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The penicillin-binding proteins (PBPs) of Streptococcus pyogenes and two of its derived, stabilized (i.e.,
nonreverting) L forms, an osmotically fragile L form and a physiologic isotonic L form, were compared. The
numbers of PBPs in the membranes of these organisms were 6, 4, and 2 for the coccus and the osmotically
fragile and physiologic isotonic L forms, respectively. Likewise, the relative amounts of total PBPs were 1.00:
1.48:0.32 for this coccus and the osmotically fragile and physiologic isotonic L forms, respectively. The two
largest PBPs (PBPs 1 and 2) of the coccus were absent in both L forms, while the smallest PBPs (PBPs 5 and
6) were found in all three membranes. Deacylation (half-life) of three of the four PBPs in the osmotically fragile
L form membrane required a significantly longer time than did deacylation of these presumed identical
enzymes in the parental coccal membrane. Conversely, there was no such difference between the only two PBPs
of the physiologic isotonic L form and the same coccal membrane proteins. Intact cells of all three organisms
secreted PBPs and what appeared to be penicilloic acid and a minimal amount of free penicillin. A greater
amount of these PBPs was secreted by both L forms than by the coccus. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis patterns and ratios of secreted PBPs were identical to those from labeled membrane
preparations. These differences are correlated with some of our previous findings and are discussed in terms
of inhibition of cell wall synthesis and resulting membrane changes in these two derived, stabilized coccal L
forms.

A considerable body of information has been gathered on
the inability of stabilized L forms of Streptococcus pyogenes
to synthesize a rigid bacterial cell wall. These studies have
included morphological, biochemical, and enzymological
pursuits using L forms requiring a hypertonic environment
for growth as well as those able to grow on all physiologic
isotonic media which support growth of the parental coccus.
Some of these studies have been recently reviewed (14). An
earlier study had focused on the defective synthesis of lipid
intermediates for peptidoglycan in an L form of this coccal
pathogen. It concluded that the inability of this L form to
synthesize a cell wall in vivo was, in part, due to its failure
to form significant quantities of the lipid substrates needed
for peptidoglycan formation. But evidence indicated that this
lesion might also be at the enzymological level (15).

Penicillin-binding proteins (PBPs) are considered penicil-
lin-sensitive bacterial enzymes involved in terminal stages of
cell wall formation (1, 5, 17, 18, 21). To our knowledge, a
detailed study aimed at documenting differences in these
particular enzymes in a coccal pathogen and its resulting L
forms had not been documented previously. Therefore, this
study compares changes in these PBPs within a nephritogen-
ic S. pyogenes, type 12, and its stabilized osmotically fragile
and physiologic isotonic L forms. These findings substanti-
ate an earlier belief (15) that an enzymological lesion exists
in the membrane of the L form. Also, this defect may very
well be a significant contributing factor in the inability of
these coccal L forms to resynthesize a rigid bacterial cell
wall.

MATERIALS AND METHODS

Organisms and media. S. pyogenes type 12 and two of its
derived, stabilized (i.e., nonreverting) L forms were used:
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the osmotically fragile L form, which requires a final con-
centration of 3.5% (wt/vol) NaCl for growth; and the phys-
iologic isotonic L form, which grows in all media with 0.85%
(wt/vol) NaCl. All cells were grown in 2.8% (wt/vol) brucella
broth (Pfizer Diagnostics, Brooklyn, N.Y.) with the appro-
priate concentrations of NaCl for growth of the L forms and
with and without 0.8% (wt/vol) bovine serum albumin frac-
tion V (Armour Pharmaceutical Co., Chicago, Ill.). All cells
were incubated at 37°C and harvested at their mid- to late
logarithmic phases of growth (see below).
Growth curves. Appropriate, freshly prepared liquid media

