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The rates of synthesis of peptidoglycan and protein during the division cycle of Salmonella typhimurium have
been measured by using the membrane elution technique and differentially labeled diaminopimelic acid and
leucine. The cells were labeled during unperturbed exponential growth and then bound to a nitrocellulose
membrane by filtration. Newborn cells were eluted from the membrane with fresh medium. The radioactivity
in the newborn cells in successive fractions was determined. As the cells are eluted from the membrane as a
function of their cell cycle age at the time of labeling, the rate of incorporation of the different radioactive
compounds as a function of cell cycle age can be determined. During the first part of the division cycle, the ratio
of the rates of protein and peptidoglycan synthesis was constant. During the latter part of the division cycle,
there was an increase in the rate of peptidoglycan synthesis relative to the rate of protein synthesis. These
results support a simple, bipartite model of cell surface increase in rod-shaped cells. Before the start of
constriction, the cell surface increased only by cylindrical extension. After cell constriction started, the cell
surface increased by both cylinder and pole growth. The increase in surface area was partitioned between the
cylinder and the pole so that the volume of the cell increased exponentially. No variation in cell density occurred
because the increase in surface allowed a continuous exponential increase in cell volume that accommodated the
exponential increase in cell mass. Protein was synthesized exponentially during the division cycle. The rate of

cell surface increase was described by a complex equation which is neither linear nor exponential.

There have been many measurements of the rate of cell
wall synthesis during the division cycle (25, 38, 54, 60, 64,
69), and although they differ in detail, they have generally
arrived at similar results. There is a continuous increase in
the rate of surface synthesis during the division cycle, with
some reports of peaking in the rate of synthesis near the end
of the division cycle. Much of the theoretical analysis of
these results has been directed toward distinguishing among
simple mathematical descriptions of synthesis such as expo-
nential or linear growth patterns or combinations of these (3,
14, 15, 20, 31, 35, 38, 39, 53, 55-59, 61-63, 70, 72, 73). In
addition, the rate of surface synthesis during the division
cycle has been determined by measuring the size and shape
of growing cells and deriving the rules of cell growth and the
rate of cell surface synthesis from these distributions (7, 12,
21, 24, 29, 45, 51-53).

The rate and mode of cell wall synthesis during the
division cycle of a gram-negative rod-shaped bacterium has
now been reinvestigated by measuring the rate of incorpo-
ration of diaminopimelic acid and leucine during the division
cycle of Salmonella typhimurium. There is evidence that the
modes of growth for different cells of the gram-negative
rod-shaped group (e.g., Salmonella and Escherichia spp.)
are similar (66). This allows the work performed here on
Salmonella spp. to be related to other work on Escherichia
coli. A number of years ago, we demonstrated that the
division cycle events of S. typhimurium could be analyzed
by the membrane elution technique. At that time, the pattern
of DNA replication during the division cycle was analyzed
(11). Another reason S. typhimurium was chosen for this
study was the finding that incorporation of diaminopimelic
acid into S. typhimurium is much more efficient than incor-
poration into E. coli (10), the organism used in most of the
earlier studies. Compared with S. ryphimurium, E. coli is
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relatively impermeable to diaminopimelic acid, even in di-
aminopimelic acid-requiring strains.

The experiments and analysis described here were stimu-
lated by the experiments and mathematical analysis of
Woldringh et al. (71). They demonstrated, using refined
autoradiographic techniques, a decrease in the rate of cell
wall synthesis in the cylindrical portion of the cell after cell
constriction starts. Their mathematical analysis proposed an
exponentially increasing increment in the total amount of
cell wall synthesis during the constriction period to make up
for the deficit of surface area synthesized before constric-
tion. Evidence is presented here for the constant relative
rate of increase of surface area to mass increase during the
preconstriction period. I propose a model for the partition of
wall syntheses between the pole and lateral wall during the
constriction period. This model is consistent with the con-
stant density of the cell and explains the decrease in the rate
of cylinder extension in constricting cells. The pattern of
synthesis of the cell wall, while simple to describe, is not
represented by any of the simple mathematical patterns that
have been considered as possible candidates for cell wall
synthesis.

MATERIALS AND METHODS

Bacterial strains. S. typhimurium 2616 (LT7 lys) was
obtained from Kenneth E. Sanderson of the University of
Calgary, Calgary, Alberta, Canada. It is 30 to 50 times more
efficient at incorporating diaminopimelic acid than a number
of E. coli strains examined (10). Diaminopimelic acid added
to this strain labels peptidoglycan exclusively.

