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A mutant of Escherichia coli is described whose cells show a spherical or

irregular morphology, associated with leakage of f,-galactosidase and other
intracellular proteins. The expression of the morphologic abnormality is most
marked when the mutant is grown in rich media and is suppressed by D-alanine,
D-serine, D-glutamate, or glycine supplementation. D-Alanine is the most
effective amino acid supplement, half maximally supressing this anomalous
property at a concentration of 75 gg/ml, as measured by the reduction in
f3-galactosidase released from the cells. The mutant is more sensitive to penicillin
G, D-methionine, and D-valine and it is relatively resistant to lysozyme. These
phenotypic abnormalities are likewise corrected by the above supplementations.
The relative rates of peptidoglycan synthesis in mutant and parent, grown under
restrictive conditions, were measured both in vivo and in vitro by rates of
incorporation of L- ["C ]alanine and uridine-5'-diphosphate-N-acetyl-D- [1- "C ]-
glucosamine, respectively. There is no metabolic block in the biosynthesis of
uridine-5'-diphosphate-N-acetyl-muramyl-pentapeptide as shown by enzymic
analysis and the lack of accumulation of uridine-5'-diphosphate-N-acetylmura-
myl-peptide precursors. These preliminary studies suggest that the mutant
possesses a defect in the biosynthesis of peptidoglycan although the exact lesion
has not yet been established.

Our knowledge of the chemistry and biosyn-
thesis of the polyfunctional cell envelope of
bacteria is considerable although much of the
work has been carried out with only a few
organisms such as Staphylococcus and Bacillus.
Still largely unanswered are the biological ques-
tions of the nature of the extracellular assembly
process, the control mechanisms involved, and
the physiological relationship of the various mo-
lecular constituents. Since elements of the cell
wall provide the characteristic shape of microor-
ganisms, one approach has been the isolation
and investigation of mutants showing morpho-
logical abnormalities. Such mutants have previ-
ously been reported in Escherichia coli (1, 14,
20, 28, 29, 31), Bacillus subtilis and B. licheni-
formis (4, 10, 12, 36-39, 45), Staphylococcus
aureus (8, 13), and Agrobacterium tumefaciens
(11). However, the structural or enzymatic
lesions were established only in Staphylococcus.

In a previous communication (32), we re-
ported the isolation and properties of several
mutants of E. coli which leaked ,8-galactosidase
into the extemal medium. One of these,
X71-415, was studied in greater detail by mor-
phological and biochemical methods. When this
cell was grown in rich medium it developed
large irregular shaped morphology, leaked sev-
eral intracellular proteins, and showed abnor-
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mal synthesis of peptidoglycan. All of these
abnormalities were retumed toward normal by
the addition of D-alanine to the growth medium.
Evidence is presented to support the view that
this cell possesses a defect in either the peptido-
glycan layer or in the interaction of this mac-
romolecule with other components of the cell
envelope.

MATERIALS AND METHODS
Bacterial strains. The parental strain used in this

study was X71 (i-z+y+a-, ProC-, try , B1-, Sm", F-),
a transacetylase-negative strain derived from X5072,
(43) a K-12 strain obtained from Jonathan R. Beck-
with (Harvard Medical School). From this strain
(X71) a conditional rod mutant (X71-415) was iso-
lated after mutagenesis with N-methyl-N'-nitro-N-
nitrosoguanidine (32). Bacillus cereus T was obtained
from Jack L. Strominger (Harvard University).
Growth of bacteria. Bacteria were grown with

continuous shaking on a gyrotatory shaker at about
200 rpm at 37 C in mineral medium 63 (9) which
consisted of KH2PO4 (13.6 g), (NH.),SO4 (2.0 g),
MgSO4-7H30 (0.2 g), and FeSO4.7H20 (5 mg) added
to 1 liter of distilled water and adjusted to pH 7.0 with
KOH. The medium was supplemented with NaCl
(0.29%), L-tryptophan (10 gg/ml), L-proline (100 gg/
ml), and thiamine (0.5 ,g/ml). The minimal media
carbon sources were 10 mM glucose, or 20 mM
succinate, lactate, or glycerol. The rich media carbon
sources were 1% tryptone (Difco) peptone, proteose
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peptone, yeast extract, nutrient broth, or Trypticase
soy broth (Fisher). The individual amino acid supple-
ments were used at a concentration of 1 mg/ml.
The bacteria were usually grown in 30 ml of

medium in 300-ml side arm flasks, or in 1 liter of
medium in a 2-liter Erlenmeyer flask. For large scale
preparations the bacteria were grown in 14 liters of
medium in a fermenter (Microferm, New Brunswick
Scientific Co.). Growth was monitored by the change
in absorbance of the culture with a Klett-Summerson
colorimeter (filter no. 97).

