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D-Alanyl-lipoteichoic acid (D-alanyl-LTA) from Lactobacillus casei ATCC 7469 contains a
poly(glycerophosphate) moiety that is acylated with D-alanyl ester residues. The physiological function of these
residues is not well understood. Five mutant strains of this organism that are deficient in the esters of this
amphiphile were isolated and characterized. When compared with the parent, strains AN-1 and AN-4
incorporated less than 10% of D-[14C]alanine into LTA, whereas AN-2, AN-3, and AN-5 incorporated 50%.
The synthesis of D-[14C]alanyl-lipophilic LTA was virtually absent in the first group and was approximately
30% in the second group. The mutant strains synthesized and selected the glycolipid anchor for LTA assembly.
In addition, all of the strains synthesized the poly(glycerophosphate) moiety of LTA to the same extent as did
the parent or to a greater extent. It was concluded that the membranes from the mutant strains AN-1 and AN-4
are defective for D-alanylation of LTA even though acceptor LTA is present. Mutant strains AN-2 and AN-3
appear to be partially deficient in the amount of the D-alanine-activating enzyme. Aberrant morphology and
defective cell separation appear to result from this deficiency in D-alanyl ester content.

D-Alanyl-lipoteichoic acid (D-alanyl-LTA) is an example
of an amphiphile that appears to play a vital role in bacterial
growth (1, 3). A number of functions have been postulated
for this polymer. These include regulation of autolytic activ-
ity (11, 23), binding of Mg2+ for enzyme function (29), and
assembly of wall polymers (15, 20). One of the components
of LTA which has been proposed to modulate these func-
tions is the substituent D-alanine. Evidence from in vitro
experiments indicates that these D-alanyl esters alter the
abilities of LTA to inhibit autolysins (19), chelate Mg2+ ions
(a function shared with wall teichoic acid) (2, 21, 24, 28), and
function as a carrier for wall teichoic acid synthesis (17, 27).
Fischer and co-workers (19) proposed that fluctuations of the
D-alanyl ester content of LTA must be considered in its
potential regulation of autolysins.

Substitution ofLTA by D-alanine is not a universal feature
of all LTAs. For example, LTAs from Micrococcus varians,
Streptococcus faecalis 9790, and S. lactis Kiel 42172 are
devoid of D-alanine (16). However, 30 to 93% of the glycerol
phosphate units of LTAs from most organisms are substi-
tuted with D-alanyl ester residues (16). Growth of Staphylo-
coccus aureus in the presence of increasing concentrations
of NaCl, 0.2% to 7.5%, decreases the degree of esterification
by D-alanine from 78 to 36% (18). In addition, growth of this
organism at pH 8.1 instead of pH 7.1 results in a decrease of
D-alanine ester content from 45 to 5% (32). Thus, not only
growth in NaCl but growth at higher pHs induces wide
variations in the esterification of LTA by D-alanine.

In Lactobacillus casei, incorporation of D-alanine into
LTA is accomplished in the following two-step reaction
sequence (4, 7, 10, 30, 36, 39):

enzyme + D-alanine + ATP -

enzyme . AMP-D-alanine + PPi (1)

enzyme AMP-D-alanine + LTA --

D-alanyl-LTA + enzyme + AMP (2)

* Corresponding author.
t Present address: Department of Biotechnology, Amoco Re-

search Center, Naperville, IL 60566.

In reaction 1, D-alanine is activated in the presence of ATP
and the D-alanine-activating enzyme to form an
enzyme - AMP-D-alanine complex with the release of PP1.
In reaction 2, activated D-alanine is covalently linked to
LTA in the presence of the D-alanine:membrane acceptor
ligase. The precise function of the ligase in the D-alanine
incorporation system has not been established.

It is our ultimate goal to determine the physiological
function of the D-alanyl ester residues in the LTA of L. casei
7469. In this paper, we report the isolation and characteriza-
tion of five mutant strains of this organism that are deficient
in the ester content of this amphiphile. A study of these
strains revealed defects in the D-alanine incorporation sys-
tem. Aberrant morphology and defective cell separation
appear to result from this deficiency in D-alanyl ester con-
tent.
(A portion of this study was presented at the 85th Annual

Meeting of the American Society for Microbiology, Las
Vegas, Nev., 3-7 March, 1985.)

