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The autolytic capacity of Streptococcus faecium (S. faecalis ATCC 9790)
varied during synchronous cell division. This phenomenon was initially observed
in rapidly dividing populations (TD = 30 to 33 min) synchronized by a combination
of induction and size selection techniques. To minimize the problems inherent
in studies of cells containing overlapping chromosome cycles and possible artifacts
generated by induction techniques, the autolytic capacities of slowly dividing
populations (TD = 60 to 110 min) synchronized by selection only were examined.
Although the overall level of cellular autolytic capacity was observed to decline
with decreasing growth rate, sharp, periodic fluctuations in cellular autolytic
capacity were seen during synchronous growth at all growth rates examined. On
the basis of similar pattems of cyclic fluctuations in autolytic capacity of cultures
synchronized by (i) selection, (ii) amino acid starvation followed by size selection,
and (iii) amino acid starvation followed by inhibition of DNA synthesis, a link
of such fluctuations with the cell division cycle has been postulated.

Bacterial cell division obviously requires co-
ordination and regulation of many processes,
including those related to chromosome replica-
tion and to various aspects of cell surface en-
largement. Although the factors which are di-
rectly responsible for the regulation of cell divi-
sion have not yet been precisely identified or,
for that matter, sorted out from the very large
number of factors which can indirectly affect
morphogenesis and division, it seems highly
likely that the bacterial cell surface is a key
element in bacterial cell division. Certainly, the
regulation of the assembly, modification, and
degradation of the principal shape-maintaining
wall component, peptidoglycan (PG), is essential
for surface enlargement and division.
Many bacterial species contain PG hydrolase

activities which, under appropriate conditions,
can cause cellular lysis (5a). The presence of
such activities in rapidly growing cultures led
to the long-standing idea that precisely regu-
lated PG hydrolase activities may play a role(s)
in surface growth and division (18, 23, 28), and
a number ofpotential functions for PG hydrolase
activities have since been proposed (5a). Re-
cently, data have been obtained which suggest
that enzyme activities involved in PG hydrolysis,
assembly, and/or modification can vary with
respect to the cell division cycle in E. coli (1, 7,
8, 14, 16, 17, 30).

Streptococcus faecium (S. faecalis ATCC

9790) is particularly amenable to studies on PG
hydrolase activity and wall growth. In this spe-
cies, cell division occurs in only one plane (12);
wall expansion results from localized equatorial
assembly of precursors (11-13); the wall com-
ponents do not turnover during growth (2); and
only a single, autolytic PG hydrolase activity,
an N-acetylnuramoylhydrolase, seems to be
present (26). This PG hydrolase activity is pri-
marily associated with newly synthesized wall
(25) and provokes cellular lysis by dissolution
of wall at nascent septa (10, 15). In this study,
we have examined the capacity of synchronized,
slowly growing and dividing populations of cells
to autolyze when placed in an appropriate buffer.
Slowly growing cells were used to minimize over-
laps in replicating chromosomes and in the ini-
tiation of new septal wall growth sites. Evidence
is presented that cyclic variations in cellular
autolytic capacity occur during the cell division
cycle of S. faecalis.

MATERIALS AND METHODS
Growth of cultures. For all experiments, S. fae-

cium (S. faecalis ATCC 9790) was grown at 37°C in
a chemically defined medium (22) containing L-tryp-
tophan at 20 Ag/ml to reduce chain formation (27).
The medium was filter sterilized before use (0.45-um-
diameter pore size). Specific growth rates were ob-
tained by adjusting the glutamic acid concentration
in the absence of glutamine (28). With S. faecium,
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growth rate in this medium is proportional to gluta-
mate concentrations of up to 50 jig/ml (28). Further-
more, growth of glutamate-limited cultures, under the
conditions used, is balanced in terms of DNA, RNA,
protein, PG, and lipid synthesis (P. Lancy, Jr., Ph.D.
dissertation, Temple University, Philadelphia, Pa.,
1976).