Chemicals. Sodium dodecyl sulfate, glass beads
(acid washed, type III, 150 to 200 um), N-acetyl-D-
glucosamine (GlcNAc), N-acetylmuramic acid (Mur-
NAc), D-glucosamine, muramic acid, DL-alanyl-DL-
alanine, glycylglycine, ribonuclease, deoxyribonucle-
ase, penicillin G, chloramphenicol, egg white lyso-
zyme (N-acetylmuramidase, grade I), pronase, D-Cy-
closerine (D-4-amino-3-isoxazolidone) (DCS), pyri-
doxal phosphate, and unlabeled amino acids were
obtained from Sigma Chemical Co., St. Louis.
i-Alanyl-D-alanine was obtained from Cyclo Chemical
Co., Los Angeles. D-Amino acid oxidase was obtained
from Worthington Biochemical Co., N.J. Bio Gel P-2
(200 to 400 mesh) and Dowex-1-chloride (2% cross-
linked) were obtained from Pharmacia Co., N.J.
Vancomycin was the generous gift of Jack L. Stro-
minger. D- ["C ]alanyl-D- [14C Jalanine was prepared
from D- [U- 4C lalanine as described by Lugtenberg et
al. (26). Other radiochemicals were obtained from
New England Nuclear Corporation, Boston.

Isolation of uridine-5'-diphosphate (UDP)-N-
acetylmuramyl-peptides. Two-liter cultures of loga-
rithmic cells were harvested, washed, and extracted
with 5% (wt/vol) trichloroacetic acid. The nucleotides
were separated by chromatography as described by
Lugtenberg et al. (25) and Good and Tipper (13). The
pooled, concentrated fractions were desalted and
further fractioned by gel filtration on a Bio Gel P-2
(200 to 400 mesh) column (2.5 by 90 cm) eluted with
deionized water. Further purification was achieved by
descending paper chromatography on Whatman no. 3
filter paper in isobutyric acid-0.5 M NH40H (5:3).
UDP-MurNAc-tripeptide (UDP-MurNAc-L-Ala-D-
Glu-m-Dap) and UDP-MurNAc-pentapeptide (UDP-
MurNAc-L-Ala-D-Glu-m-Dap-D-Ala-D-Ala) were iso-
lated from Bacillus cereus T after their accumulation
in the presence of DCS (50 mg/ml) and vancomycin
(12.5 gg/ml), respectively, as described by Lugtenberg
et al. (25, 26). Reference nucleotides were the gener-
ous gift of Jack L. Strominger.

Peptidoglycan synthesis. The rate of peptidogly-
can (or its alanine containing precursors) synthesis in
vivo was determined by incubating the washed cells in
cell wall synthesis medium I supplemented with
L- [U-"4C alanine (15.6 Ci/M) as described by Lugten-
berg and deHaan (24). Peptidoglycan synthesis in
vitro (particulate preparation) was carried out by
labeling with UDP- [1-'4C]GlcNAc (5.65 Ci/M) in the
presence of UDP-N-acetylmuramly-pentapeptide as
described by Lugtenberg et al. (25).

Preparation of enzyme extracts. Bacteria were
grown in 2 liters of tryptone medium to mid- or late
logarithmic phase. The cells were harvested by cen-

trifugation at 10,000 x g for 10 min and washed once
with 0.01 M potassium phosphate (pH 6.8). The
remainder of the procedures were the same as that
described by Neuhaus (30). The ammonium sulfate
fraction served as the source of enzyme for L-alanine-
D-alanine racemase, D-alanyl-D-alanine ligase, D-ala-
nyl-D-alanine adding enzyme, and D-alanine-D-gluta-
mate transaminase. The ammonium sulfate fraction
was further purified by heat treatment, protamine
sulfate, and acetone fractionation according to the
procedure described by Neuhaus (30). The enzyme
preparations were stored in 2-ml aliquots at -60 C.
Enzyme assays. L-Alanine:D-alanine racemase was