MATERIALS AND METHODS
Materials. We thank Werner Fischer for glycerophospho

(Gro-P)-6-Glc(pl-6)Gal(al-2)Glc(al-3)diacylglycerol and
lipid extract isolated from L. casei DSM 20021 (34, 35).
D-[1_14C]alanine (56 mCi/mmol), [2-3H]glycerol (2 Ci/mmol),
UDP-[U-14C]glucose (237 mCi/mmol), and D-[14C]gluco-
samine hydrochloride (45 mCi/mmol) were purchased from
International Chemical and Nuclear Corp., Irvine, Calif.
D-Cycloserine and n-octyl-p-D-glucopyranoside were pur-
chased from Calbiochem-Behring, San Diego, Calif. Sepha-
rose 6B and N-methyl-N'-nitro-N-nitrosoguanidine were
from Pharmacia Fine Chemicals Inc., Piscataway, N.J., and
Sigma Chemical Co., St. Louis, Mo., respectively. Silica gel
60 thin-layer plates (250 ,um thick [20 by 20 cm]) were
obtained from E. Merck AG, Darmstadt, Federal Republic
of Germany. Membrane filters (pore size, 0.45 ,um) were
obtained from the Millipore Corp., Bedford, Mass. Spurr
embedding medium and Epon 812 were from Ladd Research
Industries Inc., Burlington, Vt., and Tousimis Research
Corp., Rockville, Md., respectively.
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FIG. 1. Isolation of strains of L. casei 7469 deficient in D-alanyl ester formation. As described in the text, the colony autoradiographic
screening procedure was used to detect putative mutant strains. We stained replica prints of the mutagenized parent with Coomassie blue to
detect all colonies (A) and tested them for D-[(4C]alanine incorporation (B) as described in the text. The detection of AN-1 and AN-5 is shown.

Isolation of strains ofL. casei 7469 deficient in D-alanyl ester
formation. The colony autoradiographic screening procedure
described by Raetz (38) was used to detect mutants defective
in D-alanyl ester formation. Two features provide the basis
for isolating mutants deficient in the D-alanyl ester content of
LTA. First, since L. casei contains only LTA and no wall
teichoic acid (25), screening procedures using D-[1"C]alanine
incorporation only reflect the D-alanyl ester content of LTA.
Second, incorporation of D-alanine into peptidoglycan and
conversion of D-alanine to L-alanine for protein synthesis
can be inhibited by D-cycloserine. In contrast, incorporation
of D-['4C]alanine into LTA is insensitive to the action of this
D-alanine analog (36). Thus, colonies defective in incorpora-
tion of D-[14C]alanine that are screened in the presence of
D-cycloserine will most likely be deficient in the D-alanyl
ester content of their LTA.
An exponential culture of L. casei ATCC 7469 was

mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine
(100 ,ug/ml) for 60 min at 37°C as described by Miller (33).
After a period of growth (16 h) at 37°C in AC medium (10),
the mutagenized culture was plated on AC agar at a density
of 200 to 250 CFU per plate. After 72 h at 37°C, a replica
print of each plate was made on a 7.0-cm disk of no. 42 filter
paper (Whatman, Inc., Clifton, N.J.). Each print was treated
with 1 ml of a solution containing 10 mg of lysozyme per ml
and 10 mM EDTA (pH 6.0) at room temperature for 20 min
(38). After this treatment, the prints were subjected to two
cycles of freezing and thawing and then blotted. To assay for
D-alanyl ester formation, we incubated disks in a solution
containing 30 mM piperazine acetate buffer (pH 6.5), 25 mM
MgC12, 5 mM ATP, 2 mM D-cycloserine, and 0.13 mM
D-[14C]alanine (56 mCi/mmol) for 1 h at 37°C. We terminated
the reactions by transferring the disks to 1.2 ml of 20%
(wt/vol) trichloroacetic acid containing 20 mM DL-alanine at
4°C for 10 min. After drying the disks at 125°C, we prepared
autoradiograms as described in Analytical Methods. The
colonies were subsequently visualized with Coomassie bril-
liant blue R250. The stained colonies (Fig. 1A) which lacked
the corresponding autoradiographic signals (Fig. 1B) were

chosen as mutant candidates. The putative mutants, e.g.,
AN-1 and AN-5, were picked from the plate and grown in
AC medium.

Preparation of toluene-treated cells and membranes. Tolu-
ene-treated cells from L. casei ATCC 7469 and the D-alanyl
ester-deficient mutants were prepared as described previ-
ously (10). Membranes and supernatant fractions were pre-
pared as described by Linzer and Neuhaus (30).

