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DivIB, also known as FtsQ in gram-negative organisms, is a division protein that is conserved in most
eubacteria. DivIB is localized at the division site and forms a complex with two other division proteins, FtsL
and DivIC/FtsB. The precise function of these three bitopic membrane proteins, which are central to the
division process, remains unknown. We report here the characterization of a divIB deletion mutant of Strep-
tococcus pneumoniae, which is a coccus that divides with parallel planes. Unlike its homologue FtsQ in
Escherichia coli, pneumococcal DivIB is not required for growth in rich medium, but the �divIB mutant forms
chains of diplococci and a small fraction of enlarged cells with defective septa. However, the deletion mutant
does not grow in a chemically defined medium. In the absence of DivIB and protein synthesis, the partner FtsL
is rapidly degraded, whereas other division proteins are not affected, pointing to a role of DivIB in stabilizing
FtsL. This is further supported by the finding that an additional copy of ftsL restores growth of the �divIB
mutant in defined medium. Functional mapping of the three distinct �, �, and � domains of the extracellular
region of DivIB revealed that a complete � domain is required to fully rescue the deletion mutant. DivIB with
a truncated � domain reverts only the chaining phenotype, indicating that DivIB has distinct roles early and
late in the division process. Most importantly, the deletion of divIB increases the susceptibility to �-lactams,
more evidently in a resistant strain, suggesting a function in cell wall synthesis.

Cell division is a vital process; indeed, it may define life
itself. Understanding cell division in microorganisms is also
important in order to design innovative therapeutic strategies.
In this work, we investigated an aspect of bacterial cell division
in the pathogen Streptococcus pneumoniae, which is estimated
by the WHO to cause more than 1 million deaths per year
worldwide. The pneumococcus has the shape of an elongated
ellipsoid surrounded by a circular outgrowth of cell wall that
marks the site of the next division, perpendicular to the long
axis. The term “ovococci” was recently proposed to distinguish
such cells (streptococci, enterococci, and lactococci) from truly
spherical cocci (e. g., Staphylococcus aureus) (53). Pneumococ-
cal cells are generally found as diplococci or short chains. The
mechanisms of division, and more generally morphogenesis,
have been studied mostly in the model organisms Escherichia
coli and Bacillus subtilis (18, 20, 23). These numerous studies
have uncovered several components of the divisome, which can
be defined, if not as a complex, at least as the functional
ensemble of proteins localized at the division site and partici-
pating in the process. Eight conserved, mostly essential pro-
teins constitute the core of the divisome: FtsZ, FtsA, FtsK,
FtsQ/DivIB, FtsL, FtsB/DivIC, FtsW, and FtsI. This core set of
proteins is found in both gram-positive and gram-negative or-
ganisms. Additional, less conserved division proteins are found
in various phylogenetic lineages. The core division proteins are
listed here in the conditional order of their recruitment at the
division site of E. coli (for a review, see reference 23). Progress

has been made on several aspects of cell division, and some
functions can be attributed to several division proteins (20, 23).
FtsZ forms polymers with a circular distribution on the cyto-
plasmic side of the membrane at the site of division and gov-
erns the recruitment of the other proteins. The dimerization or
polymerization of FtsA stabilizes the FtsZ ring, and FtsA may
mediate the interaction between FtsZ and the membrane (31,
47). FtsK is involved in chromosome segregation and mem-
brane fusion. FtsI, which is a septal penicillin-binding protein,
and probably FtsW participate in cell wall synthesis. However
no precise function is known for the three proteins FtsQ/
DivIB, FtsL, and FtsB/DivIC.

Despite some differences in the conditional order of recruit-
ment between E. coli and B. subtilis (20), it appears that re-
cruitment of FtsQ/DivIB, FtsL, and FtsB/DivIC occurs in the
middle of the process. In E. coli, the localization of FtsQ at the
division site is a prerequisite for the recruitment of FtsL and
FtsB, and the presence of FtsL and FtsB at the division site is
mutually dependent (7, 22). In B. subtilis, the presence of FtsL
and DivIC at mid-cell also depends on the presence of DivIB
and reciprocally, at least at the temperature at which DivIB is
essential (14, 30). These results suggested strongly the exis-
tence of a complex of these three proteins. Through their
extracellular region predicted to form a coiled coil, a direct
interaction between FtsL and FtsB/DivIC was expected. The
formation of the ternary complex was confirmed by yeast and
bacterial triple-hybrid experiments (16, 28). It was isolated by
coimmunoprecipitation in E. coli (6) and reconstituted in vitro
with recombinant soluble forms of the pneumococcal proteins
(37).

DivIB is a bitopic membrane protein with a variable N-
terminal cytoplasmic region, a single transmembrane segment,
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and a periplasmic or extracellular domain containing a con-
served region of about 200 amino acids adjacent to the trans-
membrane segment. The extracellular domain is important for
the function and is necessary and sufficient for the localization
of FtsQ/DivIB, provided that it is anchored to the membrane
(5, 9, 12, 27, 29), although the transmembrane segment also
contributes to the septal localization of FtsQ/DivIB (46, 51).
FtsQ is a low-abundance protein, with an estimated abundance
of about 50 molecules per cell in E. coli (9). DivIB in B. subtilis
and S. pneumoniae was estimated to be somewhat more abun-
dant, with 5,000 and 200 molecules per cell, respectively (37, 44).

Differences also exist between various species in regard to
the essentiality of ftsQ/divIB under laboratory conditions. The
gene ftsQ is essential in E. coli (5, 9, 12, 27). In Streptomyces
coelicolor, divIB is dispensable for mycelial growth but is re-
quired for cell division (34). In B. subtilis, divIB is essential only
at high temperature (2). This essentiality of divIB could be
attributed to its role in stabilizing at high temperature the
essential FtsL. FtsL has a high turnover in B. subtilis and
disappears rapidly after its expression is stopped (14). At high
temperature in a thermosensitive divIB mutant, FtsL also dis-
appears rapidly, indicating the stabilizing role of DivIB. Note
that this effect could explain the absence of FtsL at the division
site in the divIB thermosensitive mutant (14). In addition,
overexpression of FtsL alleviates the essentiality of divIB (14).
In B. subtilis, FtsL is degraded by the membrane protease YluC
(3). It is not known if the removal of FtsL itself is important or
if degradation products are also effectors of the regulation of
cell division. In E. coli, FtsL is also regulated at the transcrip-
tional level by DnaA to stop cell division in case of DNA
damage (25). In contrast to its effect on FtsL, DivIB regulates
negatively the amount of DivIC in B. subtilis. That is, the
amount of DivIC decreases in the absence of FtsL when DivIB is
present but remains constant in the absence of DivIB (14, 16).

