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The localization of cell division protein FtsQ in Escherichia coli wild-type cells was studied by immunoflu-
orescence microscopy with specific monoclonal antibodies. FtsQ could be localized to the division site in
constricting cells. FtsQ could also localize to the division site in fisQI(Ts) cells grown at the permissive
temperature. A hybrid protein in which the cytoplasmic domain and the transmembrane domain were derived
from the y form of penicillin-binding protein 1B and the periplasmic domain was derived from FtsQ was also
able to localize to the division site. This result indicates that the periplasmic domain of FtsQ determines the
localization of FtsQ, as has also been concluded by others for the periplasmic domain of FtsN. Noncentral FtsQ
foci were found in the area of the cell where the nucleoid resides and were therefore assumed to represent sites
where the FtsQ protein is synthesized and simultaneously inserted into the cytoplasmic membrane.

Many essential cell division proteins have been identified in
Escherichia coli (27). Though these proteins have been ex-
pected to function at the site of division, it has taken many
years to develop the means to localize such proteins. A tech-
nical breakthrough was the demonstration of the existence of
the FtsZ ring by immunogold labeling in dividing cells (3).
Subsequently, the FtsZ ring has been visualized by immuno-
fluorescence (1, 26) and with a fusion protein of FtsZ and
green fluorescent protein (28, 35). The latter approach has also
been successful for FtsA (28), ZipA (16), and MinD-associated
MinE (31). More recently, the cytoplasmic membrane proteins
FtsN (2), penicillin-binding protein 3 (PBP 3) (FtsI) (43, 44),
FtsK (48), and FtsW (43) were found to localize to the division
site in constricting cells by immunofluorescence microscopy.
The localization of all membrane-bound proteins, except ZipA
and FtsW, occurred late in the division process and was de-
pendent on the localization of both FtsZ and FtsA. The order
of appearance of division proteins at the division site as deter-
mined by immunofluorescence microscopy was consistent with
the results obtained by phenotypic analysis of the various tem-
perature-sensitive mutants (36). The data suggest that the di-
vision proteins appear and function at the division site in the
following order: MinE-FtsZ-FtsA-FtsK-PBP 3 (FtsI)-FtsN.
ZipA might act either before or after FtsZ (16). It is not clear
at what point FtsW localizes, but both the results of a genetic
study (21) and FtsZ localization in ftsW(Ts) filaments (5) sug-
gest that it acts early in cell division.

The FtsQ homolog DivIB in Bacillus subtilis, which occurs in
about 5,000 copies per cell, has been shown to localize to the
septum (18). FtsQ shares its membrane topology with PBP 3
(FtsI) (4), FtsN (9), and FtsL (15), which all harbor an N-
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terminal cytoplasmic domain and a C-terminal periplasmic do-
main (7). Based on morphological analysis of various temper-
ature-sensitive mutants, it has been deduced that FtsQ, like
PBP 3 (Ftsl), acts after FtsZ does (36); however, its biological
function is still unknown. Although the amount of FtsQ is very
low (about 25 to 50 molecules of FtsQ exist per cell [7]) FtsQ
could be localized to the site of division in constricting cells. It
could also be found at noncentral positions. These positions
occur in the vicinity of the nucleoid, and they might correlate
with sites where FtsQ synthesis occurs.

MATERIALS AND METHODS

Bacterial strains and plasmids. As wild-type strains, LMC500 [MC4100 (F~
araD139 A(argF-lac)U169 deoCl fIbB5301 ptsF25 rbsR relAl rpsL150) lysA (36)],
JM101 (47), and B/rA (23) were used. As a temperature-sensitive fisQ mutant
and an ftsQ depletion strain, LMC531 [LMCS500, ftsQ1(Ts)] (36) and VIP210
(12) were used, respectively. POP2136 (40) was used to overproduce B-galacto-
sidase fusion proteins.