Assays for wall turnover and autolysis. Exponential-phase
cells of L. casei ATCC 7469 and the mutant strains were
transferred to AC medium supplemented with 1% glycerol in
the absence of glucose. These cultures were labeled for 1.5
generations with D-[14C]glucosamine (45 mCi/mmol). The
cells were collected by centrifugation and washed three
times with 0.5 mM piperazine acetate (pH 6.4). Radio-
labeled cells were used for assays of wall turnover and
autolysis.
To measure wall turnover in D-['4C]glucosamine-labeled

cells, we grew the parent and mutant strains in AC medium
containing 2% glucose. Both the amount of intracellular
radioactivity retained after filtration and washing on 0.45-,um
filters and the amount of radiolabel released into the growth
medium were monitored. The maximum rate of peptidogly-
can turnover measured in the filtration assay was 20.8 ± 2%
per generation. The maximum rate of turnover measured by
released glycan was 25 2%.
For the assay of autolysis, D-[14C]glucosamine-labeled

cells were suspended in 50 mM citrate buffer (pH 5.0) (13).
The amount of released radiolabel was measured in the
medium after removal of the cells by centrifugation.
D-Alanine incorporation assay. Incorporation of D-

[14C]alanine into either toluene-treated cells or membranes
was performed in a reaction mixture which contained 33 mM
MgCl2, 5 mM ATP (adjusted to pH 6.5 with NaOH), 40 mM
piperazine acetate buffer (pH 6.5), 1 mM dithiothreitol, 2.0
mM D-cycloserine, 0.13 mM D-[14C]alanine, and either tolu-
ene-treated cells (32 mg [wet weight] per ml) or membranes
(15 mg of protein per ml). For toluene-treated cells and
membranes, 70- and 50-,u reaction volumes were used,
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respectively. Incubation was carried out at 37°C for the
indicated time.

Synthesis of LTA by L. casei ATCC 7469 and the D-alanyl
ester-deficient strains. LTA synthesis was measured as the
amount of [3H]glycerol incorporated into hydrophilic LTA.
Cultures of the parent and mutant strains were grown for
three generations in AC medium supplemented with
[3H]glycerol (0.03 mCi/ml of medium). [3H]glycerol-labeled
cells were harvested and washed five times with 5 mM
piperazine acetate buffer (pH 6.5). A sample of each was
lyophilized and delipidated with chloroform-methanol (2:1)
(45), and a second sample was toluene treated (10) and used
in the D-alanine incorporation assay. The [3H]glycerol-
labeled LTA in the delipidated cells was extracted with
n-octyl-p-D-glucopyranoside by the following modification
of the procedure described by Childs and Neuhaus (10).
D-[14C]alanyl * [3H]glycerol-labeled cells from the incorpora-
tion assay were also delipidated and subjected to the follow-
ing procedure. The delipidated cells were incubated in 1%
n-octyl-,3-D-glucopyranoside in 5 mM piperazine acetate
buffer (pH 6.5) for 16 h at 4°C and then transferred to a 37°C
bath for 5 h with shaking. After cell debris was removed by
centrifugation, the supernatant fractions were dialyzed
against three changes of 5 mM piperazine acetate buffer (pH
6.5). The dialyzed extracts were concentrated by lyophiliza-
tion and suspended in 0.25 ml of 5 mM piperazine acetate
buffer (pH 6.5). We assayed samples for radioactivity to
determine the amount of [3H]glycerol incorporated into total
LTA and phospholipid in the sample. The average percent
yield as measured by the recovery of [3H]glycerol in this
fraction was 88% of the total incorporation. We filtered the
remainder on Sephadex 6B to determine the amounts of
acylated and deacylated LTAs (10). For comparison, sam-
ples were incubated with the phosphodiesterase-phospha-
tase from Aspergillus niger (10) and assayed for the amount
of [3Hlglycerol in the poly(glycerophosphate) moiety of
LTA. The average percent yield of phosphodiesterase-
sensitive [3H]glycerol phosphate was 55%. Each fraction
was also assayed for hydrophilic LTA and chloroform-
soluble lipid by the Bligh-Dyer extraction procedure (5). The
average percent yield of hydrophilic LTA was 53%. These
yields were used to correct the [3H]glycerol incorporated
into partially purified LTA after dialysis.

