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Lethal Effect of a Heterologous Murein Hydrolase on
Penicillin-Treated Streptococcus sanguis

DIANE HORNE AND ALEXANDER TOMASZ*
The Rockefeller University, New York, New York 10021

Nine strains of Streptococcus sanguis exhibited tolerance to benzylpenicillin:
the growth of each strain was susceptible to penicillin with minimal inhibitory
concentrations of 0.1 ug/ml or lower, but the bacteriolytic and bactericidal effects
were limnited in each case. The tolerance of these bacteria was also reflected in
the large discrepancies between the minimal inhibitory and minimal bactericidal
concentrations for benzylpenicillin. The hypothesis that a natural deficiency of
endogenous murein hydrolase (autolysin) in this species accounts for the penicillin
tolerance was tested by using a heterologous murein hydrolase, the C-phage-
associated lysin. In seven of the strains, addition of the lysin to the culture
together with penicillin or other cell wall inhibitors resulted in lysis and rapid loss
of viability. The enzyme alone did not appreciably affect normally growing
cultures. The irreversible effects of penicillin plus lysin were drastically reduced
in the presence of the bacteriostatic agents chloramphenicol and cerulenin.
Speculations based on experiments are presented for the mechanisms by which
penicillin treatment sensitizes these bacteria to an exogenous lytic enzyme. Similar
phenomena requiring cooperation of host factors and penicillin may occur during
infection, since somewhat similar although less pronounced results were obtained
by addition of human lysozyme to penicillin-treated S. sanguis.

The importance of bacterial murein hydro-
lases (autolysins) in mediating the bacteriolytic
effects of penicillin has been documented in
several species of gram-positive bacteria (26, 29,
30). Autolysin-defective mutants or physiologi-
cal variants are as susceptible to the growth-
inhibitory effects of penicillin as the wild-type
strains, but are resistant to the lytic and to some
extent the cytocidal effects of the drug (13, 21,
29). The tern "antibiotic tolerance" was origi-
nally coined in reference to this phenomenon,
which was first described in autolysin-defective
laboratory strains of pneumococci (29, 30). Re-
cently this term has been used to describe clin-
ical isolates from several species of bacteria ex-
hibiting relative resistance to the irreversible
effects of penicillin and other beta-lactam anti-
biotics (i.e., minimal bactericidal concentrations
[MBCs] many times higher than minimal inhib-
itory concentrations [MICs]; 27).

In an earlier communication we described a
naturally occurring penicillin-tolerant bacte-
rium, Streptococcus sanguis strain Wicky (17).
The response to penicillin of eight other strains,
including five isolated from endocarditis pa-
tients, has since been investigated. In all cases,
the organisms were susceptible to relatively low
concentrations of penicillin, the MICs ranging
from 0.006 to 0.1 ,ug/ml, but little or no bacteri-
olysis was detected with any of the strains. Sim-

ilarly, reductions in viable titer occurred at ex-
tremely slow rates. The strains also showed large
discrepancies between benzylpenicillin MICs
and MBCs.

Since the response of this species to penicillin
is very similar to that of bacteria with suppressed
autolytic systems (26, 29, 30), it appeared possi-
ble that the apparent natural deficiency in au-
tolysin of this species (17) may account for the
absence of the irreversible effects of penicillin.
In this communication, we report that addition
of penicillin (or other cell wall inhibitors) to the
majority of these strains sensitized the bacteria
to the action ofa heterologous murein hydrolase,
causing rapid lysis and cell death.

MATERIALS AND METHODS
Cultures. The strains of S. sanguis used in these

studies included the laboratory strains Wicky, Challis,
Blackburn (from Dennis Perry, Northwestem Univer-
sity Medical-Dental Schools, Chicago, Ill.), and F90A
(from Maclyn McCarty of this university). Five clinical
isolates from New York Hospital (Table 1), identified
as S. sanguis by biochemical and physiological tests,
were kindly donated by Richard B. Roberts (Comell
University Medical Center). Cultures were grown in
Todd-Hewitt broth (THB; Difco Laboratories, De-
troit, Mich.) or were grown overnight in brain heart
infusion (Difco) and diluted 2% (vol/vol) into C+Y
medium (containing acid-hydrolyzed casein; 20)
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TABLE 1. Susceptibility ofnine strains ofS. sanguis to benzylpenicilin

Strainh{MBC- (pg/mi) Viable titer" Lysis by penicillin +s~M urvival at 20 x MIC)

24 h 48 h 3 h 20h aBxcatSdlySn
Wicky 0.05 0.01 100 75 12 +
Chalis 0.02 0.08 10 70 10 +
Blackburn 0.02 0.08 100 91 3 +
F9OA 0.02 0.08 10 87 15 ±
Ws 0.05 0.1 100 82 INDd +
Yg 4295 0.02 0.04 100 82 ND +
Re 3852 0.02 0.04 100 65 7 +
Hn 995e 0.006 0.012 0.03 25 3
On 1899w 0.15 0.3 100 77 15

a The MIC was recorded as the lowest concentration of benzylpenicillin preventing visible growth after 24 h
at 370C in a tube dilution assay. MBC was defined as the lowest concentration causing 99.9% killing in 24 h and
was measured as described in the text The number of sumrvors was recorded after 24 and 48 h of incubation,
respectively, of the MBC plates.

bBenzylpenicillin (20 x MIC) was added to exponentially growing cultures of S. sanguis at cell densities of
4 x 107 per ml. The percentage of surviving cells after 3 and 20 h of antibiotic treatment was determined as
described in the text.

