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The specific activities of three murein hydrolases, carboxypeptidase I, carbox-
ypeptidase II, and amidase were studied with respect to cell division in toluene-
treated cells ofEscherichia coli K-12. Carboxypeptidase I and amidase activities
were constant throughout the division cycle in cells of D11Ilac+pro+. Detectable
carboxypeptidase II activity varied and was highest at the time of division by a
factor of three. Carboxypeptidase II specific activity was also correlated with cell
division in BUG 6, a temperature-sensitive division mutant (J. N. Reeve, D. J.
Groves, and D. J. Clark, 1970). Fifteen minutes after shifting BUG 6 from 42 C
(nondividing conditions) to 32 C (dividing conditions), there was a rapid resump-
tion of cell division, accompanied by a 10-fold increase in the specific activity of
carboxypeptidase II. These results demonstrate a correlation between detectable
carboxypeptidase II activity and cell division as reflected by activity in toluene-
treated cells. The subcellular location of carboxypeptidase II, a soluble enzyme,
was found to be periplasmic since it was released by tris(hydroxymethyl)-
aminomethane-ethylenediaminetetraacetate treatment and osmotic shock, two
methods knoIwn to release periplasmic enzymes.

The cell envelope ofgram-negative rods, such
as Escherichia coli, consists of an inner cyto-
plasmic membrane, a rigid murein layer (from
the Latin word "murus" meaning wall), and an
outer membrane (16, 43, 52, 63). Between the
cytoplasmic membrane and the outer mem-
brane is a compartment termed the periplasmic
space (37) that contains soluble proteins such as
hydrolytic enzymes and amino acid- and sugar-
binding proteins (20, 21, 53). Since this work is
a study of certain enzymes that degrade the
murein layer, it is appropriate to describe the
biochemistry of this layer. E. coli murein con-
sists of chains of alternating sugar residues of
N-acetylglucosamine (GlcNAc) and N-acetyl-
muramic acid (MurNAc) (32, 36, 45, 46, 63). The
MurNAc residue has a peptide side chain con-
sisting of L-alanyl-D-glutamyl[y-meso-diamino-
pimelyl-D-alanine (L-Ala-i)Glu-m-Dpm-i)Ala).
Some side chains lack the fourth amino acid
residue, n-alanine. In addition there is a fifth
amino acid, a carboxyl terminal D-alanine,
present in the murein precursor, which is lost
during the cross-linking and polymerization
process. About half of the peptide side chains
are cross-linked between n-alanine and the dia-
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minopimelic acid (46, 57). Covalently attached
to approximately every tenth diaminopimelic
acid residue is a lipoprotein (6-8) of molecular
weight 7,500 (7, 25) which extends into the
outer membrane. The basic structure of the E.
coli murein is shown in Fig. 1.

During cell growth, the rigid murein layer
expands longitudinally. At the time of cell divi-
sion in E. coli, the murein layer forms a sep-
tum, an invagination perpendicular to the sur-
face of the cell (9, 10). Since the murein layer is
a dynamic structure, it seems likely that local-
ized degradation of murein by murein hydro-
lases may play a role in its growth. (In this
paper the term "murein hydrolase" refers to an
enzyme that specifically degrades the murein
or its precursors, and does not necessarily re-
sult in solubilization of murein). A murein hy-
drolase(s) may be specifically involved in sep-
tum formation. The formation of a central
bulge in E. coli cells grown in the presence of a
low concentration of penicillin (54) suggests lo-
calized weakening of the shape-maintaining
murein layer in the septal region owing to the
action ofa murein hydrolase(s). In addition, the
ability ofE. coli cells to foim penicillin-induced
bulges is greatest 20 min before cell separation
(9, 10) and cells ofE. coli are also most readily
lysed by penicillin at this time (23). Since this is
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FIG. 1. Murein hydrolases ofEscherichia coli.

the time of initiation ofseptum formation (10) a
temporal correlation between the activity of a
murein hydrolase(s) and septation may exist.
To understand the regulation of septum forma-
tion, we therefore decided to study the activity
of three of the murein hydrolases ofE. coli as a

function of cell size. Such an approach might
reveal which, if any, of these murein hydro-
lases play a role in septum formation.
There are several enzymes that degrade the

murein at specific sites (Fig. 1). Three enzymes
were chosen for this study. For each enzyme, a

radioactive substrate was prepared permitting
its specific assay in crude preparations.

(i) Carboxypeptidase I (D-Ala-D-Ala carboxy-
peptidase; EC 3.4.2), a membrane-bound en-
zyme (2, 27, 48), cleaves the terminal D-alanine
residue from the murein precursor, uridine di-
phosphate N-acetyl-muramyl-L-Ala-D-Glu-m-
Dpm-D-Ala-D-Ala (UDP-MurNAc-pentapep-
tide). E. coli K-12 has two carboxypeptidase I-
containing fractions (41) which differ in their
ampicillin sensitivity (42) and their ability to
carry out in vitro transpeptidation (48).

(ii) N-acetylmuramyl-L-alanyl amidase (ami-
dase; EC 3.5.1), a membrane-bound enzyme,

(59) cleaves the bond between N-acetylmu-
ramic acid and L-alanine. Amidase can act on
polymerized murein (55) and murein fragments
(59), but not on the nucleotide-bound pre-
cursor (unpublished data). Amidase was origi-
nally reported to be a membrane-bound enzyme
(59); however, van Heijenoort et al. now report
that the majority of amidase activity is soluble
and that the lack of demonstrable activity in
the 43,000 x g supernatant may have been due
to high-molecular-weight interfering material
(60).