Plasmid pNB2 was obtained as follows. An EcoRI-Pvull fragment (967 bp)
from pZAQ (8) containing the complete ftsQ gene was cloned into an EcoRI-
HinclIl pUC18 vector, resulting in plasmid pNB1. An EcoRI-PstI fragment from
pNBI was cloned into pBTacl (Boehringer, Mannheim, Germany) between the
EcoRI and Pstl sites, behind an inducible fac promoter, resulting in plasmid
pNB2. Plasmid pREP4 (Qiagen, Chatsworth, Calif.) is a multicopy plasmid
containing the lacl gene. To construct the ponB-ftsQ hybrid, a two-step PCR was
carried out to fuse the two genes. In the first PCR, the ponB part, which codes
for the amino-terminal domain of PBP 1By, was amplified with the primers pH1b
(5'-CCGAATTCATGCCGCGCAAAGGT-3") and pH1bQ (5'-GCGTTGCGC
ATCTTCCATGAGATAAACGCCGTA-3") and with plasmid pBS99 (6) as the
template DNA. Primer pH1bQ partially overlapped the ftsQ sequence. In the
second PCR, the fisQ part, which codes for the periplasmic domain of FtsQ, was
amplified with 1m40 (5'-CCCAGTCACGACGTTGTAAAACG-3') and the
ponB PCR product as primers and with plasmid pNB1 as the template DNA. The
obtained insert was digested with EcoRI and PstI and ligated into an EcoRI- and
PstI-digested pBTacl vector, resulting in pNB9.

For the preparation of monoclonal antibodies (MADbs) (see also below), a
B-galactosidase—FtsQ fusion protein was used. To obtain a lacZ-ftsQ fusion gene,
an EcoRI-Pvull fragment (967 bp) from pZAQ was cloned in frame with the
lacZ gene in an EcoRI- and Smal-digested pEX2 vector (33), resulting in pNB10.
For the epitope mapping, internal deletions (see Fig. 1A) were constructed in the
lacZ-ftsQ fusion gene by the following procedure. A 620-bp Kpnl fragment was
deleted from pNBI10, resulting in pNB11. From pNBI1, an 870-bp BamHI-Pst1
fragment was subcloned into pEX2, resulting in pNB12. In pNB13, a 620-bp
Kpnl fragment was deleted from pNBI12. From pNB12, a 550-bp Smal-Nrul



6108 BUDDELMEIJER ET AL.

fragment was deleted, resulting in pNB14. Deletion of a 428-bp Nrul-PstI frag-
ment from pNBI12 resulted in pNB15. All constructs were sequenced with a T7
sequencing kit (Pharmacia, Uppsala, Sweden) with a->>S-dATP according to the
dideoxy chain termination method of Sanger et al. (32).

Overproduction of FtsQ and PBP 1By-FtsQ. LMC500 harboring pNB2 and
pREP4 (LMC1227) and JM101 harboring pNB2 (LMC1141) were used as FtsQ-
overproducing strains. LMC500 harboring pNB9 and pREP4 (LMC1289) was
used as the PBP 1By-FtsQ-overproducing strain. Derivatives of LMC500 were
grown to steady state in glucose minimal medium containing 6.33 g of K,HPO, -
3H,0, 2.95 g of KH,PO,, 1.05 g of (NH,),, 0.10 g of MgSO, - 7H,0, 0.28 mg of
FeSO, - 7TH,0, 7.1 mg of Ca(NO;), - 4H,0, 4 mg of thiamine, 4 g of glucose, and
50 pg of lysine per liter (pH 7.0) at 28°C. If required, ampicillin (200 p.g/ml) and
kanamycin (50 pg/ml) were added. To overproduce FtsQ and PBP 1By-FtsQ,
gene expression was induced for 1 h by the addition of 0.5 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) at an optical density at 450 nm of 0.1. JM101
harboring pNB2 was grown in TY medium (1% tryptone, 0.5% yeast extract, 3
mM NaOH, 0.5% NaCl) at 37°C. Gene expression was induced by the addition
of 2 mM IPTG at an optical density at 600 nm of 0.3, and the cells were grown
for an additional 3 h at 37°C.

Detection of FtsQ by Western blotting. Electrophoresis and immunoblotting
were performed as described by Laemmli (24) and Towbin et al. (37), respec-
tively. The membrane was probed with FtsQ-specific MAbs or polyclonal anti-
bodies. Washing steps were performed according to the ECL Western blotting
protocol (Amersham, Little Chalfont, Buckinghamshire, England). The mem-
brane was incubated with horseradish peroxidase-conjugated sheep anti-mouse
or sheep anti-rabbit antibodies and developed with chemiluminescence reagents
(Amersham).

