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Three autolytic-defective mutants of Streptococcus faecium (S. faecalis ATCC
9790) were isolated. All three autolytic-defective mutants exhibited the following
properties relative to the parental strain: (i) slower growth rates, especially in
chemically defined medium; (ii) decreased rates of cellular autolysis and increased
survival after exposure to antibiotics which block cell wall biosynthesis; (iii)
decreased rates of cellular autolysis when treated with detergents, suspended in
autolysis buffers, or grown in medium lacking essential cell wall precursors; (iv)
a reduction in the total level of cellular autolytic enzyme (active plus latent forms
of the enzyme); (v) an increased ratio of latent to active forms of autolysin; and
(vi) increased levels of both cellular lipoteichoic acid and lipids.

A variety of bacterial species are known to
contain enzymes, termed autolysins, which are
capable of hydrolyzing their own cell wall pep-
tidoglycan (17, 18). Possible roles for these po-
tentially lethal enzymes in the physiology of
bacteria have been the subject of numerous re-
ports (9, 40). Although the autolytic systems
characterized so far have not all yielded the
same conclusions concerning their functional
roles, among the processes implicated have been
the following: (i) cellular division (33, 40); (ii)
physical separation of daughter celis (2, 10, 30,
43, 48); (iii) cell wall biosynthesis and "remod-
eling" of the cell wall (9, 12, 41); (iv) peptidogly-
can turnover (2, 25, 35); (v) killing by antibiotics
that inhibit cell wall biosynthesis (32, 34, 49, 50);
and (vi) genetic transforiation (31, 48, 55).

Autolytic-defective mutants of various bacte-
rial species have been useful in obtaining exper-
imental evidence in favor of some of the above-
mentioned roles of autolysins. The ability of
bacteria to autolyze has thus been shown to be
affected by the following: (i) changes in the wall
substrate (1, 48, 51); (ii) levels of autolytic en-
zyme activities present (16, 30, 49); (iii) possible
alterations in the autolytic enzyme itself (7, 11);
and (iv) interactions with lipoteichoic acids,
other amphophiles, and lipids (3-5, 20).

Several years ago, two lytic-defective mutants
of Streptococcus faecium (S. faecalis ATCC
9790) were isolated in this laboratory (30). These
mutants autolyzed at much slower rates than
the wild-type (WT) strain when cells were sus-
pended in 0.01 M sodium phosphate (pH 6.7),
whereas they were less resistant to cellular au-
tolysis in 0.3 M sodium phosphate (pH 6.7), a

buffer concentration that usually permits maxi-
mum expression of cellular autolytic capacity
(39). Although these mutants appeared to con-
tain somewhat reduced levels of the active forn
of the autolytic activity of this species, total
autolysin activity (active plus proteinase-acti-
vatable, latent activity) was at least as great as
that of the WT. A third, more recently isolated
autolytic-defective mutant (7) was also found to
contain relatively high levels of latent autolysin
activity. It was our intention in the present
investigation to search for mutants with more
pronounced defects in the autolytic system
through the use of new screening procedures. In
addition to the morphology and the overall
growth and lysis characteristics being examined,
these isolates were assayed for the cellular con-
tent of known inhibitors of the S. faecium au-
tolytic enzyme system (3, 4).

MATERIALS AND METHODS

Bacterial strains and cultural conditions. The
WT strain of S. faecium and the autolytic-defective
strains AUT-1, AUT-2, AUT-3, and LYT-14 were
stored in the lyophilized state and, when required,
were cloned on solid medium before use. Two types of
liquid and solid media were used: a chemically defined
medium (37) and a broth containing 1% yeast extract,
1% tryptone, 2% glucose, and 0.3 M sodium phosphate,
pH 6.5. Solid media contained 1.5% agar. Except where
stated otherwise, 37°C was the incubation tempera-
ture used throughout this investigation. Commercially
prepared lyophilized cells of Micrococcus luteus were
obtained from Miles Research Laboratories, Inc., Kan-
kakee, Ill.

Autolytic-defective mutants. Exponential-phase
populations of S. faecium were treated with 100 Ag of
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N-methyl-N'-nitro-N-nitrosoguanidine per ml in
buffer as described previously (7).
AUT-1 was selected from the survivors of repeated

challenge with penicillin G (10 pg/ml) and D-cycloser-
ine (360 ,ug/ml) (7), after growth on an indicator plate
containing an overlay of ethylene-oxide-killed M. lu-
teus cells. During growth on such indicator plates, the
release of autolysin into the medium resulted in dis-
solution of the micrococcal cells and a clear halo
around the autolysin-producing clones (7, 30). AUT-1
was picked for its failure to produce a halo on the
indicator plate.

