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The pattern of peptidoglycan (murein) segregation in cells of Escherichia coli with impaired activity of the
morphogenetic proteins penicillin-binding protein 2 and RodA has been investigated by the D-cysteine–biotin
immunolabeling technique (M. A. de Pedro, J. C. Quintela, J.-V. Höltje, and H. Schwarz, J. Bacteriol.
179:2823–2834, 1997). Inactivation of these proteins either by amdinocillin treatment or by mutations in the
corresponding genes, pbpA and rodA, respectively, leads to the generation of round, osmotically stable cells. In
normal rod-shaped cells, new murein precursors are incorporated all over the lateral wall in a diffuse manner,
being mixed up homogeneously with preexisting material, except during septation, when strictly localized
murein synthesis occurs. In contrast, in rounded cells, incorporation of new precursors is apparently a zonal
process, localized at positions at which division had previously taken place. Consequently, there is no mixing
of new and old murein. Old murein is preserved for long periods of time in large, well-defined areas. We
propose that the observed patterns are the result of a failure to switch off septal murein synthesis at the end
of septation events. Furthermore, the segregation results confirm that round cells of rodA mutants do divide
in alternate, perpendicular planes as previously proposed (K. J. Begg and W. D. Donachie, J. Bacteriol.
180:2564–2567, 1998).

The peptidoglycan (murein) sacculus is the principal stress-
bearing and shape-maintaining element of the cell wall and
plays an essential role in bacterial morphogenesis. Growth of
Escherichia coli occurs by periodic alternation of elongation
and division events (2, 14). Newborn cells elongate and then
divide at midcell once the chromosome is replicated and the
initial mass (length) is doubled (17, 20). Cell elongation de-
mands the concomitant enlargement of the sacculus, and cell
division requires the formation of a transverse septum at its
center (2, 14, 40).

Elongation and septation of the sacculus require insertion of
new precursors by the concerted action of murein biosynthetic
and hydrolytic enzymes (25, 39, 46). Among the former, pen-
icillin-binding proteins (PBPs) are of particular interest as the
enzymes that actually polymerize monomeric subunits and
cross-link the resulting new strands to the preexisting murein
(15, 36, 48, 52). In E. coli, PBP2 and -3 have well-defined
morphogenetic roles. PBP3 is specifically and absolutely re-
quired for septal murein synthesis. Inhibition of PBP3 activity
blocks septation and leads to filament formation. Impairment
of PBP2 activity leads to the generation of pleiomorphic,
spherical cells (3, 18, 22, 41, 48, 49, 53, 55, 57, 58, 61). Enzy-

matically both proteins have DD-transpeptidase activities in
vitro, but no transglycosylase activity has been reliably demon-
strated for either of them (26, 56). To be fully functional, PBP2
apparently requires an active RodA protein (26). Impairment
of either RodA or PBP2 leads to similar phenotypes. However,
the enzymatic activity of RodA remains to be identified. Be-
cause the activities of both PBP2 and RodA are needed to
keep the rod-like morphology of the cell, they are thought to
be required for side wall murein synthesis during elongation of
the cell wall (3, 11, 13).

Amdinocillin is a b-lactam antibiotic that binds with high
affinity and specificity to PBP2. The effects of amdinocillin are
generally attributed to its inhibitory action on PBP2, but the
possibility of additional effects cannot be totally discounted
(27, 43, 50). Inhibition of PBP2 by amdinocillin leads to im-
portant alterations in murein composition and rate of synthe-
sis. Upon addition of amdinocillin, the rate of murein synthesis
is reduced by about 50%, but the rate of growth and division
remains constant for roughly one doubling in cell mass. There-
fore, the amount of murein per cell drops to about one-half the
normal value. Concomitantly cells become spherical, cell divi-
sion is blocked, large multinucleated cells are generated, and
viability is lost (11, 12, 31, 37, 47, 50). Spherical cells are also
generated by mutations in the genes pbpA and rodA (coding for
PBP2 and RodA, respectively). Thermosensitive mutations in
both genes (pbpA45 and rodA52) were first obtained by using
amdinocillin resistance as the selective criterion. At the restric-
tive temperature (42°C) both pbpA(Ts) and rodA(Ts) strains
are viable, resistant to amdinocillin, and have a round cell
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morphology (28, 29, 37, 51, 55). At permissive temperatures
(30°C), the rodA(Ts) mutant has normal morphology, but the
pbpA(Ts)strain has a near-spherical shape in stationary-phase
culture (45). Inactivation of either rodA or pbpA results in
round cells that are unable to grow and divide in rich medium,
although these round cells are viable in minimal medium. Both
kinds of deletion mutants can, however, grow and divide well in
rich medium if the level of FtsA and FtsZ division proteins is
increased. This can result from either an increase in the copy
number of these genes (on plasmid vectors) or mutations that
increase transcription of these two genes (6). Division of
rounded cells is efficient but abnormal in several respects (4, 6,
51, 55). The larger-than-normal diameter of the cell impedes
formation of a complete FtsZ ring as required for normal
septation (1, 7, 35, 54). Polymerization of FtsZ at the future
division site leads instead to partial rings, which are neverthe-
less able to direct a lateralized invagination of the envelope
(19, 28, 64). Progressive invagination eventually leads to cell
separation. Interestingly, successive divisions seem to occur in
perpendicularly alternating planes (4, 65). In addition, pb-
pA(Ts) mutants have a tendency to divide irregularly to give
cells of different sizes (45).