The study of morphologically distinct organisms can bring
important new insights, as exemplified by recent studies on the
division of Caulobacter crescentus (4, 19), Staphylococcus au-
reus (39), or S. coelicolor (1, 32). With this aim of providing
new data on the function of DivIB, we report here the char-
acterization of a divIB deletion mutant of S. pneumoniae.
Whereas both B. subtilis and E. coli are rod-shaped bacteria, S.
pneumoniae is an elongated coccus, or “ovococcus,” with par-
allel planes of division (53). Like B. subtilis, the pneumococcus
is gram positive, while E. coli is gram negative. In E. coli, the
dcw cluster forms essentially one operon and ftsQ is adjacent to
ftsA and ftsZ, whereas in B. subtilis, the divIB gene is separated
from ftsA and ftsZ by intervening genes. In S. pneumoniae, the
dcw genes are distributed in three distinct regions and divIB is
associated with mur genes that are involved in cell wall syn-
thesis but is separated from ftsA and ftsZ (33).

The periplasmic region of FtsQ/DivIB is organized in three
domains termed �, �, and � (Fig. 1), following a structural
study carried out with recombinant DivIB from Geobacillus
stearothermophilus (43) and recent localization experiments in
B. subtilis (51). The crystal structures of the periplasmic do-
mains of FtsQ from E. coli and Yersinia enterocolitica have
been reported recently (49). The � domain is proximal to the
cytoplasmic membrane and coincident with the polypeptide
transport-associated domain, which was proposed previously to
function as a molecular chaperone (43, 45, 49). The � domain

in recombinant soluble form of the extracellular part of DivIB
from S. pneumoniae, like that of G. stearothermophilus, is
readily digested by trypsin and was found to be largely un-
folded by nuclear magnetic resonance spectroscopy (S. Masson
and A. Zapun, unpublished data). The � domain is compact
and resistant to tryptic digestion (covering residues 220 to 361,
as determined by N-terminal sequencing (VKEYDIVA) and
electrospray mass spectrometry (1,5841 Da) (I. Petit, unpub-
lished data). The structure of the � domain from G. stearother-
mophilus was solved by nuclear magnetic resonance spectros-
copy (43). The � and � domains constitute the 200-residue-
long conserved region of FtsQ/DivIB. The C-terminal �
domain either is highly variable or is absent is some species
(e.g., Haemophilus influenzae and Legionella pneumophila).
The sequence of the C-terminal tail suggests that it is unfolded,
and it is digested by trypsin in recombinant DivIB proteins.
The 15 C-terminal residues of E. coli FtsQ that could be at-
tributed to a � domain, on the basis of sequence analysis, were
found to be disordered in the crystal structure (49). Some
uncertainties regarding the limit of the � and � domains are
discussed and addressed in this work by complementation ex-
periments with pneumococcus.

Lastly, several clues point to a role of FtsQ/DivIB in the
regulation of cell wall synthesis at a late stage of division (11,
35). No gene encoding an FtsQ/DivIB orthologue was identi-
fied in the genomes of bacteria without cell walls (32). More-
over, one E. coli mutant isolated following culture over many
generations in the presence of penicillin and sucrose grows as
a protoplast L-form type. Such mutants divide with a much
reduced amount of cell wall. In one such strain the ftsQ gene
codes for a truncated protein in the periplasmic domain after
residue 131 (48). In E. coli, the overexpression of FtsQ exac-
erbates the dominant negative effect of PBP3 mutants (38).
Also, when divIB is deleted in B. subtilis, sporulation efficiency
drops dramatically (41), but the polar septa that form never-
theless are thicker, supporting a role of DivIB in the regulation
of the synthesis of the peptidoglycan during sporulation (41).
Lastly, two sib mutants (for “suppressor of divIB”) were iso-
lated by spreading the divIB null mutant of B. subtilis on nu-
tritive agar at 49°C. These suppressor mutations result in single
amino acid substitutions in PBP2B (the orthologue of FtsI),
which participate in the synthesis of the septal peptidoglycan
during division. Both amino acid changes are in the noncata-
lytic N-terminal domain of the extracytoplasmic region of
PBP2B and are sufficient to circumvent the need for DivIB
(16). Finally, the coordinated expression of divIB and murB is
important for growth and sporulation in B. subtilis (42). In-
creased expression of divIB reduces the requirement for MurB,
an enzyme that participate in the synthesis of the peptidogly-
can precursor. Here, we report another observation that sup-
ports a role for DivIB in peptidoglycan synthesis, as the dele-
tion of divIB increases specifically the sensitivity to �-lactam
antibiotics known to target cell wall synthesis.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and transformation. The bacterial strains
used in this work are listed in Table 1. Cells were grown at 37°C in an atmosphere
of 95% air and 5% CO2 in 40 ml of Bacto Todd-Hewitt (TH) medium (Difco) or
in a chemically defined (CD) medium (50) supplemented with 0.5 g liter�1

choline but without L-asparagine, L-cystine, hydroxy-L-proline, and L-tyrosine.
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Strains harboring resistance determinants were routinely grown in the presence
of kanamycin (500 mg liter�1) or chloramphenicol (4.5 mg liter�1). Antibiotics
were omitted for the determination of growth curves. For growth in CD broth,
the inocula were washed three times with CD medium prior to inoculation.
Alternatively, 4.5-ml cultures were grown in triplicates in 12-well cell culture
plates (Cellstar; Greiner Bio-One) sealed with a transparent film (Manco Crystal
Clear sealing tape). Plates were incubated at 37°C, and the turbidity was moni-
tored at 595 nm in a Fluostar reader (BMG optima). Competent cells were
generated and transformations were carried out as described previously (13).