(iii) Carboxypeptidase H, (Dpm-D-Ala car-
boxypeptidase; EC 3.4.2), a soluble enzyme,
cleaves the bond between diaminopimelic acid
and r-alanine in UDP-MurNAc-L-Ala-n-Glu-m-
Dpm-i-Ala (UDP-Mur-NAc-tetrapeptide) (28).
In addition, there is an enzyme that cleaves the
same bond in polymerized wall (62). It is not
known whether the same enzyme releases D-
alanine from UDP-MurNAc-tetrapeptide.

In this paper we report the activities of car-
boxypeptidase I, carboxypeptidase II, and ami-
dase with respect to cell division. In addition,
the location of these enzymes in the cell was
determined. A preliminary report of these find-
ings has been presented (B. D. Beck and J. T.
Park, Abstr. Annu. Meet. Amer. Soc. Micro-
biol. 1974, G38, p. 26).

MATERIALS AND METHODS
Strains of E. coli K-12. Dll (F-, strA, proB, his,

trp, lac, X+, tsx, thi) was obtained from H. Boman
(4). 3300 Hfr (Hfr, thi, rel, lac1, X-) was obtained
from M. H. Malamy (3). D11-1 (Dll lacI pro+) was
made by mating Dll with 3300 Hfr and selecting for
pro+strA recombinants on E plates with glucose,
thiamine, histidine, tryptophan, and streptomycin.
Lac+ recombinants were selected from these on E
plates with lactose, thiamine, histidine, and tryp-
tophan. BUG 6 (F-, thi, str, gal, mtl) (51) was ob-
tained from E. W. Green.
Growth conditions. Cells were grown either in L

broth (31) or in E medium (61) supplemented with
thiamine (1 ,ug/ml), required amino acids (50 gg/
ml), and either 0.5% lactose or 0.5% glucose as a
carbon source. Absorbance at 585 nm (A585) was
measured with a Zeiss PMQ II spectrophotometer.
For cell number determinations, cells were diluted
into 0.4% formaldehyde in E medium which had
been previously filtered through a 0.2-,um mem-
brane filter (Millipore Corp.) and counted using
an ElectroZone celloscope (Particle Data, Inc.)
equipped with a 24-Am orifice tube.

Preparation of substrates for murein hydrolase
assays. Both radioactive and nonradioactive sub-
strates were prepared in all cases.

Preparation of substrate for assay of amidase
activity. N-acetyl-muramyl-L-Ala-D-Glu-m-Dpm
was the substrate for the assay of amidase activity,
and was prepared in nonradioative form from UDP-
MurNAc-tripeptide. UDP-MurNAc-L-Ala-D-Glu-m-
Dpm was prepared by cycloserine treatment of cells
of Bacillus subtilis W23. Thirty liters of cells was
grown at 37 C in a medium composed of 2% peptone
(Amber Laboratories, Inc., Milwaukee, Wis.), 0.15%
yeast extract (Difco, Laboratories, Detroit, Mich.),
and 0.45% K2HPO4, adjusted to pH 7.2 with HCl.
Cells were harvested, yielding a 70-g cell paste
which was suspended in 300 ml of the final volume of
the following three amino acid mixture (3AA): 0.5%
glucose, 0.03% L-glutamic acid, 0.03% L-aspartic
acid, 0.018% L-alanine, 0.015% D-cycloserine (Nutri-
tional Biochemicals, Cleveland, Ohio), and 0.8%
K2HPO4. Four-tenths milliliter of 10 N NaOH was
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added per 100 ml and the pH was adjusted to 7.1.
Fifty milliliters of this cell suspension was added to
950 ml of prewarmed 3AA mixture in a 2-liter flask
and shaken vigorously at 37 C for 90 min. Cells from
six such flasks were harvested in 1-liter bottles in an
MSE Mistral 6L centrifuge equipped with swinging
buckets. The cell pellets were resuspended in 460 ml
of cold water, and 40 ml of cold 100% trichloroacetic
acid was added. After approximately 20 min, the
trichloroacetic acid-soluble material was recovered
by centrifugation. Trichloroacetic acid was removed
from the extract by three ether extractions. The
water phase was neutralized with NH4OH and con-
centrated by evaporation under reduced pressure to
approximately 15 ml. The extract was applied to a
Sephadex G25 (medium) column (2.7 by 94 cm) and
eluted with water. The main ultraviolet (UV)-ab-
sorbing fractions were pooled, concentrated to <5
ml, and streaked on Whatman 3MM paper (<1
,umol/cm). The chromatogram was run in ethanol:
1 N ammonium acetate, pH 7.5, (5:2) for 48 h. The
area containing UDP-MurNAc-L-Ala-D-Glu-m-Dpm,
the first of two UV-absorbing bands, located 7 to 8
cm from the origin, was cut out and eluted with
water (14). The yield was about 200 ,zmol of nucleo-
tide as determined by the bound N-acetylhexosa-
mine test (17).