Synthesis of glycolipids. Glycolipid synthesis was exam-
ined in toluene-treated cells prepared from the parent and
mutant strains. The reaction mixture described for the
D-alanine incorporation assay contained 10.5 nM
UDP-[14C]glucose (237 Ci/mol) in place of D-[14C]alanine.
Isolation of the radiolabeled glycolipids was accomplished
by the monophasic extraction procedure described by Bligh
and Dyer (5) with partitioning into the aqueous and organic
phases as described by Brautigan et al. (7). The chloro-
form-methanol-soluble compounds were chromatographed
in solvent i (see below). After autoradiography, the plates
were sprayed with a-naphthol as described in Analytical
Methods.

Electron microscopy. Cells were fixed in 0.1 M cacodylate
buffer (pH 7.4) containing 2.5% glutaraldehyde for 1 h. The
cells were then collected and washed three times in 0.1 M
cacodylate buffer. For scanning electron microscopy, a
sample of cells was dehydrated in a graded series of ethanol
concentrations. Dehydration in 100% ethanol was performed
twice. A drop of each sample in 100% ethanol was subjected
to critical-point drying, and the cells were coated with
gold-palladium. Micrographs of the cells were obtained with
a JEOL JSM-35 CF scanning electron microscope.

For transmission microscopy, cell pellets were embedded
in 1.5% ultrapure agar as described by Kellenberger et al.
(26), washed once in 0.1 M cacodylate buffer (pH 7.4),
postfixed with 1.25% osmium tetroxide in the dark at 4°C,
and then dehydrated in a graded series of ethanol concen-
trations. The agar pellets (1- to 2-mm sections) were embed-
ded in either Epon 812 or Spurr medium (42) and sectioned
(silver-gold) on an MT-2 Ultra-Microtome (Ivan Sorvall,
Inc., Norwalk, Conn.). The sections were stained in uranyl
acetate and lead citrate (40, 44) and examined in a JEOL
JEM-100 CX 11 transmission electron microscope at 80 kV.
Because of the poor staining characteristics of the wall, we
overexposed the prints to intensify the image.

Analytical methods. The protein concentration was deter-
mined by the method of Lowry et al. (31). Chromatography
of glycolipids, phospholipids, and lipophilic LTA was ac-
complished by thin-layer chromatography in two solvent
systems: (i) butanol-acetic acid-water (48:12:20 [vol/vol/vol])
(7), (ii) chloroform-methanol-water (65:25:4 [volvolvol])
(34). We prepared autoradiograms by exposing Kodak XR-5
X-OMAT X-ray film to the plates and disks at -80°C. We
detected the lipid standards and the glycerophospho-
trihexosyldiacylglycerol either by iodine vapor or by spray-
ing them with 3.2% (wt/vol) a-naphthol in methanol-H2SO4-
H20 (25:3:2 [vol/vol/vol]) and then heating them at 110°C for
20 min (34).

RESULTS

Incorporation of D-[14C]alanine into toluene-treated mutant
strains. Incorporation of D-[14C]alanine into toluene-treated
cells was determined in each of the putative strains of L.
casei ATCC 7469 that appeared deficient in D-alanyl ester
content by the autoradiographic screening procedure. Since
this incorporation is inhibited by hydroxylamine and is
insensitive to the action of D-cycloserine, it reflects forma-
tion of the D-alanyl ester residues of LTA (10). In Fig. 2, the
time courses of incorporation of D-[14C]alanine into the
parent and mutant strains are compared. Strains AN-1 and
AN-4 incorporated less than 10%, whereas AN-2, AN-3, and
AN-5 incorporated approximately 50%. Thus, the mutant
strains were divided into two groups: (i) AN-1 AN-4 and (ii)
AN-2, AN-3, and AN-5. In the following series of experi-
ments, the biochemical bases of the defects and the morpho-
logical aberrations in these strains will be defined. Because
these mutants were generated by N-methyl-N'-nitro-N-
nitrosoguanidine, they may contain more than one mutation
(33).