Plasmids and DNA constructions. The plasmids and primers used in this work
are listed in Tables 1 and 2. To construct divIB, divIC, and ftsL null strains,
competent cells of the R6 strain were transformed with PCR products consisting
of a chloramphenicol resistance (cat) cassette flanked by fragments, about 500 bp
long, homologous to the regions adjacent to each target genes, according to the
method of Fadda et al. (21), and plated onto chloramphenicol-containing Co-
lumbia blood agar. Transformants were further isolated twice on chloramphen-
icol plates. Insertion in the divIB gene was checked by the length of a PCR
product obtained with the external primers divIB-F0 and divIB-R7. The absence
of DivIB was checked by immunoblotting.

To construct DivIB-, DivIC-, and FtsL-overexpressing strains, the respective
genes were inserted in the chromosomes of the R6 and B2 strains downstream of
the ami operon, under the control of a maltose-induced promoter (PM) and with
a kanamycin resistance gene, by transformation with ligation mixtures of NcoI/
BamHI-digested PCR products and pCEP plasmid (26). The insertions were
checked by PCR with the primers amiF-F1 and treR-R, and the inserted genes
were sequenced.

Alternatively, divIB, or alleles for truncated variants (divIB��, divIBE222A,
divIBS337*, divIB���, and divIB�ec) were introduced at the bgaA locus under
the control of a fucose-regulated promoter (Pfcsk) with a kanamycin resistance
gene, using the pLIM100 plasmid (L. Roux and A Zapun, unpublished data).
The divIB PCR product (primers divIB-F and divIB-R) was introduced as a NdeI

and BamHI fragment into pET30b (Novagen). The alleles coding for truncated
proteins were obtained by the introduction of stop codons using the QuikChange
site-directed mutagenesis kit (Stratagene) and the primers described in Table 2.
The variant genes obtained were subcloned into plasmid pLIM100 with NdeI and
BamHI restriction enzymes. All plasmids were checked for the desired mutations
by DNA sequencing.

Evaluation of protein stability in the divIB-deleted strain. Protein expression
was inhibited in exponentially growing cultures in TH medium at an optical
density at 600 nm of 0.3 by the addition of erythromycin (40 mg liter�1). Aliquots
were withdrawn after various time intervals, cells were immediately harvested,
and pellets were resuspended in 100 �l of lysis buffer (Cell Lytic [Sigma] sup-
plemented with 1 mM MgCl2, 190 U liter �1 DNase, 10 mg liter �1 lysozyme, and
Complete protease inhibitor cocktail [Roche]) and incubated 15 min at room
temperature prior to the addition of 40 �l of reducing XT sample buffer (Bio-
Rad) and boiling for 3 min. Samples (adjusted according to the optical density of
the culture) were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis on 4 to 12% gradient Criterion gels (Bio-Rad) and immunoblotting.

Optical microscopy. For morphological observations using phase-contrast mi-
croscopy, 50 �l of exponentially growing culture was deposited on a slide and
briefly heated over a flame before the overlaying of 50 �l of phosphate-buffered
saline (PBS) containing 0.2 mg liter�1 of DAPI (4�,6�-diamidino-2-phenylindole)
and mounting. Samples were examined with an Olympus BX61 microscope
equipped with a UPFLN 100	 O-2PH/1.3 objective and a QImaging Retiga-
SRV 1394 cooled charge-coupled device camera. Image processing was per-
formed using the Volocity software package. Cell measurements and analyses
were performed with NIH ImageJ software version 1.36b (40).

Electron microscopy. For whole-cell transmission electron microscopy (TEM),
bacteria were negatively stained with 2% (wt/vol) uranyl acetate using the mica
floatation technique. Briefly, 4 �l of bacteria at an optical density of 0.3, washed
twice in PBS, was applied to the edge of a 5-mm2 piece of carbon-coated mica
and allowed to infiltrate between the carbon and mica. After approximately 30 s,

FIG. 1. Sequence alignment of the DivIB extracytoplasmic region. The alignment was generated with ClustalW, using in addition to the sequences
shown those of Yersinia pestis, Vibrio cholerae, C. crescentus, H. influenzae, Mycobacterium tuberculosis, S. coelicolor, Bacillus bacilliformis, Corynebacterium
glutamicum, Rhizobium meliloti, Listeria monocytogenes, Enterococcus hirae, S. aureus, L. pneumophila, Neisseria meningitidis, Borrelia burgdorferi,
Streptococcus pyogenes, and Geobacillus kaustophilus. The domains were defined by limited tryptic proteolysis of recombinant pneumococcal DivIB.
Residue 336 corresponds to the C terminus of the � domain defined by the tryptic digestion of DivIB from G. stearothermophilus (43).
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the carbon-mica was introduced into a well containing 500 �l of uranyl acetate
and the carbon sheet was allowed to float on the stain for 30 s. A copper grid was
then placed on the carbon, and the specimen was picked up with tweezers. The
excess liquid was removed with blotting paper, and the specimen was air dried.

For TEM of ultrathin sections, exponentially growing cells were centrifuged at
7,000 	 g for 3 min. The pellets were fixed for 1 h at room temperature in a
solution of 2% glutaraldehyde in TEM buffer (100 mM sodium cacodylate, pH
6.8). Fixed cells were washed twice in TEM buffer and postfixed for 1 h in 1%
osmium tetroxide in TEM buffer. The dehydration was performed using ethanol,
and the cell pellets were embedded in Epon before sectioning. Thin sections
were double stained with uranyl acetate and lead citrate. Specimens were exam-
ined using a Philips CM12 electron microscope equipped with a LaB6 filament
operating at 100 kV.

For scanning electron microscopy, cultures were rapidly chilled, washed in 10
mM phosphate (pH 7.0), and fixed in 1% paraformaldehyde and 1.25% glutar-
aldehyde in 0.15 M sodium cacodylate buffer for 4 h at room temperature. Fixed
cells were washed with PBS, transferred onto a circular cover glass, and dehy-
drated using increasing concentrations of acetone; this was followed by critical-
point drying using CO2. Samples were then coated with platinum using an
Emitech 575 turbo sputtering apparatus and examined with an FE Hitachi S4000
scanning electron microscope operating at 15 to 20 kV.