Exponential-phase cultures grown at a doubling
time (TD) of 31 to 33 min were kept at 0 to 4°C and
maintained as inocula by weekly transfer. Slowly
growing cultures were obtained by transferring a
1:10,000 dilution of the inoculum into growth medium
containing the desired quantity of glutamate. This
culture was then grown at the desired rate to mid-
exponential phase, chilled, and used for 1 week.
Growth was monitored turbidimetrically at 675 nm

in a Coleman 14 Universal spectrophotometer (Cole-
man Instruments, Maywood, Ill.) in optically cali-
brated tubes (22). Optical density readings were ad-
justed to agree with Beer's Law according to Toennies
and Gallant (22) and expressed as adjusted optical
density (AOD). One AOD unit of exponential-phase
cells (TD = 31 to 33 min) is equivalent to 0.39 jig of
cellular dry weight per ml.

Cultures were inoculated with freshly grown, mid-
exponential-phase cells to an initial AOD of 1 to 5
and underwent at least five to six doublings in turbidity
before the beginning of an experiment. Occasionally,
growing cultures were diluted with prewarmed me-
dium to allow an additional one to two doublings
before the beginning of an experiment. Cultures grow-
ing at TDvalues longer than 31 to 34 min were generally
maintained between 150 and 300 AOD by the periodic
addition of prewarmed medium containing the same
glutamate concentration as originally present in the
culture. This was done to insure maintenance of bal-
anced exponential growth of these cultures (L. Danee-
Moore, unpublished observations).

Gradient selection. Cells were fractionated by
centrifugation on sucrose gradients to obtain the
smallest, presumably youngest cells in the population
using a modification of the technique of Mitchison
and Vincent (19). Discontinuous, exponential sucrose
gradients were prepared 1 h before use as follows. A
filter-sterilized solution of 35% (0.98 M) sucrose (Pfan-
stiehl Laboratories, Waukegan, Ill.) in 0.1 M sodium
phosphate, pH 6.9, was diluted with 0.1 M sodium
phosphate, pH 6.9, to obtain six solutions of sucrose:
15, 19, 22, 24.5, 25.5, and 26.5%. Twelve-milliliter layers
of each concentration were pipetted gently and se-
quentially, beginning with the highest concentration,
onto 12 ml of a 35% sucrose cushion into cellulose
nitrate or polycarbonate centrifuge tubes (30 by 160
mm).

Cells from 250 ml of exponential-phase (250 to 260
AOD) or valine-starved (70 min; about 300 AOD; see
below) cultures were chilled to 0°C, sedimented (3,000
x g, 15 min), and resuspended in 2 ml of 0.1 M sodium
phosphate, pH 6.9 (28,000 to 30,000 AOD/ml), mixed
vigorously with a Vortex mixer for 1 min, further
disaggregated in a Sonicator water bath (30 to 45 s),
and then layered on a gradient. Gradients were cen-
trifuged in an International no. 269 head at 2°C at
3,000 rpm for 7 min and then 2,000 rpm for 11 min.

After removal of the top 10 to 15 ml of clear sucrose,
the next 5 ml of the visible cell band was removed
and added to 50 ml of fresh, prewarmed growth me-
dium. For exponential-phase cultures, the 5-ml frac-
tion usually contained about 14 to 16% of the cellular
turbidity added to the gradient (8,000 to 9,000 AOD),
yielding an initial AOD of 145 to 155 in the resulting
55 ml of culture. In many experiments, larger initial
cultures and multiple gradient tubes were used.

Valine starvation. Cultures were grown at a TD
(turbidity) of 70 to 80 min to about 300 AOD; the
cells were harvested by tiltration (0.65-,um-diameter
pore size), washed twice with 5.0 ml of prewarmed
growth medium lacking valine, and resuspended in
the same final volume of medium lacking valine as
that used for growth. The entire procedure took 2 to
5 min, with recovery of 80 to 95% of the initial cellular
turbidity.

Inhibition of DNA synthesis following valine
starvation. For these experiments, after incubation
for 70 to 75 min in minus-valine medium, hydroxy-
phenylhydrazinopyrimidine (HPUra) (0.5 x 10' M,
final concentration) and valine (200 tig/ml) were
added, and the incubation at 37°C was continued for
25 min. This concentration of HPUra selectively pre-
vented DNA synthesis for 30 to 40 min (unpublished
results). The culture was again filtered, washed twice
with 10.0-ml portions of prewarmed fresh growth me-
dium containing valine and lacking HPUra, resus-
pended in twice the volume of fresh growth medium
(150 to 200 AOD), and incubated at 37°C.