Bacteria at cell densities of 4 x 107 CFU per ml were exposed to 200 x MIC of penicillin plus 1.5 U of the
lysin per mL Lysis was determined by nephelometry. Lysis was considered positive if the turbidity reading after
2 h was less than half of the initial reading.

d Not determined.
Antigenic extracts of these two srsmns failed to react with anti-F9OA serum.

buffered at pH 7.6 with 0.05 M sodium phosphate
buffer and supplemented with 0.1% of the dialyzable
components of yeast extract (Difco). The MICs of
benzylpenicillin did not vary significantly between the
two media. Bacteria were grown without aeration at
370C, usually in 10 ml ofmedium in 18-mm-wide tubes.
Growth of the cultures was monitored by measuring
the light scattering (Coleman nephelometer, 28) or by
determining the turbidity at 550 nm (1-cm cuvettes;
Zeiss spectrophotometer). Viable counts (colony-form-
ing units [CFU] per milliliter) were determined by
routine plating procedures on commercially available
5% sheep blood agar plates. In a few experiments, the
bacteria were "dechained" by vigorous stirring (2 x 2
min) with a tissue homogenizer (Tekmar Co., Cincin-
nati Ohio) before plating.

Antiserum prepared against strain F9OA (group H
reference strain) was kindly provided by Maclyn
McCarty. Antigens from the nine strains (grown in
THB) were extracted by the autoclave method of
Rantz and Randall (25) and tested against the antise-
rum by capillary precipitation assay and single-dimen-
sion agarose gel diffusion.

Antibiotics. The antibiotics used in these experi-
ments were: benzylpenicillin (Eli Lilly & Co., Indian-
apolis, Ind.); 3-fluoro-2-deutero-D-alanine and a deriv-
ative of D-cycloserine {(D-4-[(2-oxo-3-pentene-4-yl)-
amino]-3-isoxazolidinone, sodium salt), used in com-
bination Both of these drugs and cefoxitin were ob-
tained from Merck Res h Laboratories (Rahway,
N.J.). Other drug used were cerulenin (Makor Chem-
icals, Jerusalem, Israel); chloramphenicol (Sigma
Chemical Co., St. Louis, Mo.); piperacilin (Lederle
Laboratories, Pearl River, N.Y.); oxacillin, cephalori-
dine, cephalexin, and cephalothin (Bristol Laborato-
ries, Syracuse, N.Y.); dicloxacillin (Wyeth Laborato-
ries, Philadelphia, Pa.); and meillinam (Leo Co., Bal-

lerup, Denmark). Stock solutions (usually in distilled
water) were stored at -200C. Penicill was pur-
chased from Calbiochem (La Jolla, Calif.).

Lytic enzymes. Human urinary lysozyme was pur-
chased from Worthington Biochemicals Corp. (Free-
hold, N.J.). Crude C-phage-assocated lysin was pre-
pared from 4-liter cultures of Cl phage-infected group
C streptococcal strain 26RP66; the enzyme was inac-
tivated with sodium tetrathionate and reactivated
with dithiothreitol by the method of Fishetti et al.
(9).

Susceptibility of the strains to benzylpenicil-
lin. The susceptibility of each of the nine straim to
benzylpenicillin was measured in a tube dilution assay.
Two-fold serial dilutions ofbenzylpenicillin were made
in tubes containing 0.5 ml of THB. An equal volume
of a cell suspension (0.5 x 106 to 1 x 106 CFU per ml,
prepared from an 18-h culture) was then added, and
the tubes were incubated at 370C for 24 h. The MIC
was recorded as the lowest concentration of antibiotic
preventing visible growth. The MBC (99.9% Illing in
24 h) was determined by streaking 10-pd samples from
the MIC tubes on plates containing 106 U of penicillin-
ase per ml. The addition of penicllinase was consid-
ered important to prevent inhibition of growth of the
survivors by residual penicillin.

Biosynthetic labelng ofcell walls. The bacterial
cell walls of the Wicky strain were radioactively la-
beled (in the murein and polysaccharide moieties)
with N-acetyl-D-[1-3HWglucosamine ([3H]GlcNAc; 4.7
Ci/mol; Amersham Corp., Arlington Heights, 11.), 5
#Ci and 0.3 ug per ml of growth medium (17).
The f3H]GlcNAc was added to an exponentially

growing culture at a ceR density of I07 CFU per ml,
and growth continued for 60 min. The bacteria were
harvested by centrifugation, washed once, and trans-
ferred to isotope-free medium for 15 min of incubation
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EFFECT OF A MUREIN HYDROLASE ON S. SANGUIS