determined by the rate at which L-[U-"C]alanine (156
Ci/M) was coupled to UDP-MurNAc-tripeptide (2
mM) after its conversion to D- ["C jalanyl-D- ["C ]ala-
nine, to form UDP- [4C ]MurNAc-pentapeptide ac-
cording to the procedure described by Lugtenberg
(23). This enzyme was also assayed by the D-amino
acid oxidase procedure described by Julius et al. (17).
D-Alanyl-D-alanine ligase was likewise assayed by two
procedures. Firstly, by the rate of D-alanyl-D-alanine
formation using D-alanine or D- [U- 4C ]alanine (179
Ci/mol) as substrate with both the ammonium sulfate
and acetone fractions according to the procedure
described by Neuhaus (30). Secondly, the enzyme was
assayed by the rate of UDP-MurNAc-pentapeptide
formation with D- [U- 14C ]alanine and UDP-MurNAc-
tripeptide as substrates as described by Lugtenberg
(23). D-Alanyl-D-alanine adding enzyme was assayed
by the rate at which D- [14C ]alanyl-D- ["C ]alanine and
UDP-MurNAc-tripeptide were converted to UDP-
[4C ]MurNAc-peptapeptide as described by Lugten-
berg (23). D-Alanine-D-glutamate aminotransferase
was assayed colorimetrically by the rate of formation
of pyruvate with D-alanine and a-ketoglutarate as
substrates as described by Martinez-Carrion and
Jenkins (27). The thiodigalactoside-resistant o-
nitrophenyl-,-D-galactopyranoside hydrolysis of
washed cells was taken as a measure of ,-galactosi-
dase within the periplasmic space (32).

Isolation of peptidoglycan. The cell wall fraction
was prepared by suspending 25 g (wet weight) of cells
in 120 ml of distilled water containing 2.5 mg of
deoxyribonuclease. The suspension was transferred to
a Waring blender, and 100 g of acid-washed glass
beads was added gradually while stirring at low speed.
After 15 min the beads were allowed to settle out and
the disrupted cell suspension was decanted. An addi-
tional 120 ml of distilled water was added to the glass
beads and the residual broken cells were extracted by
a 10-min homogenization at low speed. The beads
were again allowed to settle out and the supernatant
was decanted and combined with the first superna-
tant fluid. Potassium-ethylenediaminetetraacetic
acid (0.1 M, pH 7.4) was added to a final concentra-
tion of 10 mM, and the suspension was centrifuged at
9,000 x g for 1 h. The cell wall sediment was washed
three times with distilled water. The above manipula-
tions were carriod out at 4 C.
The peptidoglycan was isolated from the cell wall

preparation by precipitating the peptidoglycan-lipo-
protein complex with boiling 4% sodium dodecyl
sulfate followed by repeated washings with water, and
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cleavage of the lipoprotein from the peptidoglycan
with trypsin according to the procedure described by
Braun and Rehn (5).
Uptake of L-alanine and D-alanine. For uptake

experiments, a washed cell suspension (0.9 mg [dry
weightV/ml) was mixed with L_U-14C]alanine or D-
[J-14C ]alanine (0.42 gCi/ml) and incubated at 24 C.
Portions (0.2 ml) were removed at various time
intervals, filtered through a presoaked membrane
filter (0.45-Mm pore size; Millipore Corp.), and
washed with 10 ml of minimal medium. The filters
containing the cells were placed in vials, 15 ml of
Brays (6) liquid scintillation fluid was added, vials
were capped and shaken vigorously, and radioactivity
was determined by liquid scintillation spectro-
photometry. Calculation of intracellular concentra-
tions was based on an earlier report (44) that 1 ml of
cells with absorbance of 100 Klett units (filter no. 42)
contained 0.6 Ml of intracellular water.

Analytical procedures. Protein determinations
were made according to the procedure described by
Lowry et al. (21), with bovine serum albumin as
standard. Amino sugar was determined by the proce-
dure described by Reissig et al. (35). Amino acids and
dipeptides were identified by descending paper chro-
matography on Whatman no. 3MM filter paper in 0.5
M isobutyric acid-1 M ammonium hydroxide (5:3), or
butanol-acetic acid-water (4:1:5); they were also iden-
tified by chromatography on the amino acid analyzer
(Beckman model 120B). Radioactivity on the paper
chromatograms was determined by strip scanning or
by cutting out 1 cm2 strips and counting by liquid
scintillation spectrophotometry as described above.
The perchloric acid precipitates and peptides were
hydrolyzed for 18 h at 105 C in 6 N HCl for amino acid
analysis. The peptidoglycan was hydrolyzed for 8 h at
100 C in 3 N HCl for amino sugar analysis. The
peptides were cleaved from UDP with 0.01 N HCl by
heating in a boiling water bath for 15 min.

Morphological studies. For electron microscopy
evaluation, the control strain (X71) and the mutant
strain (X71-415) were grown in glycerol minimal
medium or tryptone plus or minus D-alanine. Cen-
trifuged microorganisms in the logarithmic growth
phase were fixed by resuspending them in diluted
Karnovsky fixative (18) containing 1% glutaraldehyde
and 1.25% formaldehyde made up in 0.25 M phos-
phate buffer, pH 7.4, for 1 h at 4 C. The cells were
centrifuged, washed with phosphate buffer, and
treated with 0.5% uranyl acetate in maleate buffer at
pH 5.2 for 1 h. Dehydration was carried out through a
graded series of cold ethanol solutions and the micro-
organisms were embedded in diepoxy octane which is
a very low viscosity epoxy embedding medium (22).
Sections were cut with diamond knives, stained with
uranyl acetate in 50% acetone followed by lead citrate
(42), and examined without a supporting film with
a Jeol 100 B electron microscope.