Membrane elution method. Medium C (22) (6 g of
Na,HPO,, 3 g of KH,PO,, 2 g of NH,Cl, 3 g of NaCl, and
0.25 g of MgSO, per liter) supplemented with 0.2% glycerol
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and 40 pg of lysine per ml was used throughout. The bacteria
were grown at 37°C with rotary shaking for at least 15 h
before the start of an elution experiment. Exponentially
growing cells were labeled with [*H]diaminopimelic acid and
[**CJleucine for approximately 5% of the generation time (2
to 4 min for cells with a doubling time of 60 min). The cells
were filtered on a nitrocellulose membrane (Millipore Corp.,
Bedford, Mass.; GSWP), and the filter was washed with
prewarmed medium and inverted. Fresh warm medium was
then pumped through the membrane. After an initial release
of unbound and loosely bound cells, the eluate contained
only newborn cells released from the membrane by cell
division (8, 11, 22, 23). A fraction of each sample was taken
for a cell count with a Coulter counter. A larger fraction (4 to
5 ml) was taken for the determination of the amounts of
diaminopimelic acid and leucine incorporated. Since the
initial washing on the membrane removed unincorporated
radioactivity, the eluted material was counted without filtra-
tion. Control experiments indicated that there was no signif-
icant pool of unincorporated material in the cells eluted from
the membrane.

In the experiments presented below, the ratios of incor-
poration of different labels were studied in the cells eluted
from the membrane. Various rises and falls in this ratio were
interpreted in support of a particular model of cell surface
growth. The question thus arises as to whether the results
are reproducible and statistically reliable. In experiments
(unpublished) with E. coli and S. typhimurium with N-
acetylglucosamine as a label for cell wall, the results re-
ported here with diaminopimelic acid have been confirmed.
Further, tritiated leucine and carbon-labeled leucine gives a
ratio that is a flat line (standard deviation of 1%; maximum
deviation of 3%) when plotted (see Fig. 3 and 4). These
results indicate that the variations in the ratios when leucine
and diaminopimelic acid are the labels are not due to some
artifact of the labeling or analysis method. This experiment
also shows that the results are statistically valid, since the
reconstruction experiment, with differentially labeled leu-
cine, was done with the same number of cell and radioactiv-
ity counts that were present in the experiments presented
here.

Radioactivity sources and measurements. {1*C]leucine (450
pCi/mmol) was purchased from New England Nuclear
Corp., Boston, Mass. The [*H]meso-diaminopimelic acid
(36.5 Ci/mmol) was from Research Products International,
Mount Prospect, Ill. Scintillation fluids which are compatible
with water (Safety Solve; Research Products International)
allowed the counting of up to 5 ml of eluate without filtration
of the cells. A Beckman 3801 scintillation counter (Beckman
Instruments, Inc., Fullerton, Calif.) was used to count the
samples; this instrument corrected for quench in different
samples. The counts were also automatically corrected for
spillover of the tritium and carbon labels into the alternate
windows.

A comment on the methodology. Can one make a choice as
to the proper methodology for investigating biosynthetic
patterns during the division cycle? The method used here
has had a major success, and the model of DNA synthesis
which was derived using this methodology (9) has been
confirmed by an entirely independent methodology (65). 1
therefore suggest that the membrane elution method is a
suitable candidate for revealing the rate of cell surface and
mass synthesis during the division cycle.

The model. The basis for the model of cell surface increase
is a rod-shaped gram-negative bacterial cell that is approxi-
mated as a right circular cylinder capped with two hemi-
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spheres (Fig. 1, age 0). The cell age, a, of a cell during the
division cycle is 0.0 for a newborn cell and 1.0 for a cell at
division. Electron microscopic evidence indicates that in-
vagination of rod-shaped cells does not begin until later in
the division cycle (4, 37, 39, 71). In the first part of the
division cycle, before constriction starts, growth of the cell
surface occurs only by extension and elongation of the
cylindrical lateral wall (Fig. 1, ages 0.0 to 0.5). For any
extension of the cylinder to produce a given increment of
volume, for a constant cell diameter during the division cycle
(1, 49; see, however, reference 67), there is a corresponding
increment of surface area relative to that increase in volume.
The increments of surface and volume are shown in Fig. 1 as
contiguous sectors inserted into the cylinder, but the inser-
tion is actually diffuse and not localized as suggested by
Koch et al. (28, 36) on theoretical grounds and experimen-
tally by others (46, 60, 68, 71). Before constriction starts, for
each increment in cell volume there will be a corresponding
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FIG. 1. Illustration of the proposed model of cell growth. New-
born cells have a cylinder length (L) of 2 and a radius (r) of 0.5.
Before invagination, growth of the cell proceeds only by cylinder
growth. The shaded regions in the cell indicate the amount and
location (whether in the pole or the cylinder) of extension since the
previous cell. The width of the shaded area is drawn to scale. It
should be considered that cell growth is occurring throughout the
cylinder and not in a narrow contiguous band. Each shaded sector
indicates the increase in volume (AV) and surface area (AA). During
cylinder growth, the ratio of these two factors is constant. When
pole synthesis starts (at age a of 0.5 in the cells illustrated here),
there is an increase in volume and area in the region of the new
poles. Any volume increase, determined by the increase in mass,
that is not accommodated by new poles is accommodated by
additional cylinder growth. Cylinder growth after constriction starts
is slower than before constriction. This is schematically illustrated
by the thinner sector in the expanding side wall immediately after
the start of constriction. As the new pole increases, in increments.of
equal area between the indicated ages, the volume accommodated
by the new poles is continuously decreasing. Therefore, the growth
rate in the cylindrical portion increases continuously during the
constriction period. At the end of the division cycle the rate of
synthesis in the cylinder is the same as the rate for a newborn cell.
There is no sharp change in the rate of cylinder elongation at the
instant of division. .
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increment in the cell surface in the cylinder, and for a cell
with a constant radius, the ratio of cell area to cell volume
increase will be constant. This relationship is independent of
the mode of increase of cell volume, whether by linear,
exponential, bilinear, or other means.