at 370C. An antibiotic was added to a 10-ml portion of
the culture (4 x 107 CFU/ml), and incubation contin-
ued for 30 min unless otherwise stated. Cell walls were
prepared from the cell pellets (combined with cells
from 200 ml of unlabeled cultures which had been
identically treated) by a published procedure (22). The
cell walls were often extracted with 2% sodium dodecyl
sulfate at 80°C for 30 min, followed by extensive
washing.
Determination oflysin activity. Enzyme activity

was measured in the following manner: [3H]GIcNAc-
labeled cell walls (2.5 ug and 2.5 x 104 dpm) were
mixed with a portion of the enzyme in a final volume
of 250 id of lysis buffer (0.05 M sodium phosphate
buffer [pH 6.1] containing 5 mM mercaptoethanol and
5 mM ethylenediaminetetraacetate [EDTA]). After
incubation at 37°C, 50 Ml of 10% formaldehyde and 25
pl of 4% bovine serum albumin (Armour fraction IV)
solution were added, and the unhydrolyzed cell walls
were removed by centrifugation at 12,000 x g for 10
min in an Eppendorf microcentrifuge (Brinkmann Co.,
Teaneck, N.J.). Radioactivity released into the super-
natant fluid was assayed by placing a 200-jd sample
into 5 ml of Biofluor scintillation fluid (New England
Nuclear Corp., Boston, Mass.) and counting in a Mark
II scintillation spectrometer (Nuclear-Chicago Corp.,
Des Plaines, Ill.). One unit of lysin was arbitrarily
defined as the amount needed to release 50% of the
label from the cell walls after 15 min at 370C.
Enzymatic lysis of whole celis. Suspensions of

cells (4 x 107 CFU/ml) in lysis buffer or growth me-
dium were incubated at 37°C with 0.5 to 1.5 U of lysin
per ml, control cultures receiving an equal volume of
50mM dithiothreitol instead of lysin. Growth and lysis
of the cultures were monitored by measuring the light
scattering or the turbidity as described above. The
radioactivity released from bacteria prelabeled with
[3HIGlcNAc was determined with a 200-ul portion of
the supernatant fluids (see above).

Extraction procedures. The lipids were extracted
from cell pellets of strain Wicky by the procedure of
Ames (1). Lipoteichoic acid (LTA) was phenol ex-
tracted from a cell pellet (from a 16-h culture grown
in 3 liters of THB), precipitated, and washed free of
phenol with ethanol and diethyl ether as describ-
ed by Elliot et al. (8). The precipitated material
was dissolved in 0.5 ml of 0.05 M tris(hydroxy-
methyl)aminomethane maleate buffer (pH 7) (TM)
and treated with 40 ,ug of ribonuclease A, 190 U cf T,
ribonuclease (Sigma Chemical Co), and 10 ug of de-
oxyribonuclease I for 3 h at 37°C. The nuclease-treated
material was then applied to a column of Bio-Gel A-5
M (Bio-Rad Laboratories, Richmond., Calif.; 1.5 by 50
cm) and eluted with TM buffer. Fractions of 1 ml were
collected, and aliquots were assayed for LTA content
by the serological method of Ofek et al. (23). LTA-
containing fractions were pooled, dialyzed against dis-
tilled water, and lyophFiized.

Toluene and diethyl ether-treatment of whole
cells. Samples from a culture of Wicky (4 x 107 CFU/
ml) were mixed on a Vortex mixer for 10 s with 5%
toluene (vol/vol) or an equal volume of ether and
placed on ice for 10 min. The organic phase was
removed; then the cells were harvested by centrifu-
gation (17,000 x g) and washed twice with medium.

Pellets were resuspended in the original volume of
medium before testing for susceptibility to lysin. The
treated cells appeared intact under phase contrast
(Zeiss microscope fitted with a Planachromat 100/1.25
phase-contrast oil immersion objective).

RESULTS
Susceptibility of S. sanguis to benzylpen-

icillin. Figure 1 shows the effect of benzylpeni-
cillin on the growth and viability of three rep-
resentative strains of S. sanguis. Six additional
strains used in this investigation exhibited vir-
tually identical responses to the antibiotic (17),
i.e., inhibition of growth without significant lysis
and with an extremely slow decline in viable
titer indicative of the tolerance of this species to
penicillin.

In apparent contradiction to the slow loss of
viability demonstrated in the killing curves, de-
termination ofthe MBCs ofbenzylpenicillin usu-
ally gave values near or identical to the MICs if
the standard clinical assay was used: incubation
of cultures with low density of cells (5 x 105
CFU/ml) for 24 h with the antibiotic followed
by streaking aliquots on the surface of blood
agar plates. The MBC plates are then incubated
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FIG. 1. Effect of benzylpenicillin on the growth

and viability of three strains of S. sanguis in THB
medium. Growth was monitored by nephelometry.
Viable counts were determined on blood agar plates
as described in the text after a minirnum incubation
time of 48 h. Symbols: (0) control; (-) plus benzyl-
penicillin (20 x MIC).
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at 37°C for 24 h. However, we found that upon
prolonged incubation of the same plates (up to
72 h), a fairly large portion of the treated bac-
teria survived to form colonies (Table 1), result-
ing in a dissociation of MIC and MBC values in
all but one (Hn 995) of the strains. The MBC
value was also affected by the growth medium
used in the susceptibility assay, tending to be
much higher with complex medium (THB) than
with C+Y medium. However, this may merely
reflect the lower percentage of survival of these
bacteria in late stationary phase in the latter
medium (unpublished observation).
Sensitization of S. sanguis to C-phage-