Specimens for freeze-cleave replicas of E. coli were
grown, fixed as for the thin section, but the fixation
period was reduced to 15 min at 4 C, washed, and
placed in 20% glycerol for 1 to 2 h at 25 C. Small drops
of a thick suspension of microorganisms were placed
on cardboard disks and frozen in Freon 22 (chlorodi-

flouromethane) cooled with liquid nitrogen and stored
in liquid nitrogen. Replicas were made with a Balzers
apparatus, cleaned in a 4 to 6% hypochlorite solution,
collected on bare grids after several distilled water
washes, and examined in the electron microscope.

RESULTS
Growth properties and morphology. The

growth rate of the mutant as judged by increase
in turbidity was almost the same as that of the
parent in both rich and minimal media, and it
was not dependent on the presence of an os-
motic stabilizing agent. The morphology, how-
ever, was markedly different when cells were
grown in various media. When grown in tryp-
tone or other rich media the mutant cells were
several times larger than normal E. coli and had
a spherical or heteromorphic shape (Fig. la and
b). Mutant cells grown in tryptone supple-
mented with D-alanine (Fig. lc) showed normal
rod morphology. The morphology of mutant
cells grown in glycerol or other minimal media
was not as abnormal as that seen in rich media,
but they have a more elongated and irregular
appearance than normal (Fig. ld). When mu-
tant cells were transferred from rich media to
minimal media, or vice versa, they underwent
the morphological transition in one to two
generations. Cells grown in minimal media
leaked less ,B-galactosidase and showed reduced
sensitivity to deoxycholate (32) compared with
similar cells grown in rich media. When mutant
cells, grown in either rich or minimal media,
were diluted and plated on nutrient agar, there
were fewer colonies per unit of optical density
than observed for the parent cells grown under
similar conditions consistent with increased
cellular mass.

Electron microscopy examination of ultrathin
sections of the mutant cells showed no obvious
defect in the structure and organization of the
cell envelope. The characteristic trilaminar
structure with inner and outer discrete electron
dense areas separated by a thicker clear zone
can be seen (Fig. 2a and b). Likewise, no
dissimilarities between mutant and parent cell
membranes were observed by freeze-fracture
electron microscopy (Fig. 3a and b).
Suppression of abnormalities by amino

acid supplementation. Since the shape and
rigidity of bacterial cells is attributed to the
peptidoglycan component of the cell (33), it
seemed plausible that the mutant was deficient
in the biosynthesis or assembly of this mac-
romolecule. Previous studies (32) have shown
that the alteration is not strictly growth rate
dependent since the abnormalities are ex-
pressed when cells were grown at 23 C or in
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FIG. 1. Electron micrographs of parental and mutant cells. (a) Parental strain (X71) grown in tryptone
medium. (b) Mutant (X71-415) grown in tryptone medium. (c) The mutant grown in tryptone medium
supplemented with D-alanine (1 mg/ml). (d) The mutant grown in glycerol medium. Bar, 1 am.
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FIG. 2. High power electron micrographs ofparental and mutant cells. Both cells grown in tryptone medium.

(a) Parental cell; (b) mutant cell. Bar, 0.2 im.

minimal media containing glucose, succinate,
glycerol or lactate. It was possible that one of
the precursors was synthesized at a limiting rate
during rapid growth in rich media and was less
restrictive during slower growth in minimal
media. This was investigated by supplementing
tryptone with the individual peptidoglycan con-
stituents. D-Alanine and D-glutamate were the
only constituents effective in suppressing the
abnormal morphology and leakage of,-galac-
tosidase. (The following amino acids, at a
concentration of 1 mg/ml, did not repress the
morphologic abnormality: L-serine, L-gluta-
mate, L-lysine, L-aspartate, L-methionine, L-
leucine, L-isoleucine, L-valine, L-threonine, L-
proline, L-hydroxyproline, L-tryptophan, L-tyro-
sine, L-phenylalanine, D-histidine, D-arginine,
D-methionine, D-leucine, D-threonine, D-
phenylalanine, D-valine, D-isoleucine, D-lysine,
and D-tryptophan. In addition, supplementa-
tions with carbon sources, such as glucose,
succinate, and lactate, did not suppress the
morphologic abnormality.
A quantitative comparison was made be-