Enrichment for AUT-2 and AUT-3 was carried out
as previously described for AUT-1, except that instead
of being challenged with cell wall antibiotics, an ex-
ponentially growing culture of the mutagenized cell
population was first metabolically poisoned with a
reversible concentration of iodoacetate (5 x 10-5 M)
(15) and then challenged with Triton X-100 (0.6 mg/
mg [dry weight] of cells), a nonionic detergent which
induces cellular lysis via the action of the autolytic
enzyme system (8). The survivors of this enrichment
technique were then plated on solid medium. AUT-2
was subsequently isolated after the transfer of individ-
ual clones onto agar plates overlaid with ethylene-
oxide-killed S. faecium cells and selection for colonies
which failed to form a halo on these indicator plates.
AUT-3 was selected on the basis of leakage of the
intracellular enzyme lactate dehydrogenase (54) from
autolytically damaged cells as described below.

Detection oflytic-deficient mutants by the lac-
tate dehydrogenase assay. The previously enriched
cell population was diluted to a very low cell density
(approximately 5 colony-forming units per ml), and
portions of this cell suspension were filtered through
sterile membrane filters (48-mm diameter, 0.45-,um
pore size). The filters, with their contents, were asep-
tically transferred onto plates of solid growth medium
and incubated overnight (18 to 24 h). Each filter
containing approximately 20 colonies was transferred
to indicator plates of the following composition: 0.1 M
sodium lactate, 0.005% tetranitro blue, 0.0025% phen-
azine methosulfate, 0.3 M sodium phosphate (pH 7),
and 1% agar. Neither lactate dehydrogenase nor NAD
was added to the mixture, the rationale being that
these two important components of the reaction lead-
ing to oxidation of lactate and the reduction of the
tetrazolium salt to formazan (53) will be provided from
those cellular clones undergoing autolysis. After incu-
bation, those clones exhibiting little or no color reac-
tion were presumed to be autolytic defective (e.g.,
AUT-3).

Cellular autolysis assays. Exponential-phase cul-
tures at an adjusted optical density at 675 nm (47)
between 400 and 800 were harvested by filtration,
washed free of the medium with ice-cold distilled
water, suspended in 0.3 M sodium phosphate (pH 7.0),
and incubated at 37°C. Changes in turbidity of the cell
suspensions were monitored with a Bausch & Lomb
Spectronic 20 spectrophotometer at 675 nm, and rates
of cellular autolysis were determined as described
previously (29). The results of such assays for cellular
autolysis were recorded as reciprocals of the half-life
(in hours-) of the reaction at the steepest portion of
the lysis curve.

Effects of detergents and wall antibiotics on
growth. Cultures of the WT and the mutant strains
in midexponential phase of growth in broth were
treated with lysis-inducing detergents (Triton X-100,
0.6-mg/mg [cellular dry weight]; and sodium deoxy-
cholate, 1.2-mg/mg [cellular dry weight]) or with spec-
ified levels of cell wall antibiotics (penicillin G, baci-
tracin, vancomycin, and cycloserine), and turbidimet-
ric changes were followed for several hours. In a sep-
arate experiment, cultures treated with 5 pig of peni-
cillin G per ml as described above were plated for
viable cell counts.

Effects ofdeprivation of essential nutrients on
growth. Cells of exponential-phase cultures (300 ad-
justed optical density units) in the chemically defined
medium were harvested by filtration (0.45-,um-pore
size membrane filters) and washed three times with
ice-cold, chemically defined medium without lysine
(39, 41) or without glucose (39). The cells were then
suspended in medium lacking lysine or glucose, re-
spectively, and incubated at 37°C, and changes in
turbidity were measured at intervals.

Preparation of cell walls. Cultures in exponential
growth were harvested and washed with ice-cold water
in a refrigerated centrifuge. Aqueous suspensions of
cells were broken by shaking with an equal volume of
styrene divinylbenzene beads in a Braun MSK cell
homogenizer, and the cell wall fraction was recovered
by centrifugation (5). The sediment, consisting of cell
wall-autolytic enzyme complexes, was washed twice in
ice-cold double-distilled water, once in 0.15 M sodium
phosphate (pH 7.5), and four times in ice-cold water
before being lyophilized and stored at -70°C. Portions
ofthe aqueous wall suspensions were treated overnight
at room temperature with 2% sodium dodecyl sulfate
(SDS) to inactivate endogenous autolytic activity and
washed thoroughly with distilled water as described
previously (42).

Preparation and assay of autolysin. Soluble
autolysin was prepared as autolysates of cell walls (6)
either in the presence or the absence of trypsin or the
proteinase present in bovine plasma albumin (1 and
100 ug/ml, respectively). The lytic activities of the
autolysates thus obtained were determined by their
ability to dissolve the SDS-inactivated wall substrate
in 0.01 M sodium phosphate, pH 7.0 (42). Turbidity
changes were measured at 450 nm with a Bausch &
Lomb Spectronic 20 equipped with an Arthur H.
Thomas absorbance digital readout. One unit of en-
zyme activity was defined as that amount which re-
duces the turbidity of the SDS-inactivated wall sus-
pension by 0.001 optical density unit per h at 37°C.