When invagination and constriction start, the rates of
volume and area increase are no longer proportional. This is
seen by considering that the surface area enclosing a unit of
volume in a spherical pole is greater than the surface lateral
wall area enclosing that unit volume in a cylindrical portion
of a cell. Considering only the increase in the new pole
volume, the first sector of volume (closest to the cylinder)
has less area extended per unit volume increase than the last
volume of pole extension at the tip of the hemispherical pole
(Fig. 1; compare age 0.6 to age 1.0). During pole synthesis,
the ratio of the rate of surface area increase to the rate of cell
volume or mass increase is greater than the ratio before
constriction starts.

For a newborn cell, the actual increase in the above ratios
depends on three factors. The first factor is the age during
the division cycle when constriction starts. The second
factor is the initial shape of the cells which determine what
fraction of the total surface is pole, and the third factor is the
presumed mode of increase of the polar hemispheres. I have
assumed that poles are synthesized with a constant rate of
increase in surface area. Woldringh et al. (71) assumed an
exponentially increasing pole area during constriction. Their
model proposes that the synthesis of pole area begins slowly
and then increases at a time when the area remaining to be
synthesized is continuously decreasing. An alternate model
would propose that the pole area is synthesized in proportion
to the circumference at the leading edge of the pole-growing
area. Synthesis would start out high at the start of constric-
tion and decrease as the diameter of the growing area at the
pole decreased. The model used here, pole growing with
equal areas per unit time, is somewhere between those
models.

Not discussed in the model of Woldringh et al. is how new
cell wall synthesis is partitioned between the new pole and
the lateral wall during the constriction period. This is a
central concern of the proposal of this paper. The model
proposed below assumes that after pole synthesis starts,
whatever remains of the increased volume that is not accom-
modated by the volume increase in new pole is accommo-
dated by an increase in the volume of the cylindrical portion
of the cell. An analogy would be that new pole increase is a
pressure relief system which relieves the stress on the side
wall and so lowers the rate of cylindrical growth. These
mathematical relationships are derived and summarized in
the accompanying Appendix.

To summarize, the geometry of a rod-shaped cell growing
with constant diameter and constant density implies that the
ratio of the rate of cell wall synthesis to the rate of protein or
mass synthesis will be constant before constriction starts
and will increase after constriction. Experimentally, this
means that the ratio of the rates of incorporation of diami-
nopimelic acid to leucine would be constant before constric-
tion and would increase after constriction starts.

An example of the predicted results for a particular
example is shown in Fig. 2. Figure 1 is a pictorial rendering
of the results of Fig. 2 drawn to scale. Although the volume
of the cell is shown to be increasing exponentially (Fig. 2b
and d), the total area and the total length do not increase
exponentially (Fig. 2a, c, and d). The rates of increase are
quite similar to the exponential growth rates, however, and
it would be very difficult to distinguish any experimental
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results from exponential synthesis. Figure 2d illustrates the
volume and area increase on a logarithmic scale. The area
increases in a manner different from that of the volume, yet
the density of the cell is constant throughout the cycle. At
age 0.5, there is a sharp drop in the rate of increase of the
cylindrical portion of the cell, although there is no sharp
drop in the total area increase. This is seen clearly in Fig. 1,
where the increase in the cell surface in the region of new
pole formation is approximately equal to the amount of
surface that would have been synthesized if invagination had
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FIG. 2. Graphical illustration of the proposed model. The calcu-
lations from the equations in the text are applied to a cell with a total
length of 3, a cylinder length of 2, a radius of 0.5, and with
constriction starting at age 0.5 (Fig. 1). (a) Area of the new poles, old
poles, cylinder, and total cell during the division cycle. The dotted
line indicates the expected line for exponential synthesis of total
surface, and the line associated with the cylinder is for exponential
increase in the cylindrical portion of the cell. (b) Volume of the new
poles, old poles, cylinder, and total cell during the division cycle.
No distinction between an exponential curve and the volume
increase is observed because volume increases exponentially. (c)
Length of the new pole, old pole, cylinder, and total cell. (d)
Increase in area, volume, length and mass plotted on a logarithmic
scale. The volume and mass give a straight line and the area and
length differ slightly from the exponential curve. The dotted line is
the expected function for a linear increase. (¢) Amount of volume,
cylindrical area, and total area is divided by the mass at each time;
the normalized ratio is plotted. A horizontal line indicates exponen-
tial increase. (f) Differential rate of area to mass increase. Note the
slow increase in the ratio as the cell invaginates (after age 0.5). Also
illustrated in Fig. 2f is the prediction of the model of Woldringh et al.
(WHPBN) (71) which predicts a discontinuity in the rates of wall
synthesis at the start of constriction.
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not started. This is indicated by the very small amount of
cylindrical growth between ages 0.5 and 0.6.