(50 ml; see above) in 125-ml Erlenmeyer flasks equipped
with optically matched sidearm tubes were inoculated with
an overnight culture of the coccus or derived L forms. The
inoculum sizes were 5% (vol/vol) and 10% (vol/vol) for the
coccus and L forms, respectively. Growth at 37°C was
assessed by turbidity (optical density [OD]; Spectronic 20;
Bausch & Lomb, Inc., Rochester, N.Y.) at 480 nm. Viable
counts (CFUs) were performed by using the appropriate
liquid media, which contained 1.5% (wt/vol) purified agar
(no. 0140-01; Difco Laboratories, Detroit, Mich.). The pH of
all media was 7.2. For subsequent changes in growth or
survival in media without albumin, cells were obtained by
centrifuging (12,000 x g, 10 min, 4C) mid-logarithmically
growing cultures (50 ml) of each organism and washing all
cell pellets (2 x 10 ml) with their appropriate media but
without albumin. Cells were then suspended in the same but
prewarmed medium (50 ml), and changes in OD and CFUs
were monitored with time as before.
The mid-logarithmic phase of growth and generation time

for each organism were determined from growth curves of
change in CFUs with time in media with albumin (see
above). Under these growth conditions, the generation times
for S. pyogenes and for both L forms were 25 and 90 min,
respectively (see Fig. 3A-C).
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Membrane preparations. Late-logarithmically growing
streptococcal (500 ml) and L-form (1,000 ml) cultures were
harvested by centrifugation (12,000 x g, 10 min, 4°C) in a
Sorvall centrifuge. Each cell pellet was washed twice with
ice-cold 50 mM sodium phosphate buffer (pH 7.2) by cen-
trifugation, frozen in dry ice-acetone, and stored at -80°C
overnight. Cells were ruptured in an X-press (all cells from
each culture suspended in 10 ml of the same buffer), with
resulting >90% and 99% breakage for streptococci and L
forms, respectively, as determined by light microscopy.
Unbroken cells were removed by centrifugation (12,000 x g,
10 min, 4°C), and each supernatant fraction was subjected to
high-speed centrifugation (100,000 x g, 30 min, 4°C) in a
Spinco ultracentrifuge (Beckman Instruments, Inc., Fuller-
ton, Calif.) for the collection of crude membrane prepara-
tions. Each membrane preparation was adjusted to a protein
concentration of approximately 10 mg/ml in the buffer de-
scribed above and stored at -80°C until needed.
Membrane penicillin-binding assay. The procedures of

Dougherty et al. (3) for the detection and degree of satura-
tion of PBPs with [3H]penicillin were used with some mod-
ification. Thawed membranes (200 pLg of protein) of each
organism were added to different concentrations of [3H]
penicillin in phosphate buffer, and the final volume was
adjusted to 60 [LI with the same buffer. After incubation of all
samples in a water bath (37°C, 10 min), the reaction was
terminated by the addition of 10 RI of 20% (vol/vol) Sarkosyl
with continued incubation at room temperature for 20 min.
Next, 20 RI of lysis buffer (7) was added to each sample.
After 3 min in a boiling water bath, all of each sample was
loaded onto polyacrylamide slab gels.
SDS-PAGE. Gels were prepared and treated as described

by Dougherty et al. (3) except that they were dried on a
Drygel SR Slabgel dryer model SE1160 (Hoeffer Scientific
Instruments, San Francisco, Calif.). Gels were stained with
Coomassie brilliant blue before being dried. After drying,
these PPO (2,5-diphenyloxazole)-impregnated gels were ex-
posed to presensitized (Safelight filter, Wratten series no. 1A
with 25-W white bulb at 60 cm; Eastman Kodak Co.,
Rochester, N.Y.; 8 s, established by trial and error) Kodak
X-Omat R X-ray film (5) for from 24 to 72 h, except where
noted, at -70°C. All developed films were scanned by using
the Ultroscan XL laser densitometer from LKB Bromma,
Sweden. Image digitization was done directly from these
radioautographs of sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels. PBP molecular
weights were determined by using SDS-PAGE molecular
weight standards (catalog no. 161-0304; Bio-Rad Laborato-
ries, Rockville Center, N.Y.) applied adjacent to the sam-
ples.