tween several amino acids for their capacity to
alleviate the abnormality in the mutant strain.
In these experiments leakage of ,B-galactosidase

was taken as a quantitative measure of the ex-
tent of the cell wall defect. Although this is a
rather indirect measure of the membrane de-
fect, it proved to be more quantitative than
other mutant phenotypic alterations. In a previ-
ous publication it has been demonstrated that
the presence of ,B-galactosidase and other pro-
teins in the culture medium was due to leakage
by all cells rather than lysis of a few cells (32).
Mutant cells were grown in tryptone containing
various concentrations of the test amino acid
and the appearance of ,B-galactosidase in the
medium was measured. It can be seen in Fig. 4
that D-alanine was more effective than either
D-serine or glycine, with a half maximal sup-
pression at a concentration of 75 gg/ml; D-
glutamate and D-aminobutyrate were less ef-
fective (not shown).

In addition to the release of f3-galactosidase
into the external medium the mutant cells
showed abnormally large amounts of enzyme in
the periplasmic space. This periplasmic ,3-
galactosidase was markedly reduced by supple-
menting the growth medium with D-alanine.
Alkaline phosphatase was released into the
medium by X71-415 growing in tryptone but
this release was inhibited by addition of D-ala-
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FiG. 3. Freeze-cleaved specimens of parental and mutant cells. The convex A-face is studded with numerous
particles and the concave B-face has only a few large particles. Both cells were grown in tryptone medium. (a)
Parental cell; (b) mutant cell. Bar, 0.5 ,um.
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thesis or utilization of this precursor in peptido-
glycan synthesis was possible. This was exam-
ined by studying the kinetics and other proper-
ties of partially purified L-alanine-D-alanine
racemase,-D-alanyl-D-alanine ligase, D-alanyl-D-
alanine adding enzyme from both mutant and

D- olonine

00 100 200 300 400 500 600
AMINO ACID CONCENTRATION -5g/mI

FIG. 4. The correlation between j3-galactosidase
release and the concentration of D-alanine, D-serine,
or glycine added to the growth medium. The cells
were grown in tryptone supplemented with varying
concentrations of these amino acids and separated
from the growth medium by filtration at early station-
ary phase, and the filtrate was assayed for jl-galactosi-
dase activity by the rate of o-nitrophenyl-fl-D-galac-
topyranoside (2mM) hydrolysis.

nine to the growth medium. The increased
sensitivity of the mutant to deoxycholate was
likewise reduced by D-alanine.
Other experiments employed to test for struc-

tural modification in the cell envelope involved
the use of penicillin G and lysozyme. The
mutant was lysed more readily than the parent
by penicillin when growing logarithmically in
tryptone (Fig. 5a). For example, 100 U of
penicillin per ml caused immediate lysis of
mutant cells, whereas the parental strain con-
tinued to grow logarithmically for more than 1
h. Similarly, growth of the mutant in tryptone
was more strongly inhibited by D-methionine
and D-valine than the parent. Normal lysis by
these agents was restored by D-alanine sup-
plementation during growth. In addition, the
mutant was found to be much more resistant to
lysozyme than its parent. Figure b5 demon-
strates that during a 35-min period the parental
cell showed almost complete lysis whereas the
turbidity of the mutant cell remained un-
changed. Similarly, isolated cell envelopes of
the mutant were more resistant to lysozyme
than those of the parent. The addition of
potassium-ethylenediaminetetraacetic acid (10
mM) did not render mutant cells susceptible to
lysozyme. However, when the mutant strain
was grown in tryptone supplemented with
D-alanine it was as sensitive to lysozyme as the
parental strain. To summarize, D-alanine sup-
plementation restores normal morphology,
permeability, and lysis by penicillin, deoxycho-
late, and lysozyme.
Enzyme activities. Since D-alanine was the

most effective amino acid in correcting the
phenotypic abnormality, a defect in the biosyn-
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parent cells grown in tryptone. A Lineweaver-
Burk plot illustrating the kinetics of alanine
racemase is shown in Fig. 6. There was no
difference in the affinity (Km 2.7 mM) of the
racemase for L-alanine compared with the par-
ent. Although the V1max of the mutant enzyme
was somewhat greater than that of the parent in
this particular experiment, smaller differences
were observed in three additional experiments.
No differences were found in the Km (19 mM)
and Vmax of D-alanyl-D-alanine ligase, or the
Vmax of D-alanyl-D-alanine adding enzyme be-
tween parent and mutant strains.
Both alanine racemase and D-alanyl-D-ala-

nine ligase from parent and mutant were
equally sensitive to DCS, glycine, glycyl-gly-
cine, and heat inactivation. D-Alanyl-D-alanine
ligase from both sources was absolutely specific
for amino acids of the D configuration or glycine,
and the capacity of this enzyme from both cells
to form mixed dipeptides with glycine, D-serine,
or D-aminobutyrate was similar.