The difference between exponential or linear growth and
the rate of length and area extension is shown in Fig. 2e. The
scale of this figure magnifies the differences, which are quite
small (Fig. 2a and c). Measurements of cell growth and
length extension which demonstrate an exponential mode of
increase (38, 45) are not in disagreement with this model. If
cylinder length could be measured independently of total cell
length, the larger deviation from exponential growth (Fig.
2e) may provide a source of experimental support for this
model. Aside from this point, there is a dramatic decrease in
the rate of cylinder extension (Fig. 2e) after constriction
starts. This is consistent with the autoradiographic evidence
(71).

In Fig. 2f, the predicted differential rate of area to mass
increase is illustrated. The important point, aside from the
curve itself, is that there is no sharp discontinuity in the rate
of increase of cell area. No sudden change in biosynthetic
capacities has to be postulated, since there is a gradual
increase in the biosynthetic rate. In contrast, I have illus-
trated the model (the WHPBN model) of Woldringh et al.
(71), which has a sharp discontinuity at the start of constric-
tion.

Figure 2 indicates that it would be extremely difficult to
distinguish the proposed rate of cell wall or cell area increase
from a simple exponential increase, but it does indicate that
if one normalized the results to the increase in cell mass,
then one can distinguish the results of the model proposed
here from a simple exponential increase in cell wall during
the division cycle. If the surface and the mass both increase
exponentially during the division cycle, the ratio of the
incorporation rates of compounds measuring their respective
syntheses would be constant. In contrast, in the model
proposed here, there would be a constant ratio during the
first part of the division cycle and an increase in the rate of
area increase to mass increase during the latter part of the
division cycle, after the start of invagination.

RESULTS

The membrane elution technique is a method for measur-
ing the rate of synthesis of a particular macromolecule
during the division cycle. Exponentially growing, unper-
turbed cells are labeled for a short time with a label specific
for the molecule of interest. The cells are filtered onto a
cellulose nitrate membrane, the membrane is inverted, and
fresh medium is pumped through it. A fraction of the labeled
cells bind to the membrane and grow in the presénce of the
medium pumped over the cells. Only newborn cells arising
by division are released from the membrane. The first cells
released by division arise from the oldest cells in the labeled
culture, that is, those cells which were just about to divide at
the time the cells were labeled. With further incubation, the
newborn cells are released from cells which were increas-
ingly younger, in terms of the division cycle, at the time of
labeling. Cells are released from the membrane with label
which reflects the labeling of the cells, during balanced and
unperturbed growth, as a function of the division cycle. By
considering cells in reverse order of elution and over one
generation of elution, the rate of incorporation of a radioac-
tive label as a function of the division cycle can be deter-
mined.

It is importarnit that the membrane elution technique, while
producing synchronized populations of cells by elution, is
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FIG. 3. Rate of incorporation of diaminopimelic acid and leucine
during division cycle determined by the membrane elution tech-
nique. Fifty milliliters of cells at 2.5 X 10%/ml were labeled for 3 min
with 2 pCi of [**C]leucine and 200 p.Ci of [*H]diaminopimelic acid.
The cells were then bound to a membrane and analyzed as described
in Materials and Methods. The lower box plots the ratio in reverse.
Reading from left to right, from age 0 at the time of labeling to age
1 at the time of labeling, there is a constant ratio that increases in the
older cells.

not a synchrony technique. The cells are labeled in unper-
turbed exponential growth, and analysis of the cells occurs
after the label has been incorporated. Any perturbation of
the cells by filtration or subsequent elution is irrelevant to
the determination of the rate of incorporation of the com-
pounds during the division cycle. All that is required of the
cells on the membrane is that they divide in order and release
only newborn cells into the effluent.