Analytical methods. For chemical analysis, lyoph-
ilized SDS-walls were dried to constant weight in
vacuo over phosphorus pentoxide. The presence of
free N-terminal groups and hexosamine were assayed
by the method of Ghuysen et al. (18). Amino acids
were determined with a Beckman single-column au-
tomatic amino acid analyzer (model 119), after hydro-
lyzing samples in 6 N HCl at 120°C for 22 h. Phospho-
rus was measured by the procedure of Lowry et al.
(24); rhamnose was measured by the procedure of
Dische and Shettles (44), and reducing groups were
measured by the procedure of Thompson and Shock-
man (45).
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Chemicals. Triton X-100 and sodium deoxycholate
were obtained from Rohm & Haas, Philadelphia, Pa.,
and Mann Research Laboratories, New York, N.Y.,
respectively. D-Cycloserine and vancomycin were from
Eli Lilly & Co., Indianapolis, Ind.; bacitracin was from
Pfizer Inc., New York; and penicillin G was from
Wyeth Laboratories Philadelphia, Pa. Phenazine
methosulfate and tetrazolium salts were obtained from
Sigma Chemical Co., St. Louis, Mo.
Determinations of the amounts of lipoteichoic

acid and lipids present in cultures. Cultures were

grown for at least six generations in chemically defined
medium containing [2-4C]glycerol (0.5 ,Ci/ml). Total
trichloroacetic acid precipitable material was deter-
mined by mixing 0.5-ml samples with 4.5 ml of ice-cold
10% trichloroacetic acid. The mixtures were kept in an
ice bath for 60 min before the precipitate was collected
on glass fiber disks (Whatman GF/C, Whatman, Inc.,
Clifton Heights, N.J.) and washed twice with 3 ml of
ice-cold 10% trichloroacetic acid and twice with 2 ml
of ice-cold absolute ethanol. The trichloroacetic acid
precipitates on the filters were dissolved in 0.5 ml of
90% NCS solubilizer (Amersham Corp., Arlington
Heights, Ill.) for 2 h at 55°C in glass scintillation vials.
The samples were first chilled (4°C) and then counted
in 5 ml of cold toluene-based scintillation fluid in a

Mark I (Nuclear-Chicago Corp., Des Plaines, Ill.) scin-
tillation counter at an efficiency of about 60%. ["C]
glycerol incorporated into lipoteichoic acid (LTA),
both in the intracellular and extracellular fractions,
was determined by the procedures described previ-
ously (22, 23, 52). Aqueous samples were counted in
Formula 947 (New England Nuclear Corp., Boston,
Mass.).
The lipid content of glycerol-labeled cells was esti-

mated by a modification of a method described earlier
(46). Samples (7.5 ml) of ['4C]glycerol-labeled cells

were placed in screw-cap tubes (18 by 150 mm) con-

taining 0.1 ml of 1 M iodoacetate at 40C. After mixing,
cells were harvested by centrifugation (2,000 x g, 30
min, 4°C), and the pellets were lyophiized until used.
Lipid extraction was carried out by suspending the
pellets in 0.1 ml of water, followed by the addition of
1.0 ml of methanol, and subsequent heating (95°C, 60
min) in tubes tightly closed with Teflon-lined caps.
After the tubes returned to room temperature, 2.0 ml
of chloroform was added and the samples were stirred
overnight. Each sample was then mixed thoroughly
with 7 ml of 2 M KCl and 4 ml of neohexane (2,2-
dimethylbutane; Phillips Petroleum Co., Bartlesville,
Okla.), and the phases were separated by centrifuga-
tion (2,000 x g, 20°C, 15 min). Samples (1 ml) were

removed from the top organic layer, dried in scintil-
lation vials, dissolved in 0.5 ml of 90% NCS solubilizer,
and counted in 5 ml of toluene-based scintillator as

described above.
Electron microscopy. Cultures of S. faecium in

exponential or stationary phase were harvested by
filtration and washed free of the medium with ice-cold
water. The cells were then suspended in Millonig
buffer (26), double fixed with 2% glutaraldehyde, fol-
lowed by 1% osmium tetroxide in s-coilidine, and fi-
nally dehydrated through graded levels of acetone.
Cells in 100lo acetone were transferred onto aluminum
foil-covered stumps, dried in a Sorvall critical point
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drying apparatus, and coated by sputtering with gold
(SPI Sputter, West Chester, Pa.). The observation of
the prepared specimens was performed with an Etec
Autoscan scanning electron microscope (Hayward,
Calif.).

RESULTS
Growth properties of the ALUT-1, AUT-2,

and AUT-3 strains. When grown on solid me-
dium, colonies of the three strains differed from
those of the WT only in their smaller size and
whitish appearance. When the strains were
grown in liquid media, the following differences
from the WT were noted. (i) Two of the three
mutant cultures grew more slowly than the WT
in both growth media used, with the largest
difference noted for AUT-3 grown in the chem-
ically defined medium (Table 1). (ii) Although
turbidity reached at 24 h by broth cultures of all
three mutants was about equal to or slightly
higher than that of the WT, all three mutants
failed to reach the turbidity attained by the WT
strain at 24 h in the chemically defined medium.
The decrease in growth rates and turbidities at
24 h for cultures of the three mutants suggest
that the growth of each of the strains is stimu-
lated by a nutrient that is either not provided or
not present in an adequate amount in the chem-
ically defined medium.

