:

Ala; alanine; S; substrate with boiled

enzyme (control); 1, substrate with enzyme V; 2, substrate with enzyme V and 2 x 10-* M benzylpenicillin; 3,
substrate with enzyme V and 105 M benzylpenicillin. (B) Action of enzyme V on MurNAc(DPM) tetrapeptide
(S’). Samples were: S’; substrate with boiled enzyme (control); 1, substrate with enzyme V; 2, substrate with
enzyme V + 10-7 M benzylpenicillin; 3, substrate with enzyme V + 10-% M benzylpenicillin; 4, substrate with

enzyme V + 10~* M benzylpenicillin.

Co?* activated the enzyme. This activation was
50% in 8.10-* M Mg?*, 10-* M Mn?*, or 10-*M
Co?*. Higher concentrations of Co** and Ca®*
were inhibitory. K+ had no significant stimula-
tion.

The endopeptidase activity was quickly lost
in N-2-hydroxyethyl piperazine-N'-2'-ethane-
sulfonic acid buffer (pH 8).

Specificity profile of the Glu DPM endo-
peptidase. The best substrate is MurNAc-
(DPM) tetrapeptide, on which preparation V
had a specific activity of 56 neq of Glu-DPM
linkages hydrolyzed per mg of protein per h. The
effect of preparation V on other substrates is
shown in Fig. 5. Disaccharide tetrapeptide Glc-
NAc-Mur-NAc-L-Ala-vy-p-Glu-m-DPM-b-Ala
was also a good substrate, m-DPM-p-Ala being
released, and the tetrapeptide L-Ala-p-Glu-m-
DPM-p-Ala was split into its constituent dipep-
tides, L-Ala-p-Glu and m-DPM-p-Ala, with a
specific activity of 45 neq per mg per h.

The tripeptide rL-Ala-p-Glu-m-DPM, the
MurNAc tripeptide MurNAc-L-Ala-p-Glu-m-
DPM, and the disaccharide-tripeptide GlcNAc-

MurNAc-L-Ala-p-Glu-m-DPM were all good
substrates: in each case free m-DPM was re-
leased (Fig. 6). In contrast, the synthetic pep-
tide L-Ala-a-p-Glu-(L)-m-DPM was not hydro-
lyzed and p-glutamine was not a substrate since
it was not hydrolyzed to glutamic acid. Simi-
larly L-glutamine and L-y-glutamyl-parani-
troanilide were not hydrolyzed.

Activity of the v-D-Glu-m-DPM endopepti-
dase as a function of growth phase in B.
sphaericus. The enzyme activity was studied
as a function of growth phase in B. sphaeri-
cus, with the MurNAc tri- and tetrapeptides
as substrates. The endopeptidase activity was
linearly proportional to the amount of enzyme
added and to the time of incubation over the
range used in these assays (see Materials and
Methods). The release of the dipeptide m-
DPM-Ala or of free m-DPM was negligible in
sample I and in several other preparations from
vegetative cells. Dipeptide release increased
rapidly in sporulating cells to reach a maximum
when 40 to 70% of forespores were refractile
(Fig. 7). It subsequently declined, possibly as a
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Fic. 5. Alanine (©) and DPM-Ala (®) released from MurNAc(DPM) pentapeptide by enzyme preparation
V under varying conditions. As in Fig. 3, data are presented as percentage of the total radioactive D-alanine
present in the indicated products and in MurNAc tetra- and pentapeptides (not shown). (A) As a function of pH
in 20 mM Tris buffers containing 4 mM Mg**; (B) as a function of the magnesium concentration in 20 mM Tris
(pH 8); (C) as a function of the Tris buffer molarity at pH 8, 4 mM Mg*+.

TasLe 1. Effect of cations on the Glu-DPM
endopeptidase activity with the MurNAc-(DPM)
tetrapeptide as substrate

Relative rate of hydrolysis®
Cation added®

N 8x10*M 10-*M 10-*M
Mg?+ 1.54 1.54 1.3
K+ 1.16 1.26 1.16
Mn?* 1.36 1.52 1.42
Ca?* 0.64 1.0 1.0
Co?** 0.64 1.0 1.42

4 The incubation mixture contained, in 20 uliters:
6.25 x 10-® M radioactive MurNAc-(DPM) tetrapep-
tide, 13 mM Tris buffer (pH 8), and 2 uliters of the
enzyme preparation V (17 ug in protein). The cations
were added at the indicated final concentrations as
the chloride salts (Mg?+, K*, Mn?+, Ca?*) or as the
nitrate salt (Co®*). Reactions were performed at 37 C
for 2 h.

®Results are presented relative to the rate of
hydrolysis by incubations containing no added cat-
ions.

consequence of concomitant sporangial lysis.
This pattern was reproducible and paralleled
that found with the pentapeptide substrate
(Fig. 3B).