It is plausible that the observed differences in
the ability of D-alanine and D-glutamate to
correct the abnormal morphology might result
from differences in their uptake or the efficiency
in their utilization when provided exogenously,
in which case D-glutamate might be the meta-
bolically deficient substrate since L-glutamate

CELL WALL MUTANT 1317

may be synthesized from D-alanine by the
action of D-alanine-D-glutamate aminotransfer-
ase. The activity of this enzyme in the ammo-
nium sulfate fraction was detectable, however,
and showed similar activity in both parent and
mutant with a Km of 10 mM for D-alanine.
Whether this is the physiological mechanism of
D-glutamate formation was not determined.
The uptake of D-glutamate by washed cells was
similar in both parent and mutant strains.

Intracellular levels of nucleotide-bound
hexosamine. If one of the initial steps in
alanine incorporation into peptidoglycan were
blocked then the nucleotide-acceptor substrate
for L-alanine (UDP-MurNAc) or for D-alanine
(UDP-MurNAc-tripeptide) would be expected
to accumulate abnormally in mutant cells
grown in rich media. This was examined by
extraction of the nucleotides with trichloroace-
tic acid (5%) from a heat-treated cell suspen-
sion. The concentrated extracts were quantita-
tively applied to a Dowex-1-chloride column
and eluted with a NaCl linear gradient. This
resulted in the partial separation of nucleotides
and exclusion of amino acids.
The elution pattems of parent and mutant

extracts are shown in Fig. 7a. The nucleotide
peak I was ninhydrin positive and contained
acetylamino sugars whereas peaks II and III
were negative for amino acids and sugars by the
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FIG. 6. Relation between velocity of L-alanine-D-
alanine racemase activity and L-alanine concentra-
tion. The reaction was performed in 0.1 M tris(hy-
droxymethyl)aminomethane-hydrochloride buffer
(pH 8.9) containing 5 x 10-4 M pyridoxal phosphate
purified as the flavin nucleotide complex. The reac-
tion was terminated by heating at 85 C for 5 min. The
D-alanine formed in 10 min at 37 C was quantitatively
converted to pyruvate by incubation with D-amino
acid oxidase (0.045 U/mg of protein) for 15 min at
37 C. Pyruvate was determined by incubation with
2,4-dinitrophenylhydrazine (0.25 mg/ml) for 5 min at
24 C. NaOH (1.5 M) was added and the absorbance
was read at 520 nm. The concentration of D-alanine
was determined by comparison to the absorbance of
standards.
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FIG. 7. (A) Dowex I-X8 (chloride) ion exchange
chromatography of trichloroacetic acid-soluble nucleo-
tides. The column was equilibrated with 0.01 N HCI,
and 5 ml of the trichloroacetic acid-soluble extract
was applied to the column and eluted with a sodium
chloride linear gradient (0 to 0.3 M) in 0.01 N at 4 C.
The flow rate was 25 ml per h, and 10-mI fractions
were collected. Peak I was positive for ninhydrin and
acetyl amino sugar. The data represents the mean
values for seven experiments. (B) Gel filtration on Bio
Gel P-2. Five milliliters of concentrated fraction I was
applied to the column and eluted with deionized
water at 4 C at a flow of 20 ml per h, and 10-ml
fractions were collected. The open circles represent
the parent, and the closed circles the mutant.
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same criteria. The ultraviolet absorption spec-
tra of peaks II and III indicated that they did
not contain uridine. These experiments indicate
that the parent and the mutant contain similar
concentrations of precursors. Mutant cells
grown in the presence of D-alanine do not show
abnormal concentrations of these precursors.
Peak I was concentrated and desalted by

quantitatively applying to Bio Gel P-2, and four
subfractions were eluted with deionized water
(Fig. 7B). Although fractions IA and IB were not
very prominent here, we have demonstrated
that they are distinct components by other
chromatographic procedures. Identification of
these fractions was facilitated by the use ofDCS
which has been shown to block peptidoglycan
synthesis by specifically inhibiting alanine race-
mase (23, 41). Fraction IC accumulated when
the growth medium was supplemented with
DCS (50 ,ug/ml) (Fig. 8B), indicating that this
peak corresponds to UDP-MurNAc-tripeptide
(23). Further identification of these fractions
was carried out by the elution patterns of
L-[U- 4CJalanine-labeled nucleotides (Fig. 8A
and B) (1), paper co-chromatography with ref-
erence nucleotides (31), and amino acid analy-
ses (14). The major fraction (ID) is composed of
UDP-GlcNAc and UDP-MurNAc, fraction IC is
UDP-MurNAc-tripeptide, fraction IB is UDP-
MurNAc-pentapeptide, and fraction IA was not
identified.
Peptidoglycan synthesis. Although the re-