Preparation of labeled UDP-MurNAc-tripeptide
involved the preliminary isolation ofUDP-MurNAc-
L-Ala-D-Glu (UDP-MurNAc-dipeptide) from lysine-
starved Staphylococcus aureus H (26). UDP-
MurNAc-dipeptide was then enzymatically added to
[14C]Dpm to yield UDP-MurNAc-tripeptide. For this
reaction, a supernatant from sonically disrupted E.
coli Dll cells was used as a source of Dpm-adding
enzyme. The enzyme was prepared by growing Dll
in two liters of L broth at 37 C to midlog phase (A585
= 0.7 to 1.0), and harvesting and washing the cells
twice with cold 0.2 M KPO4 buffer, pH 7.2. Four
milliliters of 0.05 M tris(hydroxymethyl)amino-
methane (Tris)-hydrochloride, pH 8.0, was used to
suspend the cell pellet in a final volume of 5 to 6 ml.
The sample was treated with 10-s bursts using a
Bronwill Biosonik III or an MSE ultrasonicoscillator
until the absorbance decreased by at least 80% and
particulate material was removed by centrifugation
at 80,000 x g for 60 min in a Beckman L3-50 ultra-
centrifuge. This supernatant fluid contained ap-
proximately 100 mg of protein/ml and was used as
the source of enzyme. The reaction mixture for prep-
aration of Dpm-labeled MurNAc-tripeptide con-
tained 3 ml of crude enzyme in 0.05 M Tris-hydro-
chloride, pH 8.0, 224 ,umol of adenosine 5'-triphos-
phate (Sigma Chemical Co., St. Louis, Mo.), neu-
tralized with 5 N NaOH, 0.4 mmol of Tris-hydro-
chloride, pH 8.0, 0.4 mmol of MgCl2, 0.4 mmol of
KCl, 80 j.Ci of ['4C]Dpm (7.7 ,uCi per amol) and 5
)zmol of UDP-MurNAc-L-Ala-D-Glu in a final vol-
ume of 10 ml. The mixture was incubated at 37 C for
120 min, boiled for 3 min, and centrifuged for 15 min
at 12,000 x g. The supernatant fluid was applied to a
Sephadex G25, fine, column (2.7 by 83 cm) (Pharma-
cia Fine Chemicals, Inc. Piscataway, N.J.) and
eluted with water. Fractions were monitored for UV
absorbance and radioactivity. The nucleotide-con-

taining fractions were concentrated by evaporation
under reduced pressure and chromatographed on
Whatman 3MM paper in isobutyric acid: 1 N
NH4OH (5:3) for 72 h (27). The chromatogram was
air dried without heat, and the nucleotide, located
by autoradiography, was eluted with water. Over-
all, 1.0 ,umol (14 x 106 counts/min) of nucleotide was
recovered.

MurNAc-L-Ala-D-Glu-m-Dpm and MurNAc-L-
Ala-D-Glu-m-[14CIDpm were obtained by hydrolysis
of UDP-MurNAc-tripeptide in 0.1 N HCl for 8 min
at 100 C and subsequent purification by electropho-
resis on Whatman 3MM paper in 0.1 N formic acid
for 90 min at 25 V/cm.

Preparation of substrate for assay of carboxypep-
tidase I activity. For measurement of D-Ala-D-Ala
carboxypeptidase activity, the nonradioactive sub-
strate UDP-MurNAc-L-Ala-D-Glu-m-Dpm-i-Ala-i-
Ala was prepared by enzymatic addition of D-Ala-D-
Ala (Cyclo Chemical Corp.) to UDP-MurNAc-L-Ala-
D-Glu-m-Dpm. The conditions were as described
above for m-Dpm addition except that the mixture
contained 53 gmol of UDP-MurNAc-L-Ala-D-Glu-m-
Dpm and 75 ,umol of D-Ala-D-Ala. The UDP-
MurNAc-pentapeptide was purified by Sephadex
G25 column chromatography followed by chroma-
tography on Whatman 3MM paper in isobutyric
acid: 1 N NH40H (5:3) for 3 days. The yield was 15
,umol.

Radioactive substrate, UDP-MurNAc-L-Ala-i-
Glu-m-Dpm-D-Ala-D-['4C]Ala (UDP-MurNAc-pen-
tapeptide) was donated by R. K. Sinha. It was pre-
pared by the enzymatic addition of i-Ala-i-[4C]Ala
to UDP-MurNAc-L-Ala-D-Glu-m-Dpm. D-Ala-D-
[14C]Ala was synthesized by dissolving 1.9 mg of D-
[1-14C]Ala, 54.9 ,uCi/,uM (ICN Pharmaceuticals,
Inc.), and 2.7 mg of D-alanine-N-carboxyanhydride
(Fox Chemical Co.) in 0.5 ml of cold 0.5 M sodium
borate buffer, pH 10.2, and shaking for a few min-
utes. The mixture was chromatographed overnight
on Whatman 3MM paper in n-butanol-acetic acid-
water (3:1:1). The chromatogram was dried, and the
D-Ala-D-['4C]Ala band was located autoradiographi-
cally and eluted, to yield approximately 16 iLmol.
The n-Ala-n-Ala adding enzyme was prepared from
a 2.5 g ofpaste from cells ofBacillus megaterium KM
grown in 0.5% yeast extract (Difco), 0.5% phytone
(Difco), and 0.3% K2HPO4, pH 7.3, and 0.2% glucose
added after autoclaving. The paste was frozen,
thawed, resuspended in 5.0 ml of water, and the
cells were broken by shaking for 6 min with 7.5 g of
plastic beads in a Braun homogenizer which was
cooled under CO2. The suspension was centrifuged
at 20,200 x g for 20 min and the supernatant was
used as a source of enzyme. The reaction mixture
contained 1.2 ,umol of adenosine 5'-triphosphate,
neutralized with NaOH, 0.45 mmol of Tris-hydro-
chloride, pH 8.3, 0.45 mmol of MgCl2, 8.3 jLmol of
UDP-MurNAc-L-Ala-n-Glu-m-Dpm, 8 jimol of
D-Ala-D-[14C]Ala, 0.5 mg of penicillin G (Sigma), and
1.0 ml of enzyme in a final volume of 2.7 ml. The
nucleotide was purified as described and yielded 1.9
/Amol (129 x 106 counts/min).