Preparation of MAbs against FtsQ. (i) Expression of the lacZ-ftsQ fusion gene
and isolation of the fusion protein. Expression of the lacZ-ftsQ fusion gene from
pNB10 was performed as described by Voskuil et al. (42). The 148-kDa fusion
protein was isolated from a preparative sodium dodecyl sulfate-5.8% polyacryl-
amide gel after staining it in 300 mM CuCl, and destaining it in distilled water.
The excised fusion protein band of 148 kDa was washed three times for 20 min
in 0.25 M EDTA-0.25 M Tris-HCI (pH 9.0) (25). The fusion protein was elec-
troeluted overnight at 3 W in 0.3% Tris-HCI (wt/vol), 1.5% glycine (wt/vol), and
0.025% sodium dodecyl sulfate (wt/vol) according to the method described by
Jacobs and Clad (20).

(ii) Immunization procedure. BALB/c mice were immunized by injection with
B-galactosidase—FtsQ fusion protein as described by Voskuil et al. (42). At day 0,
82 g of protein in incomplete Freund’s adjuvant was injected. At day 66, 74 u.g
of protein in incomplete Freund’s adjuvant was injected. At day 79, 320 ug of
protein in complete adjuvant was injected. At day 141, 150 pg of protein in
phosphate-buffered saline (PBS) was injected. At day 322, 323 pg of protein in
150 pl of 0.15 M NaCl was injected. Three days later, antiserum was obtained,
the lymphocytes were fused with NS1 myeloma cells, and the resulting hybrid-
omas were grown in microtiter plates as described previously (22).

(iii) Screening and selection of hybridomas. Screening of the hybridomas was
performed in an enzyme-linked immunosorbent assay (ELISA) and by Western
blotting. Cell envelopes were isolated from cells disrupted by sonication as
described by Zijderveld et al. (49). A protein fraction enriched with cytoplasmic
membrane proteins was obtained by incubating cell envelopes with sodium-lauryl
sarcosinate according to the method of Filip et al. (14). Polystyrene microtiter
plates with high binding capacity (Greiner, Niirtingen, Germany) were coated
with 0.5 pg of protein fraction enriched with cytoplasmic membrane proteins of
the FtsQ-overproducing strain LMC1141 and were incubated overnight at 4°C.
Control ELISA plates were coated either with 0.25 pg of B-galactosidase (Sigma
Chemical Co., St. Louis, Mo.) or with 0.5 pg of protein of cell-free lysate of
ftsQ-depleted VIP210 cells (12). Incubation with hybridoma culture supernatant,
washing steps, and colorimetric analysis of antibody binding were performed as
described by Voskuil et al. (42). Hybridomas were selected on the basis of a
strongly positive reaction in the ELISA with the fraction of the FtsQ-overpro-
ducing strain and a negative reaction with both B-galactosidase and the cell-free
lysate of the ftsQ-depleted VIP210 cells. Reactivities of the hybridomas, which
were positive in the ELISA, were also tested in a Western blot assay. Polyclonal
antibodies against FtsQ (a gift from M. Vicente) were used as a positive control
for the FtsQ bands on Western blots. The hybridomas positive by ELISA and/or
Western blotting were cloned by the limiting-dilution technique at a density of 1
cell per well and were subcloned twice to a density of 0.3 cell per well (22).

(iv) Purification and determination of the classes and subclasses of the MAbs.
The cloned hybridomas were grown in bulk, and the MAbs were isolated from
the culture supernatants by affinity chromatography on protein G matrix (Phar-
macia). The immunoglobulin subclasses of the MAbs were determined by ELISA
with subclass-specific antisera (MonoAb Screen ID kit; Zymed Laboratory Inc.,
San Francisco, Calif.). MADb 1-F7, MADb 2-H1, and MAb 6-H5 belonged to the
immunoglobulin G1 subclass harboring k light chains.

Immunofluorescence procedure. Derivatives of strain LMC500 were grown to
steady state in glucose minimal medium. If required, ampicillin (200 wg/ml) and
kanamycin (50 pg/ml) were added. Strain B/rA was grown in minimal medium
with 0.08% L-alanine as the carbon source (23). For temperature shift experi-
ments, a culture of strain LMC531 growing at 28°C was diluted in prewarmed
medium at 42°C and grown for two mass doublings. VIP210 was grown at 28°C
in minimal medium supplemented with 0.05% Casamino Acids and 34 ug of
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chloramphenicol per ml. To deplete cells of their ftsQ genes, the cells were
diluted in prewarmed medium at 42°C and grown for four mass doublings.