Rate of peptidoglycan and protein synthesis during the
division cycle. S. typhimurium was labeled with radioactive
leucine and diaminopimelic acid and analyzed by the mem-
brane elution technique. A typical result is presented in Fig.
3. The ratio of diaminopimelic acid to leucine started rela-
tively high and decreased to a constant level during the first
generation of elution. The same data can be considered in
reverse (i.e., reading backwards from approximately 70 min
on the graph) to analyze the change in the ratio as the cells
progressed from young to old: The ratio was constant during
the first part of the division cycle and increased toward the
end of the division cycle (Fig. 3). The crests and troughs in
the cell ehition curve were used to identify the different
generations of elution (23).

Examination of the data for the radioactivity per cell for
the different labeled precursors (Fig. 3 and 4) reveals that the
leucine content per cell is described by a decreasing expo-
nential curve, whereas the diaminopimelic acid content
curve has variations that lead to the observed shape of the
ratio curve. The leucine curve indicates that the rate of
incorporation of leucine into the cell is exponential. There-
fore, the rate of synthesis of protein during the division cycle
is exponential.

By themselves, the individual elution curves (diaminopi-
melic acid-cell and leucine-cell) are difficult to analyze and
interpret because both are very close to the exponential rate.
The deviations in the diaminopimelic acid curve are best
understood when considering the ratio of incorporation of



426 COOPER

A B
3 ;
Ratio DAP/Leu
M

] S0 100 150 200 10- v
Minutes 100 200 300 400
Minutes

FIG. 4. Two examples of the rate of incorporation of diaminopi-
melic acid and leucine during the division cycle determined by the
membrane elution technique. (A) Fifty milliliters of cells at 1.5 X
10%/ml were labeled for 1 min with 2 uCi of [**C]leucine and 30 u.Ci
of [*H]diaminopimelic acid and analyzed as described in Materials
and Methods. (B) One hundred milliliters of cells at 2.4 x 10%/ml
were labeled for 4 min with 2 pCi of [**C]leucine and 100 pCi of
[*H]diaminopimelic acid and analyzed as described in Materials and
Methods.

diaminopimelic acid to leucine. The ratio curve fits the
model described above and; in particular, the curve (stress
model) in Fig 2f.

Extended elution times: analysis of the stability and segre-
gation of peptidoglycan. Elution experiments have been
carried out for up to six generations (Fig. 4A and B). After
the initial decrease in the ratio of diaminopimelic acid to
leucine incorporation, there was a plateau that reflects the
constant ratio of surface to mass increase in the early part of
the division cycle and the increased ratio in the later part of
the division cycle. This plateau was then followed by a small
but reproducible increase in the ratio (Fig. 4A and B).
Finally, a decrease in the ratio occurred and the ratio
remained constant over the next four generations. No fur-
ther decrease in the ratio of diaminopimelic acid to leucine
was observed. These observations are interpreted as fol-
lows. (i) The increase in the ratio after the first plateai is due
to the release of cells, in the second generation, that have
been labeled in the newly forming pole. While the leucine
label has been decreasing by halves at each generation
because of equipartition of leucine label at each division, the
diaminopimelic acid is not equipartitioned at the second
generation of elution. Because the label in the newly formed
pole of the cell that remained attached to the membrane is
completely eluted at the next division (Fig. 5), an increase is
expected in the ratio of diaminopimelic acid to leucine. The
rise is small, reflecting a small fraction of pole to total area.
Dispersion of the cell division times also presumably pre-
cludes a clear observation of the expected rise. (ii) By the
third generation, no labeled pole material remains, because
of complete release of poles during the first and second
generations of elution. Only label from the cylindrical por-
tion is released during the third and subsequent generations
of elution. On the average, there is a decrease in the rate of
lateral wall synthesis in the latter part of the cycle (Fig. 1).
This leads to the observed decrease in the diaminopimelic
acid-to-leucine ratio in the third generation (Fig. 4 and 5).
(iii) The constancy of the ratio with continued elution (Fig. 4)
implies two important conclusions that are dealt with in
detail below. One is that there is no turnover of the pepti-
doglycan in S. typhimurium. The other is that the lateral wall
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material is partitioned equally for at least six generations,
with no preferential synthesis in any portion of the cylinder.

DISCUSSION

The rates of peptidoglycan and protein synthesis during
the divisiont cycle have been measured by the membrane
elution technique. The results are consistent with a model
predicting a constant ratio of the rate of cell surface increase
to the rate of volume or mass increase before the start of
constriction and an increase in the ratio after the start of
constriction. The experiments are not able to distinguish the
precise mode of new pole formation, but the results fit a
model of a constant rate of pole-area increase. Throughout
the cell cycle, there is no change in density, since the cell
volume and the cell mass both increase -exponentially.