associated lysin (lysin) in vivo. Growing cul-
tures of S. sanguis strain Wicky were resistant
to lysin added to the growth medium (up to 5
U/ml) but were lysed by the same enzyme in
buffer. In addition, we noted that penicillin pre-
treatment of the cells stimulated lysin-induced
protoplast formation in hypertonic buffer. These
observations suggested that penicillin treatment
might sensitize S. sanguis to exogenous lysin
added to the growth medium. This was in fact
found to be the case (Fig. 2). Addition of lysin to
the medium of penicillin-inhibited strain Wicky
induced cellular lysis and death (Fig. 2, curve 6),
although such irreversible effects were not ob-
served with either penicillin or lysin alone (Fig.
2, curves 2 and 5). Lysis of the bacteria by
penicillin plus enzyme could be demonstrated in
THB, C+Y (as shown), or brain heart infusion
medium (not shown). Pretreatment of cultures
with high concentrations (20 x MIC) of bacte-
riostatic antibiotics such as cerulenin (specific
inhibitor of fatty acid synthesis; 24) or chlor-
amphenicol partially antagonized both the bac-
teriolytic and bactericidal effects of penicillin
plus lysin (Fig. 2, curve 8).
The laboratory strains and the clinically iso-

lated strains were all treated in growth medium
(THB) with the combination of penicillin (200
x MIC) and lysin (1.5 U). Of the nine strains,
six (Challis, Blackburn, Wicky, Re 3852, Ws, and
Yg 4295) were completely lysed within 2 h of
incubation at 370C (but not by lysin alone)
(Table 1); one (F90A) was partially lysed in the
same time period; and two (On 1899 and Hn 995)
were not lysed at all and were also resistant to
the enzyme when suspended in lysis buffer (data
not shown). The antigenic extracts (see Materi-
als and Methods) prepared from these latter two
strains were the only ones which failed to yield
a visible precipitate with anti-F90A serum. The
differences in the responses of the strains to the
antibiotic and enzyme mixture as well as the
antigenic differences probably reflect heteroge-
neity within the species which has been well
documented elsewhere (5, 6). Interestingly, suis-
ceptibility or resistance in lysis buffer to the
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FIG. 2. Bacteriolytic and bactericidal effects of
benzylpenicilin treatment ofS. sanguis strain Wicky
in the presence of C-phage-associated lysin and an-
tagonism ofthese effects by ceruleninpretreatment of
the culture. Ten-millilitersamples ofan exponentialy
growing culture in C+Ymedium received benzylpen-
icillin (1 pg/ml) at zero time, followed by addition of
150 i1 of lysin (1.5 U/ml). Control cultures (minus
lysin) received 150 pd of 50 mM dithiothreitol. Ceru-
lenin was added 5min beforepenicillin. The numbers
refer to the experimental sampls as follows: (1) con-
trol; (2) plus lysin alone; (3) plus cerulenin; (4) plus
cerulenin and lysin; (5) plus penicilin; (6) plus peni-
ciUin and lysin; (7)plus cerulenin andpenicilin; and
(8) plus cerulenin, penicillin, and lysin. Growth, lysis,
and viability were determined as described in the
legend to Fig. 1.
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phage-associated lysin was one of the attributes
used to classify strains of S. sanguis into types
I, II, and heterogeneous type by R. Cole and co-
workers (5).

Specificity of sensitization to C phage-
associated lysin. Figure 3 illustrates the close
correlation between the extent of lysis and kill-
ing in the Wicky strain by the enzyme and the
concentration of penicillin. Significant sensiti-
zation to the lysin in vivo (detected either as
decrease in light scattering or loss of viability
during a 4-h period at 37°C) required relatively
high concentrations of the drug. In addition,
lysis commenced after a considerable lag (30 min
or more, depending on the dose). Therefore, the
dose response and kinetics of lysis by the enzyme
plus penicillin are distinct from those of the
previously reported secretion phenomenon (16,
17); however, sensitization to lysin (like the drug-
induced secretion) seemed to be specifically re-
lated to inhibition of murein synthesis as indi-
cated below.

Several antibiotics were tested at 5 x MIC or
more for their capacity to sensitize the Wicky
strain to the lysin (Fig. 4). Several cephalospo-
rins and bacitracin were even more effective
sensitizing agents than penicillin when com-
pared on the basis ofMIC values. Other cell wall
inhibitors that were also active were cephalo-
thin, oxacillin, dicloxacillin, and a combination
of fluoro-D-alanine and a D-cyclosenne denva-
tive (data not shown). Two notable exceptions
were the beta-lactams mecillinam and piperacil-
lin, which were weakly active. These two anti-
biotics were tested at 20 x MIC for their ability
to stimulate secretion of glycerol-labeled mac-
romolecules as described elsewhere (17); both
were active in this respect, but less so than
penicillin or the cephalosporins used (data not
shown).