Secretion of PBP by intact coccal and L-form cells into
culture medium. [3H]benzylpenicillin (30 ,ug [0.5 ,ug/ml] was
added to a mid-logarithmic culture (60 ml) of each organism,
and incubation continued for 15 and 45 min for the coccal
and L-form cultures, respectively. Cultures were then cen-
trifuged (12,000 x g, 10 min, 4°C), and all cells were washed
(twice) to constant specific activity with the appropriate
ice-cold growth medium, without albumin, to remove resid-
ual (i.e., unbound) labeled penicillin. Cells were then sus-
pended in the same albumin-lacking medium and returned to
the incubator (37°C). Portions (10 ml) were taken immedi-
ately (zero time), and at hourly intervals, the cells were
removed by centrifugation (12,000 x g, 10 min, 4'C) and an
equal volume of cold acetone was added to the spent
medium. The protein precipitate which resulted after 1 h in
the cold (ice) was collected by centrifugation (12,000 x g, 10

min), and the pellet obtained was air dried, suspended in 50
,u of lysis buffer, and boiled for 3 min before SDS-PAGE.
All fractions (i.e., cells, aqueous supernatant, acetone pre-
cipitate, and acetone-medium supernatant) from each sam-
ple were surveyed for accountability of the radioactivity
initially added. Trichloroacetic acid (5% [wt/vol]) was added
to all radioactive acetone-medium supernatants, and the
resulting supernatant and precipitate were counted. Only the
former continued to be radioactive. Also, these supernatants
were reduced to near dryness by evaporation with nitrogen,
and the remaining aqueous portion was removed by lyophi-
lization. The remaining dried residue was suspended in
KPO4 buffer (1 ml), and a 60-pA portion was taken and added
to 20 plA of physiologic isotonic L-form membrane prepara-
tion (prepared as described above; protein concentration, 10
mg/ml). After incubation at 37°C for 15 min, the reaction was
stopped by Sarkosyl, lysis buffer was added, and the mixture
was boiled in preparation for SDS-PAGE, as described
above. In addition, another portion of acetone-medium
supernatant was removed and treated in identical fashion
except that L-form membranes (200 jig) together with la-
beled penicillin (0.5 ,ug) were added. All gels were dried,
exposed to X-ray film, and analyzed as described above.

Deacylation of PBPs. Deacylation experiments were per-
formed exactly as has been described (7) by using labeled
and nonlabeled penicillin. Half-lives were calculated using a
least-squares linear regression method, with a best-fit line
beginning at time zero and (see Fig. 4B) including the
acylation portion of the curve.

Assays, antibiotics, and reagents. Protein was determined
by the method of Lowry et al. (9) by using bovine serum
albumin as the standard. Freshly prepared [3H]benzyl-
penicillin (ethylpiperidinium salt; 28 Ci/mmol) was a gift
from A. Tomasz. Nonradioactive benzylpenicillin was ob-
tained from GIBCO Laboratories, Grand Island, N.Y. Sar-
kosyl NL97 was purchased from ICN Pharmaceuticals Inc.,
Plainview, N.Y. All ingredients for SDS-PAGE were ob-
tained from Bio-Rad Laboratories.

RESULTS

SDS gels and titration curves. Figure 1 illustrates the
number of PBPs within coccal and L-form membranes and
the extent of their separation by SDS-PAGE. As is apparent,
the coccus contained six PBPs, whereas the osmotically
fragile and physiologic isotonic L forms had only four and
two PBPs, respectively. As a control, membranes from
mid-logarithmically growing cultures of S. pyogenes in os-
motically fragile L-form medium (i.e., with 3% NaCl [wt/
vol]) gave the same membrane pattern and concentrations of
PBPs (Fig. 1A and Table 1) as those of coccal membranes
from cells grown in medium without this added NaCl.
A comparison of the titration curves of labeled penicillin

binding by each of the PBPs within the membranes of the
coccus and its two derived L forms as a function of antibiotic
concentration is shown in Fig. 2A through C. Whereas all of
the PBPs within the coccal (Fig. 2A) and physiologic isotonic
L-form (Fig. 2C) membranes became saturated when titrated
with labeled penicillin, PBP 6 in the membrane of the
osmotically fragile L form (Fig. 2B) did not. The MIC of
penicillin for the parental coccus is indicated (Fig. 2A). As
expected, both L forms were insensitive to greater than
1,000 ,ug of this antibiotic per ml.