DISCUSSION

All bacteria that have been investigated syn-
thesize their peptidoglycan via a UDP-N-
acetylmuramyl pentapeptide precursor contain-

ing C-terminal p-alanyl-p-alanine, and B.
sphaericus is no exception (cf. ref. 7, 16). As
anticipated from the structure of the vegetative
and cortical peptidoglycans, whose carboxyl
terminal peptides lack, respectively, both D-
alanyl residues and only the terminal p-alanine
residue (Fig. 1), these cells contain p-alanine
carboxypeptidase activities.

Acyl-p-alanyl-p-alanine carboxypeptidase I
activity is present in vegetative and sporulating
particulate enzyme preparations, and like the
similar enzyme of E. coli (7,8), this activity is
highly sensitive to penicillin G. Unlike the E.
coli carboxypeptidase I, which hydrolyzes only
DPM-containing pentapeptide substrates (8),
the B. sphaericus particulate activity hydro-
lyzes both DPM- and lysine-containing sub-
strates (Fig. 1). Two distinct activities may be
present, but, if so, both are penicillin sensitive
and both are present throughout vegetative
growth and sporulation at constant relative
specific activities (data not shown). Particulate
preparations from cells of B. megaterium con-
tain a benzylpenicillin-sensitive carboxypepti-
dase I activity that hydrolyzes m-DPM pen-
tapeptide, and a benzylpenicillin-resistant ac-
tivity that is active on L-lysine pentapeptide
(20). The B. sphaericus carboxypeptidase I may
be the first such enzyme that does not discrimi-
nate between m-DPM and L-lysine-containing
substrates.

A second activity is present in the B.
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Fic. 6. Thin-layer chromatograms of the products of incubation of enzyme V with various substrates,
developed with ninhydrin. (A) Chromatogram in solvent A after two runs; (B) chromatogram in solvent B. The
products of the action of enzyme V on various substrates are chromatographed adjacent to controls of untreated
substrates. 1, Free alanine, glutamic acid, and DPM (controls); 2, tripeptide Ala-v-p-Glu-m-DPM; 3, products
from this tripeptide; 4, disaccharide tripeptide, GlcNAc-Ala-Glu-DPM; 5, products from this disaccharide
tripeptide; 6, tetrapeptide, Ala-Glu-DPM-Ala; 7, products from this tetrapeptide; 8, tripeptide, Ala-a-D-Glu-
DPM; 9, products from this tripeptide; 10, N-acetylmuramyl tripeptide, MurNAc-Ala-Glu-DPM; 11, products
from this MurNAc-tripeptide; 13, disaccharide tetrapeptide, GlcNAc-MurNAc-Ala-Glu-DPM-Ala; 12, prod-
ucts from this disaccharide tetrapeptide. Disaccharide-Ala-Glu and MurNAc-Ala-Glu do not react with

ninhydrin so are not seen in 5, 11, and 12.

sphaericus particulate enzymes that hydrolyzes
the L-Lys-p-Ala linkage only after removal of
the terminal bp-alanine residue from Mur-
NAc-(Lys) pentapeptide; it has no effect on the
analogous MurNAc-(DPM) tetrapeptide (Fig.
1). This activity was not inhibited by 10-* M
benzylpenicillin and in this sense is analogous
to the carboxypeptidase II activity of E. coli (8).
The substrate specificity of the L-lysyl-p-ala-
nine carboxypeptidase II is such that it explains
the presence of carboxyl-terminal L-lysine resi-
dues in the vegetative peptidoglycan and the
absence of carboxyl-terminal (L)m-DPM resi-
dues in the cortical peptidoglycan (5). Under
the assay conditions used, this enzyme does not
appear to hydrolyze L-alanyl-p-glutamate resi-
dues, although an L,D-carboxypeptidase capa-
ble of hydrolyzing this substrate could convert
the product of the bp-glutamyl-m-DPM en-
dopeptidase activity into the carboxyl-terminal
L-alanyl residues found in the cortical peptido-
glycan. Perhaps hydrolysis of the L-Ala-p-Glu
bond by the carboxypeptidase II activity re-
quires a polymeric substrate. This possibility
is being investigated. By analogy, most lytic
MurNAc-L-Ala amidases require a polymeric
substrate and are inactive on GleNAc-MurNAc
disaccharide peptides. The S. albus G enzyme

used in substrate preparations for these stud-
ies (see Materials and Methods) is a unique ex-
ception.

The discovery of the y-p-glutamyl-m-DPM
endopeptidase activity was unanticipated since
its function is not immediately apparent. Hy-
drolysis of pentapeptide substrates requires the
prior removal of the carboxyl-terminal p-ala-
nine residue by carboxypeptidase I. Since this
activity is 50% inhibited by 4 x 10~ M benzyl
penicillin, similar concentrations of penicillin
also inhibit the action of the endopeptidase on
pentapeptides. However, hydrolysis of tetrapep-
tides is not inhibited by even 10-* M penicillin,
and it is concluded that the endopeptidase is
not inhibited by penicillin. The in vivo sub-
strate may be the nascent polymer of disaccha-
ride pentapeptide, the probable immediate pre-
cursor of the cortical peptidoglycan. However,
since these activities do act on MurNAc pep-
tides, it is also possible that the unique en-
dopeptidase of sporulating B. sphaericus cells
modifies the membrane-bound lipid intermedi-
ate involved in cortical peptidoglycan synthesis.
Elimination of the p-glutamate residue might
then occur before or after subsequent polymeri-
zation.