Cell counts. At intervals, 0.1-ml samples of cultures
were added to 0.4 ml of 10.4% Formalin at room
temperature. Cells were always counted immediately
after an experiment was completed. After thorough
agitation, 0.05 ml was added to a 30-ml plastic cup,
and 10.0 ml of 0.9% sterile, nonpyrogenic saline was
pipetted rapidly into the cup. At least two counts (and
in many cases a second dilution and two more counts)
were taken and averaged on each sample, using a
Coulter Counter model B (Coulter Electronics, Chi-
cago, Ill.) equipped with a 30-,um-diameter orifice and
settings of 1/aperture current = 0.707, 1/amplification
= ½, lower threshold = 6, and upper threshold = 105.
The number of particles was maintained between 5,000
and 15,000 by dilution with a known volume of saline
to avoid coincidence as particles passed through the
orifice. The net number of counts was multiplied by
the dilution factor (10,000) to obtain the approximate
number of cell units per milliliter of culture.
Determination of cellular autolytic capacity.

As described previously (21), samples yielding 250 to
300 AOD/ml in 6 ml of buffer were pipetted into an
approximately equal volume of double-distilled water
at 0°C. After chilling for 15 to 30 s, the cells were
filtered (0.65-jLm-diameter pore size), washed three
times with distilled water at 0 to 4°C, resuspended in
6.0 ml of 0.3 M sodium phosphate, pH 6.5, with Vortex
mixing, and placed in a 37°C water bath. Turbidity
at 675 nm was monitored and the rate of cellular
autolysis was determined from a logarithmic plot of
turbidity loss with time. The slope of the exponential
curve was used as the (pseudo) first-order reaction
rate constant (k) in reciprocal hours.
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RESULTS

Relationship of the turbidity of exponen-
tially growing cultures to the expression
of cellular autolytic capacity. Previous stud-
ies (24) suggested that the rate of autolysis of
cells from rapidly growing (TD = 33 min) expo-
nential-phase cultures varied with the turbidity
at which they were harvested. This phenomenon
was reinvestigated with exponential cultures
growing at doubling times close to, and some-
what longer than, the duration of the chromo-
some replication (C) and division (D) cycle (C
+ D = 75 to 77 min) in this organism (5a). For
the five growth rates examined, rates of cellular
autolysis remained constant between turbidity
values of 150 and 300 AOD (Fig. 1).
Effect ofgrowth rate on cellular autolytic

capacity. Cells from cultures growing at a TD =
95 min autolyzed more slowly than those grow-
ing at the faster rates (Fig. 1), and cells from all
cultures examined in these studies autolyzed
more slowly than those growing at faster rates
studied previously (23, 24, 26). Comparisons of
the autolytic rates of cells from balanced expo-
nential-phase cultures growing at a series of
different rates (Fig. 2) showed that cellular au-
tolytic capacity decreased with decreasing
growth rate. This relationship appeared to be
biphasic, with a more pronounced exponential
decrease in autolytic rates at TD values longer
than 85 or 95 min. Although a decreasing capac-
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FIG. 1. Rates of cellular autolysis as a function of
culture turbidity (AOD) during asynchronous expo-
nential growth. The symbols represent different ex-
periments at various slow growth rates (deternined
from turbidity [AODJ). TD = 70 min (A); 77 min (A);
75 min (V); 80 min (0, 0); 95 min (0, U). In the
latter two experiments, the open symbols represent
the cellular autolytic rate prior to a dilution, and
the closed symbols represent the rate after dilution.
The bar defines the variability in cellular autolytic
rate within the worst experiment (0, 0).
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FIG. 2. Relationship of rate of cellular autolysis
to the rate of growth (a) of balanced exponential-
phase cultures. The biphasic line was deternined by
exponential regressions through the points for TD
values between 33 and 100 min as well as 100 and
300 min. In each culture, growth rate was lirnited by
the glutamate concentration as described previously
(28).