Properties of PBPs. Table 1 compares some of the proper-
ties of the PBPs detected within the membrane of S. pyo-
genes and two L forms. The PBPs of the coccal membrane
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FIG. 1. (A) Digitized image of SDS-PAGE of PBPs in coccal and L-form membranes labeled with [3H]penicillin. Each column represents

results from 200 ,ug of membrane protein. Lanes: 1, streptococcus; 2, osmotically fragile L form; 3, physiologic isotonic L form. The resulting
position for each of the molecular weight standards is indicated. Shaded areas correspond to minor components between PBPs 1, 2, and 3
indicated in panel B. (B) Tracing of gel showing degree of resolution of coccal PBPs 1, 2, and 3 by laser densitometry.

exhibited a wide range of molecular weights; the membranes
of both L forms were devoid of the highest-molecular-weight
proteins in the coccus, i.e., PBPs 1 and 2. Also, while the
physiologic isotonic L form contained only two PBPs, both
of the low-molecular-weight variety, the osmotically fragile

TABLE 1. PBPs in S. pyogenes and derived L-form membranes

% Penicillin bound byb:
PBP Mol wt Osmotically Physiologic

Coccus fragile L form isotonic L form

1 118,000 29 0 0
2 114,000 16 0 0
3 79,000 20 36 0
4 66,200 6 33 0
5 48,000 25 28 79
6 44,000 4 3 21

a Molecular weights were determined after concomitant use of standards
(see Materials and Methods).

b Determined after exposure to a saturating concentration of 3H-penicillin
(0.5 ,ug) for 15 min.

L form had four PBPs. Low-molecular-weight PBPs 5 and 6
were present in the membranes of all three organisms. The
relative amounts of total PBPs within the membranes of
these three organisms, as determined after saturation with
labeled penicillin (with one exception; see above and Fig. 1)
were 1.00:1.48:0.32 for the coccus and the osmotically
fragile and physiologic isotonic L forms, respectively. Fi-
nally, the PBP with the highest molecular weight in each of
these membranes possessed the greatest amount of radioac-
tivity.
Albumin was added to all media for the initial growth of

these three organisms (Fig. 3A-C). It should be emphasized
here that albumin binds penicillin and extensive washes are
required for its removal from subsequent membrane prepa-
rations (T. J. Dougherty, personal communication). This
was confirmed when albumin (Mw, 66,200) within the mo-
lecular weight standards mixture became the most radioac-
tive when labeled penicillin was added to this commercial
preparation. In addition, albumin comigrated with PBP 4 of
the parental coccal and osmotically fragile L-form mem-
branes (Table 1). Additional extensive washing of each of

A

PBP 1
PBP 2
PBP 3
PBP 4

PBP 5
PBP 6

Front
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these three labeled membrai
total membrane protein, eac
each time with 5 ml of phosp
decrease in radioactivity. Al

min, the physiologic isotonic
4 (Table 1 and Fig. 1). This

absence of albumin as deduced by lack of radioactivity or
mic positive staining in gels of PBPs from the membrane of the

same L form, proves that the method used for obtaining and
preparing these three membranes was adequate for the
removal of all traces of medium albumin. Therefore, PBP 4
detected in the coccus and its osmotically fragile L form is
not residual albumin.

Deacylation of penicilloyl-PBP complexes in labeled mem-
branes. Figure 4A through C illustrates that deacylation of

A2Ĉ ,_ the various PBPs in each of the membranes examined was
1A / * -not linear (for an exception, see below) over the period of

-<-' examination. The ratio of total band densities at zero time
for these different membranes is not the same as has already
been indicated above. These data were obtained from dif-

.01 .1 1 10 ferent gels, and, as is known, band densities vary from gel to
in conc. (gg/mi) gel. Of particular interest here was the apparent variability indeacylation by the various PBPs within the same membrane

as well as by the same PBP compared within each of the
different membranes. Differences in the rates (half-life) of
deacylation of the various PBPs could not be related (i) to
differences in the generation time of the intact organisms, (ii)
(in the L forms) to differences in the concentration of NaCl
needed for growth, or (iii) to differences in the molecular
weights of these PBPs. Of note were the comparative
linearity and increased half-life (i.e., slower deacylation) of
the four PBPs, as well as an apparent increase in acylation
before deacylation for PBPs 3 and 4, in only the osmotically

A, fragile L form (Fig. 4B). The deacylation rates for the two
PBPs of the physiologic isotonic L form (Fig. 4C) were
markedly different from rates observed when these enzymes