sults already presented indicate that there is no

III

FRACTKN NUMBER

FIG. 8. Dowex I-X8 chromatography of DCS-
inhibited cells. Chloramphenicol (100 Ag/ml), DCS
(80 Ag/ml), and L-[U-"4C]alanine were added to a
logarithmic culture of parental cells, and incubation
was continued as before for an additional 60 min. The
nucleotides were extracted as described in the text
and the concentrated extract was applied to (A)
Dowex I-X8 (chloride) column (B) peak I from the
first column rechromatographed on Bio Gel P-2.
Elution was as described in Fig. 7. The closed circles
represent the absorption at 260 nm, and the open
circles represent L- [l4C]alanine incorporation.

0

< 2

m

m

metabolic block in the biosynthesis of UDP-
MurNAc-pentapeptide, it is clear that there is
an alteration in the cell envelope which is
corrected by glycine and by several amino acids
having the D configuration. The possibility
remained that the mutant might be defective in
the utilization of the soluble precursors (UDP-
GlcNAc and UDP-MurNAc-pentapeptide).

Since L-alanine is the first amino acid added
to UDP-MurNAc in the sequence leading to
UDP-MurNAc-pentapeptide synthesis, the in-
corporation of this radioactive amino acid, in
the absence of protein synthesis, provides a
method for studying the kinetics of the synthe-
sis of peptidoglycan or its alanine-containing
nucleotide precursors with intact cells (26).
The average of five experiments (shown in Fig.
9) indicate that the level of L- [U- 4C lalanine
incorporation into the peptidoglycan of the
mutant is only about one-half that found in the
parent after 2.5 h. The incorporation is specifi-
cally inhibited by DCS, a well characterized
inhibitor of peptidoglycan synthesis. In this
experiment protein synthesis was blocked due
to the presence of chloramphenicol (100 ,g/ml)
and the absence of the amino acids proline and
tryptophan for which the cells are auxotrophic.
This was confirmed by the low level of incorpo-
ration of L- ["4C larginine. The reduction in level
of alanine incorporation in the mutant is not
due to cell lysis as the viable count and optical
density of the cell suspension remained con-
stant during the course of the experiment. More
than 95% of the label in the perchloric acid
precipitate chromatographed as alanine after
acid hydrolysis.
When the rate of peptidoglycan synthesis was

determined with the membrane preparations
using UDP- [1-'C ]GlcNAc and UDP-MurNAc-
pentapeptide as substrate in buffer B (25),
there was no observable difference between the
parent and mutant (Fig. 10), suggesting that
there is no biochemical lesion associated with
the polymerization of these substrates and the
subsequent insertion of the GlcNAc-MurNAc-
pentapeptide subunit into the peptidoglycan.

Peptidoglycan amino sugar composition.
The amino sugar composition of the isolated
peptidoglycan from mutant and parent strains
was determined. The mutant had the same
quantitative amino sugar content as the parent
(0.35 gmol/mg of cell envelope), suggesting that
there was no reduction in the glycan compo-
nent.

DISCUSSION
A defect in cell wall biosynthesis is clearly

evident in the mutant 415. When growing rap-
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FIG. 9. Incorporation of L- [4CJalanine into per-

chloric acid-precipitable compounds. The cells were

grown in tryptone and harvested when the cell density
was 0.24 mg (dry weight) per ml. The cells were

washed once with 1 volume of CWSM-I and allowed
to equilibrate at 37 C for 15 min with vigorous
aeration. Then 0.2 ml of L- [U-4CJalanine (10 Mg/ml)
was added to 1.8 ml of the equilibrated suspension,
which made the concentration of L-alanine 6.25 x
10-' M, and incubation was continued. 7wo-tenth-
milliliter aliquots were removed at zero time and
subsequently at 30-min intervals for 2.5 h and were

added to 5 ml of ice-cold 3% perchloric acid with 1
drop of bovine serum albumin (1 mg/ml) as carrier.
After 30 min at 24 C, the precipitate was collected by
membrane filtration (HA filters, pore size 0.45 gm;
Millipore Corp.), and washed five times with 3%0
perchloric acid. The precipitates were dissolved in 15
ml of Brays scintillation fluid and counted by liquid
scintillation spectrophotometry. DCS was added to a

final concentration of 20 Mg/mI. L- [14CJarginine
(1 gg/mI) replaced L-['4C]alanine in control experi-
ments to estimate protein synthesis.