Cells were fixed in 2.8% formaldehyde and 0.04% glutaraldehyde in growth
medium at room temperature for 15 min. The cells were centrifuged at 8,000 X
g for 5 min, washed three times in PBS (pH 7.2), and subsequently incubated in
0.1% Triton X-100 in PBS for 45 min at room temperature. The cells were
washed three times in PBS and incubated in PBS containing 100 pg of lysozyme
per ml and 5 mM EDTA for 45 min at room temperature. Finally, the cells were
washed three times in PBS.

Prior to immunofluorescence staining, nonspecific binding sites were blocked
by incubating the cells in 0.5% (wt/vol) blocking reagents (Boehringer) in PBS
for 30 min at 37°C. As primary antibodies, either MAbs against FtsQ or PBP 1B
(11) were used. The antibodies were diluted in blocking buffer, and incubation
was carried out overnight at 37°C. The cells were washed three times with PBS
containing 0.05% (vol/vol) Tween 20 (PBST). Incubation with secondary anti-
bodies (goat anti-mouse antibody conjugated with Alexa546 [Molecular Probes
Inc., Eugene, Oreg.]) diluted in blocking buffer was carried out for 30 min at
37°C. The cells were washed again three times in PBST. The nucleoids were
stained with DAPI (4',6-diamidino-2-phenylindole) at a final concentration of
0.5 pg/ml in H,O. The cells were washed once in H,O and resuspended in H,O.

Microscopic and image analyses. Cells were immobilized on agarose slides as
described by van Helvoort and Woldringh (39) and photographed with a cooled
Princeton change-coupled device camera mounted on an Olympus BX-60 fluo-
rescence microscope. Images were taken with the program IPlab Spectrum,
version 3.0 (Signal Analytics Co., Vienna, Va.). In all experiments the cells were
first photographed in the phase-contrast mode, next with a DAPI fluorescence
filter (illuminated at 330 to 385 nm with a transmission range above 420 nm), and
last with an Alexa filter (illuminated at 530 to 550 nm with a transmission range
above 590 nm). The three photographs were stacked, and the length of each cell
was measured in the phase-contrast image, the lengths and the positions of the
nucleoids were measured in the DAPI image, and the foci were detected in the
fluorescence image. Interactive measurements were taken as a “structured point
collection” on a Macintosh 7200 computer with the public domain program
Object-Image1.62n by Norbert Vischer (University of Amsterdam; simon.bi-
o.uva.nl/object-image.html), which is based on NIH Image software (41).

RESULTS

Epitope mapping of MAbs against FtsQ. To study the local-
ization of FtsQ in situ, specific MAbs against FtsQ were pro-
duced. The selection of the hybridomas resulted in three
MAbs, i.e., MAb 1-F7, MADb 2-H1, and MADb 6-H5. MAb 2-H1
and MAb 6-HS5 reacted positively both in an ELISA with the
protein fraction enriched with cytoplasmic membrane proteins
of the FtsQ-overproducing strain LMC1141 and in a Western
blot with the 31.5-kDa FtsQ band of the same fraction. MAb
1-F7 showed a strongly positive reaction in an ELISA but did
not give a reaction in a Western blot (data not shown). The
three antibodies did not show reactivity with B-galactosidase or
with cell extracts from the ftsQ-depleted VIP210 cells (12),
indicating that the antibodies specifically recognized the FtsQ
protein (data not shown but see Fig. 2B, which shows that the
FtsQ protein disappears in ftsQ-depleted cells).

To determine the epitopes on FtsQ, the reactivities of the
antibodies against B-galactosidase—FtsQ fusion proteins har-
boring internal deletions in FtsQ were tested (Fig. 1). MAb
1-F7, MADb 2-H1, and MAb 6-HS5 recognized B-galactosidase—
FtsQM1-Q276, B-galactosidase-FtsQG27-Q276, and B-galac-
tosidase-FtsQE176-Q276 both in Western blots (Fig. 1B) and
in dot blots (data not shown). The three antibodies did not
react with B-galactosidase-FtsQM1-T86, B-galactosidase—FtsQ
G27-T86, and P-galactosidase-FtsQG27-R175 (data not
shown), indicating that the FtsQ epitopes are located in the
last 100 amino acids of the protein (region IV).