Synthesis of LTA by mutant strains. Strains deficient in
D-alanyl ester formation may be defective in either (i) the
synthesis of the LTA acceptor or (ii) the ability to alanylate
this acceptor. To determine whether LTA acceptor synthe-
sis is defective, we grew cells in [3H]glycerol for three
generations and quantitated [3H]glycerol-labeled LTA by
using a modification of the procedure described by Childs
and Neuhaus (10). Table 1 summarizes the amounts of
[3H]glycerol incorporated into partially purified hydrophilic
LTA of the mutant strains and the parent. The amounts of
glycerol incorporated into the LTA of the parent and strains
AN-1, AN-2, AN-3, and AN-5 were similar. For AN-4, the
amount of glycerol incorporated into hydrophilic LTA was
generally 10 times that observed for the parent. As illus-
trated for the parent and AN-4 (Fig. 3), there was no
significant difference in the ratio of fatty acid-acylated LTA
to fatty acid-deacylated LTA (4.9 versus 5.3). Similar gel
filtration profiles were also obtained for AN-1, AN-2, AN-3,
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FIG. 2. Incorporation of D-[U4C]alanine into the parent and mu-

tant strains. The D-alanine incorporation assay was used with
toluene-treated cells of the parent (WT; AX), AN-i (0), AN-2 (OI),
AN-3 (0), AN-4 (A), and AN-S (U).

and AN-S. Thus, the amount of potential LTA acceptor does
not appear to be limiting in the mutant strains. This conclu-
sion assumes that the specific activity of the glycerol phos-
phate residues of the LTA is identical in each strain.
The ratio of D-[14C]alanine to [3H]glycerol in the partially

purified LTA reflects the alanylation of the poly(glycero-
phosphate) moiety. To establish this ratio, we toluene
treated [3H]glycerol-labeled cells from each strain and incu-
bated them with D-[l4C]alanine in the D-alanine incorpora-
tion assay. Table 1 summarizes the ratios of D-[l4C]alanine
to [3H]glycerol for each of the partially purified samples of
hydrophilic LTA. The ratio ranged from <0.0008 for AN-4
to 0.055 for the parent. These data indicated that AN-i and
AN-4 synthesized the poly(glycerophosphate) moiety of
LTA but were unable to effect its alanylation. The low ratio

TABLE 1. Synthesis of hydrophilic
D-[l4C]alanylf [3H]glycerol-LTA in mutant strains
and the parent strain of L. casei ATCC 7469a

Strain [3H]glycerol incorporated [14C]D-alanine/[3H]glycerolStrain (103 cpmlmg)Y ratio (10-2)b

Parent 5.16 5.50
AN-1 5.54 0.51
AN-2 4.56 3.10
AN-3 6.61 2.88
AN-4 64.4 <0.08
AN-5 13.2 2.89

a The strains were grown for three generations in the presence of
[3H]glycerol as described in the text. The radioactivity represents the amount
of [3H]glycerol incorporated into the poly(glycerophosphate) moiety of par-
tially purified hydrophilic LTA per milligram (dry weight) of cells. Samples of
[3H]glycerol-labeled cells were treated with toluene and used in the D-alanine
incorporation assay as described in the text. The ratio is the ratio of counts per
minute of D-[14C]alanine to the counts per minute of [3H]glycerol in partially
purified hydrophilic LTA.

b As described in the text, these values reflect only hydrophilic LTA.

observed with LTA from AN-4 also reflects the enhanced
synthesis of the poly(glycerophosphate) moiety (Table 1).
Strains AN-2, AN-3, and AN-5 synthesized an LTA with
ratios of D-alanine to glycerol that are approximately 50% of
that observed for the wild type. Thus, these strains con-
tained LTA with a lower D-alanyl ester content. Although
strains AN-1 and AN-4 were grouped together, they ap-
peared to be different based on the amount of poly(glycero-
phosphate) moiety which was synthesized. The amount of
[3H]glycerol incorporated into the LTA of AN-1 was similar
to that of the parent but only 8.6% of that observed for
AN-4.

Incorporation of D-alanine into LTA by in vitro combina-
tions of membrane fragments and supernatant fractions from
mutant and parent strains. To define further the defect(s) in
the D-alanine incorporation system of the mutant strains, we
incubated (i) membrane fragments from each of the strains
with supernatant fraction from the parent and (ii) superna-
tant fractions from each of the strains with membrane
fragments from the parent and compared the activities with
those from incubations containing homologous membranes
and supernatant fractions (Table 2). The activities for each of
the incubations containing homologous membranes and su-
pematant fractions (M + S) correlated with the incorpora-
tion of D-alanine into toluene-treated cells prepared from
each of the strains (Fig. 2). When membranes from each of
the mutant strains were tested with supernatant fraction
from the parent (Mm + Sp), the activities also correlated with
the homologous combinations. However, when supernatant
fraction from each of the mutant strains was used with
membranes from the parent (Mp + Sm), no correlation was
observed. The defect(s) in strains AN-1 and AN-4 is clearly
associated with a defect(s) in the ability of the membrane to
function as an acceptor for D-alanine. The specific activity of
the D-alanine-activating enzyme for each strain is also shown
in Table 2. AN-2 and AN-3 appear to be partially deficient in
this enzyme. Thus, the lower activities observed in the