Specific inhibitors of ribonucleic acid and pro-
tein syntheses (rifampin and chloramphenicol)
were virtually inactive in sensitizing the bacteria
to enzymatic lysis. Chloramphenicol actually an-
tagonized penicillin-mediated sensitization, as
did cerulenin (Fig. 2). The mechanism for the
low level of sensitization obtained with mito-
mycin C, a specific inhibitor of deoxyribonucleic
acid synthesis, is not clear at the present time.
Mechanism of sensitization to the lysin.

The following set of experiments was done in an
attempt to explore the mechanism of the sensi-
tization phenomenon (Table 2). Methods other
than antibiotic treatment were tested for possi-
ble sensitizing activity. Freezing and thawing a
culture caused "transient" susceptibility to the
lysin (i.e., an initial reduction in turbidity fol-
lowed by resumption of growth). Sodium deox-
ycholate and EDTA [but not ethylene glycol-
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FIG. 3. C-phage-associated lysin-mediated lysis

and killing of S. sanguis strain Wicky with various
concentrations of benzylpenicillin ranging from 1 to
100 x MIC. The numbers represent the concentration
of antibiotic expressed as multiples of MIC values.
Symbols: ( ) control samples minus enzyme;
(--) plus lysin (1.5 U/ml). Growth, lysis, and viable
titers were measured as described in the legend to
Fig. 1.

bis(f1-aminoethyl ether)-N,N-tetraacetic acid]
were more or less as effective sensitizing agents
as penicillin. Brief extraction with ether or tol-
uene was by far the most effective treatment in
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FIG. 4. Response of S. sanguis strain Wicky to various metabolic inhibitors in the presence of C-phage.
associated lysin. Numbers represent the concentrations of the drugs expressed in multiples ofthe MIC values.
The MICs for the antibiotics (detennined as described in the text) were as foUows: benzylpenicillin, 0.05 pg/
ml; cephalexin, 10 pg/ml; mecillinam, 8 pg/ml; piperacillin, 0.05 pg/ml; cephaloridine, 0.02 pg/ml; bacitracin,
25 pg/ml; cefoxitin, 3 pg/mi; chloramphenicol, 3 pg/ml; rifampin, 0.1 pg/ml; and mitomycin C, 0.1 pg/ml.
Symbols: (-, -) control samples minu enzyme; (- - -, +) plus enzyme (1.5 U/mi). Growth and lysis were
determined as described in the legend to Fig. 1.

eliciting sensitization: virtually complete lysis
occurred within 30 min of incubation with the
lysin.
A series of experiments was done to measure

the susceptibility of cells (prelabeled in their cell
walls with [3H]GlcNAc and subsequently
treated with penicillin or chloramphenicol for 30
min in growth medium) to a limiting amount of
lysin in buffer. Differences in the rates of lysis
were detected (order of decreasing rates: peni-
cillin-treated > control > chloramphenicol-
treated bacteria). However, when the treated
and control cells were subsequently exposed to
a cycle of freezing and thawing, they all lysed
with comparable rates during incubation with
lysin (Fig. 5A).

In some experiments, the degree and rate of
lysis (measured as drop in turbidity or release of
[3H]uracil-labeled cellular material) was com-

pared with the degree and rate of cell wall deg-
radation (measured by determining the release
of radioactive cell wall fragments). The findings
indicate that virtually complete lysis (as indi-
cated by optical clearing of the suspensions or
by the release of over 80% of intracellular, i.e.,
[3H]uracil-containing, radioactivity) was accom-
panied by a relatively limited degree of cell wall
degradation (30% of cell wall label released).

In another set of experiments, we compared
cell walls (purified by hot sodium dodecyl sulfate
extraction) prepared from control and penicillin-
treated cells for their susceptibility to limiting
concentrations of the phage-associated lysin.
The rates of hydrolysis (Fig. 5B) observed were
virtually identical, indicating that the penicillin
treatment did not cause the production of a
murein that would be grossly hypersensitive to
the action of the lytic enzyme. One should re-
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TABLE 2. Response of S. sanguis strain Wicky to C-phage-associated lysin: effect of various sensitizing
agents

Degree of lysis (% reduction in initial turbidity)

Pretreatmenta 0.5 h 1 h

-Lysin + Lysin -Lysin + Lysin

None _b
Benzylpencillin (10 #g/ml) 0 30 0 68
Deoxycholate (0.02%) 0 30 0 39
EDTA (5mM) 0 15 0 36
EGTAC (5 mM) - - - -

Freeze-thawd - 23 - 6
Ether (50%, vol/vol) 4 80 10 84
Toluene (5%, vol/vol) 3 80 7 84

a Bacteria were subjected to various treatments in growth medium at a cell density of 4 x 107 CFU per ml. All
treatments were at 37°C for 10 min except for ether and toluene extractions (10 s, 4°C) and freeze-thaw. Organic
solvents were removed by repeated washings with medium; all other substances were present throughout the
incubation (1 h at 3700). After addition of the lysin (1.5 U/ml) or an equal volume of 50 mM dithiothreitol for
control samples, growth or lysis was evaluated after 0, 0.5, and 1 h by measuring the turbidity at 550 nm in a
Zeiss spectrophotometer.

b _, Bacterial growth (ie., turbidity greater than at time zero).
'Ethylene glycol-bis(8-aminoethyl ether)-N,N-tetraacetic acid.
d Cultures were frozen by immersion in a Dry Ice-acetone bath (-40°C) and thawed immediately at 37°C.