Preparation of substrate for assay of carboxypep-
tidase II activity. To assay Dpm-D-Ala carboxypep-
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tidase activity, the substrate UDP-MurNAc-L-ala-D-
glu-m-Dpm-i.-[14C]Ala (UDP-MurNAc-tetrapeptide)
was prepared from UDP-MurNAc-L-Ala-i-Glu-m-
Dpm-D[-4C]Ala-D-[4C]Ala.

UDP-MurNAc-L-Ala-a-Glu-m-Dpm-D-[14C]Ala-D-
[14C]Ala was prepared using the same conditions as
for Dpm addition except that the mixture contained
3 ,umol of UDP-MurNAc-L-ala-D-Glu-m-Dpm, 250
1ACi of D_[1-14C]alanine (ICN Pharmaceuticals, Inc.),
12.5 MCi per ,umol, and 1 mg of D-ampicillin
(Doktacillin; Astra, Sweden). The labeled UDP-
MurNAc-pentapeptide was purified in the same way
as the unlabeled UDP-MurNAc-pentapeptide except
that the nucleotide was located by autoradiography.
The yield was 1.5 Amol (80 x 106 counts/min).

UDP-MurNAc-L-Al^-n-Glu-m-Dpm-D-Ala and
UDP-MurNAc-L-Ala-I)-Glu-m-Dpm-D-[14C]Ala were
then prepared by carboxypeptidase I treatment of
the UDP-MurNAc-pentapeptide. The source of the
enzyme was either enzyme purified from B. subtilis,
donated by J. Umbreit and P. Blumberg, assayed as
described (29) or a membrane preparation of Dll.
The membranes were prepared from spheroplasts
(44) from 4 liters of L broth grown cells of Dll. The
spheroplasts were lysed by dilution in 0.02 M Tris-
hydrochloride, pH 8.0, washed three times with 25
ml ofTris buffer at 80,000 x g, and resuspended in a
final volume of 2 ml of Tris buffer. The membranes
contained carboxypeptidase I activity and no car-
boxypeptidase II activity. A typical reaction mixture
contained 1 ,umol (50 x 106 counts/min) UDP-
MurNAc-L-Ala-D-Glu-m-Dpm-n-[14C]Ala-r,-['4C]Ala,
0.5 mmol of Tris, pH 9.2, 0.05 mmol of MgCl2, and
1.5 ml of membrane suspension in a final volume of
4.6 ml, and was incubated at 37 C for 7 h by which
time half of the labeled alanine was released from
the nucleotide. A sample was hydrolyzed in 0.1 N
HCl for 10 min at 100 C and chromatographed over-
night on Whatman 3MM paper in phenol: 0.2%
aqueous 8-hydroxyquinoline (4:1) (2) to verify that
the mixture contained only UDP-MurNAc-tetrapep-
tide and no UDP-MurNAc-pentapeptide. UDP-
MurNAc-tetrapeptide was purified by the same
method as used for UDP-MurNAc-pentapeptide pu-
rification.
Enzyme assays. Carboxypeptidase I was assayed

according to Izaki and Strominger (28). The reaction
mixture contained 0.5 nmol of (20 x 103 counts/min)
UDP-MurNAc-L-Ala-D-Glu-m-Dpm-D-Ala-D- [14C]-
Ala, 2 ,umol of Tris-hydrochloride, pH 9.2, 0.2
,tmol of MgCl2, and 15 Ztg of protein in a final
volume of 20 ,ul. The mixture was incubated for 15 to
60 min at 37 C, boiled for 2 min to terminate the
reaction, and centrifuged to remove insoluble mate-
rial. Alanine and unhydrolyzed substrate were sep-
arated on a column that contained 0.2 ml of Dowex
AG1-X2 (Bio-Rad, Laboratories, Richmond, Calif.),
200 to 400 mesh, chloride form. Alanine was eluted
with 3 ml of water and the nucleotide subsequently
eluted with 3 ml of 1 N HCl. Before reuse the column
was washed with water until the eluate was neutral.
Samples were dried at 100 C, taken up in 0.1 ml of
water, and the radioactivity was determined in 3 ml
of cellosolve scintillation fluid (18) in either a Beck-
man LS 235 or a Nuclear-Chicago Mark I liquid

scintillation spectrometer (Nuclear-Chicago Corp.,
Des Plaines, Ill.). One unit of carboxypeptidase I is
that amount ofenzyme that will release 1 nmol of D-

['4C]alanine from UDP-MurNAc-L-Ala-D-Glu-m-
Dpm-D-Ala-D[-4C]Ala in 15 min at 37 C.