Susceptibility to antimicrobials. The MICs of penicillin G, cefotaxime, ofloxa-
cin, and gentamicin were determined using the E-test method. Liquid overnight
cultures were plated at a 0.5 McFarland standard on Columbia 4% blood agar,
E-test strips (AB Biodisk) were laid on the plates, and the MICs were read after
18 to 24 h of incubation.

The effect of penicillin G, cefotaxime, and sodium azide on liquid cultures in
TH broth at 37°C was monitored by the optical density at 600 nm. The antimi-
crobials were added once the cultures had reached a density of 0.3. The �-lac-
tams were added at fourfold their MICs in liquid broth (0.68 mg liter�1 and 0.34
mg liter�1 for R6 and B2, respectively), and NaN3 was at 0.2%.

RESULTS

Pneumococcal divIB is not essential for growth in rich me-
dium. To test whether divIB, divIC, and ftsL are required for
cell division in S. pneumoniae, we tried to inactivate the three
genes individually. The R6 laboratory strain was transformed
with a PCR product consisting of a chloramphenicol resistance
(cat) cassette flanked by extensions that are homologous to the
regions 3� and 5� of each target gene. We were able to obtain
insertion-deletion mutations in the divIB gene (about 50 col-
onies per transformation) but not in either ftsL or divIC, de-
spite numerous attempts. Therefore, FtsL and DivIC appear to
be essential in S. pneumoniae, but DivIB does not. The correct
insertion of the cat cassette at the divIB locus was confirmed by
PCR with external primers. In divIB-deleted strains, codons
100 through 297 of divIB are replaced by a stop codon and the
cat cassette. The first 100 codons of divIB encode part of the
N-terminal cytoplasmic region with a sequence unlikely to
adopt a folded conformation. In the absence of the transmem-
brane segment, this N-terminal fragment of DivIB, if ex-
pressed, is unlikely to be functional. Five clones were examined
for their growth rate and morphology by phase-contrast mi-
croscopy. One representative clone, termed B2, was chosen for
further characterization.

Immunoblotting confirmed the absence of wild-type DivIB

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Genotype Description Source or reference

Strains
R6 Wild type Noncapsulated D39 derivative Laboratory stock
R61 R6 ami::PM-divIB, Kanr R6 transformed with a ligation mixture of NcoI/BamHI-

digested pCEP and divIB PCR fragment, Kanr
This study

R62 R6 ami::PM-divIC, Kanr R6 transformed with a ligation mixture of NcoI/BamHI-
digested pCEP and divIC PCR fragment, Kanr

This study

R63 R6 ami::PM-ftsL, Kanr R6 transformed with a ligation mixture of NcoI/BamHI-
digested pCEP and ftsL PCR fragment, Kanr

This study

R62X5204 R6 pbp2x5204 R6 transformed with pbp2x of strain 5204 8
B2 R6 divIB::cat Camr This study
B21 R6 divIB::cat ami::PM-divIB B2 transformed with a ligation mixture of NcoI/BamHI-

digested pCEP and divIB PCR fragment, Camr Kanr
This study

B22 R6 divIB::cat ami::PM-divIC B2 transformed with a ligation mixture of NcoI/BamHI-
digested pCEP and divIC PCR fragment, Camr Kanr

This study

B23 R6 divIB::cat ami::PM-ftsL B2 transformed with a ligation mixture of NcoI/BamHI-
digested pCEP and ftsL PCR fragment, Camr Kanr

This study

B24 R6 divIB::cat bgaA::PfcsK-divIB B2 transformed with pLIM101, Camr Kanr This study
B25 R6 divIB::cat bgaA::PfcsK-divIB�� B2 transformed with pLIM102, Camr Kanr This study
B26 R6 divIB::cat bgaA::PfcsK-divIBE222A B2 transformed with pLIM103, Camr Kanr This study
B27 R6 divIB::cat bgaA::PfcsK-divIB��� B2 transformed with pLIM104, Camr Kanr This study
B28 R6 divIB::cat bgaA::PfcsK-divIBS337* B2 transformed with pLIM105, Camr Kanr This study
B29 R6 divIB::cat bgaA::PfcsK-divIB�ec B2 transformed with pLIM106, Camr Kanr This study
B22X5204 R6 divIB::catpbp2x5204 R62X5204 transformed with divIB::cat PCR product, Camr This study

Plasmids
pCEP Expression platform at ami locus with maltose-induced

promoter
26

pLIM100 Expression platform at bgaA locus with fucose-induced
promoter

L. Roux and A. Zapun,
unpublished data

pLIM101 Modification of pLIM100 for expression of DivIB This study
pLIM102 Modification of pLIM100 for expression of DivIB�� This study
pLIM103 Modification of pLIM100 for expression of DivIBE222A This study
pLIM104 Modification of pLIM100 for expression of DivIB��� This study
pLIM105 Modification of pLIM100 for expression of DivIBS337* This study
pLIM106 Modification of pLIM100 for expression of DivIB�ec This study
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protein in B2 (not shown). The growth rate of strain B2 in TH
medium, monitored by the culture turbidity, was comparable
to that of the parent strain R6 (mass doubling time of 45 min
measured in 12-well plates) during the exponential phase, and
the maximum densities were similar. However, strain B2 lysed
sooner than R6 following the stationary phase (not shown). B.
subtilis deleted of divIB does not divide at high temperature,
and we examined the growth of pneumococcus at 40°C, the

maximum temperature that supports physiological growth of S.
pneumoniae without morphological changes (D. Fadda and O.
Massidda, unpublished data). The growth rates of R6 and B2
were similar and were higher at 40°C than at 37°C.