_ wr were present in the membrane of the osmotically fragile L
form and compared with those of the coccus (Fig. 4A). r

.01 .1 1 1 0 (correlation coefficient) values were 0.87 to 0.97 for the six
PBPs of the coccus, 0.82 to 0.94 for the four PBPs of the

ni conc. (jig/mi) osmotically fragile L form, and 0.81 and 0.89 for the two
PBPs of the physiologic isotonic L form.
As indicated, a perplexing problem was the continued

acylation (even after addition of ample cold penicillin),
before deacylation of some of the PBPs in only the osmoti-
cally fragile (3% [wt/vol] NaCl) membranes. It was sug-
gested that membranes obtained by use of the X-press may
lead to predominately "inside-out" (i.e., inverted) mem-
brane vesicles, as opposed to sonication, which results in
scrambled vesicles (11-13, 16). Under these conditions, the
possibility remained that cold penicillin might be greatly
retarded in its penetration of these inside-out vesicles to
terminate binding of labeled antibiotic (Dougherty, personal
communication). Therefore, these osmotically fragile L-
form membrane preparations were also subjected to sonica-
tion before addition of labeled and unlabeled penicillin and

.01 .1 1 1 0 then subjected to SDS-PAGE. This was accomplished with a
n conc. (jig/ml) sonifier (model LS75; Branson Sonic Power Co., Danbury,
H]penicillin binding by the various Conn.) equipped with a miniprobe (5-A setting) by three
1 L-form membranes. A total of 200 successive treatments in ice, each of 4 to 5 s duration. The
each organism was used for each results obtained with these X-press plus sonication-treated
(A) Streptococcus; (B) osmotically membranes remained the same (i.e., without added sonic
sotonic L form. MIC of penicillin is treatment, as shown in Fig. 4B, PBPs 3 and 4).
cus. Symbols: 0, PBP 1; A, PBP 2; Secretion of PBPs by intact coccal and L-form cells into the
;, PBP 6. growth medium. Initial studies which used growth media

with albumin were unsuccessful because of the inability to
ne preparations (i.e., 15 mg of detect or resolve labeled PBPs electrophoretically within the
:h washed 4, 8, and 10 times, massive precipitates which resulted from this protein. How-
)hate buffer) failed to show any ever, use of prelabeled and washed coccal and L-form cells
lso, although grown with albu- suspended in medium without albumin (see Materials and
L-form membrane lacked PBP Methods) was successful. Because of nutritional differences
observation, coupled with the between the parental coccus and these L forms, the latter do

9%
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FIG. 3. Growth of S. pyogenes and derived L forms in media with (A through C) and without (A' through C') albumin. Coccal and L-form

cells were labeled with [3H]penicillin for 15 and 45 min, respectively, at the mid-logarithmic phase of growth in medium with albumin (arrow)
before being harvested, washed, and suspended in the same volume of prewarmed medium without albumin. (A and A') Streptococcus; (B
and B') osmotically fragile L form; (C and C') physiologic isotonic L form.

not grow continuously without albumin in this growth me-
dium. Comparisons in Fig. 3A and A' show that while
medium without albumin did not drastically affect growth
(OD and CFU) of the coccus, a significant change was
observed with both L forms. For example, growth of the

osmotically fragile L form without albumin (Fig. 3B and B')
was affected most, showing only a minimal increase in OD
and CFUs over the duration of these experiments. Also,
under these same growth conditions the physiologic isotonic
L form (Fig. 3C and C') required approx 2.5 h to initiate cell
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FIG. 4. Deacylation of PBPs. (A) Streptococcus; (B) osmotically
fragile L form; (C) physiologic isotonic L form. A total of 200 ,ug of
membrane protein from each organism together with labeled fol-
lowed by nonlabeled penicillin was used. At times indicated, sam-
ples were removed and subjected to SDS-PAGE and fluorography to
measure labeled PBPs remaining.