This procedure was repeated five times.

member, however, that the cell walls used in
these assays contained the radioactive isotope in
the biosynthetically old portion of the cell wall.
A possible hypersensitivity of murein synthe-
sized during penicillin treatment can not be
ruled out by these experiments.
The basis for the resistance of normally grow-

ing cells to the lysin is not due to a lack in the
physical association between the enzyme and
the cells. The lysin could be adsorbed to the
surface of live cells in growth medium; the bac-
teria were then harvested and washed several
times. After resuspension in fresh medium, the
cells could be lysed by the addition of penicillin
(Fig. 6).
Potential inhibitors ofthe lysin. A possible

basis for sensitization could be penicillin-induced
release of an inhibitor of the lysin. Supernatant
fluids from cultures exposed to penicillin have
been tested with little success for lysin-inhibi-
tory activity. We also tested compounds known
to be released from the bacteria (LTA, lipids)
during penicillin treatment. These compounds
were tested in the standard in vitro enzyme
assay with a subsaturating amount of lysin but
were found to be relatively ineffective; 50% in-
hibition of lysin by either the unfractionated
lipids or by LTA required substantial quantities
(1.5 mg/ml). The inhibitory activity may have
been suppressed by the presence of EDTA in
the buffer (a sensitizing agent in vivo [Table 2]
but not essential for lysis in vitro [2]). Therefore
the tests were repeated, omitting EDTA (the

relative activity of the enzyme was reduced two-
fold). This increased the LTA-mediated inhibi-
tion of the lysin (80% inhibition by 1 mg of LTA
per ml); however, the quantities required were
still rather large (80% inhibition required 100-
fold excess of LTA over the amount of cell wall
on a dry weight basis) (Fig. 7).
Sensitization of S. sanguis to human ly-

sozyme in vivo. The following experiment was
performed to determine whether treatment with
penicillin in an analogous fashion could sensitize
the organism to human lysozyme. Figure 8 illus-
trates the results of such an experiment with
human urinary lysozyme. This enzyme had less
marked effects on penicillin-treated S. sanguis;
however, a degree of lysis was discernible in
cultures exposed simultaneously to penicillin
and lysozyme. Contrary to expectations, no kill-
ing was detected in these same cultures during
the 4-h time period, although a 10-fold-lower
survival rate was obtained after 20 h compared
with cultures plus penicillin alone (data not
shown). This failure to detect killing by lyso-
zyme and penicillin appeared to be related to
the dechaining effect of the enzyme. The CFU
in cultures exposed to lysozyme were consist-
ently twofold higher than in control cultures; if
these same cultures were subjected to vigorous
stirring as described in Materials and Methods
before plating, this difference in CFU was no
longer evident. When cells which had been ex-
posed to penicillin plus or minus lysozyme were
subjected to the same mechanical treatment be-
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and subsequent induction of lysis with benzylpenicil-
lin. Bacteria at about 4 x 1i7 CFU per ml were
exposed to the lysin (5 U/mi) in 4 ml ofC+Y medium
for5min at37°C and then for 15min at 4°C, collected
on a membrane filter (0.45 un), and washed twice
with the same volume ofmedium. After resuspension
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FIG. 5. Effect of lysin on whole cells (A) and cell
walls (B) of S. sanguis. (A) Bacteria which were
prelabeled with PHJGIcNAc and then treated with
either chloramphenicol (25 pg/ml) or benzylpenicillin
(1 pg/ml; pen) for 30 min (see the text) were resus-
pended in the original volume of lysis buffer (pre-
warmed at 37°C). C-phage-associated lysin (0.75 Ul
ml) was added to each sample, and incubation was
contined. Lysis was monitored by measwuring the
turbidity at 550 nm. The lower portion of the graph
indicates the release of radioactivity into the super-
natant fluids of the same samples. Symbols: (0) con-
trol cells; (0) penicilin-treated cells; (A) chloram-
phenicol-treated cells. The left side of the graph il-
lustrates the lysis of untreated cells; the right side
iUustrates lysis of cells subjected to five cycles of
freezing and thawing (see legend to Table 2). (B)
Control and penicillin-treated [3HJGleNAc-labeled
bacteria wereprepared as described above and com-
bined with identicaly treated carrier cells for the
isolation of ceU waUs (see the text). CeU waUs from
15-ml equivalents of the original cultures were sus-
pended in 1 ml of lysis buffer and exposed to 2 U of
lysin per ml (limiting). Solubilization of the radioac-
tivity was determined as described in the text. Sym-
bols: (0) ceU walls isolated from control culture;
(0) from penicillin-treated culture. The ceU waUs on
the right-hand side were a crude preparation (iso-
lated from disrupted ceUs by differential centrifuga-
tion and treated with deoxyribonuclease and ribo-
nuclease). Those on the left side were trypsinized,
then heated in 2% sodium dodecyl sulfate as de-
scribed in the text.
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FIG. 7. Inhibition of the lysin by LTA isolated