Cultures of both AUT-2 and AUT-3 showed
a marked tendency to grow in long chains of 10
to 25 cells per chain (AUT-2) and 10 to 50 cells
per chain (AUT-3) (Fig. 1A). In undisturbed
cultures, substantially longer chains were seen
by light microscopy, and the cells had a tendency
to settle to the bottom of the tube, leaving the
upper portion of the medium clear (Fig. 2). Upon
reaching the stationary phase, extensive clumps
of cells of AUT-3 (Fig. iB) that were not seen in
cultures of the WT or AUT-1 could be observed
with scanning electron microscopy. In contrast,

TABLE 1. Growth of S. faecium strains in two
different media
Broth Chemically defined

Strain a Culture CultureTD tUrbidityb TD turbidity
(mn) (AOD) (min) (AOD)

WT 33 ± 1 2,410 34 ± 1 2,074
AUT-1 35 ± 1 2,992 46 ± 1 1,666
AUT-2 50 2 2,930 65 ± 3 950
AUT-3 65 3 2,834 71 ± 3 1,138

a These values on doubling times (TD) represent the
average of five independent determinations.

"Measurements of culture turbidity at 675 nm after
24 h were taken with a Coleman model 14 spectropho-
tometer. The absorbance was corrected for deviations
from Beer's Law (47), yielding adjusted optical density
units (AOD).
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FIG. 1. Scanning electron micrographs of WT and mutant strains of S. faecium showing: (A) a long chain
of cells from an exponential-phase culture ofA UT-3; (B) clumping ofA UT-3 cells in the stationary phase; (C)
the relative sizes of the parental strain (in pairs) and A UT-3 (chain); (D) the relative sizes of the WT cells
(larger) and A UT-1 cells (smaller). Each bar represents 1 jum.

FIG. 2. Growth of the four strains of S. faecium
plus the uninoculated control (C) in broth showing
the clumping and sedimentation phenomenon in
AUT-2 and AUT-3. The cultures were left undis-
turbed during incubation (18 h). From left to right:
WT, AUT-1, AUT-2, AUT-3, uninoculated control.

cultures of AUT-1 grew mainly as individual
cells and pairs of cells; only rarely were chains
of six or more cells of AUT-1 observed. In ad-

dition to their growth in chains, individual cells
of AUT-3 had about twice the diameter of WT
cells (Fig. 1C). In contrast, cells of AUT-1 had
about one-half the diameter of WT cells (Fig.
1D).
Capacity of cells to autolyze. All three

mutant strains were isolated on the basis of their
inability to autolyze when grown on solid media.
The mutant strains also showed a decreased
capacity to autolyze when cells from exponen-
tially growing liquid cultures were washed and
suspended in 0.3 M sodium phosphate, pH 7.0,
in either the presence or the absence of trypsin
(Table 2). Expression of the active form of the
autolysin (in the absence of trypsin) in cellular
autolysis assays ranged between 2.4 and 10% of
that of the WT, whereas expression of total
cellular autolytic activity ranged from 1.3 to 53%
of that of the WT. The AUT-3 strain failed to
show a significant increase in cellular autolytic
capacity in the presence of trypsin.
The decreased capacity of cells from exponen-

tial-phase cultures of the three mutants to au-
tolyze was not due to a different optimal ionic
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strength for expression of autolytic capacity. All
three strains autolyzed much more slowly than
did the WT in sodium phosphate concentrations
of up to 0.8 M, pH 7.0 (Fig. 3). However, none of
the mutants exhibited the dual optimal phos-
phate buffer concentrations (at 0.05 to 0.01 and
0.3 M) for cellular autolysis characteristic of the
WT (39) (Fig. 3). AUT-1 exhibited an optimal
rate of cellular autolysis at 0.3 M, whereas the
rates of cellular autolysis for the other two mu-

tants continued to increase slightly with in-
creased buffer concentration. The greatest rate
of turbidity decrease occurred between pH 6.7
and 7.0 for the WT and for all three mutant
strains (data not shown). Furthermore, the rates
of autolysis for exponential-phase cells of all
three mutants were substantially less than those
for the WT when examined in 0.05 M Tris, pH
7.0, and 0.05 M sodium cacodylate, pH 7.0 (Table
3).