division even though the OD of such cultures was increasing
at an almost constant rate during this time period and
thereafter. Finally, the OD and CFUs of all cultures with
albumin harvested at the mid-logarithmic phase of growth
was duplicated when the cells from such cultures were
washed and suspended in the same volume of prewarmed
medium without albumin (Fig. 3A through C versus A'
through C'). Thus, the washing procedure (see Materials and
Methods) used to minimize albumin carry-over during these

transfer experiments was not obviously detrimental to these
irganisms.
Figure 5A through C compares the secretion of PBPs plus

a labeled low-molecular-weight material(s) by these intact
coccal and L-form cells in medium without albumin in the
absence of any added cold penicillin. L-form morphology, as
observed by dark-phase light microscopy, remained normal,
and there was no decrease in viable count over the course of
these experiments (4 h). Corresponding changes in OD and
CFUs over this same time are illustrated in Fig. 3A' through
C' (i.e., zero time in Fig. 5A through C is equivalent to 3.5
and 5.5 h for coccus and L forms, respectively, in Fig. 3A'
through C'). In each case, 100% represents the initial radio-
activity within each organism of not less than 1.1 x 105 cpm.
The total radioactivity accounted for within the various
fractions (Fig. 5) at the conclusion of each experiment was
always greater than 96% of that incorporated initially. As is
apparent, a greater amount of PBPs was secreted by these L
forms than by the parental coccus. However, this secretion
by all three organisms ceased after 1 h of incubation. The
increase in secretion of labeled PBPs and low-molecular-
weight material was accompanied by an equal but opposite
decrease in the total cellular radioactivity within these
organisms. Gel electrophoresis patterns of the PBPs se-
creted by these organisms were identical to those from their
respective labeled membranes (see above). Likewise, the
ratio for the various PBPs being secreted was the same as
that within the membrane of each of these organisms. Both
L forms secreted more of the labeled, low-molecular-weight
material than did the parental coccus (Fig. 5A through C).
This material could not be examined by SDS-PAGE because
of the much greater concentration of protein in the medium,
which resulted in the formation of an insoluble coagulum
upon boiling in lysis buffer, and because of an inability to
sufficiently dilute this medium without also decreasing its
radioactivity below limits detectable by using presensitized
X-ray film. Finally, and irrespective of source, this low-
molecular-weight material could not be precipitated with
trichloroacetic acid (5%, wt/vol).
To determine the nature of this low-molecular-weight

material, physiologic isotonic L-form membrane fragments
were added to labeled spent acetone-medium supernatants
and the mixture was treated as in the penicillin-binding
assay. The resulting SDS gels were subjected to radioautog-
raphy which required at least 1 week for visualization (see
Materials and Methods). Only a single weak band, corre-
sponding to that of PBP 5, was always observed. The
intensity of this band was considerably less than that for this
PBP when membrane preparations were examined. This
lesser radioactivity probably accounts for the inability to
detect the secretion of the remaining PBP (PBP 6) of this L
form; PBP 5 exceeds the amount of PBP 6 in the membrane
of this L form by a ratio of nearly 4:1 (Table 1). Finally,
addition of labeled penicillin to these reaction mixtures
resulted in the same PBP pattern as for the membranes of
this L form described earlier (i.e., labeled PBPs 5 and 6
only). The broken beta-lactam ring of penicillin is not
regenerated upon deacylation of the penicilloyl-PBP com-
plex (5). Therefore, released penicilloic acid is not capable of
reacylation. Likewise, binding of labeled penicillin by bo-
vine serum albumin does not open the beta-lactam ring.
These facts and our collective findings indicate that the
labeled low-molecular-weight material being released by
these intact cells is probably penicilloic acid together with a
minute amount of intact, labeled penicillin.

Neither nonspecific binding of [3H]penicillin nor the ap-
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pearance of additional radioactive bands with time, indica-
tive of labeled penicillin decomposition, was observed over
the course of these studies. The radioactive patterns ob-
tained were highly reproducible, with only PBPs being
labelled.