15
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FIG. 3. Gel filtration of partially purified [3H]glycerol-labeled
LTA from the parent and AN-4. LTA prepared as described in the
text was eluted from a Sepharose column 6B (1.5 by 66 cm) with 5
mM piperazine acetate (pH 6.5). Peak 1, fatty acid-acylated LTA;
peak 2, fatty acid-deacylated LTA (10).
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FIG. 4. Incorporation of ['4C]glucose from UDP-[14C]glucose into the glycolipid intermediates of the mutant strains (A) and detection of

a-napthol-sensitive compounds in toluene-treated cells of L. casei (B). Synthesis of the [(4C]glucose-labeled glycolipids was performed with
the D-alanine incorporation assay with UDP-[14C]glucose replacing D-[14C]alanine and with toluene-treated cells as described in the text. I,
II, III, IV, and X are Glc(al-3)diacylglycerol, Gal(al-2)Glc(oal-3)diacylglycerol, Glc(pl-6)Gal(al-2)Glc(al-3)diacylglycerol, Glc(P1-6)Glc(Pl-
6)Gal(al-2)Glc(al-3)diacylglycerol, and GroP-6-Glc(p1-6)Gal(al-2)Glc(al-3)diacylglycerol, respectively. P, Parent.

combined system using supematant fractions from these
strains may be the result of lower specific activities of the
D-alanine-activating enzyme.

Synthesis and structure of the glycolipid anchor in mutant
strains. The inability ofLTA in the mutant strains to function
as an acceptor of D-[14C]alanine in the incorporation assay
may be the result of a defect in the synthesis of the glycolipid
anchor. In L. casei, the glycolipids are Glc(P1-6)Gal(al-
2)acyl--6Glc(al-3)diacylglycerol and Glc(,1-6)Gal(al-
2)Glc(al-3)diacylglycerol (35). Two approaches were used
for characterizing the glycolipid anchors in the mutant
strains. It was asked (i) whether the glycolipid is synthesized
and (ii) whether the lipophilic LTA isolated from the
hydrophilic LTA of each mutant strain is identical to that of
the parent.

Synthesis of the glycolipids was examined in toluene-
treated cells prepared from exponential cultures of the
parent and mutant strains. Syntheses of [14Clglucose-labeled
mono-, di-, and trihexosyl diglyceride intermediates (I, II,

TABLE 2. Incorporation of D-alanine into LTA by in vitro
combinations of membrane fragments and supernatant

fractions from the parent and mutant strains

Strain
D-Alanine incorporation (102 cpm)a D-alanine-activating
M + S Mm + Sp MP + Sm enzyme (pLmol/mg)b

Parent 7.1 2.85
AN-1 0.7 0.8 3.8 2.50
AN-2 5.7 3.8 1.6 0.96
AN-3 1.8 3.0 1.4 1.51
AN-4 0.2 0.3 4.0 2.56
AN-S 2.6 2.9 3.9 2.18

a In each incubation, 100 pg (protein) of membrane fragments was incu-
bated in the D-alanine incorporation assay, as described in the text, with 100
jig of supernatant fraction.

b The D-alanine-activating enzyme was measured with the hydroxamate
assay described by Baddiley and Neuhaus (4).

and III) of the mutant strains were similar to those of the
parent (Fig. 4). We identified these lipids by comparing their
Rf values with those of the authentic glycolipids obtained
from L. casei DSM 20021 (a strain derived from L. casei
7469) in two solvent systems (i and ii; data not shown). With
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0.75 K
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FIG. 5. Synthesis of D-[14C]alanyl-lipophilic LTA in the parent
(P) and mutant (AN-1, AN-2, AN-3, AN-4, and AN-5) strains.
Synthesis of D-[14CIalanyl-lipophilic LTA was measured as de-
scribed by Brautigan et al. (7).
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FIG. 6. Scanning electron micrographs of exponential-phase cells of L. casei and mutant strains AN-1, AN-2, AN-3, AN-4, and AN-5.
Bar, 1 micrometer.

the exception of AN-4, the profiles (I, II, III, and IV) of the
a-napthol-sensitive compounds in AN-1, AN-2, AN-3, and
AN-S were similar to that of the parent. In AN-4 (Fig. 4B),
the amount of I was elevated, whereas the amounts of III
and IV were decreased. This decrease may reflect increased
utilization of glycolipid anchor in this strain (Table 1) for
LTA synthesis even though the apparent rate of synthesis of
glycolipids in vitro derived from UDP-[14C]glucose was
similar to that of the other strains (Fig. 4A).
We examined the lipophilic LTA derived from the

hydrophilic LTA of each mutant strain to detect differences
in the glycolipid anchor in the LTA of the parent and mutant
strains. In each case, the [3H]glycerol-labeled lipophilic
LTA profile (7) derived from hydrophilic [3H]glycerol-
labeled LTA was identical to that found in the parent (data
not shown).