TABLE 2. Cellular autolysis of exponential-phase
cells of S. faecium strains in 0.3M sodium

phosphate, pH 7.0.
With tpsin (3 jug/ Without trypsin

MI)
Strain

Rate % ofWT Rate % ofWT
(h-') rate (h-1) rate

WT 5.5 (100) 3.4 (100)
AUT-1 2.9 53 0.17 5.0
AUT-2 1.3 24 0.33 9.7
AUT-3 0.07 1.3 0.08 2.4

J. BACTERIOL.

For all three mutants, the capacity of expo-

nentially growing cultures to autolyze upon the
addition of detergents or antibiotics that inhibit
cell wall peptidoglycan synthesis or upon depri-
vation of precursors of cell wall peptidoglycan
from the growth medium was substantially less
than that of the WT. Except in two cases, baci-
tracin treatment and autolysis in the absence of
lysine or glucose, AUT-3 was most resistant to
cellular lysis (Tables 2 and 3). AUT-1 was some-
what more resistant than AUT-3 to bacitracin-
induced lysis and to lysis induced by lysine or
glucose deprivation. Rather than autolysis, a
slow increase in culture turbidity was observed

2.5
C)

,' 2.0
-J

O 1.5

< 1.0

0.005 0.01 0.03 0.05 0.1 0.3 0.6 0.8
CONCENTRATION OF PHOSPHATE BUFFER (M)

FIG. 3. Effect of varying the concentrations of the
phosphate buffer (pH 7.0) on cellular autolysis of the
various S. faecium strains without activation by tryp-
sin.

TABLE 3. Cellular lysis profiles of strains of S. faecium under a variety of conditions

WT AUT-1 AUT-2 AUT-3
Treatment (rate of Rt aeRtlysis [h-1]) (hat) % ofWT Rate % of WT Rate % of WT

Lysis buffer (without trypsin)
Tris (0.05 M, pH 7) 2.4 0.06 2.5 0.05 2.1 0.01 0.4
Cacodylate (0.05 M, pH 7) 2.0 0.09 4.5 0.03 1.5 0.01 0.5

Detergents (added to growth me-
dium)

Triton X-100 (0.6 mg/mg [dry 4.3 2.53 58.8 0.93 21.6 -a
weight] of cells)

Sodium deoxycholate (1.2 mg/ 5.7 1.33 23.3 1.29 22.6 0.39 6.8
mg)

Antibiotics
Cycloserine (90,ug/ml) 3.3 1.00 30.3 1.46 44.2 0.73 22.1
Vancomycin (2.5 tig/ml) 2.7 0.16 5.9 0.36 13.3 0.16 5.9
Bacitracin (2.5 iLg/ml) 1.5 0.08 5.3 0.01 0.7
Penicillin G (20 ,ug/ml) 4.0 1.46 36.5 1.12 28.0 0.49 12.2

Depletion of essential nutrients
Lysine 0.13 0.02 15.4 0.04 30.8 0.03 23.1
Glucose 0.62 0.04 6.4 0.06 9.7 0.06 9.7
a _, Slow increase in turbidity rather than lysis was observed.



AUTOLYTIC MUTANTS OF S. FAECIUM 603

when Triton X-100 was added to exponentially
growing cultures of AUT-3.

Effects ofpenicillin. The minimal inhibitory
concentrations and minimal bactericidal concen-
trations (MICs and MBCs, respectively) of ben-
zylpenicillin for the three strains were not sig-
nificantly different from those for the WT (Table
4). It should be noted, however, that the MBCs
for all three mutants were slightly higher than
the corresponding MICs. Examination of the
effect of penicillin on the viability of growing
cultures (Fig. 4A) of the AUT-1 and AUT-2
strains showed that the number of colony-form-
ing units decreased more slowly than for the WT
strain. This effect was particularly pronounced
for the AUT-2 strain which, after exposure to 5
ytg of penicillin G per ml for 2 h, retained 44% of
the initial number of CFU compared with 1.6%
for the WT. However, the conclusion that AUT-
2 is more resistant to penicillin-induced killing
than is the WT should be viewed with some
caution since, as discussed above, AUT-2 tends
to grow in chains and a single viable cell per
chain is capable of producing a colony. The even
more extensive chaining of the AUT-3 strain
precluded interpretable determinations of killing

109 A °

8 108

U,

z

z

0

_j UNTREATED: 0 WT
010o 10 0 AUT-2

rates. The slow rate of killing of the mutant
strains in the presence of 5 ,ug of penicillin G per
ml was accompanied by a very slow loss of

TABLE 4. MICs and MBCs ofpenicillin G on S.
faecium strainsa

20-h incubation 44-h incubation

Strain MIC MBC MIC MBC

(tig/I) (,g/rn) ug/ml) (,ug/nil)
WT 4 5 5 6
AUT-1 8 15 8 15
AUT-2 6 15 8 15
AUT-3 1 5 1 5

a Tubes containing serial twofold dilutions (geomet-
ric progression) of the freshly prepared antibiotic in
broth (5 ml) were inoculated with cells from a midex-
ponential-phase culture (approximately 107 colony-
forming units per ml) and incubated overnight. After
the initial MIC determination (last completely clear
tube in the series), the experiment was repeated using
a narrower range of concentrations. To determine
MBCs, the medium in the clear tubes of the MIC
assay was streaked onto solid media. The MBC was
the lowest concentration of the antibiotic that killed
the organism, as determined by the absence of colony
formation.

ini L
0 20 40 60 80 100 120 140 0 50 100 150 200 250 300 O/N

TI ME (mn) TI ME(min)
FIG. 4. (A) Bactericidal effect ofpenicillin G on S. faecium strains. Cells growing exponentially in broth

were treated with penicillin G (5 ,Ag/ml) at time zero. Samples of treated and untreated cultures were

withdrawn at given intervals, appropriately diluted in sterile water, and plated for viable cell counts. (B)
Effect of penicillin G on the growth of S. faecium. Portions of broth cultures of S. faecium strains in
midexponential growth (open symbols) were treated with penicillin G (5 tig/ml, closed symbols), and changes
in adjusted optical density at 675 nm (AOD675) over a period of time were monitored.