Rate of peptidoglycan synthesis during the division cycle.
This rate is a complex pattern, neither exponential nor linear
(equations 2 and 3), that paradoxically is quite easy to
describe. Before the start of constriction, when cylindrical
extension is the only means of cell growth, the rate of
peptidoglycan synthesis is similar to the differential rate of
mass and volume increase. After constriction starts, the rate
increases compared with mass and volume synthesis. Even
if one had a perfect éxperimental result and exact measure-
ments describing. the rate of cell wall synthesis during the
division cycle, the results would, by themselves, be unintel-
ligible because the equation for the surface area (equations 2
and 3) is extremely complex but similar to the exponential
rate. For the varying rate of cell wall synthesis to be
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FIG. 5. Pattern of elution of protein (PRO) and peptidoglycan
(PG) from pulse-labeled cells bound to a membrane. A cell in the
process of forming poles and labeled with similar amounts of
peptidoglycan and protein label (taken, for example, as 96 U in each
case) is allowed to be eluted from the membrane. The leucine eluted
in subsequent génerations is halved at each generation (48, 24, 12, 6,
3, 1.5, etc.), whereas the behavior of the peptidoglycan is indicated
by the dots on the periphery of the dividing cell. There are 96 dots
on the first cell undergoing constriction. The poles are assumed to
have 32 dots, and the walls have 64 dots. At the first division, 48 dots
(or units of peptidoglycan) are released. At the next division, there
is an unequal partition of the peptidoglycan as 32 U of peptidoglycan
are released and 16 U remain in the membrane-bound cell. In the
third generation, only lateral wall material is present and so only 16
dots are released in the third, 8 in the fourth, 4 in the fifth, and 2 in
the sixth generation of elution. As the leucine is being released with
different values, the ratios show an increase in the second, a
decrease in the third, and constant values (with no turnover and
random segregation of the side wall material) in the third, fourth,
fifth, and sixth generations. :
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understood, the rate of wall synthesis during the division
cycle must be compared with the rate of mass synthesis or
volume increase.

Density of bacteria. A number of models of cell growth
have invoked regulation of cell division by variations in cell
density (57, 58). In contrast to those theoretical proposals,
many experiments indicate that the density of E. coli, and by
extension to a homologous organism the density of S.
typhimurium, is invariant during the division cycle (32,
42-44, 50). The relationship of these observations to the
current work can be looked at in two complementary ways.
Given the constant density and the rod-shaped nature of the
organism, it follows logically that the organism will grow as
described in the model in Fig. 1. An alternative interpreta-
tion is that the results of the diaminopimelic acid and leucine
incorporation reported here predict a constant density.

Stability and turnover of peptidoglycan. Turnover of pep-
tidoglycan during the growth of E. coli has been reported (6,
18, 19). The results presented here suggest that no measur-
able or significant turnover of peptidoglycan, that is, a
process(es) that leads to the loss of material from the cell,
occurs in S. typhimurium. If there were turnover, one would
expect to observe it readily in this experimental situation, as
the cells are being continuously washed with fresh medium.
Turnover in which material is rapidly reincorporated and not
lost from the cell is not eliminated by these experiments. If
any turnover occurs, it must be minimal and not greater than
the turnover of protein in the cell. Since the bulk of the cell
protein is stable in exponentially growing cells (34), this
suggests that there is no measurable turnover of peptidogly-
can in S. typhimurium. This is schematically illustrated in
Fig. 5, where the expected ratios of radioactive diaminopi-
melic acid and leucine are calculated for a simple case for six
generations. By the third generation, there is a constant ratio
of the two labels, and this ratio remains constant in succeed-
ing generations. Even without the use of a double label, the
experimental results (Fig. 3 and 4) show that the half time for
the decrease in the label of both the leucine and the diami-
nopimelic acid is the same as the generation time of the cells
on the membrane. This supports the proposal that there is no
measurable turnover and that both leucine (i.e., protein) and
diaminopimelic acid (i.e., peptidoglycan) are subdivided
equally during division of the cells on the membrane.

It may be that the difference between E. coli and S.
typhimurium is because almost all experiments on turnover
in E. coli were carried out with a diaminopimelic acid
auxotroph, strain W7. E. coli is rather impermeable to
diaminopimelic acid (10), and large amounts of diaminopi-
melic acid must be present in the medium to ensure growth.
It is possible that the physiology of the organism is disturbed
by diaminopimelic limitation. This is supported by Driehuis
and Wouthers (16), who noted that limiting diaminopimelic
acid led to the production of abnormal peptidoglycan.

Mode of segregation of peptidoglycan. Van Tubergen and
Setlow (68) were the first to look at the segregative distribu-
tion of peptidoglycan. They noted that there was a uniform
segregation pattern, indicating a large number of randomly
segregated subunits. This was supported by the theoretical
arguments of Koch (28) and by other experiments demon-
strating a random dispersion of peptidoglycan (5, 46). Later
models and experiments by Donachie and Begg (2, 13)
suggested that there was a conserved unit cell mainly on the
basis of studies related to the outer membrane. The results in
Fig. 4 indicate that cell wall material is subdivided randomly
for at least six generations. The results are consistent with a
halving of the lateral wall at each division and a random
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distribution of material at cell division and are incompatible
with the unit cell model of cell surface growth.