Detection of FtsQ by Western blotting. In the ftsQI(Ts)
mutant, a guanine-to-adenine transition at bp 397 has occurred
(34). The transition mutation resulted in the substitution of a
basic lysine residue for an acidic glutamate residue at amino
acid 125 (FtsQE125K). When it was grown at the permissive
temperature in minimal medium, the protein FtsQE125K
could be detected on a Western blot although it was less
abundant (Fig. 2A, lane 5) than FtsQ in wild-type cells (Fig.
2A, lane 1). After 15 min at the nonpermissive temperature,
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FIG. 1. (A) B-Galactosidase-FtsQ fusion proteins with internal deletions
produced by overexpression of the corresponding constructs described in Mate-
rials and Methods. The four different antigenic domains are designated I to IV.
The dark-gray region at the amino terminus represents the membrane-spanning
sequence of FtsQ. The B-galactosidase part of the fusion protein is indicated by
dashed lines. The amino acid substitution at position 125 (E125K) in the
ftsQ1(Ts) mutant is indicated. (B) Reactivity of MAb 1-F7 with B-galactosidase—
FtsQ fusion proteins with internal deletions. Lane 1, B-galactosidase-FtsQM1-
Q276 (pNB10); lane 2, B-galactosidase-FtsQG27-Q276 (pNB12); lane 3, B-ga-
lactosidase-FtsQE176-Q276 (pNB14). Similar results were obtained with MAb
2-H1 and MAD 6-H5. The arrow indicates the position of B-galactosidase. Total
cell extracts were applied to the gel.

filaments with blunt constrictions were formed and FtsQ
E125K could no longer be detected with the MAbs (Fig. 2A,
lane 6). However, the protein could be detected with poly-
clonal antibodies, raised in chicken against a histidine-tagged
FtsQ protein, suggesting that the protein was not degraded at
the nonpermissive temperature (data not shown). The amino
acid substitution at position 125 might have affected folding of
the protein and part of the C-terminal region of FtsQ might
have been modified, resulting in a partial loss of the epitope
region. Both FtsQE125K and wild-type FtsQ could be solubi-
lized by treatment with Sarkosyl, indicating that the proteins
were located in the cytoplasmic membrane (data not shown).
The presence of FtsQ in the ftsQ depletion strain was also
analyzed by Western blotting (Fig. 2B). The membrane frac-
tions of filaments obtained by growth at the nonpermissive
temperature for up to four doubling times were used. The
amount of FtsQ decreased in time; however, a faint band was
still visible after four doubling times (Fig. 2B, lane 5). Detec-
tion with polyclonal antibodies also showed a decrease in the
amount of FtsQ (data not shown). This indicates that although
the ftsQ gene is depleted, the protein itself is very stable.
Localization of FtsQ by immunofluorescence microscopy.
Although the amount of FtsQ protein in wild-type cells was
very low (about 25 to 50 molecules exist per cell [7]), the FtsQ
protein could be visualized by immunofluorescence micros-
copy with a mixture of the specific MAbs and a bright fluoro-
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phore (Alexa546) (Fig. 3 and 4). No fluorescence could be
detected under conditions in which only the secondary anti-
bodies were used (data not shown). The localization of FtsQ
was studied in two different wild-type E. coli strains, i.e., a
derivative of MC4100 and B/rA. The latter strain was chosen
because the timing of its various cell cycle events is well known
(19).

In both strains FtsQ could be visualized as foci (Fig. 3). Cells
were analyzed according to cell length, length and position of
the nucleoid, and fluorescent-labeling pattern with the image
analysis program Object-Image (41) (Table 1). According to
the fluorescent-labeling pattern, four different classes of cells
could be distinguished, i.e., cells without foci, cells containing
a single focus, cells containing two foci, and cells with more
than two foci. However, unlike in LMC500, cells with more
than two foci were not observed in B/rA. In Fig. 5 the position
of FtsQ in cells with one or two foci is shown. The FtsQ foci
that localized at midcell in constricting cells could clearly be
distinguished from the asymmetrically localized foci in these
cells. In nonconstricting cells (short cells) FtsQ foci could also
be found at midcell. In both strains the average cell length of
nonconstricting cells without foci was smaller than the average
cell length of cells with one or more foci (for B/rA, 1.68 and
1.87 pm, respectively, and for LMC500, 1.99 and 2.13 pm,
respectively). Nonconstricting cells with one asymmetrically
localized fluorescent spot were somewhat smaller than cells in
which the spot was localized at midcell (for B/rA, 1.76 and 1.83
pm, respectively, and for LMC500, 2.02 and 2.27 pm, respec-
tively). These data suggest that FtsQ might be localized to the
division site before a constriction is visible, similar to what was
found for DivIB of B. subtilis (18). Alternatively, the FtsQ spot
found at midcell might represent a site where FtsQ synthesis
occurs (see below). A regression line with a significant coeffi-
cient was calculated both for FtsQ foci, with relative positions
between 0 and 0.45, and for FtsQ foci, with relative positions
between 0.55 and 1 (Fig. 6A). In small cells, i.e., with cell
lengths between 0.9 and 1.8 pm for B/rA and between 1.30 and
2.5 pm for LMCS500, the FtsQ foci were on average localized at
one-third and two-third positions in the cell, whereas in longer
cells the spots were on average localized at one-quarter and
three-quarter positions. To better determine the positions of
foci not located at midcell, we determined the positions of
borders of the DAPI-stained nucleoids in relation to the length
of the cell (Fig. 6B and C). From these data it was clear that
the FtsQ foci were confined to that area of the cell where the
nucleoid is located.