A AUT-1

TREA TED: 0 WT
* AUT-2
A AUT-1

5 1
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culture turbidity for all three mutant strains
(Fig. 4B).
Autolysin activity present in isolated cell

walls. The autolysin of S. faecium has a very

high affinity for binding to cell walls (21, 28).
Thus, the autolysin activity present in carefully
isolated cell wall-enzyme complexes after cell

disruption can serve as an index of the effective
level of autolysin activity present in intact cells
(38). Walls isolated from exponential-phase cul-
tures of all three mutants autolyzed more slowly
than did walls from the parent strain when as-
sayed in either the presence or the absence of
trypsin (Table 5). Total autolysin activity (meas-
ured in the presence of trypsin) in walls from all
three strains was 53 to 65% of the WT level, and
the active form (measured in the absence of
trypsin) was 20 to 37% of the WT value. These
differences did not seem to be due to changes in
the cell wall substrate. In fact, SDS-inactivated
walls from all three mutants were somewhat
more susceptible to dissolution by autolysin ob-
tained from the WT and two of the mutants
(Table 6). Furthermore, the chemical composi-
tions of SDS-inactivated walls from all three
mutant strains were very similar to that of the
WT (Table 7). Dissolution of all four SDS-wall
preparations via the action of WT autolysin
yielded the same number of reducing groups
(Table 7). Yields of reducing groups were con-
sistent with the hydrolysis of 75 to 92% of the
susceptible glycosidic linkages present in the

TABLE 5. Autolytic activity (total, active, and
latent) in isolated cell wall preparations of WT and

mutantsa

Active
Strain Activity U % of WT (% of to-

tal)

WT Totalb 432 -

Activec 95 - 22
Latentd 337

AUT-1 Totalb 282 65
Activec 35 37 12
Latentd 247 73

AUT-2 Totalb 231 53
Active' 16 17 7
Latentd 215 64

AUT-3 Totalb 228 53
Active' 30 32 13
Latentd 198 59

a Wall lysis was carried out in 0.01 M sodium phos-
phate, pH 7.0.

b Assayed in the presence of trypsin (1 ,ug/ml).
'Assayed in the absence of trypsin.
d Determined as the difference between b and d.

TABLE 6. Susceptibility ofSDS-walls to autolysins
from the WT and mutantsa

Relative activity on SDS-walls from:

Autolysin
from walls WT AUT-1 AUT-2 AUT-3

of:

WT (1.0) 1.4 1.3 1.6
AUT-1 (1.0) 1.4 1.3 1.6
AUT-2 (1.0) 0.9 0.7 0.8
AUT-3 (1.0) 1.3 1.4 1.7
a WaHl hydrolysis was carried out with the respective

autolysin preparations in 0.01 M sodium phosphate,
pH 7.0, at 37°C in the presence of 0.2 jig of trypsin per
ml. For comparison, the amount of autolysin from
walls of each strain was adjusted to 112 to 118 U, when
tested on SDS-treated, WT walls.

walls (42, 45).
Relative amounts of LTA and lipids in

the mutant strains. LTA and certain lipids
have been shown to inhibit the activity of the
autolytic enzyme system of S. faecium (3, 4).
Therefore, the amounts of ['4C]glycerol incor-
porated into chloroform-soluble lipids and into
intracellular LTA and extracellular LTA were
determined (Table 8). Since labeled glycerol is
known to be incorporated exclusively into the
LTA and lipid fractions of this species (14, 27)
and fully equilibrated labeling conditions were
used, the data obtained indicate that all three
mutants isolated in this study and a previously
isolated autolytic-defective mutant (7) con-
tained increased amounts of lipid and intracel-
lular LTA. In addition, except for AUT-2, the
mutant cultures contained increased levels of
extracellular LTA. In each case, all of the extra-
cellular LTA was in the deacylated (22) form
(data not shown).