The absence of DivIB affects the morphology of pneumococ-
cus. Examination by phase-contrast microscopy revealed that
strain B2 formed longer and more abundant chains than the
parental R6 strain. To evaluate this phenotype quantitatively,

TABLE 2. Primers used in this study

Function and primer name Sequence (5� to 3�)a Restriction site

Deletion of divIB
divIB-F1 GCTCTTGGCGATAGCAAAAT
divIB-R2 TCAAACAAATTTTCATCAAGCTTCTTTAGACTCTGGTTCTTCTTT
divIB-F3 AAAGAAGAACCAGAGTCTAAAGAAGCTTGATGAAAATTTGTTTGA
divIB-R4 GTCAATCGAATTAAATCGGATGTTCTAGAACTAGTGGATCCCCCGG
divIB-F5 CCGGGGGATCCACTAGTTCTAGAACATCCGATTTAATTCGATTGAC
divIB-R6 CCCCAAAAATTCACCATCTG

Deletion of divIC
divIC-F1 AGACCGTTTTGGAGAATACCC
divIC-R2 TCAAACAAATTTTCATCAAGCTTGTATTCATTTTGAATAAAAGAATT
divIC-F3 AATTCTTTTATTCAAAATGAATACAAGCTTGATGAAAATTTGTTTGA
divIC-R4 TTGATACTGAGTTTGCAAGTCTGTCTAGAACTAGTGGATCCCCCGG
divIC-F5 CCGGGGGATCCACTAGTTCTAGACAGACTTGCAAACTCAGTATCAA
divIC-R6 TCATTCGCATAAACAGGAACC

Deletion of ftsL
ftsL-F1 AAGTGAAGCCGATTGAGACAA
ftsL-R2 TCAAACAAATTTTCATCAAGCTTGTTTAAGTTGCATCTGTAGTAT
ftsL-F3 ATACTACAGATGCAACTTAAACAAGCTTGATGAAAATTTGTTTGA
ftsL-R4 CTTGCTTGGCATCGTCCAATTTCTAGAACTAGTGGATCCCCCGG
ftsL-F5 CCGGGGGATCCACTAGTTCTAGAAATTGGACGATGCCAAGCAAG
ftsL-R6 TTGTCCGTTTGGGTAACTACG

Gene amplification for ligation
into pCEP

divIB-D1 CTGCCATGGCGTCAAAAGATAAGAAAAATGAGG NcoI
divIB-R CGCCCTCGAGGATCCACTAGTCTAGCGACGCGATGAACGC BamHI
divIC-D1 CTGCCATGGCGTCTAAAAATATTGTACAATTGAATAATTC NcoI
divIC-R CGCCCTCGAGGATCCACTAGTTCACCTTTGAAGCAAGTCAGG BamHI
ftsL-D1 CTGCCATGGCGGCAGAAAAAATGGAAAAAACAGG NcoI
ftsL-R CGCCCTCGAGGATCCACTAGTTTACTCCGCTATTCTAATATTTTCATTG BamHI

Gene amplification for ligation
into pET-30b(�)

divIB-F GGTGCCATATGTCGACGTCAAAAGATAAGAAAAATGAGGACAAAGAAACC NdeI

External primer
divIB-F0 GAAAGAACTAACAGAGCGCTAC
divIB-R7 GATACCTGTTGCAAGTCCAGC
amiF-F1 CCGAATTAGCACGTTATCAAAAAGG
treR-R CGCCAAATCGCTGAGCAG

Mutagenesis of divIB in
pET30b-divIB

divIB E222A-F GGTCAAGGCATATGATATTGTGGCC
divIB E222A-R GGCCACAATATCATATGCCTTGACC
divIB ��-F GGAAAAAGCCTAGCTAGCGGCCAAGG NheI
divIB ��-R CCTTGGCCGCTAGCTAGGCTTTTTCC NheI
divIB S337*-F GCCACAATTGTCAGAACCGTGAGTGGTCG
divIB S337*-R CGACCACTCACGGTTCTGACAATTGTGGC
divIB ���-F CCAACTAAGTTCACTATCTAGATCAAGG XbaI
divIB ���-R CCTTGATCTAGATAGTGAACTTAGTTGG XbaI
divIB �ec-F CAGTCCTTAATCGATCATGAAAGATATTCG ClaI
divIB �ec-R CGAATATCTTTCATGATCGATTAAGGACTG ClaI

a Restriction sites are underlined.
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the chain length distribution was determined (Fig. 2A). While
the average chain length of the wild-type R6 was 1.6 �m
(corresponding mostly to diplococci) at an optical density at
600 nm of 0.45, most chains of B2 were longer than 6 �m in the
same conditions. The average chain length seemed to drop at
the inoculation of a fresh culture and increase with cell density.
The increasing chain length would explain why the number of
CFU increased more slowly that the total cell mass monitored
by turbidity (not shown).

The morphology of most cells in B2 chains appeared normal
as observed by phase-contrast light microscopy, scanning elec-
tron microscopy, and negative-stain TEM (Fig. 2B and C).
Chains consist of linked diplococci and thus result likely from
a defect in the last steps of cell separation. The transmission
electron micrographs in Fig. 2B require some comments, as
they permit the unusual visualization of the cell surface in
transparency. The equatorial annular outgrowths are visible on
some cells, as well as rings marking the outer edge of septa.
The position of septa can be distinguished from cell-cell inter-
faces that appear as dark discs due to the trapping of dye
between cells.

Besides morphologically normal cells, aberrantly shaped
cells were also found in B2 cultures. They probably repre-

sented fewer than 5% of all cells, but they were difficult to
quantify as there is a continuum of forms between normal cells
and very clearly enlarged cells. Electron micrographs of nega-
tively stained thin sections of such larger and deformed cells
revealed the presence of multiple septa (Fig. 2D).

Pneumococcal divIB is essential in CD medium, and growth
is rescued by an additional copy of ftsL. In CD medium at
37°C, the R6 strain grew with a mass doubling time comparable
to that in rich medium (45 min) after a long lag phase of about
10 hours following inoculation. In contrast, strain B2 did not
grow in CD medium whereas it grew in TH medium, showing
that divIB is essential under these growth conditions (Table 3).
Addition of L-asparagine or L-tyrosine (20 mg liter�1) did not
restore growth, nor did the addition of 1% NaCl. Confirming
that the washing steps with CD medium did not kill B2, growth
resumed following inoculation of TH medium. Complementa-
tion of B2 by insertion of divIB at the ami or bgaA locus
restored growth in CD medium and the wild-type morphology,
that is, a chain length shorter than 2 �m corresponding mostly
to diplococci (Table 3; see Fig. 4). When inserted downstream
of the ami operon, divIB was under the control of a maltose-
inducible promoter (26). In the absence of the MalR repressor
on a multicopy plasmid, this promoter is known to cause ex-