ity of more slowly growing and dividing cells to
autolyze suggests a relationship between these
two factors (see Discussion), at present we have
no explanation for the apparent biphasic expo-
nential relationship. The changes in cellular au-
tolytic rate with growth rate were carefully
taken into account in all subsequent experi-
ments
Rates of cellular autolysis during growth

of synchronized cultures. Stepwise increases
in the capacity of cells to autolyze were consist-
ently observed in rapidly growing cultures re-
covering from 60 to 90 min of valine starvation.
Such cultures were also partially synchronized
for cell division as demonstrated by stepwise
increases in cell numbers. Synchrony of cell di-
vision was improved when the small cells of
valine-starved cultures were selected after gra-
dient centrifugation and permitted to regrow
(Fig. 3A). Again, stepwise increases in the ca-
pacity of cells to autolyze were seen (Fig. 3A).
The pauses in increase in rate of cellular autol-
ysis were observed at about the same time that
the increase in cell number showed a plateau
and commenced to increase again when cell di-
vision occurred. Such observations suggested a
possible relationship between cellular autolytic
capacity and cell division.
The chromosome replication time (C) in this

species was determined to be 50 to 53 min (10);
it is clear that cultures growing at a TD of 32 min
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contain overlapping chromosome cycles. To dif-
ferentiate between chromosome cycles, cultures
were grown at a TD of 55 min, starved of valine
for 70 min, and then regrown at a TD of 55 min.
Measurements of the capacity of cells to auto-
lyze during regrowth clearly showed a sharp
decrease in cellular autolytic capacity at about
the time that cell numbers plateaued (Fig. 3B).
Decreases in cellular autolytic capacity were
noted during both the first and second synchro-
nous divisions.
The decrease in cellular autolytic capacity

accompanying valine starvation (20), and which
accounted for the low rate of cellular autolysis
of the initial samples in the experiments shown
in Fig. 3, is also accompanied by numerous other
metabolic changes (24). Consequently, it was
deemed desirable to examine the autolytic ca-
pacity of cells synchronized simply by gradient
selection from exponential-phase populations.

Small cells selected from sucrose gradient-
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FIG. 3. Cellular autolytic rate in cultures synchro-
nized by valine starvation (70 min) and then selection
of small cells after sucrose gradient centrifugation.
(A) Cells growing in complete chemically defined
medium at a TDof 32 min uwre starved for valine
for 70 min, and small cells selected by gradient cen-
trifugation were regrown in complete medium. (B)
Cells growing at a TD of 55 min in a glutamate-
limited medium were -starved for valine and otherwise
treated as indicated above. The dashed line indicates
the rate of cellular autolysis (k) of an asynchronous
exponential culture growing at a TD of 55 min. The
tyipical rate of cellular autolysis for a mid-exponen-
tial-phase culture growing at a TD of 32 min is not
shown but would be about 3.5 h-'.
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FIG. 4. Cellular autolytic capacity of a gradient
selected synchronous population growing at a TD =
68 min. The bars denote the limits of variation pos-
sibly attributable to experimental error; the midpoint
of the bars is set at the average cellular autolytic
rate for this growth rate as estimated from Fig. 2.