Synthesis of D-[14C]alanyl-lipophilic LTA. To define further
the defects in D-alanyl-LTA synthesis in the mutant strains,
we examined the synthesis of D-[14C]alanyl-lipophilic LTA.

With strains AN-1 and AN-4, 5 and 1%, respectively, of the
parental levels of D-[14C]alanyl-lipophilic LTA were ob-
served. With strains AN-2, AN-3, and AN-5, 27, 20, and
36%, respectively, of these compounds were found (Fig. 5).
These results are consistent with the observation that the
D-alanine incorporation system in strains AN-1 and AN-4
not only failed to alanylate hydrophilic LTA (Table 1) but
that the system also failed to alanylate lipophilic LTA.

Properties of mutant strains. A goal of this study was to
associate deficiencies in the D-alanyl ester content of the
LTAs of the mutant strains with unique growth characteris-
tics, alterations in cell morphology, or defects in cell
septation and separation. The doubling times at 32°C for the
parent, AN-1, AN-2, AN-3, AN-4, and AN-5 were 120, 180,
150, 160, 270, and 160 min, respectively. The minimal
growth-inhibitory concentrations of benzylpenicillin (2.2 x
10-6 M) and D-cycloserine (3.9 x 10-3 M) were similar for all
of the strains. Autolysis of exponential-phase, D-
[14C]glucosamine-labeled cells of L. casei ATCC 7469 in 50
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FIG. 7. Uneven deposition of wall material in AN-4. Two examples from this mutant (A and B) before rupture in 5 to 10% of the cells (C)
are shown. Bar, 0.2 micrometer.

mM citrate (pH 5.0) was low (2% in 5 h) and was not
significantly different from that detected in the mutant
strains. The maximum turnover of peptidoglycan in D-
["4C]glucosamine-labeled cells was 20.8 ± 2.0% per genera-
tion in each mutant strain and the parent. Thus, no detect-
able differences in either autolysis or wall turnover were
observed among the parent and mutant strains (AN-1
through AN-5).
The morphology of each mutant is shown in the scanning

electron micrographs (Fig. 6). Many cells of the mutant
strains were distinctly C shaped in exponential-phase cul-
tures. In the case of AN-3, the fraction of C-shaped cells was
greater in stationary-phase cells than in exponential-phase

cells. For a more detailed morphological analysis of a
mutant, we examined AN-4 because its poly(glycerophos-
phate) moiety of LTA had the lowest ratio of D-alanyl ester
to glycerol phosphate (Table 1). Two basic observations
were made with this mutant. Whether they are the direct
result of D-alanyl ester deficiency was not established.
During growth, uneven deposition of wall material in the
cylinder occurs, which apparently leads to cell curvature.
The progress of this deposition (Fig. 7A and B) appears to
precede the rupture observed in 5 to 10% of the cells (Fig.
7C). The second observation made with AN-4 relates to cell
separation. An examination of the separation zone showed
various degrees of fragmentation (Fig. 8). As separation

A

-N-.-

FIG. 8. Separation zones in the parent (A) and AN-4 (B). Bar, 0.1 micrometer.
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FIG. 9. Proposed pathway for assembly of D-alanyl-LTA and D-alanyl ester-deficient LTA in L. casei.

proceeded, the fragments in this zone disappeared. As in the
case of other Lactobacillus strains (6, 22, 43), the walls of L.
casei 7469 and the mutant strains are characterized by an
inner electron-dense region and an outer poorly staining
region that appears loosely organized and sloughs from the
surface.