Because PBP3 and PBP2 plus RodA are apparently involved
in discrete morphological events, it has been proposed that
together with additional proteins (such as FtsW, a close ho-
mologue of RodA) (9, 32, 57), each could be part of murein
biosynthetic complexes active at alternating periods of the cell
cycle (38). In these models, PBP3-containing complexes would
be active exclusively at the septation period and PBP2-contain-
ing ones would be active during the elongation phase of cell
growth or both elongation and division (3, 8, 10, 13, 16). An
implication of such models is that murein synthesized upon
PBP2 impairment should be made by complexes that are nor-
mally committed to septation and therefore should have the
properties of septal murein (51).

Application of a new method to the analysis of murein seg-
regation in E. coli (16) confirmed and complemented previous
results that support “two-complex” models (8, 10, 40, 60, 62,
63). According to our interpretation, during cell elongation,
new precursors are inserted in a diffuse fashion into the cylin-
drical part of the sacculus, but not at the polar caps, which do
not undergo further expansion. However, shortly before sep-
tation actually starts, a strongly localized murein biosynthetic
activity is triggered at the putative division site in an FtsZ-
dependent process. Activation of septal murein synthesis
(SMS) results in the generation of a ring of all-new murein
around the cell, which in time develops into a circumferential
invagination that is completed to form two new poles. Inhibi-
tion of cell division at any stage later than FtsZ ring formation
leads to the generation of a ring of new murein, which grows

for a defined period of time and then stops, generating an
annular zone of new and inert murein. The studies of murein
segregation suggest therefore some kind of periodic activation
and inactivation of a septal murein biosynthesis complex,
whose activity may alternate, or overlap, with that of com-
plexes involved in lateral wall synthesis, which could in turn be
directed by the PBP2 and RodA proteins.

We were therefore interested in studying murein segrega-
tion in strains with impaired activity of the PBP2 and RodA
proteins. The mode of insertion of new materials under con-
ditions in which cell wall growth is exclusively directed by
septation complexes could be substantially different from that
in normal cells and could help to explain the way in which
viable dividing spherical cells are formed.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The E. coli strains used in this work
were MC6RP1 (K-12 F2 dra drm leuA lysA proA thi thr) (44), SP4500 [K-12 F2

his pro purB thi mtl xyl galK lacY rpsL pbpA45(Ts)], SP5211 [K-12 F2 his pro purB
thi mtl xyl galK lacY rpsL rodA52(Ts)] (51), and KJB24 [K-12 IN(rrnD-rrnE)1
rodASui(Am) ddlB::Tn5] (4). Cultures were routinely grown in Luria-Bertani
(LB) medium (34) at the appropriate temperature in gyratory water baths.
Growth was monitored by measuring the optical density of the cultures at 550 nm
(OD550).

D-Cysteine labeling of murein. Labeling was performed as described previously
(16). Flasks containing appropriate volumes of prewarmed medium were inoc-
ulated (OD550, '0.03) from overnight cultures of the selected bacterial strain
and incubated until they had reached an OD550 of '0.06. At that moment, D-Cys
was added to the cultures to a final concentration of 100 mg/ml, and cultures were
further incubated for three doublings in cell mass as determined by measuring
the OD550. To remove D-Cys, cultures were centrifuged (5 min, 20,000 3 g) at the
temperature used for growth, resuspended into an equal volume of D-Cys-free
medium prewarmed at the growth temperature, centrifuged again as described
above, and finally resuspended in the medium appropriate for each experiment.
Cultures were further processed according to the specific requirements of indi-
vidual experiments.