FIG. 2. Phenotypes of the �divIB mutant. Bacteria were grown in TH broth at 37°C under 5% CO2 to an optical density at 600 nm of 0.45 and
prepared for microscopy. (A) Chain length distribution of strains R6 (black) and B2 (gray) (165 measurements each). (B) Transmission electron
micrographs of negatively stained pneumococci (images were taken at nominal magnifications of 	10,000 or 	22,000 [top and bottom, respec-
tively]). White arrowheads indicate equatorial rings, and black arrowheads point to septa. (C) Scanning electron micrographs. (D) Transmission
electron micrographs of negatively stained thin sections of B2. Arrowheads point to nascent septa. Bars, 0.5 �m.
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pression even without inducer (26). DivIB was slightly overex-
pressed in R6, with or without added maltose, as estimated by
immunoblotting (not shown). In B2 complemented at the ami
locus, the amount of DivIB produced in the absence of maltose
was somewhat lower than in the wild-type R6 strain but was
sufficient to restore wild-type morphology and growth in de-
fined medium. With the aim of obtaining a lower basal expres-
sion level of DivIB, divIB was inserted at the dispensable bgaA
locus (52) under the control of a fucose-inducible promoter
(10, 36). The expression of DivIB in the B2 strain in the
presence of fucose was over 10-fold greater than the wild-type
level, as judged by immunoblotting. In the absence of fucose
the amount of DivIB was comparable to that in wild-type R6,
and the wild-type phenotypes were also restored. Addition of
sucrose or glucose did not significantly reduce the basal levels
of expression of DivIB with either promoter. It was therefore
impossible to reduce the expression of DivIB enough to ob-
serve the fate of cells following depletion of DivIB.

DivIB forms a complex with DivIC and FtsL (6, 16, 37). To
test whether overexpression of DivIC or FtsL could compen-
sate for the absence of DivIB, the divIC and ftsL genes were
introduced downstream of the ami locus under the control of
the maltose-induced promoter in B2 and in R6 for a control.
The additional copy of ftsL rescued the growth of B2 in CD
broth. However, the wild-type morphology was not restored by
the additional ftsL copy in either TH or CD medium (Table 3).
Surprisingly, the presence of an additional copy of ftsL caused
a moderated chaining of R6 in TH but not in CD medium. In
contrast to ftsL, the additional copy of divIC did not rescue B2
growth in CD medium, nor did it affect the phenotype of R6
(Table 3). Despite the additional gene, no measurable modi-
fication of the amount of FtsL or DivIC was observed by
immunoblotting in either strain, in the absence or the presence
of maltose.

Destabilization of FtsL in the absence of DivIB. The results
above highlight a functional link between FtsL and DivIB.
Moreover, in B. subtilis, the proteolysis of FtsL in vivo is in-
fluenced by DivIB (14). These observations prompted us to
look for effects of the absence of DivIB on the degradation of
its partners FtsL and DivIC and other proteins involved in cell

division or cell wall synthesis. Following the addition of the
translation inhibitor erythromycin at the experimentally deter-
mined MIC where no lysis occurred, the amounts of various
proteins in R6 and B2 were evaluated by immunoblotting (Fig.
3). In the absence of protein synthesis, the amount of FtsL in
B2 decreased drastically after 60 min and it was not detected
after 120 min, whereas it remained constant in R6 for 150 min
(Fig. 3G). No important effect of the absence of DivIB on the
stability in vivo of FtsK, PBP2x (FtsI), PBP1a, DivIVA, FtsZ,
or DivIC was observed. The levels of these proteins remained
nearly constant for 150 min following inhibition of protein
synthesis, with the possible exception of PBP2x, which may
show a slight decrease.

Functional analysis of the three extracellular domains of
DivIB. To investigate the functions of the various domains of
DivIB in pneumococcus, we took advantage of the divIB null
mutant and the expression platform at the bgaA locus to con-
duct complementation experiments. Various forms of DivIB
truncated from the C terminus were thus expressed, and the
growth and morphological phenotypes were examined. As
stated above, expression of full-length DivIB restored both
wild-type morphology and growth in CD medium. The empty
expression platform, which consists of the fucose-induced pro-
moter and a kanamycin resistance cassette, did not affect either
growth or morphology of either strain (Fig. 4). Expression of
the diverse truncated forms of DivIB did not affect the R6
strain, which also expresses the endogenous full-length DivIB.

To probe the function of the � and � domains, three trun-
cated forms, DivIB��, DivIBS337*, and DivIB���, were cre-
ated. In DivIB��, the � domain of DivIB was truncated in
order to leave a � domain in accordance with our results from
trypsin proteolysis (S. Masson and A. Zapun, unpublished
data), sequence analysis using alignments, and hydrophobic

FIG. 3. Stability in vivo of some division proteins in the absence of
DivIB. Strains R6 and B2 were grown in TH broth to an optical density
at 600 nm of 0.3 prior to addition of erythromycin (40 �g/ml) to inhibit
protein synthesis. Aliquots withdrawn after the time intervals indicated
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and immunoblotting. (A to G) Immunoblots with sera against
the proteins indicated on the right. (H) Corresponding Coomassie
blue-stained gel of total cell lysates.

TABLE 3. Introduction of divIB, divIC, and ftsL at the ami locus in
strains R6 and B2

Parental
strain Genotype

Growtha in: Average chain
length (�m)b in:

CD
medium

TH
medium

CD
medium

TH
medium

R6 Wild type � � 1.5 1.6
ami::PM-divIB � � 1.6 1.9
ami::PM-divIC � � 1.4 1.9
ami::PM-ftsL � � 1.4 3.3

B2 divIB::cat � � � 6.6
divIB::cat ami::PfcsK-divIB � � 1.4 1.8
divIB::cat ami::PfcsK-divIC � � � 4.2
divIB::cat ami::PfcsK-ftsL � � 3.4 6.5

a Growth was monitored at 590 nm in 12-well plates. �, doubling time of about
45 min; �, absence of growth for 35 h.

b Strains were cultivated to an optical density at 600 nm of between 0.3 and 0.5,
and 200 particles were measured for each strain.
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cluster analysis (Fig. 1) (37, 49). In DivIBS337*, the protein
DivIB was truncated further in order to match the C terminus
of the � domain, as defined for the protein from Geobacillus
stearothermophilus (43). DivIB��� retains the � domain,
whereas the whole extracellular domain is absent from
DivIB�ec. The point mutant DivIBE222A was created to
probe the role of this highly conserved residue at the junction
of the � and � domains. With the exception of DivIB�ec, since
antibodies were raised against the extracellular soluble part of
DivIB, the expression of all the truncated forms was checked
by immunoblot.