DISCUSSION

These studies show that the number and relative concen-
trations of the various PBPs within the coccal membrane
changed with loss of cell wall synthesis. They also show that
these changes are not constant but vary among the mem-
branes of different L forms from the same parental coccus. It
had been established previously that these two stabilized
(i.e., nonreverting) L forms are completely devoid of all cell
wall material. Thus, inhibition of cell wall formation in these
L forms is accompanied by a loss of certain PBPs. Whether

2.0 3.0 4.0 these PBP changes are representative of inhibition of cell

ie (hours) wall formation at a common point or, instead, are an
expression of multiple stages of inhibition within a given
L-form population was not determined. However, these
changes are reminiscent of previous findings after conver-
sion of bacteria to their L forms. It was found that a
biochemically heterogenous L-form population may result,
with respect to sites of blockage, in the ability of the
population to synthesize the rigid cell wall (4, 20). Finally,
these results also indicate, as expected, that acylation of all
PBPs is not fatal to these two coccal L forms. A similar
finding after acylation "of most of the PBP's" was recently
reported for a pneumococcus (19).
The data presented here suggest that PBPs 1 and 2 are

responsible for, or are involved in, cell wall synthesis in this
parental S. pyogenes, since they are absent in the two L
forms. Thus far, PBPs are known to carry out only two basic
reactions that are sensitive to penicillin, transpeptidation
and carboxypeptidation (5, 21). The absence of rigid cell2.0 3.0 4.0 wall, but not nucleotide precursor (14), synthesis in the L

ie (hours) form probably negates a need for these two high-molecular-
weight PBPs. This may, in turn, represent a method of
conserving energy needed for the synthesis of now useless
proteins by the stabilized L forms. In addition, the absence
of two other PBPs (PBPs 3 and 4) in only the physiologic
isotonic L form indicates that changes in addition to, or
after, adaptation of growth to physiologic isotonic environ-
ments have occurred at the subcellular level. Also, the
difference in the total number of PBPs (Table 1) between the
two L forms is probably not due to a selection process
because of differences in growth rates, since the generation
time of both L forms is 90 min (see Materials and Methods).
The continued presence of low-molecular-weight PBPs 5 and
6 in both L forms is probably vestigial and, although these
PBPs are capable of acylation by penicillin, may be func-
tionally insignificant to the L form. However, their presence
may become meaningful if they are found to exhibit trans-

2.0 3.0 4.0 peptidase or carboxypeptidase activity. For example, it
would answer the question whether these activities diminish
or are totally absent in a resulting physiologic isotonic coccal

intact S. pyogenes and derived L form. Bacteria can synthesize the rigid cell wall and grow
hout albumin. Zero times corre-
ccal and L-form cells at their without the need of a total complement of wall-synthesizing
of growth in media with albumin enzymes (1, 22).
nded in media without albumin In a study of gram-negative organisms and their derived
tesults). (A) Streptococcus; (B) protoplast L forms (no cell wall and stable, i.e., irreversible),
ysiologic isotonic L form. Sym- it was shown that L forms from two strains of Proteus
secreted low-molecular-weight mirabilis lacked a particular PBP (PBP 4, a DD-carboxypep-

tidase/transpeptidase) compared with the parental organisms
(10). It was concluded that this omission might be a reason
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for the inability of these L forms to synthesize peptidoglycan
and to revert to the normal bacterial state. Similarly, PBP 4
was also lacking in a stable protoplast L form of another
proteus, Protelus vulgaris (6). By comparison, the mycoplas-
mas, which are morphologically very similar to bacterial L
forms, are devoid of all PBPs (10).
The relative insensitivity (i.e., low affinity) of the low-

molecular-weight PBPs in gram-positive organisms to peni-
cillin has been noted (21). However, in the present study, a
difference in sensitivity was observed for, presumably, the
same PBP (PBP 4) within the coccal and osmotically fragile
L-form membranes. Likewise, while a high-molecular-
weight PBP (PBP 2) from parental S. pyogenes type 12 was
relatively insensitive to penicillin in vitro, a possibly related
PBP (PBP 2 a+b; average Mw, 81,500) from S. pyogenes (T4/
56) was most sensitive to this antibiotic (7). Therefore,
sensitivity or high affinity to penicillin may be related not
only to M, but also to the membrane environment contain-
ing it (see below). In this regard the increased affinity for
penicillin of PBP 4 in only the osmotically fragile L form is
particularly noteworthy if, as suggested in this paper, it is
not involved in cell wall formation in S. pyogenes type 12.
The molecular weights of the PBPs of this parental coccus
were similar, but not identical, to those of another S.
pyogenes examined earlier (7).