In constricting cells, as in nonconstricting cells, different
fluorescent-labeling patterns could be observed. Unlike those
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FIG. 2. Detection of wild-type FtsQ in membranes of wild-type cells
(LMC500), ftsQI(Ts) cells (LMC531), and ftsQ-depleted cells (VIP210) dis-
rupted with a French press. (A) Lane 1, LMC500 grown at 28°C; lanes 2 to 4,
LMC500 grown at 42°C for 5, 30, and 60 min, respectively; lane 5, LMC531
grown at 28°C; lane 6, LMC531 grown at 42°C for 15 min. Each lane contains 40
g of protein of the membrane fraction. (B) Lane 1, VIP210 grown at 28°C; lanes
2 to 5, VIP210 grown at 42°C for one mass doubling, two mass doublings, three
mass doublings, and four mass doublings, respectively. Each lane contains 10 pg
of protein of the membrane fraction. The proteins were detected with a mixture
of MADs against FtsQ.
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FIG. 3. Localization of wild-type FtsQ by in situ immunofluorescence microscopy in B/rA (left) and LMC500 (right). The upper panels are phase-contrast images,
the middle panels are immunofluorescence images, and the lower panels are DAPI images. Labeling was performed with a mixture of MAbs against FtsQ. Secondary

antibodies were conjugated with Alexa. Scale bars, 2 pm.

of classes of nonconstricting cells, the average cell lengths of
the different classes of constricting cells were similar. For Di-
vIB of B. subtilis different labeling patterns in constricting cells
could be correlated with cell length. A two-dot pattern was the
earliest stage of localization, a line was the second stage, and a
center dot was the last stage of the division process. However,
FtsQ could be visualized only as one clear spot at the site of
division (Fig. 4). The fact that 5,000 molecules of DivIB are
present per cell compared with 50 molecules of FtsQ per cell
might explain the difference in labeling patterns. Furthermore,
the amino acid sequences of both proteins are similar but the
percentage of homology is low, suggesting that DivIB and FtsQ
are not identical but that they might be functionally related.
Only 50% of the constricting cells contained a central FtsQ
spot in both LMC500 and B/rA. This finding might indicate

that FtsQ disappears from the division site before septation of
the two daughter cells is completed or, alternatively, that FtsQ
can be visualized by immunofluorescence microscopy only if a
sufficient number of molecules are grouped together.
Localization of FtsQ in an ftsQ(Ts) strain and in an fisQ
depletion strain. To demonstrate that the immunofluorescence
microscopy results of FtsQ in wild-type cells specifically lo-
cated FtsQ, we also studied the temperature-sensitive
ftsQ1(Ts) mutant and the ftsQ depletion strain VIP210 (12). In
ftsQI1(Ts) cells grown at the permissive temperature, FtsQ
could localize to the division site even in cells without a visible
constriction (data not shown). Taschner et al. (36) showed that
the constriction period in these cells was longer than that in
wild-type cells. Thus, FtsQ could be observed at the constric-
tion site early in the division process and also appeared more
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FIG. 4. Localization of FtsQ in constricting cells of B/rA and LMC500. The upper panels are phase-contrast images, and the lower panels are immunofluorescence
images. Labeling was performed with a mixture of MAbs against FtsQ. Secondary antibodies were conjugated with Alexa. The scale is identical to that used for Fig.