Purification, biotinylation, immunolabeling, and observation of sacculi. Sac-
culi were purified, reduced with NaH4B, biotinylated at the free thiol groups, and
immunolabeled for either epifluorescence or electron microscopy exactly as
described previously (16). Observation and photographic work were performed
with the same instruments used before (Zeiss Axioplan fluorescence microscope
fitted with a 1003/1.3 Neofluar objective and a Philips CM10 transmission
electron microscope at an acceleration voltage of 60 kV).

RESULTS

Effect of amdinocillin on murein segregation in E. coli
MC6RP1. Cultures of E. coli MC6RP1 labeled with D-Cys were
transferred to prewarmed D-Cys-free medium containing am-
dinocillin at 1 mg/ml. At increasing chase times, 25-ml samples
were removed, and murein was purified and prepared for im-
munoelectron microscopy and immunofluorescence micros-
copy. Upon addition of amdinocillin, E. coli cells are able to
complete the ongoing round of cell division, but are unable to
complete any further divisions (11, 12, 47). Sacculi from non-

FIG. 1. Immunoelectron microscopy of D-Cys-labeled murein in amdinocillin-treated cells of MC6RP1. Cells from a culture grown for three
generations in LB medium supplemented with D-Cys were harvested by centrifugation and transferred to medium without D-Cys, but containing
1 mg of amdinocillin per ml. As a control, an aliquot was transferred to medium with both amdinocillin and D-Cys at the concentrations shown
above. At the indicated chase times, samples were removed and further processed for murein purification, biotinylation, immunolabeling, and
electron microscopy as described in Materials and Methods. Gold-conjugated (6-nm-diameter grains) protein A was used for the detection of
antibodies. (A) Chase time zero. (B) Cells chased for one doubling in cell mass. (C) Cells chased for two doublings in cell mass. The arrowhead
indicates a gold-free pole. (D) Control cells incubated for two doublings in cell mass in D-Cys plus amdinocillin. All pictures are at the same
magnification.
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chased cells (Fig. 1A) showed a homogeneous and dense dis-
tribution of gold grains over their surface. Sacculi from cells
chased for one mass doubling time already showed clear signs
of rounding. Most of them presented a gold grain-free pole,
indicating that a division had taken place after the removal of
label (Fig. 1B). After a longer chase (Fig. 1C), all sacculi had

acquired aberrant shapes. Most were either pear shaped (with
the older pole closing the small end of a conical section closed
on the other side by a hemisphere) (Fig. 1C1) or hourglass
shaped (Fig. 1C2). Only a few were actually spherical (Fig.
1C3). Most remarkable was that, in contrast to the observations
with filaments and normal cells (16), large sharply delimited

FIG. 3. Immunoelectron microscopy of D-Cys-labeled murein in cells of the pbpA(Ts) mutant SP4500. Cells from a culture grown for three
generations in LB medium supplemented with D-Cys at 42°C were harvested by centrifugation. One sample was immediately subjected to murein
purification, and the rest of the cell suspension was transferred to prewarmed medium without D-Cys and further incubated for one and a half
generations. Sacculi were purified, biotinylated, and immunolabeled as indicated in Materials and Methods. Gold-conjugated (6-nm-diameter
grains) protein A was used for the detection of antibodies. (A) Nonchased sacculi. (B) Sacculi chased for one and a half doublings in mass. All
pictures are at the same magnification.

VOL. 183, 2001 MUREIN SEGREGATION IN ROUND CELLS OF E. COLI 4119



4120 DE PEDRO ET AL. J. BACTERIOL.



areas of labeled and unlabeled murein were present. The sur-
face area covered by old (gold marked) and new (gold free)
murein was roughly equal after two doubling times. In all
instances, the large areas of all-new murein (unlabeled) ap-
peared in places at which a division had already been com-
pleted or a new one had started. The distribution of gold grains
in the labeled areas was essentially homogeneous. Interest-
ingly, the hourglass-shaped sacculi had an additional small
area free of gold grains in one of the poles (Fig. 1C2), indica-
tive of an early division. Another interesting observation was
that the total number of gold grains per sacculus (256 6 66
grains/sacculus, n 5 26) was about one-half of the value for
cells at the beginning of the chase period (452 6 110 grains/
sacculus, n 5 18). Because cells do divide once in the presence
of the drug, these results indicate that most of the old murein
is conserved throughout the chase period.