Results of the complementation experiments are given in
Fig. 4. The nonconserved � tail (residues 362 to 396) appears
to be dispensable. However, residues 337 to 361, which form
the C terminus of the � domain, are necessary to restore
growth in CD medium but are not required to prevent chain
formation in rich medium. Further truncations did not rescue
either the growth in CD medium or the morphology pheno-
types.

Replacement of the conserved glutamate 222 by an alanine
permitted growth in defined medium but only slightly reduced
the chain length in rich medium.

Cells with DivIB depleted are more susceptible to �-lactam
antibiotics. To test whether DivIB might be involved in cell
wall synthesis, we measured the impact of the inactivation of
divIB on the susceptibility to �-lactam antibiotics, which target
the penicillin-binding proteins that assemble the peptidogly-
can. B2 was more susceptible than the parental R6 strain to
penicillin G and cefotaxime by a factor of 2 (Table 4). As the

wild-type R6 strain is itself susceptible to �-lactams, these
results concern minute concentrations of antibiotics. We there-
fore looked at the consequence of disrupting divIB in a deriv-
ative of the R6 strain with a reduced susceptibility to �-lactams
due to the expression of a variant of PBP2x of clinical origin
(strain 5204) that has a low affinity for �-lactams (R62X5204).
In the resulting strain (termed B22X5204), the susceptibility to
penicillin G and cefotaxime was increased fourfold (Table 4).
The disruption of divIB had no effect on the susceptibility to
ofloxacin, a fluoroquinolone that interferes with DNA replica-
tion and transcription, and to gentamicin, an aminoglycoside
that inhibits protein synthesis.

Penicillin G and cefotaxime have lytic and nonlytic actions
on pneumococcus, respectively. To test whether the deletion of
divIB had a general effect on the susceptibility to lysis, we
examined the fate of cultures following the addition of these
�-lactams at fourfold their MICs during the exponential
growth phase. Although the lysis induced by penicillin G was
faster for B2 than for R6, cefotaxime did not cause lysis of
either strain (not shown). The electron transport chain inhib-
itor azide (NaN3) at 0.2% caused the rapid growth arrest of
both the R6 and B2 strains without causing lysis (not shown).
These results indicate that the greater susceptibility of B2 to
�-lactams does not result from a gross defect of the peptidogly-
can causing a severe fragility of the cell wall.

DISCUSSION

Essentiality of DivIB and stabilization of FtsL. The gene
divIB/ftsQ is required for correct cell division in the rod-shaped
bacteria E. coli and B. subtilis, but these bacteria differ regard-
ing the essentiality of this gene. Unlike ftsQ in E. coli, divIB in
S. pneumoniae is dispensable under some conditions, like in B.
subtilis. In contrast, ftsL and divIC/ftsB are essential in the
three organisms. Although division of pneumococcus can oc-
cur without divIB in the TH rich medium, longer chains of cells
are formed, and a small fraction of cells are malformed with
multiple septa (Fig. 2). Thus, pneumococcal divIB appears to
influence a late stage of cell division, chain dispersion, but is

FIG. 4. Functional characterization of the DivIB domains. The cytoplasmic N-terminal domain is in white. The transmembrane segment is
hatched. The three domains of the extracellular region are in various shades of gray. Alleles encoding DivIB variants were introduced in B2 at the
bgaA locus. Exponentially growing cultures were analyzed by phase-contrast microscopy. For each strain, 200 particles were measured. Growth in
CD medium was monitored in 12-well plates at 37°C. �, mass doubling of about 45 min. �, absence of growth at 35 h following the inoculation.

TABLE 4. Effect of divIB deletion on antimicrobial resistance

Strain
MIC (mg liter�1)

Cefotaxime Penicillin G Ofloxacin Gentamicin

R6 0.032 0.032 1.5 24
B2 0.015 0.015 1.5 24
R62X5204 0.38 0.094 1.5 24
B22X5204 0.094 0.023 1.5 24
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also involved at an early stage of the division for proper septum
formation. The defect in septation is possibly responsible for
the failure to grow in defined medium.

Growth in defined medium was restored by an additional
copy of ftsL (Table 3), although this second gene did not
increase the amount of FtsL in exponentially growing cells (in
TH medium). The amount of FtsL is not affected by the pres-
ence or absence of divIB, with or without an additional copy of
ftsL. However, when protein synthesis is inhibited, the amount
of FtsL drops dramatically in the absence of DivIB, whereas it
remains constant in its presence (Fig. 3). These observations
suggest that DivIB protects FtsL from degradation, as the
absence of DivIB increases the turnover of FtsL. Indeed, as a
normal amount of FtsL is maintained in the culture even in the
absence of DivIB when translation can proceed, it is likely that
the synthesis of FtsL is increased to compensate for its faster
degradation.

When the defined medium is inoculated with cells grown
previously in TH medium, growth resumes only after a lag
phase of several hours. This lag probably allows for the read-
justment of the metabolic pathways to the new conditions. It is
possible that while cells undergo this adaptation, the level of
FtsL drops below a critical threshold in the mutant, because its
rate of synthesis may be insufficient to compensate for its faster
degradation in the absence of DivIB. The additional copy of
ftsL may generate enough FtsL synthesis to overcome this
possible critical step during the lag phase due to the changing
conditions.

The hypothesis discussed above implies that the essentiality
of DivIB is mediated by that of FtsL. The relationship between
DivIB and FtsL in S. pneumoniae resembles that in B. subtilis,
where the essentiality of divIB at high temperature could be
attributed to the reduced amount of FtsL (14, 15). In E. coli, in
contrast, the essentiality of ftsQ appears to result not from
protecting FtsL but rather from stabilizing the interaction be-
tween FtsL and FtsB, which do not associate and are not
localized at the division site in the absence of FtsQ (6).