The specificity of the endopeptidase for DPM
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is consistent with a role in sporulation only,
since no DPM occurs in the vegetative cell
peptidoglycan. The time of appearance of this
activity, between samples II and IV, roughly
parallels the period during which the forespores
become engulfed and spore cortex formation
begins and is also consistent with a role in
cortex synthesis, as is the absence of this
activity from vegetative cells. This activity is
also absent from 90,000 x g supernatant frac-
tions from sporulating cells up to the stage at
which they begin to autolyze, and this suggests
that this enzyme functions in a membrane
localization, which is consistent with the hy-
pothesis (see introduction) on the role of the
outer forespore membrane in the unique events
involved in spore cortex synthesis. Since sensi-
tivity to this enzyme requires the prior removal
of the carboxyl-terminal p-alanyl residue of the
pentapeptide, the endopeptidase probably does
not hydrolyze cross-links within the cortical
peptidoglycan in which the sequence m-
DPM(vr)-p-Ala-(D)m-DPM(p)-OH is structur-
ally analogous to m-DPM(L)-p-Ala-p-Ala-OH.

90 90
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o
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o

% refractility

10

| n "m w v Vi
enzyme preparations

Fi6. 7. Variation in activity of the Glu-DPM en-
dopeptidase activity during sporulation in B. sphaer-
icus with MurNAc tri- and tetrapeptides as sub-
strates. Release of DPM from the tripeptide, (®);
release of DPM-Ala from the tetrapeptide, (®); per-
centage of cells containing refractile forespores, (O).
Data are presented as percentage of the total radioac-
tive D-alanine or unlabeled DPM present in the
indicated products. The rest is present as unmodified
substrates.
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Thus it is unlikely to be involved in germina-
tion.

The hydrolysis of the +y-p-glutamyl-meso-
diaminopimelate linkage of the tripeptide and
its muramic and disaccharide derivatives by the
B. sphaericus particulate enzymes could be due
to a p,L-carboxypeptidase different from the
D-Glu-mDPM endopeptidase. If so, the two
activities appear at the same time and in
constant ratio during sporulation (Fig. 7).

Sporulating cells of Bacillus cerus T have
increased activity of soluble v-L-glutamyl pepti-
dase that hydrolyzes glutathione to give free
cysteine (2). This enzyme also hydrolyzes v-L-
glutamyl-p-nitroanilide. This is not a substrate
for the particulate B. sphaericus enzyme, which
is probably an unrelated enzyme. B. subtilis
produces a poly v-D-glutamate polymer and
excretes an enzyme that is capable of hydro-
lyzing this polymer and L-glutamine. This en-
zyme also catalyzes, at a higher efficiency, the
transfer of vy-glutamyl residues from these sub-
strates to D-glutamine (21). In contrast, the
enzyme activity from B. sphaericus is particu-
late and neither hydrolyzes L-glutamine nor
catalyzes detectable transpeptidation reactions
using as donor L-glutamine, p-glutamine, tet-
rapeptide, or MurNAc tetrapeptide, and as
acceptor D-glutamate, meso-diaminopimelate,
L-lysine, or glycine. It is concluded that these
are also unrelated enzymes.

In conclusion, a new enzyme activity has been
observed exclusively in sporulating cells of B.
sphaericus. It hydrolyzes the bond between the
v-carboxyl of p-glutamic acid and the L-amino
group of meso-deaminopimelic acid, and its
action on tetrapeptides produced by the action
of carboxypeptidase I should result in the for-
mation of carboxyl-terminal L-alanyl-p-gluta-
mate dipeptides. Since these are not found in
the cortical peptidoglycan, the only known
substrate in these cells for this enzyme, then it
must be assumed that any such dipeptides
formed are intermediates either in the forma-
tion of lactam residues or in the formation of
carboxyl-terminal L-alanine residues. The latter
seems more probable and, as already stated,
would simply require the activity of an L,p-car-
boxypeptidase, perhaps that already found ca-
pable of hydrolyzing L-lysyl-p-alanine linkages
but inactive on L-Ala-D-Glu linkages under the
assay conditions used in these studies. Carbox-
yl-terminal L-alanine residues are liberated
from the peptidoglycan of Bacillus
stearothermophilus by an autolytic enzyme as-
sociated with phage-induced lysis after induc-
tion of a lysogenic phage with mitomycin C (19).
No such L-alanyl-p-glutamate endopeptidase
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activity has been found in B. sphaericus even
after attempts at inducing lysogenic phage with
mitomycin C (D. J. Tipper, unpublished obser-
vations). The production of free p-glutamate
during autolysis of cell walls of Bacillus
psychrophilus suggests the presence of an asso-
ciated y-p-glutamyl-L-lysine endopeptidase, al-
though direct demonstration of this activity has
not been reported (1). The B. sphaericus en-
zyme, which is incapable of hydrolyzing lysine-
containing substrates, appears to be a different
enzyme.
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