Carboxypeptidase II was assayed according to
Izaki and Strominger (28). The reaction mixture
contained 1.8 nmol of (10 x 103 counts/min) UDP-
MurNAc-L-Ala-D-Glu-m-Dpm-D-[14C]Ala and 2 ,umol
of Tris-hydrochloride HCl, pH 8.0, in a final volume
of 20 ,lA. The amount of enzyme varied according to
the method of preparation and contained 10 to 150
,ug of protein. The mixture was incubated for 5 to 60
min at 37 C and the reaction was terminated by
boiling. Radioactive product (alanine) and unhydro-
lyzed substrate were separated as described above.
One unit of carboxypeptidase II is that amount of
enzyme that will liberate 1 nmol of D_['4C]alanine
from UDP-MurNAc-L-Ala-D-Glu-m-Dpm-D-['4C]Ala
in 15 min at 37 C.
Amidase was assayed according to Van Heijen-

oort and Van Heijenoort (59). The reaction mixture
contained 15 nmol (7 x 103 counts/min) of MurNAc-
L-Ala-D-Glu-m-[14CIDpm, 2 JAmol of Tris-hydrochlo-
ride, pH 8.0, and 15 i.l of toluene-treated cells con-
taining 100 to 500 ,ug of protein. Product (tripeptide)
and substrate were separated electrophoretically
(59), and the radioactivity was localized by strip
scanning with a Nuclear-Chicago Actigraph III. The
radioactive spots were cut out and the radioactivity
was determined in toluene scintillation fluid com-
posed of 15.2 g of 2,5-diphenyloxazole (Nuclear-Chi-
cago) and 380 mg of 1,4-bis-2-(4-methyl-5-phenyl-
oxazolyl)benzene (Packard Instrument Co., Inc.,
Downers Grove, Ill.) dissolved in 3.8 liters of tolu-
ene. One unit of amidase is that amount of enzyme
that will cleave 1 nmol of tripeptide from MurNAc-L-
Ala-D-Glu-m-['4C]Dpm in 15 min at 37 C.

For an enzyme assay to be valid, enzyme activity
must be linear with respect to both time and enzyme
concentration. Carboxypeptidase II activity was lin-
ear with respect to both time and enzyme concentra-
tion in toluene-treated cells of Dll grown at 37 C in
E medium plus glucose (Fig. 2). Similar linearity
was found for carboxypeptidase I and amidase.

Penicillinase was assayed by the automated
method of Lindstrom and Nordstrom (34). The reac-
tion mixture contained from 2 to 6 mg of protein in a
final volume of 0.5 ml and was incubated for 60 min
at 22 C. One unit ofenzyme is the amount necessary
to produce a reduction in absorbance of 0.01 in 60
min at 22 C.

,3-galactosidase was assayed by following the hy-
drolysis of o-nitrophenyl-,/-r-galactopyranoside
(Sigma) at 420 nm (47), using a Gilford 240 spectro-
photometer equipped with a model 2453 recorder.
Protein (2 to 10 jAg) from crude cell extract was
assayed and the reaction was followed for 4 min at
22 C. One unit of enzyme is that amount of enzyme
that will produce an increase in absorbance of 0.01
in 1 min at 22 C.

Specific activity. Specific activity is expressed as
total enzyme units per milligram of protein. Protein
was determined by the Lowry method (35).

Total units. Total units are defined as the number
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FIG. 2. Activity of carboxypeptidase II with re-
spect to enzyme concentration and time. (A) D1J-1
was grown at 37 C in E medium plus glucose to A 5

= 0.5. Cells were harvested and toluene treated. Car-
boxypeptidase II activity was assayed at different
enzyme concentrations. (B) The source ofenzyme was
the same as above. Carboxypeptidase II activity was
assayed for different times of incubation. Each assay
contained 8.8 pg ofprotein.

of enzyme units in cells from 100 ml of culture.
Methods of enzyme preparation. (i) The standard

method of toluenization was as follows. Cells were
grown in E medium with lactose or glucose as a
carbon source, harvested in midlog phase (A,85 =

0.5), and washed twice with cold E medium. Cells
from 100 ml of culture were resuspended in 1 ml of
0.02 M Tris-hydrochloride, pH 8.0, and frozen. For
use cells were thawed, and 20 Ag of deoxyribonucle-
ase I (Worthington) per ml and 3% toluene were
added. Cells were mixed on a Vortex mixer for 10
s and kept at 4 C for 10 to 60 min. Immediately
before assay, cells were mixed again.

(ii) Sonically disrupted cells were prepared from
cells harvested and washed as described above and
subjected to sonic oscillation at 4 C in 10-s bursts
with a Bronwill Biosonik III or an MSE ultrasonica-
tor until the absorbance was reduced by 80%.

(iii) Polymyxin B (Sigma) treatment was accord-
ing to Cerny and Teuber (12).

(iv) The osmotic shock method was that of Neu
and Heppel (39).

(v) Tris-ethylenediaminetetraacetate (Tris-

EDTA) treatment was as described by Levy and
Leive (33) except that 0.4 ml 0.02 M EDTA in 0.1
Tris-hydrochloride was added per 1.0 ml of cell sus-
pension in Tris. The cells were incubated for 6 min
at 37 C.

(vi) Lysozyme-EDTA treatment was that of Os-
born et al. (44).