Rate of cell length growth. From measurements of the cell
length distribution of exponentially growing cells, it was
concluded that cell growth was exponential (39, 45). Figure
2¢ shows that the model proposed here predicts a cell length
increase which is approximately exponential. Considering
the limitations of those experiments, the results demonstrat-
ing exponential growth can be taken as consistent with the
model proposed here.

Rate of cylinder extension. Woldringh et al. (71) noted that
the incorporation of diaminopimelic acid into the lateral
walls of cells with constrictions was significantly less than
incorporation into the lateral walls of cells without constric-
tions. This unexpected observation is predicted by the
proposed model (Fig. 1 and 2a, c, and e). Whereas lateral
wall synthesis decreased, synthesis at the site of constriction
increased (71). Woldringh et al. suggest that this increase
occurs ‘‘at the expense of the activity [i.e., synthetic or
growth activity] in the lateral wall.”” What is the mechanism
of this redistribution of synthesis between the pole and the
side wall? If there were a limited supply of enzymatic
machinery or wall precursors available for peptidoglycan
synthesis, for example, then when pole synthesis started
there would be a reduction, by competition, in the rate of
lateral wall synthesis. An alternative view suggests that
there is no limitation in the amount of precursor for cell wall
synthesis or the enzymatic machinery for cell wall synthesis.
When pole synthesis starts, the increase in cell volume by
pole growth relieves the stress in the cylinder area. Because
of this reduction in stress, the rate of insertion of peptido-
glycan in the lateral wall is reduced. This proposal, within
the terms of the surface stress model, does not propose any
mechanism for changing the rate of wall synthesis other than
the passive one of altering the amount of stress that a
particular part of the cell receives during the division cycle.

The difference between the stress model proposed here
and the model of Woldringh et al. (71) is illustrated in Fig. 2f.
The differential rates of peptidoglycan to mass synthesis
during the cycle are compared. Although the hypothesis of
Woldringh et al. predicts a discontinuity in the rate of
peptidoglycan synthesis, there is no such discontinuity pre-
dicted in the model proposed here. There is a smooth
transition to an increasing rate of peptidoglycan synthesis
compared with the rate of mass synthesis during pole for-
mation. Also, at division the rate of peptidoglycan synthesis
is twice the initial rate of peptidoglycan synthesis; there is no
sudden change in the rate of peptidoglycan synthesis even at
the moment of cell division. The rate of peptidoglycan
synthesis changes smoothly, with no discontinuities, either
during the division cycle or between division cycles.

Surface stress model. Koch and his colleagues (27-30, 33)
have proposed the surface stress model, which proposes that
cell wall growth is regulated by the growth of cell mass. The
results reported here support the surface stress model.

Rate of mass synthesis during the division cycle. Mass has
been generally assumed to be synthesized in an exponential
manner during the division cycle (17, 53), although other
models such as linear (40, 42) or bilinear (41) modes of
growth have been suggested. The evidence presented here
(the leucine uptake curves in Fig. 3 and 4) support an
exponential mode of mass or protein synthesis during the
division cycle.

Explanation of anomalous shift-up results. When exponen-
tially growing cells are suddenly placed in a richer medium,
the cells are said to undergo a shift-up. Mass synthesis
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changes to the new rate, almost immediately, whereas cell
number increase remains at the original, preshift rate for 60
(or C + D) min and then abruptly changes to the new,
postshift rate (8, 26). This fundamental observation is rigor-
ously explained by the requirement for the newly initiated
rounds of DNA synthesis to pass through a constant period
of replication (C min) and another constant period between
termination and cell division (D min) before expressing a
new rate of cell division (8, 48). It has been noted that there
are minor anomalies in the shift-up, and when the differential
rate of cell division is studied by the membrane elution
technique, there is a temporary shortening of the D period in
the extant cells immediately after the shift-up (8, 47). Some
cells in the D period reach division sooner than expected,
whereas those not yet in the D period have a D period of
expected length.

I suggest a possible mechanism for the anomalous division
after a shift-up. If one assumes that the radius of the cylinder
where new pole synthesis starts is fixed at the time that
invagination starts, this implies that the volume of the new
pole is fixed. After a shift-up, the cell immediately changes
the rate of mass synthesis to the new, faster rate. The new
poles may now be expanded by the new mass more rapidly
than they would have otherwise, and cells can divide earlier
than they would have. To explain the normal division of cells
which have not yet entered the D period at the time of
shift-up, one must postulate that either there is an alteration
in the starting time of the invagination process in the new
medium or the effective radii of the new constrictions must
change. These mechanisms would restore the constant D
period found in steady-state growth in cells growing at a
wide range of growth rates (9).