from the Wicky strain. Enzyme activity was measured
in the standard assay (except thatEDTA was omitted
from the buffer) with PHJGlcNAc-labeled cell walls
as substrate. LTA at concentrations indicated was
preincubated with the ceU waUs for 5min at 4°C. Ten
microliters of lysin was then added, and the mixture
was kept at 4°C for an additional 5 min before it was
shifted to 37°C and incubated for 30 min. Approxi-
mately 50% of the total label was released in the
control samples. Release in the presence of LTA is
expressed as percentage of this amount.
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FIG. 8. Bacteriolytic and bactericidal effects of

benzylpenicillin treatment of S. sanguis strain Wicky
in the presence of human lysozyme. Ten-milliliter

samples of an exponentially growing culture in C+Y

medium received penicillin (10 pg/mi) followed by 60

pg of lysozyme per ml. Symbols: (0) no antibiotic;

(0) plus penicillin; (-) no ly-sozyme; (-- ) plus

lysozyme. Growth, lysis, and viabke titer were mea-

sured as described in the legend to Fig.)1 except that

1-mi samples were stirred for 2 x 2 min on a tissue

homogenizer before plating order to dechain the

bacteria.

fore plating, a definite decline in viability was

apparent only in the sample which had received

lysozyme (Fig. 8).

DISCUSSION

Normally growing cells of S. sanguis were

found to be resistant to the action of an exoge-

4..

nous murein hydrolase, the C-phage-associated
lysin. As indicated here, these bacteria were also

tolerant to benzylpenicillin and other cell wall
inhibitors (17). However, in seven of the nine
strains tested, the simultaneous addition of lysin
and a cell wall inhibitor sensitized the cells to
the action of the enzyme, eventually resulting in
lysis and cell death. Since antibiotics such as
rifampin, chloramphenicol, and cerulenin (which
act via entirely different mechanisms) were in-
effective sensitizing agents, the susceptibility of
the cells to the enzyme was not caused solely by
inhibition of growth but was somehow related to
inhibition ofmurein biosynthesis. Chloramphen-
icol or cerulenin in fact antagonized the lethal
effect of benzylpenicillin plus enzyme. In many
respects, therefore, the phenomenon described
here (referred to from now on as "sensitization")
is reminiscent of the typical response of wild-
type lysis-prone bacteria to penicillin (13, 21, 26,
30). Additionally, both the degree of autolysis
and the effectiveness of sensitization to exoge-
nous lysin are proportional to the concentration
of the antibiotic; increasing the concentration of
the drug increases the rate of lysis and death
and decreases the time at which these are ap-
parent (29).

Further exploratory experiments were done to
probe the mechanism of this sensitization and
its other possible similarities to drug-induced
autolysis. It was found that purified cell walls
from penicillin-pretreated and from nonnal cells
were lysed at identical rates by an equal quantity
of lysin, indicating that penicillin did not cause
a gross alteration in murein structure, making it
a better substrate for the lysin. However, a lo-
calized change in murein structure, perhaps in
the growth zone, cannot be excluded at present.

Diverse treatments, including mechanical dis-
ruption of growing cells, freezing and thawing,
brief toluene or ether extraction, and addition of
EDTA, were all found to make cells susceptible
to lysin in growth medium. It is of interest that
all of these treatments would be expected to act
on the cytoplasmic membrane rather than on
the cell wall. In contrast, the primary target of
the sensitizing antibiotics is known to be the cell
wall. Therefore, sensitization by physical and
chemical treatments versus by antibiotics may
have completely different mechanisms.
On the other hand, treatment of S. sanguis

with any effective cell wall inhibitor (whether
"early" or "late" inhibitor) induced massive se-
cretion of membrane components (i.e., LTA,
lipid; 16, 18). Furthermore, simultaneous inhi-
bition of protein and cell wall biosynthesis re-
duces secretion of membrane components. In-
terestingly, these are the very treatments which
antagonize the sensitizing effect of cell wall in-
hibitors. In view of these facts, it seems possible
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that the mechanisms of sensitization by antibi-
otics and by the physical and chemical treat-
ments may have a common basis. We propose
as a working hypothesis that sensitization to
exogenous murein hydrolases is caused by loss
of protective factors that in normally growing
bacteria block the lysin (or lysozyme)-sensitive
sites within the murein structure. Our model
assumes that the width of the murein is pene-
trated or interdigitated by nonmurein material
(which could possibly include LTA, lipid, or
other membrane components) that functions as
an effective blocking agent. However, based on
evidence presented here (see Fig. 6), such hy-
pothetical blocking components do not appear
to prevent attachment of lysin to the surface of
normally growing bacteria. Since a variety of
conditions (i.e., mechanical disruption, organic
solvents, and other reagents) renaer S. sanguis
cells susceptible to the lysin but do not neces-
sarily induce secretion to membrane compo-
nents (data not shown; 16, 17), we suggest that
sensitizing conditions may cause removal of
blocking agents either by physical loss to me-
dium (16-18) or by disruption of a topographical
arrangement of blocking factors and cell wall
essential for the protection of the murein.
The above model is similar to a previous