Fluorescence microscopy of the same sacculus samples gave
similar results. In particular, the images corresponding to sac-
culi chased for two doubling times validated the electron mi-
croscopy ones discussed above. That the shapes shown in the
electron microscopy pictures (Fig. 1) were by no means rare
was clear from pictures like the one in Fig. 2. Again the labeled
(old) murein appeared as a large area of essentially uniform
brightness. The shapes of the bright areas clearly corresponded
to the gold-labeled ones found in the electron microscopy
pictures.

Murein segregation in the E. coli pbpA(Ts) strain SP4500.
The pbpA(Ts) mutant strain SP4500 is amdinocillin resistant
and has a round cell morphology at 42°C. To monitor murein
segregation at 42°C, cells were first labeled with D-Cys and then
chased in D-Cys-free medium before purification of the sacculi.
The detailed pattern of segregation could not be as clearly
established as that described above, although it was rather
evident that incorporation of new material was essentially a
localized event. Large areas of neatly delimited old and new
murein were segregated during the chase period in accordance
with the results for amdinocillin-treated cells (Fig. 3).

Murein segregation in the E. coli rodA(Ts) mutant SP5211.
Cells of the rodA(Ts) mutant strain SP5211 have a normal rod
shape at 30°C, which is lost upon transfer to 42°C, resembling
the morphological change induced by amdinocillin. To inves-
tigate murein segregation in this mutant, cells were labeled
with D-Cys at 30°C, and then D-Cys was removed by centrifu-
gation and the cells were resuspended in D-Cys-free medium
(prewarmed at 42°C) to initiate the chase period. Sacculi from
cells chased at 42°C kept a rod-like morphology for the first
doubling in mass, and up to this point, the segregation of
murein corresponded to the observations in wild-type cells.
Septal rings of all-new murein were clearly visible in some
sacculi, and most of them had one pole without label, indica-
tive of a division event (Fig. 4B). Transition into a round shape

was a smoother process than in amdinocillin-treated cells,
probably because SP5211 continues to divide at the restrictive
temperature. As previously observed, once cells start getting
rounded, as in Fig. 4B, septation starts as a localized invagi-
nation and proceeds asymmetrically (Fig. 4C1). After comple-
tion of division, cells were produced with sacculi very much like
the ones generated by amdinocillin treatment (Fig. 4C2 to
4C4). Some had one large, densely labeled area and a gold-free
one (Fig. 4C2 to 4C3), and others had a central belt of gold
grains (Fig. 4C4). The former represent cells that conserved
one of the poles of the initially labeled cell (Fig. 4C1, labeled
pole), whereas the latter correspond to cells that inherited a
new pole after each round of division (Fig. 4C1, unlabeled
pole). Interestingly the latter kind of cells conserve more gold
grains than corresponding sacculi from cells chased for the
same time at 30°C (Fig. 4D). This suggests that dilution of old
lateral wall material with new material was slower in the
rounding cells. The end result was the accumulation of sacculi
with large delimited areas of all-new and all-old murein, as in
the previous cases. As described above, the distribution of gold
grains in the areas of old murein was rather homogeneous.
Cells chased at 30°C behaved like the wild type: that is, polar
regions retained all of their original label, whereas label was
progressively diluted in the rest of the sacculus, and septal
rings of new murein were associated with division sites (data
not shown).