idly in rich media it becomes spherical in shape,
osmotically fragile, leaks intracellular protein,
and is lysed readily by penicillin, D-methionine,
D-valine, and deoxycholate. D-Alanine, a con-

stituent of the peptidoglycan layer, was able to
largely repair these abnormalities when this
amino acid was added to the growth medium.
This view that the structural layer was defective
was strengthened by the findings that the
mutant was more resistant to lysozyme than the
parent. This enzyme is an endoacetylmurami-
dase which is specific for fl-1,4-glycosidic link-
ages between MurNAc and GlcNAc. An abnor-

10
0.
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x
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l 0-- -0 o
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rem

led enzyme
us UDP pentopeptide

20 4C
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FIG. 10. Incorporation of UDP-[1 4C]GlcNAc into
perchloric acid-precipitable compounds. The particu-
late fraction was prepared from a logarithmic culture
by disruption with glass beads. The membrane frac-
tion was washed three times with buffer A (which
contained 5 x 10- 2 M tris(hydroxymethyl)amino-
methane-hydrochloride and 10-2 M MgCl (pH 7.8)
(22) and was resuspended in the same buffer. The
assay mixture contained 0.1 ml of UDP- [1 IC]GlcNAc
(2.5) ACi/ml, 1 Amol/mI), 0.2 ml of UDP-MurNAc-
pentapeptide (4 Mmol/ml), 0.2 ml of buffer B which
contained 1.5 M tris(hydroxymethyl)aminometh-
ane-hydrochloride and 0.4 ml of particulate enzyme
preparation (2 mg of protein per ml final concentra-
tion). The perchloric acid-precipitable counts were
determined as described in Fig. 6.

mality in the peptide could interfere with the
enzymatic hydrolysis by lysozyme. Lysozyme
resistance has previously been accounted for by
the occurrence of N-nonsubstituted glucosa-
mine residues (14, 31, 33), the interaction of the
peptidoglycan with other components of the cell
envelope (19), the number of free amino groups
in the peptide moiety (34), the degree of cross-
linking (40), or O-acetylation of the peptidogly-
can (7).

Although the specific biochemical lesion has
not been elucidated a partial analysis has been
made of several stages of peptidoglycan biosyn-
thesis. The results suggest that the mutant
defect is not due to a deficiency in the biosyn-
thesis or utilization of D-alanine in the forma-
tion of UDP-MurNAc-pentapeptide since nu-
cleotide-bound hexosamine precursors did not
accumulate abnormally. Furthermore, the ac-
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tivities of alanine racemase, D-ala-D-ala ligase,
and D-ala-D-ala adding enzyme are not reduced
under the assay conditions used.

It is significant that D-alanine and glycine
found to correct the morphologic abnormalities,
restore normal lysozyme sensitivity, and other
anomalous properties of mutant cells are among
those shown to reverse the transpeptidation
reaction in vitro (15). This reaction, catalyzed
by D-alanine transpeptidase, involves the re-
lease of the carboxy terminal D-alanine from
GlcNAc-MurNAc-pentapeptide after its in-
corporation into peptidoglycan, and it results
in the formation of peptide cross-linking. Al-
though the mutant appears to possess some
defect in the peptidoglycan, we have insuffi-
cient data at present to speculate further on
the specific abnormality.

Similar conditional or nonconditional rod
mutants have previously been described. The
abnormal morphology of several of these mu-
tants is suppressed by growth in media with a
high salt content (8, 12, 14, 36, 37) and others
have a similar requirement for D-alanine (20,
29). Unlike the mutant described here, the
D-alanine requiring temperature-sensitive mu-
tants described by Miyakawa et al. (29) accu-
mulated UDP-MurNAc-tri-peptide and failed
to incorporate significant amounts of L- [14C lala-
nine into peptidoglycan even though the activi-
ties of the soluble and particulate enzyme
known to be involved in peptidoglycan synthe-
sis were normal in disrupted cell preparation
(29). Although the conditional rod mutant de-
scribed by Lazdunski and Shapiro (20) was
repaired by D-alanine supplementation, the cell
showed normal morphology when grown in rich
media and was not resistant to lysozyme. Thus,
none of the reported mutants show identical
properties to the one described in this report.
Comment should be made conceming the

leakage of ,B-galactosidase, a property which
permitted the isolation of the mutant. A defect
in the peptidoglycan layer would lead to partial
loss of rigidity of the wall and osmotic swelling
of the cell. Such swelling would lead to stretch-
ing of the plasma membrane with a resulting
leakage of a variety of molecules including
proteins. This hypothesis is supported by the
observation that the leakage of fl-galactosidase
is greatly reduced by growing the cells in the
presence of 0.4 M sucrose as an osmotic stabi-
lizer (32).
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