Previously, studies in this laboratory had investigated the
lipid intermediates for peptidoglycan synthesis in the osmot-
ically fragile L form included in the present study (15). These
enzymatic studies revealed that the membrane of this L
form, compared with that of the parental S. pyogenes,
lacked phosphokinase and transferase activities. Also, it was
not possible to conclude whether the specific lesion in this L
form existed at the level of enzyme molecules or endogenous
lipid substrates. But it was clear that this membrane was
unable to form significant levels of lipid intermediates for
peptidoglycan synthesis from exogenous nucleotide sub-
strates. As already indicated, PBPs 1 and 2 are probably
involved in cell wall synthesis in S. pyogenes type 12.
Therefore, loss of these PBPs may allow for L-form genesis
and probably accounts for the defective synthesis of the lipid
intermediates for peptidoglycan synthesis detailed earlier for
the osmotically fragile coccal L form (15). In any event,
these collective data now establish that lack of cell wall
synthesis in these coccal L forms is due, at least in part, to
a change at the enzymatic level.
The present study confirms the results of Gutmann et al.

(7) that unusually stable complexes of PBPs with penicillin
do not occur in S. pyogenes. This has now been extended to
two of its derived L forms. However, the average rate of
deacylation of the PBPs in the membrane of the osmotically
fragile L form was considerably slower, by 2.8-fold, than
that of the physiologic isotonic L form and parental coccal
membranes, suggesting a greater penicilloyl-PBP complex
stability in this osmotically fragile L form. Electron reso-
nance spectroscopy analyses of these same membranes had
established a very marked difference in their lipid chain
rigidity; the order is physiologic isotonic L form > osmoti-
cally fragile L form > parental coccus (2). The extreme
variance in the half-lives of three of the four PBPs observed
within the osmotically fragile L-form membrane versus
half-lives of these presumed same PBPs in the parental
coccal membrane may be directly related to this difference in
membrane lipid chain rigidity. A result of this change may be
this longer half-life for most (but not all; e.g., PBP 5) of the
penicilloyl-PBP complexes beca,use of the different mem-
brane environment surrounding these particular PBPs. How-

ever, the continued acylation, before deacylation, of certain
PBPs within the osmotically fragile L-form membrane, even
after addition of copious amounts of nonlabeled penicillin,
cannot be due to the type of vesicles resulting (i.e., not a
penicillin accessibility problem) in these membrane prepara-
tions (see Results) and, at present, remains unexplained. It
had been established that deacylation rates for PBPs of S.
pyogenes are comparable when measured in isolated mem-
branes and whole cells (7).
The greater secretion of PBPs by intact cells of the two L

forms than that of parental coccal cells was not dependent
upon continued cell division or on the addition of exogenous,
unlabeled penicillin. The amount of PBPs released by the
parental coccus remained minimal even though growth con-
tinued. Also, lack of albumin did not increase these secre-
tions by the L forms. The amount of PBPs, penicilloic acid,
and minimal free, labeled penicillin released remained con-
stant in the presence or absence of added albumin. Albumin
was omitted only to facilitate obtaining successful PBP gel
electrophoresis patterns (see Results). As already men-
tioned, the membrane of the osmotically fragile L form
contained a significantly higher content of PBPs than did the
membranes of the parental coccus and its physiologic iso-
tonic L form. Therefore, the possibility that the elevated
PBP content in this membrane is due to the increased
osmolarity needed for growth of this L form cannot be
denied, even though no such change resulted when the
parental coccus was grown in osmotically fragile L form
medium (see Results). But it is unlikely that this need for an
increased osmolarity accounts for the two additional PBPs
present in the osmotically fragile L form compared with the
PBP content of the physiologic isotonic L form. Neverthe-
less, the amounts of PBPs secreted by both intact L forms
remained similar, suggesting a greater retention by the
osmotically fragile L-form membrane. The cessation of
secretion of PBPs, penicilloic acid, and free penicillin by all
three organisms after 1 h was probably due to the absence of
added nonlabeled penicillin.
Two consecutive defects in cell wall synthesis have been

demonstrated in the derived, stabilized coccal L form, a
decrease in the necessary lipid intermediates and, now, the
probable loss of the subsequent transpeptidation reaction
because of loss of certain required coccal PBPs.
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