Murein segregation in the E. coli rodA° mutant KJB24. Al-
though the RodA protein is required for normal cell shape, it
is not strictly essential for cell viability. Null mutants are viable
in minimal medium, in which growth is slow and the cell di-
ameter is small, and plasmids or secondary mutations that
increase the production of FtsA and FtsZ division proteins
allow cell division in the larger cells formed in rich medium. In
strain KJB24, a Tn5 insertion in the ddlB gene, immediately
upstream of ftsQ, ftsA, and ftsZ, causes increased transcription
of these genes and allows the strain to grow and divide well in
rich medium (3). Null mutant cells are spherical in shape and
have a wide range of sizes, although they keep the ability to
divide at the central plane of the sphere. A point of particular
interest is that successive division planes are perpendicular to
each other (4). The results presented above suggest that dis-
ruption of the PBP2-RodA system results in localized and
continuous synthesis of new murein at the division sites and in
conservation of the old murein. Therefore, in strain KJB24, the
sacculus of a newly born cell should consist of two hemi-
spheres: one made of old murein and the other made of new
murein. After a second round of division, at 90° to the preced-
ing one, each daughter cell should have a 90° spherical sector
of old murein and 270° of new murein (Fig. 5A). To check this
prediction, KJB24 was labeled with D-Cys and chased for one
and two mass doubling times as described above. Although

FIG. 4. Immunoelectron microscopy of D-Cys-labeled murein in cells of the rodA(Ts) mutant SP5211. Cells from a culture grown for three
generations in LB medium supplemented with D-Cys (150 mg/ml) at 30°C were harvested and transferred to D-Cys-free medium prewarmed at 30
and 42°C. Cultures were further incubated at the respective temperature, and after one and two doublings in cell mass, samples were removed and
further processed for sacculus purification, biotinylation, immunolabeling, and electron microscopy as indicated in Materials and Methods.
Gold-conjugated (6-nm-diameter grains) protein A was used for the detection of antibodies. (A) Sacculi from control, nonchased cells. (B) Sacculi
chased for one doubling in cell mass at 42°C. (C) Sacculi chased for two doublings in cell mass at 42°C. (D) Sacculi chased for two doublings in
cell mass at 30°C. All pictures are at the same magnification.
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collapsing and folding of the large spherical sacculi obscured
observation in many instances, sacculi with the predicted dis-
tribution of gold grains for the first and the second rounds of
division (Fig. 5B and C) were relatively frequent. In the sample
chased longer, about 37% of sacculi were one-quarter labeled
(Fig. 5C6), and about 25% were from cells dividing for the
second time to give one-quarter-labeled sacculi (Fig. 5C4 and
C5). Most other sacculi were either folded or oriented in ways
that impeded a proper classification. The high proportion of
sacculi with the predicted distribution of label supports the
conclusions reached from observations of cell morphology.
Incidentally, KJB24 sacculi appeared to be rather fragile, be-
cause a considerable proportion of them showed clear signs of
degradation (data not shown), possibly because of lysis (4).

DISCUSSION

Previous studies of murein segregation by the D-amino acid
labeling technique revealed two features relevant to an under-
standing of cell wall growth in E. coli. First, the polar caps of
the cell sacculus are metabolically inert, and second, at the
initiation of septation, there is local activation of murein syn-
thesis at the future division site, the place at which new poles
will be generated (16). Therefore, it seems quite straightfor-
ward to propose a direct relationship between the two phe-
nomena: localized synthesis at the division site produces septal
(later polar) murein, which is inert either because of some
intrinsic property or because of topological influences. Inves-
tigation of murein segregation upon impairment of PBP2 or
RodA function further supports this idea.

Inhibition of PBP2 by amdinocillin led to a profoundly al-
tered segregation pattern. After one doubling in mass, most
sacculi were slightly ovoid in shape and had gone through a
division event. The distributions of gold grains at this stage in
amdinocillin-treated and untreated sacculi were similar. Fur-
ther incubation of cells with amdinocillin resulted in the gen-
eration of large sacculi with bizarre morphologies and distri-
bution of gold grains. Most frequently, chased sacculi had a
distinct conical shape with a relatively narrow apex and a large
hemispherical base. The apex and lateral (i.e., conical) areas
retained a large proportion of old murein, as indicated by their
heavy labeling upon immunodetection of D-Cys residues. In
contrast, the large basal area seems to be made exclusively of
new murein, because no D-Cys was detected by immunomi-
croscopy. A significant proportion of cells were apparently able
to reach a rather advanced stage of a second division round
and generated sacculi in which two units similar to the one
described above were connected by the wide ends. The con-
nection was often displaced to one side instead of being central
as previously described (3, 4). In these sacculi, segregation of
old murein in each half-cell followed a pattern similar to the