fractionated cultures increased in cell number
in a synchronized fashion (Fig. 4). Cells taken
at various times during growth of such cultures
consistently and reproducibly showed cyclic
fluctuations in rates of autolysis which were far
in excess of those expected from chance varia-
bility. A small portion of the variability could
be attributed to the handling and centrifugation
of cells through sucrose gradients (R. Hinks,
Ph.D. dissertation, Temple University, Phila-
delphia, Pa., 1976). For example, samples taken
during the first few minutes of growth recovery
consistently autolyzed at slow rates. Similarly,
cells fractionated by sucrose gradient centrifu-
gation and recombined before regrowth also
showed an initially depressed capacity to auto-
lyze rapidly followed by an increase to the rate
expected for cultures growing exponentially at
that rate (R. Hinks, Ph.D. dissertation). After
reaching their maximum rate, cells from recon-
stituted cultures (TD = 73 min) failed to exhibit
fluctuations in cellular autolytic rates of the
magnitude shown in Fig. 4. Therefore, interpre-
tations of results are all based on observations
made after the initial rise in autolytic rates, and
emphasis has been placed on events that occur
in the second, presumably less disturbed, cell
division cycle. After the initial rise in autolytic
rate, fluctuations in cellular autolytic capacity
correlated extremely well with the cyclic in-
creases in cell numbers in cultures growing at a
series of different growth rates (Fig. 5; TD = 60
to 110 min) and with other events in the cell
cycle (R. Hinks, L. Daneo-Moore, and G. D.
Shockman, manuscript in preparation). Further-
more, other methods of synchronization of cell
division were also accompanied by fluctua-
tions in rates of cellular autolysis. Although rap-
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tained after valine starvation followed by gra-
dient fractionation (Fig. 6B), or valine starvation
followed by inhibition of DNA synthesis with
HPUra (Fig. 6A). In both cases, cyclic variations
in cellular autolytic rates closely resembled
those observed for the exponential-phase, gra-
dient-selected cells. Although some quantitative
differences were noted for synchronized cultures
obtained by all three methods, a generalized
picture of the relationship of cellular autolytic
capacity and cell division was observed. Gener-
ally, cellular autolytic activity declined sharply
during the time that cell numbers were not
increasing significantly (plateau), then increased
at the time of rapid rise in cell numbers, and
reached a maximum at about the beginning of
the next plateau in cell numbers.

DISCUSSION
A distinct and consistent pattern of cyclic

fluctuations in the capacity of cells to autolyze
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FIG. 5. Patterns of autolytic capacity ofgradient-
selected, synchronous populations growing at a series
of different rates. The cell number doubling times
are indicated on each panel. All other conditions are
identical to those of the experiment shown in Fig. 4.

idly growing cultures (TD = 33 min) could be
partially synchronized by 70 min of valine star-
vation (a required amino acid; 22), slowly grow-
ing cultures required additional treatments.
Reasonably well synchronously dividing pop-

ulations at TD values of 70 to 90 min were ob-
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during the cell division cycle was observed. Cel-
lular autolytic capacity generally increased dur-
ing the rise in cell numbers and declined during
the plateau. This pattern was observed not only
for synchronized populations selected by sucrose
gradient centrifugation grown at several differ-
ent growth rates (Fig. 4 and 5), but also for cells
synchronized by induction techniques (Fig. 3
and 6), one of which did not involve gradient
centrifugation (Fig. 6A). It therefore seems un-
likely that the overall pattern was due to arti-
facts induced by pretreatments. Furthermore,
the constancy of this oscillatory pattern sug-
gested a close coordination of autolytic capabil-
ity with other events in the cell division cycle.
The relationship of autolytic activity to wall
growth during the cell cycle will be examined
and discussed in a subsequent paper (R. Hinks
et al., in preparation).
Although the mechanism of this apparently

precise and rapid regulation of cellular autolytic
activity is currently unknown, several possibili-
ties can be considered. First, and least likely, is
the idea that these cycles result from changes
in rates of synthesis and degradation of the
autolytic enzyme itself. Such a series of events
seems unlikely because of the speed of the ob-
served changes and because of previously dem-
onstrated maintenance of levels of autolytic en-
zyme activity in disrupted cell preparations
when the capacity of intact cells to autolyze
decreased (20, 21). Second, and probably equally
unlikely, is regulation at the stage of proteinase-
catalyzed conversion of latent enzyme to the
active form. Again, the speed of responses and
observations that relative levels of the active
and latent forms both remain at previous levels
when the capacity of cells to autolyze decreased
substantially (20) are not consistent with pro-
teinase activation being the sole mechanism of
regulation. Furthermore, although cellular au-
tolytic capacity in the presence of 0.4 ,ug of
trypsin per mg of cellular dry weight at three
doubling times (33, 48, and 83 min) were each
about twice the rates observed in the absence
of trypsin, approximately proportional decreases
in rates of autolysis with increased doubling
times, similar to those shown for the same TD
values in the absence of trypsin, were seen (not
shown). Third is the possibility that some cyclic
mechanism may permit the more rapid hydrol-
ysis of the wall PG substrate or may permit the
hydrolysis offewer bonds to result in destruction
of cellular integrity. A topologically localized
change in the structure or thickness of the PG
which is later modified or repaired or in non-
PG wall polymers which can affect hydrolytic
activity could account for the observations. Ev-
idence that increases in the extent of peptide