DISCUSSION

Five mutant strains of L. casei 7469 deficient in their
D-alanyl ester content of LTA were isolated. These strains
may allow one to, defihe better the role of the esters in the
function of this amphiphile. This communication represents
the first isolation and description of such mutants.
To assess the defects in the mutant strains, we divided the

assembly ofLTA into three phases (Fig. 9): (i) synthesis and
selection of the glycolipid anchor, (ii) synthesis of the
poly(glycerophosphate) moiety, and (iii) D-alanylation
(acylation ofLTA by D-alanine) of lipophilic and hydrophilic
LTAs. The mutant strains were able to achieve synthesis
and selection of the glycolipid anchor. In addition, they were
all able to synthesize the poly(glycerophosphate) moiety of
LTA. It was concluded that the membranes derived from
mutant strains AN-1 and AN-4 were defective for D-
alanylation of LTA even though acceptor LTA was present.
Two postulated functions of the membrane in the D-alanine
incorporation system may be either defective or compro-
mised in these strains. The membrane may (i) facilitate
formation of a specific lipoteichoic acid complex with other
membrane components or (ii) establish a specific conforma-
tion or topological organization of LTA. Mutant strains
AN-2 and AN-3 appear to be partially deficient in the amount
of D-alanine-activating enzyme. At this stage of our investi-
gation, we are unable to define the defect in AN-5.

Some of the biochemical defects expressed in our mutant
strains are similar to those expressed in a stabilized L form
derived from Streptococcus pyogenes (8). In this L form, the
membrane glycerol teichoic acid (LTA) lacks D-alanyl ester
residues and is shorter (41). It was observed that the lipid
chain rigidity of these membranes is greater than that of the
mnembranes from the parent (9). This feature may be respon-
sible for the absence of LTA acceptor capacity in the
membrane from this organism even though the acceptor is
present.
A variety of mutants defective for the synthesis of wall

teichoic acid have been isolated and partially characterized.
For example, Park and co-workers (37) isolated three groups
of bacteriophage-resistant mutants from S. aureus that lack
either wall teichoic acid or a specific component of teichoic
acid. One of these, strain 52A5, is totally deficient in wall
teichoic acid. It was concluded that "although a wall
teichoic acid or its equivalent is not essential in S. aureus,
the presence of teichoic acid provides a marked selective
advantage to the organism." One of the major defects in this
strain is incomplete cell separation. Similarly, a tempera-
ture-sensitive rod mutant (168ts-200b) from Bacillus subtilis,
which forms spheres under nonpermissive conditions, is also
defective for synthesis of wall teichoic acid (12). Loss of this
polymer alters not only cell surface growth but also influ-
ences cellular division, separation, and morphology. Thus,
difficulty in cell separation and aberrant morphology also
appear to be characteristics of mutant strains deficient in
wall teichoic acid.
A common property of both wall teichoic acid mutants and

the D-alanyl ester-deficient LTA mutants from L. casei is a
defect in cell separation. In the mutant strain AN-4, separa-
tion is characterized by various degrees of fragmentation
even though the cells eventually divide. The role of LTA in
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this process may be related to its postulated regulation of
autolysin(s). Another property of the D-alanine ester-
deficient mutant AN-4 is an apparent malfunction of cylin-
drical wall assembly. Uneven deposition of wall polymers
leads to localized thickening. In a similar manner, the
aptolysin-deficient mutant 13A177 of B. subtilis shows a
curved (bent) morphology (14). Addition of (i) autolysin from
the parent or (ii) lysozyme to the growth medium reduces the
formation of bent cells and increases the growth rate. Hence,
it was proposed that an autolysin was required for normal
wall expansion (14). In the case of mutant strain AN-4 of L.
casei, the similar bent or C-shaped morphology may result
from improper regulation of autolysin function.

Fischer et al. (19) proposed that D-alanine-free LTA and
D-alanyl-LTA are in vitro active and inactive forms of an
inhibitor of autolysin(s). On the basis of this proposal,
mutants deficient in the D-alanine ester content of LTA (e.g.,
AN-4) may have a higher amount of the active form (p-
alanine-free LTA) of the autolysin inhibitor. It was not
possible to detect differences in autolysis or wall tumover
rates among the parent and mutant strains. The defect(s)
may be expressed in topologically defined zones or regions
of the cell and thus may not have major effects on the bulk
rates of autolysis and wall turnover.
At this stage of our investigation it is not known whether

the mutant strains resulted from multiple mutations intro-
duced by N-rpethyl-N'-nitro-N-nitrosoguanidine (33) or
whether a single mutation was responsible for the pleiotropic
phenotype. In future experiments isogenic strains with a
single mutation must be constructed to prove that a defi-
ciency in D-alanyl ester content is associated with a given
morphological or separation defect.
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