one described above for single cells, resulting in sacculi with
two large areas of labeled murein at the former poles sepa-
rated by a large area of all-new murein divided by a furrow.
Therefore, inhibition of PBP2 by amdinocillin results in a mod-
ified pattern of murein segregation. In this pattern, most or all
of the old murein is conserved in two equal domains corre-
sponding to the two hemispheres of the original cell and two
all-new half-cells are formed between them to generate a pair
of sister cells. Thus, each sister cell consists of two equal hemi-
spheres, one of which consists of all-new murein and the other
of which consists of conserved old murein. This is the classical
pattern for natural coccal species such as Enterococcus faecalis
(24), in which growth consists entirely of the formation of new
cell halves. In Enterococcus and, we believe, in coccal mutants
of E. coli, cell division (i.e., the formation of new cell halves) is
synonymous with cell growth.

According to the measurements of the numbers of gold
grains in sacculi at the end of the labeling period and after two
mass doublings in the presence of amdinocillin, most of the old
murein seems to be conserved. Indeed, as cells are able to go
through one division event, the amount of grains per sacculus
should be around one-half of the value at the initiation of the
chase, which is remarkably similar to the actual values. There-
fore, recycling seems to have been reduced to a minimum
under these conditions. If this were not so, a significant part of
the old, labeled murein should have been lost (about one-half,
assuming a moderate turnover rate of 30% per generation)
(23, 30, 42). The reduction in murein recycling is also consis-
tent with the interpretation that round cells consist entirely of
septal murein. As previously reported, septal (polar) murein
turns over extremely slowly, if at all (16, 33).

Because PBP2 is the target for amdinocillin, murein segre-
gation was also studied with the pbpA(Ts) mutant SP4500.
However, it is important to realize that the segregation pat-
terns for amdinocillin-treated cells and the pbpA(Ts) mutant
cannot be directly compared because of the very different ex-
perimental conditions used. Amdinocillin-treated cells were in
a morphological transition to rounded forms and were the
result of a single division event. In contrast, the pbpA(Ts)
mutant was spherical, showed a large dispersion in cell size,
and could divide more than once, often in an asymmetric way
(Fig. 3B). Because pbpA(Ts) cells are spherical during the
labeling period, no “polar” regions can be defined. Evaluation
of the number of divisions a cell has gone through is also
uncertain. Dividing cells are very disperse in size, and asym-
metric divisions generate an unequal distribution of old and
new murein between daughter cells. Nevertheless, old (la-
beled) and new murein segregated in all instances as large,
well-delimited domains on the surface of the sacculi, which
supports a zonal mode of murein synthesis. This result is con-

FIG. 5. Murein segregation in the rodA° mutant KJB24 as observed by immunoelectron microscopy. Cells from a culture grown for three
generations in LB medium supplemented with D-Cys were harvested and transferred to prewarmed D-Cys-free medium. Cultures were further
incubated, and after one and two doublings in cell mass, samples were removed and further processed for sacculus purification, biotinylation,
immunolabeling, and electron microscopy as indicated in Materials and Methods. Gold-conjugated (6-nm-diameter grains) protein A was used for
the detection of antibodies. (A) Hypothetical segregation pattern. (B) Schematic representation of the actual segregation pattern as found in the
images shown in panel C. The profile, position, and number of dots were drawn from the real pictures by using digitized images and PhotoShop
software. (C) Immunolabeling of D-Cys in selected sacculi after no chase (panel 1) or after chase for one (panels 2 and 3) and two (panels 4 to
7) doublings in cell mass. The numbers in panels B and C correspond. All pictures are at the same magnification.
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sistent with the observations in amdinocillin-treated cells and
reinforces the idea that impairment of PBP2 activity perma-
nently blocks the diffuse mode of murein growth responsible
for cell wall elongation.

When the rodA(Ts) mutant SP5211 is transferred to restric-
tive conditions, the cells undergo a morphological change sim-
ilar to that observed in amdinocillin-treated wild-type cells
(51). However, acquisition of the round shape is more gradual,
possibly because division continues in spite of cell deformation.
During the first doubling in cell mass at the restrictive temper-
ature, murein segregation was similar to that in the wild type or
in the mutant itself at 30°C, except that cells were slightly more
rounded (Fig. 4B). However, upon further incubation, sacculi
became progressively more rounded and had a distribution of
label similar to the ones observed in amdinocillin-treated cells.
Most sacculi had large areas where new and old murein did not
intermix and therefore appeared as discrete labeled and unla-
beled regions (Fig. 4C).