3.

persistent at this location than in wild-type cells. Although the
ftsQ1(Ts) mutant protein FtsQE125K could not be detected
with the MADbs in membranes of ftsQ1(Ts) filaments by West-
ern blotting (Fig. 2), fluorescent foci were observed by immu-
nofluorescence microscopy (Fig. 7). Some of these foci were
found at potential division sites, indicating that the protein is
still able to localize to the division site but that it is inactive in
the division process. In wild-type cells, an average of 0.60 foci
per pm of cell length was calculated. For the ftsQ1(Ts) mutant,
an average of 0.34 foci per pm was calculated for cells grown
at the permissive temperature and 0.18 foci per pwm was cal-
culated for cells grown for two mass doublings at the nonper-
missive temperature. This decreasing number of foci per mi-
crometer is in line with the Western blot data (Fig. 2) which
show that the FtsQ protein was less abundant in ftsQ1(Ts) cells
and could not be detected in ftsQI(Ts) filaments.

In the ftsQ depletion strain, FtsQ could also localize to the
division site in cells grown at the permissive temperature (data

TABLE 1. Parameters of length distributions”

No. of cells L % of cells  Lyoc®

ai N3 ave. d
Strain ¢ (min) measured (pm%) Cv% constricted  (pm) Cv%
B/rA 138 1,859 1.81 20.2 12.2 239 84

LMC500 72 1,308 220 195 17.4 2.84 99

“ The parameters of length distributions of the total cell populations of both
strains are similar to the data described by Koppes et al. (23).
b Doubling times (¢) were obtained with alanine in the case of B/rA and with
glucose in the case of LMC500 as the carbon sources.
© L, average cell length.
4 CV, coefficient of correlation.
¢ Lye¢, average cell length of cells showing constriction.

not shown). In filaments obtained after growth at the nonper-
missive temperature for four doubling times, no fluorescent
spots could be detected (Fig. 8). We do not know why there are
no fluorescent spots in the ftsQ-depleted filaments, even
though by Western blotting the FtsQ protein could still be
detected after four doubling times. Remarkably, similar obser-
vations have been made by Weiss et al. (44) with an ftsI tem-
perature-sensitive mutant and an fzsI depletion strain.
Localization of a hybrid protein of PBP 1B and FtsQ by
immunofluorescence microscopy. To determine which domain
of FtsQ is needed for its localization at the cell center, a hybrid
protein in which the cytoplasmic domain and the transmem-
brane domain were derived from the y form of PBP 1B (amino
acids M46 to L87) and the periplasmic domain was derived
from FtsQ (amino acids M49 to Q276) was used. PBP 1B is a
bitopic cytoplasmic membrane protein with a membrane to-
pology (10, 13) similar to that of FtsQ and is involved in
peptidoglycan synthesis during cell elongation (45). Both the
PBP 1By-FtsQ hybrid protein and the wild-type FtsQ protein
were overproduced in a wild-type strain, and their localizations
were determined by in situ labeling with MAbs against FtsQ.
As shown in Fig. 9, label could be found at midcell. The PBP
1Bv-FtsQ hybrid protein, as well as overproduced wild-type
FtsQ, could also be found as foci in parts of the cell other than
at the constriction. The PBP 1Bv-FtsQ hybrid protein could
restore cell division in the ftsQ1(Ts) mutant when the mutant
was grown at the nonpermissive temperature. Furthermore, an
FtsQ protein whose carboxy terminus was truncated by more
than 80% was not functional in vivo (data not shown). This
indicates that the carboxy-terminal periplasmic domain of
FtsQ is important for its function in cell division. The images
of the hybrid protein are quite different from those obtained
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FIG. 5. Position of FtsQ in B/rA cells (n = 1859) and LMCS500 cells (» = 1308) with one or two foci depending on cell length. Dashed lines represent one-quarter
and three-quarter positions in the cell, and the solid line represents cell length. Asymmetrically localized FtsQ foci in nonconstricting and constricting cells and foci
at midcell in nonconstricting cells are indicated as open circles; FtsQ foci at midcell in constricting cells are indicated as filled squares.

after overproduced PBP 1B was labeled with MAbs against DISCUSSION
PBP 1B alone in the sense that in the latter case no preferential ] ) ) )
label was at midcell (data not shown). This result indicates that In a pioneering experiment, Maddock and Shapiro (29)

the periplasmic domain of FtsQ determines the localization of demonstrated that chemotaxis proteins localized as bright flu-

FtsQ, as has also been concluded for the periplasmic domain of orescent foci to the cell poles. Importantly, the authors cor-
FtsN (2). roborated this result by immunogold electron microscopy, and