Large-scale separation of cells on the basis of size
by centrifugation through a sucrose gradient. Cells
ofDll-1 grown in 5 liters ofE medium plus lactose to
A5= 0.5 were harvested, washed twice with cold E
medium, and suspended in 30 ml of3% sucrose in E
medium. Cells were then applied to the inner edge of
a 1.3-liter 5 to 15% sucrose in E medium gradient in
an MSE zonal A rotor. The rotor was rotating at 600
rpm in an MSE Mistral 6L centrifuge chilled to 4 C.
The cells were overlaid with 100 ml of 1% sucrose in
E medium and centrifuged for about 40 min at 2,500
rpm. The speed was lowered to 600 rpm and 30%
sucrose was pumped in at the outer edge at the rate
of 30 ml/min with a Sigmamotor pump. Thirteen-
milliliter fractions were collected with a Gilson Es-
cargot fraction collector. Samples were diluted 1:10
in E medium for absorbancies. Additional samples
that contained 0.4% formaldehyde were used for
subsequent cell counting. The cells from every two
fractions were pooled, washed twice with 0.02 M
KPO4, pH 7.0, resuspended in 0.15 ml of 0.02 M Tris-
hydrochloride, pH 8.0, and frozen. Before assay
samples were treated with toluene as described
above.

RESULTS
Subcellular location of murein hydrolases.

The results in Table 1 show that 80%o of both
carboxypeptidase I and amidase activity was
found associated with the 80,000 x g membrane
pellet of D11-1 indicating that these enzymes
were membrane bound. In contrast none of the
carboxypeptidase II activity was found in the
pellet. The finding of the amidase as primarily
membrane bound is in contrast to the work of
Van Heijenoort et al. (60) who found that the
majority of the amidase was periplasmic.

Carboxypeptidase II was released from L
broth-grown cells of D11-1 by some of the stand-

TABLE 1. Subcellular location of murein hydrolases
ofDll-la

Subcellular Carboxy- Total units of
location peptidase I Carboxypepti- Amidasedase Il

Supernatant 5 (22%) 101 (100%) 34 (20%)
Membrane 18 0 136

a D11-1 was grown in L broth at 37 C toA" = 1.0. Cells
were harvested, washed, and sonically disrupted in 0.02 M
Tris-hydrochloride, pH 8.0, as described. The sonic extract
was centrifuged at 80,000 x g for 60 min, the supernatant
fluid was decanted, and the pellet was washed twice with
Tris buffer and resuspended in 1 ml ofTris buffer. Numbers
in parentheses refer to the percentage of enzyme units
found in the supernatant fraction.
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ard methods used to demonstrate the peri-
plasmic location of a particular protein (Table
2). These methods were osmotic shock (55.4%
release) and Tris-EDTA treatment (100%
release). No carboxypeptidase II was released
by polymyxin B treatment or by lysozyme-
EDTA-induced spheroplast formation. How-
ever, cells exposed to 0.01 M CaCl2 in 0.03 M
Tris, pH 8.0, did release carboxypeptidase II
upon lysozyme-EDTA treatment (unpublished
data). The total carboxypeptidase II enzyme
units recovered from the lysozyme-EDTA
treated cells represented less than 50% of the
enzyme units recovered from the other sam-
ples. A partial explanation for this is that car-
boxypeptidase II was inhibited by the lysozyme-
EDTA solution itself (unpublished data).
The pattern of release of carboxypeptidase II

differed from that ofpenicillinase, another peri-
plasmic enzyme (21, 56). Whereas no carboxy-
peptidase II was released by polymyxin B treat-
ment or lysozyme-EDTA spheroplast forma-
tion, nearly all of the penicillinase was released
by these methods. In addition, the release of 8-
galactosidase, a cytoplasmic enzyme (21), was

always low, demonstrating that no gross cellu-
lar lysis had occurred.

Sizing of cells by centrifugation through a
sucrose gradient. A murein hydrolase specifi-
cally involved in cell division might have maxi-
mum activity around the time of septum forma-
tion or cell separation. It was therefore de-
cided to investigate the activity of carboxypep-
tidase I, carboxypeptidase II, and amidase in
cells of D11-1 at different stages in the cell cycle
to deternine if the activity of any of these
enzymes was correlated with cell division.

Since assay of all three enzymes required
many cells, it was necessary to use a method for
obtaining large numbers of cells at different
stages in the growth cycle. Separation of cells
on the basis of size by centrifugation through a
sucrose gradient (38) in a zonal rotor seemed a

potentially useful method, since midlog cells
from 5 liters of culture could be applied to such
a gradient.
Figure 3 shows that this method did separate

cells of D11-1 on the basis of size. Absorbance
per cell, a function of cell mass, increased lin-
early from 1.2 to 2.4 units between fractions of
27 and 41. Thus the smaller and younger cells
were near the top of the gradient and the larger
older cells sedimented towards the bottom of
the gradient.
To demonstrate that cells of different size

3
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FRACTION NUMBER
FIG. 3. Sizing of Dll-l by sucrose gradient cen-

trifugation in MSE zonal rotor. (A) Dll-1 was grown
at 37 C inE medium plus lactose and fractionated on
the MSE zonal rotor as described in Materials and
Methods. Absorbance per fraction was determined.
Direction ofsedimentation was from left to right. (B)
Absorbance x 10O' per cell was determined as de-
scribed in Materials and Methods.