model proposed to explain the autolysin-trigger-
ing effect of cell wall inhibitors on pneumococci
(31). In that bacterium, autolysin-defective mu-
tants can be made susceptible to wild-type au-
tolysin during treatment with those antibiotics
presumably because these drugs also cause se-
cretion of a specific autolysin inhibitor (the
Forssman antigen or lipid-teichoic acid) among
other surface components. As in the secretion
phenomenon described above, penicillin-in-
duced release of this autolysin inhibitor as well
as sensitization to homologous wild-type enzyme
were antagonized by inhibition of protein syn-
thesis (31). Later investigations have implicated
LTA and phospholipids (i.e., cardiolipin) of
gram-positive bacteria as important in the neg-
ative control of autolysin activity (3, 4, 15). Sim-
ilar negative control of autolysins has been pro-
posed in Bacillus subtilis by Glaser and Lindsay
(12). In this organism, the autolytic enzymes
catalyze cell wall turnover but are prevented
from lysing the cells. The authors hypothesized
the existence of murein-protective material that
penetrates a critical width of the cell wall (12).
The location of LTA molecules in the plasma

membrane (19) and their massive release from
gram-positive bacteria during inhibition of mu-
rein synthesis (17, 18) make them plausible can-
didates as elements which protect the murein in
normally growing cells from enzymatic attack by
either endogenous or exogenous lytic enzymes.

ANTIMICROB. AGENTS CHEMOTHER.

In the case reported here, significant inhibition
of the C-phage lysin in an in vitro assay required
extremely tugh concentrations of LTA. How-
ever, these negative results may represent tech-
nical difficulties in attempting to reconstruct the
topography which exists in vivo with these am-
phipatic molecules.
The endogenous murein hydrolases of gram-

negative Escherichia coli can be triggered by
certain beta-lactam antibiotics and a variety of
other treatments (EDTA, trichloroacetic acid,
etc.) of whole cells. This triggering has been
interpreted in terms ofdamage to an anatomical
barrier (i.e., cytoplasmic membrane) presumed
to separate endogenous enzymes from their sub-
strate in living bacteria (14). The latter idea is
analogous but not identical to our proposed
mechanism for sensitization of S. sanguis to the
lysin since, in our case, the enzyme attacks from
the outside.
Our basic finding is that a normally lysis-de-

fective, penicillin-tolerant bacterium can be
made to respond to penicillin in a manner typical
of susceptible, highly autolytic bacteria by the
simple addition of a heterologous lytic enzyme
to the growth medium. Conversely, many treat-
ments (i.e., detergents) which trigger autolysin
in lytic bacteria also sensitize S. sanguis to ex-
ternally added enzyme. Therefore, this system
may be useful as a model in further experimen-
tation on the mechanism of action of beta-lac-
tams and other cell wall inhibitors. It also lends
support to a previous hypothesis that the toler-
ant response of this organism is due to a natural
deficiency in autolysin (17) and further supports
the notion that lytic enzymes may play a central
role in mediating the irreversible effects of cell
wall inhibitors (26, 29).
The penicillin-induced sensitization of S. san-

guis to human (urinary) lysozyme raises the
possibility that the penicillin may act synergis-
tically with host factors during the course of an
infection. This speculation is a particularly in-
triguing one in the case of streptococcal endo-
carditis, since the cure of endocarditis is usually
assumed to require chemotherapy with an effec-
tive bactericidal antibiotic (27). Each one of the
five clinical isolates (originating from patients
with postoperative endocarditis) exhibits var-
ious degrees of penicillin tolerance in the exper-
iments described here, indicating that for these
bacteria in test tube cultures, penicillin is not an
effective bactericidal agent. Yet, medical records
indicate that each of the patients was effectively
cured by benzylpenicillin chemotherapy. It is
conceivable that in vivo, within the infected
host, the penicillin treatment sensitizes the path-
ogens to some host factors, perhaps in a manner
analogous to the in vitro sensitization effect de-
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scribed here. This synergistic action, rather than
the chemotherapeutic agent on its own, would
then be responsible for the in vivo elimination
of these penicillin-tolerant bacteria.
The idea that penicillin may increase suscep-

tibility of the bacteria to host defense mecha-
nisms is not a new one. Particularly important
are the pioneering investigations of Warren and
his colleagues, who have already documented a
number of cases in which treatment of staphy-
lococci with nafcillin made these bacteria sus-
ceptible to exogenous lytic enzymes (32) and to
phagocytes (10). Friedman and Warren reported
that cyclocillin treatment of E. coli has sensi-
tized these bacteria to the antibody-mediated
bactericidal effect of complement (11). Addi-
tional reports indicate that penicillin pretreat-
ment can increase the susceptibility of staphy-
lococci to leukocyte factors (7) and to phagocy-
tosis (R. D. Root, R. E. Isturitz, and J. A. Met-
calf, Abstr. Annu. Meet. Am. Soc. Microbiol.
1979, A5, p. 1).
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