cross-linking of PG of S. faecium occur after
assembly (6) and that cyclic changes in the
activity of enzymes considered to be involved
in PG assembly, modification, and hydrolysis
occur in Escherichia coli (8, 14, 16) are consist-
ent with such a hypothesis. Fourth, and perhaps
most likely, would be the cyclic influence of
effector molecules which influence the activity
of the autolytic enzyme. Such a mechanism is
particularly attractive because of the rapidity
and ease of reversibility of any action which
affects the activity of an enzyme as well as, in
this case, the necessity to regulate an activity
which resides outside of the cellular permeabil-
ity barrier (15). The speed of inhibition of cel-
lular autolytic capacity while cells retain full
levels of autolysin activity upon inhibition of
protein synthesis (20), and the very rapid recov-
ery of cellular autolytic capacity upon relief of
inhibition of protein synthesis (20), are consist-
ent with such a mechanism. Significant in this
respect are the observations that two classes of
membrane-associated compounds, lipoteichoic
acids (3-5) and certain lipids, notably diphos-
phatidylglycerol (3, 5), have been shown to in-
hibit the action of the N-acetylmuramoylhydro-
lase of S. faecium.

Regulation of cellular autolytic capacity via
the action of effector ligands on the activity of
the N-acetylmuramoylhydrolase has an addi-
tional attribute. Multiple roles for this enzyme
activity in surface expansion and modification
as well as in the final stages of daughter cell
separation have been postulated (2, 4, 5a). Dur-
ing the final stages of cell division, effector-me-
diated inhibition ofN-acetylmuramoylhydrolase
activity tightly bound to the inner wall surface
could result in a change from a surface expansion
mode of wall assembly to a mode resulting in
cross wall closure (24) without inhibiting enzyme
molecules bound to the outer wall surface that
are dedicated to a residual role in the final stages
of cell separation.
One or more of several factors could contrib-

ute to the observed decrease in cellular autolytic
capacity with decreasing growth rate. These fac-
tors include: (i) as growth rate decreases, total
autolysin content could be constant but a larger
fraction could be in the latent (proteinase-acti-
vatable) form, resulting in the expression of the
activity of fewer molecules in the active form.
This does not appear to be the case for cultures
growing at TD values between 33 and 83 min,
since rates of cellular autolysis in the presence
and absence of trypsin decreased in parallel (not
shown). (ii) If cellular autolytic capacity reached
a fixed maximum level for a constant time inter-
val in the cell cycle, then in an asynchronous
population, as the doubling time and the length
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of the cycle increased, a smaller fraction of cells
would contain the elevated level so that the
overall rate of cellular autolysis would decline.
The studies of populations dividing synchro-
nously at several rates (Fig. 5) showed that this
does not seem to be the case. Although cyclic
fluctuations were seen in all cultures, both max-
imum and minimum rates decreased with
growth rate. A short period of a high rate of
autolysis was not observed. (iii) The decrease
in cellular autolytic rate with decreasing growth
rate could be due to a change in amount or
susceptibility of wall substrate. Lancy et al.
(manuscript submitted for publication) showed
that the relative amount of cellular dry weight
accounted for as cell wall material increased as
growth rate decreased. Thus, it is possible that
the decreased rates of autolysis of cells might
be accounted for by a need to hydrolyze more
bonds to lyse each cell. Such a change in cellular
composition, accompanied by a slower rate of
overall protein synthesis and the consequent
slower synthesis and accumulation of autolysin
molecules, could account for the relationship
observed. (iv) The relative amounts of inhibitory
effector molecules in cells could increase as
growth rate decreases. Data (Lancy et al., man-
uscript submitted for publication) consistent
with increased levels of both cellular lipoteichoic
acid and lipids as growth rate is decreased have
been obtained. The relationship, if any, of the
mechanism regulating levels of autolytic activity
with growth rate to the mechanism of regulating
activity in the cell division cycle is, at present,
unknown. The evidence obtained so far suggests
that such a relationship would be, at best, indi-
rect.
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