TABLE 2. Extractability of carboxypeptidase II, penicillinase, and f3galactosidase"
Total units

Treatment Carboxypeptidase II Penicillinase f-Galactosidase

Extract Residue Extract Residue Extract Residue

Lysozyme-EDTA 0 (0%) 49 217 (84.3%) 40 314 (10.0%) 3128
Polymyxin B 0 (0%) 192 185 (93.2%) 13 5 (0.2%) 3355
Osmotic shock 40 (55.4%) 32 13 (25.0%) 40 67 (2.7) 2479
Tris-EDTA 129 (100%) 0 174 (92.8%) 13 122 (4.0%) 3070

"D11-1 was grown in L broth at 37 C to A,., = 1.0. Cells were harvested and treated for release of
periplasmic proteins as described. The residues were resuspended in 1 ml of 0.02 M Tris-hydrochloride and
disrupted by sonic oscillation. Numbers in parentheses refer to the percentage of total enzyme units released
by each method.

VOL. 126, 1976



1256 BECK AND PARK

classes corresponded to cells of different ages,
cells from different regions of the gradient were
inoculated into prewarmed medium to check for
synchrony. Cell growth resumed immediately
(Fig. 4A). The cells from near the top of the
gradient (fractions 27 and 28) divided synchro-
nously with a division midpoint of 45 min (Fig.
4B). Since the generation time was 70 min,
these cells were 25 min old at the start of the
experiment. Cells further down the gradient
(fractions 47 and 48) started to divide immedi-
ately with a division midpoint of 10 min and
thus were 60 min old at the start of the experi-
ment. The cells from fractions 47 and 48 did not
show an initial complete doubling in cell num-
ber. Presumably the cells had started to divide
before inoculation into the prewarmed me-
dium.

Centrifugation through a sucrose gradient in
a zonal rotor effectively sized about two-thirds
of the population. It was not clear where the
smallest cells were located. The absorbance per
cell experiment suggested that it was fraction
27 (Fig. 3B), whereas the synchronization ex-
periment suggested that it was prior to fraction
27 and 28 since the cells in this fraction were 25
min old at the start of the experiment (Fig. 4B).
Cells at the bottom of the gradient, below frac-
tion 47, were examined microscopically and
found to be heterogeneous in size. In addition,
many cells had more than one constriction and
were longer than two cell lengths, representing
cells that did not separate during growth.
Murein hydrolase activity in cells sized by

sucrose gradient centrifugation. The specific
activity of carboxypeptidase I, carboxypepti-
dase II, and amidase was determined in tolu-
ene-treated cells of D11-1 sized by centrifuga-
tion. The specific activity of carboxypeptidase I
and of amidase was the same in cells of all sizes
(Fig. 5B,D). This indicates that carboxypepti-
dase I and amidase do not fluctuate during the
cell cycle and therefore probably do not play a
specific role in septum fornation. In addition,
the activity of,-galactosidase (Fig. 5A) in the
fully induced cells was constant regardless of
cell size confirming the results of Donachie and
Masters (13).

In contrast the specific activity of carboxy-
peptidase II showed a threefold fluctuation,
being highest in recently divided or about-to-
divide cells, and lowest in cells of intermediate
size (Fig. 5C). This demonstrates that the spe-
cific activity of carboxypeptidase U is highest
around the time of septum formation, indicat-
ing a temporal correlation between carboxypep-
tidase II activity and cell division in D11-1.

Relationship between specific activity of
carboxypeptidase II and cell division in BUG

OD

C)

0.11

1o8

N%.
C)
J

TIME (min)
FIG. 4. Synchronous growth ofcells ofDll-l sized

by sucrose gradient centrifugation in the MSE zonal
rotor. (A) Cells from fractions 27 + 28 and 47 + 48
in the experiment described in Fig. 3 were diluted
1:10 in prewarmed E medium plus lactose andgrown
at 37 C. Samples were taken for absorbance read-
ings. (B) Cell numbers were determined.

6. Since the previous experiment indicated a
correlation between the activity of carboxypep-
tidase II and cell division in D11-1, the relation-
ship between carboxypeptidase II activity and
cell division was studied in BUG 6, a tempera-
ture-sensitive mutant that grows normally at
32 C and grows, but does not divide at 42 C (51).
Upon shift from 42 to 32 C, cell division re-
sumes after 15 min, indicating that the temper-
ature-sensitive lesion is in one of the later
stages in the cell division process.
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FIG. 5. Relationship between specific activity in
murein hydrolases and cell division in D11-1. Cells
fractionated on the MSE zonal rotor were toluene
treated and assayed for murein hydrolase activities
and ,3galactosidase activity.

A definite correlation between cell division
and carboxypeptidase II specific activity was
found in toluene-treated cells ofBUG 6 (Fig. 6).
The basal activity at 32 C, when cells were
dividing, was three- to fourfold higher than the
basal activity at 42 C, when cells were not di-
viding. Even more dramatic was the 10-fold
increase in specific activity of carboxypeptidase
II 15 min after a shift from 42 to 32 C. At this
time, there was also a resumption of cell divi-
sion. Carboxypeptidase II itself was not the
temperature-sensitive component of BUG 6.
Enzyme from either nondividing or dividing
cells showed no temperature sensitivity when
assayed at 32, 37, or 42 C (results not shown).