APPENDIX

Mathematical analysis of wall growth. In this section, an equation
for the total area of a cell at any time during the division cycle will
be derived. The rate of surface increase in relation to the rate of cell
mass increase will also be calculated. The following assumptions
will be made. (i) The rate of mass and volume increase is exponential
during the division cycle. (ii) The cell density is constant during the
division cycle. (iii) Constriction starts at a particular age during the
division cycle. (iv) The cell can be approximated by a cylinder
capped with two hemispheres. (v) The new pole grows at a constant
rate of area increase after the start of constriction. (vi) Any volume
increase in the cell that is not accommodated by the increase in new
pole volume is accommodated by an increase in the cylindrical wall
of the cell.

In the derivation, A, V, L, and r indicate the area, volume,
cylindrical length, and radius of the cell, respectively. The total
length of the cell is L + 2r. (Others have used L to indicate total cell
length.) The first subscript (0 or a) indicates the initial value or the
value at any particular age, a, and the second subscript indicates the
location, either the cylinder (cy), the old pole (op), the new pole
(np), or the total (tot) cell. The height of the new pole, A, is measured
from the end of the cylinder toward the leading edge of the newly
forming poles. At division, # = r. The start of invagination or
constriction takes place at time T,.

For an exponential increase in volume,

Vaw = 2°Vo,, (o)

Aot

At any time, a, during the division cycle, the total volume of the cell
is the sum of the volume of the cylindrical portion, the old pole
volume, and any new pole synthesized. By substitution and rear-
rangement, and from the formula for the volume of a cylinder, one
can obtain the length of the cylinder at time a. From the formulas for
the area of the cylinder, volumes of the new and old poles, and the
total cell volume, one can find the area of the cylinder at any time
during the division cycle. Then, from the formulas for the areas of
the old and new poles and considering that the total area of the cell
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is the sum of the area of the cylindrical portion and the old and new
poles, a formula for the total cell area can be produced

A, = %{2(‘;— P + 1rr2L) - % -

- I:; wr - ;n'((r — h)*@r + ha))]} + 4nr? + 4mrh, )

which by rearrangement and reduction gives

8 4 4 h}
=—Q9nr? + 209wl + —wr? + —— A3)
3 3 3 r

A

ot

Since cell constriction starts at age T., and the new pole area
increases at a constant rate during the remaining time of the division
cycle, the height of the new pole during the division cycle is given by

h,=0,when0=a =T, @
and
-7
ho=r|2—<), whenT. < a < 1.0 ©)
1-T.

From the height of the new poles and the formula for the area of the
cell, differentiation with respect to time gives the rate of area
increase during the division cycle:

dA 8
—_— = — (29In2%wr? + 22%)In2wL
da Joca<ro 3

4 N r
— 6
+r1r[ha(1_Tc)] ©)

For the exponential increase in mass during the division cycle,
M, = 2°M, (@)

Differentiating mass with respect to a, we get

dM
== = 2°In2M,,, ®
da

Dividing equation 6 by equation 8, we get the ratio of the differential
rate of increase of the area to the differential rate of increase in
mass,

dA _ 8ar? + 2L
dM Jo<as10 3Mo, Mo,

+ 4wh,?
In2 2> M, (1 -T,)

()]

This equation can be simplified by dividing through by the first two
terms so that

a =1+ Sk’ 10)
dM Jocaz: 2°In2(1 - T4 + 3L)

A cell growing in steady-state conditions has a given initial and
constant radius, an initial cylindrical wall length, and a time for the
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start of initiation during the cycle. By combining these in a new
constant, k, an equation can be obtained

dA hy?
—-_— =1+«k|—
dM 0=as=l1 2%

which indicates that the rate of increase of the cell wall, compared
with the rate of mass increase, is constant before constriction (as 4,
= 0) and increases after the start of constriction as the square of the
height of the new poles and inversely as 2 to the cell age.

Caveats and generalizations. Although a precise model has been
presented here based on a simple geometrical analog of the cell
shape, it should be emphasized that the data do not yet allow one to
differentiate between this model and many other equally likely
models. For example, the cell may not be a cylinder with hemispher-
ical ends; there may be bulges, and the shape of the poles may be
more complex. Also, the new poles may not grow by adding equal
areas in equal times but by other modes of increase. Nevertheless,
the important point is that even if the actual model is different than
the one presented here, it will still be true that the cell density does
not have to change during the cycle and that there will be an increase
in the ratio of area increase to mass increase during invagination.
Whether the model proposed here can ever be differentiated from
other very similar models by any reasonable experimental proce-
dure or measurement is a question which is difficult to answer now.
It should be noted that the main idea, that the cell surface increases
to accommodate the synthesized mass of the cell, explains the
experimental results.
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