DISCUSSION
Newly devised enrichment and selection pro-

cedures permitted the successful isolation of
three additional (independent) mutants of S.
faecium containing defects in their autolytic en-
zyme system. Although AUT-1 was isolated on
the basis of its resistance to cellular autolysis
induced by the combined action of penicillin and
cycloserine, AUT-2 was isolated on the basis of
its resistance to Triton X-100-induced cellular
autolysis, and AUT-3 was isolated on the basis
of both its resistance to Triton X-100 and its
lack of leakage of lactate dehydrogenase from
colonies, cells of all three mutants had several
phenotypic properties in common. Cells from
exponential-phase cultures of all three mutants
autolyzed more slowly than did the parental

J. BACTERIOL.
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TABLE 7. Chemical composition of SDS-walls from the WT and mutants
WT AUT-1 AUT-2 AUT-3

Component" (pnol/mg) (tmol/mg) (jmol/mg) (jtmol/mg)
I. Total hexosamines 0.80 0.91 0.78 0.81
Phosphorus 0.40 0.37 0.33 0.36
Rhamnose 0.91 0.88 0.73 0.85

II. Glutamate 0.42 (0.88)b 0.47 (0.84) 0.43 (0.86) 0.46 (0.87)
Aspartate 0.46 (0.96) 0.53 (0.95) 0.57 (1.14) 0.50 (0.94)
Alanine 0.87 (1.8) 1.04 (1.8) 0.89 (1.8) 0.91 (1.7)
Lysine 0.48 (1.0) 0.56 (1.0) 0.50 (1.0) 0.53 (1.0)

III. Free N-terminal groups 0.18 0.14 0.18 0.16
Reducing groups after autolytic hy- 0.44 0.44 0.37 0.45

drolysis

'Hydrolysis conditions were as follows: (I) 3.0 N HCI, 950C, 4 h; (II) 6.0 N HCI, 1200C, 22 h; (III) SDS-
treated walls were hydrolyzed overnight at 37°C with the WT autolysin in 0.01 M sodium phosphate (pH 7.0),
with 0.2 ,ug of trypsin added per ml. The autolysates were then centrifuged at 10,000 x g (20 min), and the
supernatants were used for analyses.

b Numbers within parentheses refer to molar ratios relative to lysine.
TABLE 8. Levels of[4C]glycerol-labeled
compounds in the WT and mutant strainsa

Lipids Cellular LTA ExtraceUular
Strain (dpm/,ug [cellu- (dpm/ug [cellu- lT

lar dry weight]) lar dry weight]) (dpm/yg [ceihu-

WT 162 (1)b 145 (1) 11 (1)
AUT-1 307 (1.9) 254 (1.8) 40 (3.6)
AUT-2 239 (1.5) 195 (1.3) 11 (1)
AUT-3 275 (1.7) 214 (1.5) 23 (2.1)
LYT-14 317 (2.0) 452 (3.1) 59 (5.4)

a Cultures were grown in medium containing 0.5 ,uCi
of [2-'4C]glycerol per ml for six generations to late
exponential phase.

b Numbers within parentheses are relative to the
WT value.

strain: (i) in each of a series of different lysis
buffers (Tables 2 and 3), (ii) over a wide range
ofsodium phosphate concentrations (Fig. 3), (iii)
after the addition of Triton X-100 or sodium
deoxycholate, (iv) after the addition of each of
four antibiotics known to inhibit cell wall pep-
tidoglycan synthesis, and (v) upon lysine or glu-
cose deprivation.
However, the three mutant strains showed

qualitative and quantitative differences. Al-
though all three grew somewhat more slowly
than the parental strain (Table 1), in broth
AUT-1 grew at nearly the same rate as the
parent. Cells of AUT-2 and AUT-3, but not of
AUT-1, showed distinct tendencies to settle rap-
idly in liquid cultures (Fig. 2), to grow in long
chains and clumps (Fig. 1A and B), and to form
individual cells that were about twice the di-
ameter of the WT cells (Fig. 10). In contrast,
AUT-1 cells were much smaller than the WT
(Fig. 1D). The three strains also differed in the
ability of trypsin to increase the rate of cellular

autolysis in 0.3 M sodium phosphate, pH 7.0
(Table 2). For example, upon trypsin addition
the low rate of cellular autolysis of AUT-1 in
phosphate buffer was substantially increased,
whereas the rate of autolysis ofAUT-3 remained
at about the same slow rate. Although these
data suggest that AUT-3 had very low levels of
both the active and the latent forms of the
autolysin, examination of the enzyme activity
present in isolated walls showed this not to be
the case (Table 5). Walls of AUT-3 contained
significant levels of latent activity that could be
activated by trypsin or the proteinase present in
commercial preparations of bovine plasma al-
bumin but that was not expressed upon autolysis
of whole cells in buffers containing proteinase
(Table 2). Thus, AUT-3 differs from the parental
strain and the other mutants described here and
elsewhere (7) in the inability of externally added
proteinase to activate latent autolysin activity of
AUT-3.