DISCUSSION
Septum formation in E. coli is a precisely

controlled process involving the synthesis of
several complex surface components. The in-
growth of the rigid murein layer, dividing one
cell into two daughter cells, is an imiportant
feature of septation. The specific involvement
of a murein hydrolase(s) in septation has often
been postulated (15, 16, 22, 62), but no firm
experimental proof for the involvement of a
specific enzyme has yet been furnished. To find
out if any of three E. coli murein hydrolases,
carboxypeptidase I, carboxypeptidase II, or
amidase, was specifically involved in septum
formation, we measured the specific activities
of these enzymes as a function of cell size. Since
cell size is related to cell age (38), such an
approach could reveal which murein hydrolase
was most active at the time of division.
We separated cells of D11-1 by centrifugation

through a sucrose gradient in a zonal rotor. The

relative rate of sedimentation was a function of
cell mass as determined by measurements of
the absorbance per cell across the gradient
(Fig. 3B). In addition, the cells at the top of the
gradient were younger than the cells further
down the gradient, since, upon dilution into
prewarmed medium, the cells from the top were
the last to divide (Fig. 4B). Toluene-treated
cells of different size had the same specific ac-
tivities of both carboxypeptidase I and amidase
(Fig. 5B, D). This suggests that carboxypepti-
dase I and amidase exert no special function in
septation. The specific activity of carboxypepti-
dase II, on the other hand, varied threefold
across the gradient, being highest in recently
divided or about-to-divide cells and lowest in
cells of intermediate size (Fig. 5C). The divi-
sion-associated increase in carboxypeptidase II
activity in toluene-treated cells does not reflect
changes in total enzyme protein, because com-
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FIG. 6. Relationship between carboxypeptidase II

activity and cell division in BUG 6. BUG 6 was

grown in E medium plus glucose for 110 min at 32 C
to Am5 = 0.35. The culture was shifted to 42 C for 60
min and then back to 32 C (C). Control cultures were

maintained at 32 C (A) and 42 C (B). Samples were
taken for cell counting and toluene treatment.

1257

I1



1258 BECK AND PARK

plete disruption of cells by sonic oscillation lib-
erated equal amounts ofenzyme from nondivid-
ing and dividing cells. There appear to be mul-
tiple causes for the fluctuations in carboxypep-
tidase II activity. These causes may include
increased substrate uptake under dividing con-
ditions, greater release of carboxypeptidase II
from dividing cells, and enzyme inhibition un-
der nondividing conditions (to be published).

Further evidence for a correlation between
carboxypeptidase II activity and cell division
came from studies using the temperature-sensi-
tive division mutant, BUG 6 (49-51). BUG 6
grows and divides normally at 32 C. At 42 C
BUG 6 grows, but does not divide, resulting in
the formation of filamentous cells. Upon a shift
from 42 to 32 C, cells begin to divide after about
15 min. The specific activity of carboxypepti-
dase II in cells grown at 42 C was about one-
third the specific activity ofcarboxypeptidase II
in cells grown in 32 C (Fig. 6A, B). In addition,
15 min after a shift from 42 to 32 C, there was a
10-fold increase in the specific activity of car-
boxypeptidase II. At this time, there was also a
rapid resumption of cell division.
Thus we have shown that the detectable ac-

tivity of carboxypeptidase II in toluene-treated
cells is temporally correlated with cell division
in two situations: in cells of D11-1 sized by
sucrose gradient centrifugation and in cells of
BUG 6 after a shift from 42 to 32 C. The ob-
served fluctuation in carboxypeptidase II activ-
ity during the cell cycle will be discussed in a
future paper.

Another interesting finding of this work is
the observation that carboxypeptidase II is re-
leased from L broth-grown cells of Dll-l by two
methods which are known to release peri-
plasmic enzymes (Table 2). These methods
were osmotic shock (55.4% release) and Tris-
EDTA treatment (100% release). No carboxy-
peptidase II was released during lysozyme-
EDTA-induced spheroplast formation or poly-
myxin B treatment. Penicillinase, a peri-
plasmic enzyme (21, 56), was released by both
of these methods. The release of carboxypepti-
dase II may be correlated with the release of
lipopolysaccharide (LPS). Thirty to 50%o of total
LPS is released during Tris-EDTA treatment
(30). LPS is also released during stage 1 of
osmotic shock (1). On the other hand, no LPS is
released during the Osborn method of lyso-
zyme-EDTA-induced spheroplast formation
(44) or during polymyxin B treatment (11). A
future paper (manuscript in preparation) will
show that the release of carboxypeptidase II by
Tris-EDTA is a division-associated phenome-
non, and this release partially explains the
fluctuations in activity reported in this paper.

Since polymerization and cross-linking of
murein occur on the membrane (2, 27), the
periplasmic location of carboxypeptidase II sug-
gests that it may act on murein at a step subse-
quent to polymerization and cross-linking.
Since none of the murein repeating units in the
cytoplasmic membrane is linked to lipopro-
tein (6), it is possible that the covalent associa-
tion between murein and lipoprotein occurs
after polymerization and cross-linking. By
analogy to the transpeptidase reaction in which
the terminal I-alanine residue is cleaved, pro-
viding energy for linking the subterminal D-
alanine to an adjacent diaminopimelic acid, the
cleavage of the subterminal D-alanine by car-
boxypeptidase II may provide the energy for
linkage of diaminopimelic acid to the lipopro-
tein (25). Alternatively, carboxypeptidase II
could prevent linking between murein and lipo-
protein by removal of the subterminal D-ala-
nine.
This work represents an advance in the

method of studying the relation of murein hy-
drolases to septation and cell separation in that
the activities of individual hydrolases were ex-
amined, whereas earlier studies have usually
measured gross destruction of the murein (54,
55). A fuller evaluation of the role of murein
hydrolases in cell division would require meas-
urement of other murein hydrolases, namely
muramidase (45) and a second more active mur-
amidase that produces a nonreducing disac-
charide-tetrapeptide (19, 24, 58).
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