The observed patterns of segregation and morphological
evolution suggest the following model. In normal cells (Fig.

6A), septation would occur by the FtsZ-dependent activation
of SMS at the potential division site and the concomitant
inhibition of lateral wall murein synthesis. Upon septum com-
pletion, SMS is shut off, murein at the new poles becomes
metabolically inert, and PBP2-promoted lateral wall murein
synthesis proceeds until the next division cycle by diffuse in-
corporation of precursors all over the cylindrical surface of the
sacculus (8, 10, 12, 21). The consequences of amdinocillin
treatment depend on the age of individual cells at the time of
drug addition. Elongating but nondividing cells (Fig. 6B) com-
plete the ongoing period of lateral wall synthesis, SMS is trig-
gered, and septation proceeds to completion. However, inhi-
bition of PBP2 activity prevents SMS from being switched off.
Because the SMS system is localized and makes inert murein,
large areas of all-new murein are generated at the new polar
regions. Incidentally, a molecular interaction between RodA
and the septal peptidoglycan synthetase PBP3 has been pro-
posed on the basis of genetic complementation experiments
(5). Cells that are dividing at the time of drug addition (Fig.
6C) might be able to switch from septal to lateral wall synthesis

FIG. 6. Diagrammatic representation of the generation of rounded cells by the action of amdinocillin (mecillinam). Dark gray areas show newly
synthesized septal murein; Light gray areas show newly made lateral wall murein. L.W.S., lateral wall murein synthesis.
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before amdinocillin actually blocks PBP2 activity. Lateral wall
expansion is started, but because of PBP2 inactivation, the
regular rod shape cannot be properly maintained. Cells in-
crease in diameter, and FtsZ assembles as incomplete rings,
which are nevertheless competent to trigger SMS (1). The
septation event is started as a lateral furrow, which grows into
a bilobed surface of new murein for an undefined period of
time, generating the peculiar morphology and segregation pat-
tern shown in Fig. 1C2. Thermosensitive mutations in pbpA
and rodA or null mutations in rodA would generate spherical
cells by essentially the same mechanism. That is, they would
generate such cells by suppressing lateral wall murein synthesis
and keeping SMS permanently on. In these mutant spherical
cells, each round of SMS would end with the completion of the
new hemispherical sections and, in the absence of the system
for lateral wall synthesis, be succeeded by the immediate ini-
tiation of a new round of SMS. Thus, sacculus growth and cell
division would continue essentially in the same way as in nat-
ural gram-negative cocci such as Neisseria spp. (59).

Septation in round E. coli cells, as in Neisseria, is an asym-
metric process (3, 4, 59, 64, 65). The analysis of sacculi re-
ported here shows that septal invagination in spherical sacculi
starts as a lateral furrow that produces a two-lobed sacculus.
The lateral furrow then progresses inwards, making the two
lobes deeper until eventually two new spherical cells are re-
leased. An essentially identical series of events has been pro-
posed on the basis of cell morphology and FtsZ ring formation
in spherical cells (1, 64).

Previous studies of the growth and division of rodA° mutants
showed that the lack of RodA protein leads to generation of
spherical, viable cells, which divided in alternate perpendicular
planes (3, 4). The results of murein segregation experiments in
such a strain were consistent with both the proposed mode of
cell division and with the model proposed for growth of the
sacculus upon disturbance of the PPB2-RodA system. Based
on the assumptions that (i) division planes were central and
alternated by 90° and (ii) murein synthesis would take place
exclusively at the division furrow to generate two new hemi-
spherical half-sacculi (Fig. 5A), cells that had gone through
one division during the chase period should have sacculi con-
sisting of sharply delimited labeled and unlabeled halves. Like-
wise, sacculi from cells that have divided twice after removal of
D-Cys should consist of a 90° sector of labeled murein and a
270° sector of all-new murein. Sacculi with the expected dis-
tributions of new and old murein were indeed frequently found
after appropriate chase times (Fig. 5), a result strongly sup-
porting both assumptions.

To summarize, our segregation studies indicate that impair-
ment of PPB2 or RodA function leads to inactivation of cylin-
drical sacculus extension and permanent activation of the sep-
tal murein biosynthetic system, which is normally activated for
only part of each cell cycle.
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