Consistent with the hypothesis of Rogers (32),
autolysin activity appears to be closely related
to the killing action of penicillin on S. faecium.
Both AUT-1 and AUT-2 are more resistant than
the WT to cell death (Fig. 4A and Table 4) and
cellular lysis (Fig. 4B) in the presence of 5 ,ug of
penicillin G per ml. Growth of AUT-3 in long
chains and clumps precluded similar experi-
ments with this strain. Qualitatively similar re-
sistance to lysis induced by three other antibiotic
inhibitors of cell wall assembly (Table 3) is con-
sistent with a role for autolysins in the killing
action of such antibiotics and with the induction
of "tolerance to killing" (49) by defects in bac-
terial autolytic systems. It should also be noted
that MIC levels of the mutants were not signif-
icantly higher than that of the WT (Table 4 and
data not shown) and that tolerance (measured
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as resistance to antibiotic-induced lysis) was rel-
ative and not absolute (Table 3), varied with the
antibiotic treatment used (Table 3), and was
dependent on antibiotic concentration (data not
shown). Although other mechanisms of toler-
ance could exist, variations in rates of antibiotic-
induced cellular lysis with drug and drug con-
centration could explain the lack of cross-toler-
ance between vancomycin, nafcillin, and cepha-
lothin observed in some strains of Staphylococ-
cus aureus (36).
For the WT strain, Shockman et al. (39) ob-

served that when lysine, a major component of
the cell wall peptidoglycan, or glucose, a pre-
sumptive precursor of cell wall polysaccharides
and an energy source, was depleted, wall synthe-
sis stopped and the prevailing degradative action
of the autolysin resulted in cell lysis. All three
autolytic-defective mutants isolated in the
course of this investigation were markedly more
resistant than the WT to lysis induced by the
deprivation of either of these two cell wall pre-
cursors (Table 3). This series of observations
lends strong support to the role of autolysins in
the lethal action of antibiotics which prevent
cell wall synthesis and to the view that during
bacterial growth degradative processes are nor-
mally counterbalanced by synthetic processes.
The mutation(s) involved does not greatly

affect the chemical composition (Table 7) or the
substrate properties of the walls (Table 6). Over-
all, the wall composition of the four strains was
very similar, and hydrolysis of the walls via the
WT autolysin yielded very similar values for
released free N-terminal and reducing groups.
The released reducing group values were con-
sistent with the hydrolysis of essentially all the
susceptible bonds in the wall (42, 45), and the
number of free N-terminal groups was consist-
ent, with the same extent of peptide cross-link-
ing in the walls of all four strains. SDS-inacti-
vated walls of all three mutants were more rap-
idly hydrolyzed than walls of the WT, suggesting
that the mutant walls were in some way better
substrates for the enzymes from all the strains
tested. However, the relative activities of all
three autolytic enzymes tested were the same on
each substrate (Table 6), suggesting that the
mutations involved were not in the structural
gene(s) for the enzyme.
Evidence that the mutation(s) did not seem to

be in the enzyme protein itself and the obser-
vation of substantial, although reduced, levels of
autolysin activity in isolated walls led to a series
of experiments concerning factors known to reg-
ulate autolysin activity. LTAs and certain lipids
are known to inhibit autolysin activity (3-5, 20).
Therefore, levels of LTA and lipids were meas-

J. BACTERIOL.

ured in these three mutants and in a previously
isolated (7) lytic-defective mutant, LYT-14. All
four mutant strains were found to incorporate
larger amounts of ["4C]glycerol into their cellular
lipids and LTA fractions (Table 8). In addition,
three of the isolates (AUT-1, AUT-3, and LYT-
14) excreted substantially larger amounts of
[I4C]glycerol-labeled deacylated LTA into the
culture medium than did the parental strain
(Table 8). We have interpreted these findings as
suggesting that the increased synthesis of lipid
and/or LTA is, at least in part, responsible for
the observed lytic-defective phenotypes ofAUT-
1 and LYT-14. This interpretation is consistent
with the very low rates of cellular autolysis of
the three mutants in comparison with the WT
(Tables 2 and 3) and the presence of 20 to 37%
of the WT level of the active form of the auto-
lysin in isolated and well-washed walls of the
three mutants (Table 5).

Unfortunately, the dearth of genetic tech-
niques for this bacterium prevents a closer defi-
nition of the defect(s) present in these mutants.
It is not possible to distinguish between pleio-
tropic effects resulting from a single mutation
and multiple genetic lesions. Also, indirect ef-
fects could easily result in the observed pheno-
types. For example, growth rate is known to
affect the cellular autolytic capacity of this spe-
cies (19), and two of the mutants, AUT-2 and
AUT-3, grow at significantly slower rates than
the WT. Also, slower growth rates and lower
turbidity values after overnight incubation in
the chemically defined medium suggest addi-
tional growth requirements which may or may
not be related to the mutation(s) responsible for
the autolytic defect. However, these mutants
will be useful for studies of the action and regu-
lation of autolysin activity. The nature and the
significance of the observed increased levels of
LTA and lipids in these autolytic-defective mu-
tants of S. faecium are currently being investi-
gated more closely.

It is of some interest to note that in this and
several other attempts (7, 30), we have not been
successful in isolating a truly lytic-negative mu-
tant, even using techniques that should have
yielded conditional (temperature-sensitive) mu-
tations (Shungu and Cornett, unpublished data).
Thus, we prefer to call these "AUT" mutants to
avoid possible mis- or overinterpretations of the
"LYT" or "LYT-" designations. A similar lack
of success in isolating lytic-negative (as con-
trasted to lytic-defective) mutants of bacilli (1,
13, 16) and S. aureus (2) is consistent with, but
certainly does not prove, the idea that such an
activity is essential to bacterial cell growth and
division.
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