The reason underlying the defect in chain dispersion, in
contrast, does not appear to involve FtsL. Indeed, a second
copy of ftsL does not restore the normal cell separation. Chain
dispersion depends on the action of peptidoglycan hydrolases,
so that a defect in cell separation may result from a modified
peptidoglycan that is less prone to degradation or from a def-
icit in the recruitment or activation of one or more hydrolases
at the division site. Interestingly, the expression of a truncated
form of DivIB that did not restore growth in defined medium,
and is probably unable to interact with FtsL (see below), could
restore normal chain length.

Domains of DivIB. The extracytoplasmic part of DivIB con-
sists of three domains (Fig. 1). We took advantage of the
possibility of complementing the deleted strain to investigate
the relative roles of these domains in S. pneumoniae (Fig. 4).
Truncations were designed to produce C termini correspond-
ing to domains resulting from proteolytic cleavage. The se-
quence of the C-terminal tail of DivIB or FtsQ (i. e., residues
further than about 200 to 215 amino acids from the transmem-
brane segment) is not conserved, is of variable length (some-
times completely absent), and consists mostly of charged and
polar residues. The C-terminal tail is therefore likely unimpor-
tant. This � domain of pneumococcal DivIB is unlikely to be

structured and was found to be dispensable for the interaction
in vitro with the heterodimer formed by FtsL and DivIC (37).
As divIB�� restores growth in CD medium and a normal chain
length distribution, we conclude that the � domain is dispens-
able for the function of DivIB. In contrast, the conserved
region of the extracellular domain (i. e., the 200 to 215 residues
following the transmembrane segment) is required for normal
function, as complementation with a gene encoding DivIB
deprived of its complete extracellular domain (divIB�ec) did
not modify the phenotype of the deletion strain (Fig. 4). How-
ever, we could not check whether this truncated protein was
expressed and stable. The conserved region of DivIB can itself
be divided in two domains based on the susceptibility to tryptic
digestion: an � domain that was sensitive to degradation and a
� domain that was resistant. The existence of these domains is
supported by the recently determined crystal structure of FtsQ
(49). We found that the divIB��� gene, which codes for a
protein with an extracellular region containing only the � do-
main, did not restore wild-type phenotypes (Fig. 4), indicating
that the � domain is required, as was found in B. subtilis (51).

An uncertainty exists regarding the C-terminal limit of the �
domain. Limited proteolysis of recombinant pneumococcal
DivIB produced a � domain reaching to residue 361, which
includes the complete C-terminal part of the conserved, folded
region, as determined by examination of sequence alignments
and hydrophobic cluster analysis. Tryptic digestion of DivIB
from Geobacillus stearothermophilus resulted in a shorter frag-
ment extending to the corresponding residue 336 in the pneu-
mococcal protein (43). In B. subtilis, residues following posi-
tion 229 were found to include an epitope participating in the
septal localization (51). Interestingly, a gene encoding DivIB
truncated after residue 336 (divIB337*) failed to restore
growth in defined medium but corrected the chaining in TH
medium, showing that the two defects can be separated (Fig.
4). In E. coli, one ftsQ mutant was identified, corresponding to
a similar truncation of the � domain (the last 29 residues), that
is unable to recruit FtsL to the division site (11). Other trun-
cations pointed to residues 250 to 256 of FtsQ for the recruit-
ment of FtsL and FtsB in E. coli (24). Also in E. coli, amino
acids 237 and 252 in the C-terminal part of the � domain were
shown to be important for the recruitment of FtsL and FtsB
(24, 49). These observations indicate that the C-terminal part
of the � domain is necessary for the interaction with FtsL. The
failure of divIB337* to restore growth in defined medium
would then be consistent with the idea that the essentiality of
DivIB results from a functional relationship with FtsL.

The most conserved residue in DivIB and FtsQ is a glutamic
acid at the junction of the � and � domains. This glutamate is
not required for the septal localization of DivIB in B. subtilis
(51). To probe its function, the deletion strain was comple-
mented with a gene coding for a protein with the point muta-
tion E222A. The divIBE222A gene did restore growth in CD
medium but did not prevent chaining in TH medium (Fig. 4),
in contrast to divIB337* but like an additional copy of ftsL.
Thus, the conserved junction of the � and � domains seems to
be involved in a function of DivIB that influences a very late
stage of the division process, cell dispersion, but is not involved
in the essential function of DivIB.

A possible role of DivIB in cell wall synthesis. In chains of
the divIB deletion mutant, diplococcal cells appear to be at-
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tached by the tip of their poles, as if only cell dispersal was
impaired, much like in a lytA or lytB mutant. LytA and LytB are
peptidoglycan hydrolases participating in or required for cell
separation, and a lack of these enzymes results in chaining
(17). The formation of chains in the absence of DivIB could be
due to a modification of the peptidoglycan composition, mak-
ing the cell wall less prone to cleavage by hydrolases. However,
no important modification in the amounts of the different
muropeptides was detected in the divIB null mutant (W.
Vollmer, personal communication), so if changes are real, they
are small or localized.

If the small decrease in the amount of PBP2x observed in the
absence of DivIB and protein synthesis (Fig. 3C) turns out to
be real, this observation could indicate an interaction between
DivIB and PBP2x and support previous data from two-hybrid
experiments with the proteins from B. subtilis (14, 16). Another
observation that could be consistent with a speculative function
of DivIB in peptidoglycan synthesis is the increased suscepti-
bility to �-lactam antibiotics of the divIB deletion mutant (Ta-
ble 4). The lytic and nonlytic actions of penicillin G and cefo-
taxime were retained in the divIB deletion mutant, implying
that the increased susceptibility to �-lactams was probably not
the result of a generally increased susceptibility to lysis. No
effect of the deletion of divIB on the susceptibility to drugs that
target DNA or protein metabolism was found. Also, rapid
growth arrest caused by azide (a poison of the electron trans-
port chain) did not cause lysis of either the mutant the parental
strain. In a strain that exhibits some resistance to �-lactams
due to the presence of a low-affinity PBP2x, the absence of
DivIB restores susceptibility to cefotaxime and penicillin G.
This finding indicates that targeting the function of DivIB
provides a way to restore the efficacy of the most tried and
tested class of antibacterial drugs, the �-lactams.
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