0.5
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1
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Position of non-central FtsQ foci Position of nucleoid borders Position of FtsQ foci
relative to the nucleoid

FIG. 6. (A) Positions of FtsQ foci with relative positions between 0 and 0.45 (filled symbols) and between 0.55 and 1 (open symbols) in B/rA cells. Representative
1- and 3-pm cells are schematically drawn to scale. Regression lines with a significant coefficient were calculated. Relative positions of foci are plotted relative to cell
length values and against cell length relative to midcell. For FtsQ foci with relative positions between 0 and 0.45, the equation of the regression line isy = 0.323 - x —
0.186 (r = 0.513). For FtsQ foci with relative positions between 0.55 and 1, the equation of the regression line isy = 0.301 - x — 0.137 (r = 0.440). (B) Positions of
the nucleoid borders as a function of cell length in B/rA. The method described above was also used to determine the correlation between the positions of the nucleoid
borders and cell length. The equations of the regression lines are y = 0.485 - x — 0.206 (r = 0.937) and y = 0.488 -x — 0.196 (r = 0.915). (C) Combination of the data

from panels A and B.
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FIG. 7. Labeling of FtsQ in the ftsQI(Ts) mutant. (A) Filaments obtained
after growth at the nonpermissive temperature for two mass doublings. The
upper panels are phase-contrast images, the middle panels are immunofluores-
cence images, and the lower panels are DAPI images. Labeling was performed
with a mixture of MADbs against FtsQ. Secondary antibodies were conjugated
with Alexa. The arrows indicate fluorescent label at (potential) constriction sites.
Scale bar, 2 um. (B) Filament shown in more detail.

FIG. 8. Labeling of FtsQ in the ftsQ depletion strain. Cells grown at the
nonpermissive temperature for four mass doublings were labeled with a mixture
of MADbs against FtsQ. Secondary antibodies were conjugated with Alexa. The
upper panels are phase-contrast images, the middle panels are immunofluores-
cence images, and the lower panels are DAPI images. Scale bar, 4 um.

they could thus show that fluorescent foci are markers of gen-
uine cellular components. Similarly, results of immunofluores-
cence microscopy of FtsZ correlated well with the original
finding of the FtsZ ring by immunogold electron microscopy
(3). Of course, electron microscopy has a higher resolution
than light microscopy, and this is reflected in the precision of
labeling. For instance, electron microscopy can reveal whether
markers are associated with the inner or the outer membrane.
However, the brightness of fluorescence signals makes detec-
tion much easier, and in this sense light microscopy surpasses
electron microscopy. Thus, it is not surprising that localization
of FtsI (PBP 3) to the cell center has been achieved by
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FIG. 9. Localization of FtsQ in FtsQ-overproducing cells (left) and in PBP 1By-FtsQ-overproducing cells (right). The upper panels are phase-contrast images, and
the lower panels are immunofluorescence images. Labeling was performed with a mixture of MAbs against FtsQ. Secondary antibodies were conjugated with Alexa.

Scale bar, 2 pm.

fluorescence microscopy (43, 44) and not by electron mi-
Croscopy.

For the localization of the low-abundance membrane-bound
cell division protein FtsQ by immunofluorescence microscopy,
we used MADbs as primary antibodies. To assess the specificity
of FtsQ immunostaining, we carried out different tests. (i)
Epitope mapping with the aid of truncated fusion proteins and
immunoblot detection allowed us to localize the epitopes be-
tween amino acids 176 and 276, and B-galactosidase was clearly
not recognized. (ii) No bright foci were observed in cells la-
beled with secondary antibody only. (iii) Fluorescent label de-
creased after depletion of FtsQ.

Location of FtsQ at midcell. FtsQ localized to the division
site in most but not all constricting cells. This indicates either
that FtsQ disappears from the constriction site before separa-
tion of the two daughter cells or that FtsQ is localized early in
division but that it can be labeled only if a sufficient number of
molecules are grouped closely together. The latter option
seems more likely since the FtsQ homolog DivIB of B. subtilis
was found to localize early to the division site, even before a
visible septation could be observed, and remained localized
throughout division (18). In the ftsQ1(Ts) mutant the gluta-
mate residue at position 125 is replaced by a lysine residue.
This amino acid is located in a highly conserved domain of
FtsQ in various gram-negative and gram-positive bacteria. In
this mutant, FtsQ localized to the division site at the permissive
temperature. In filaments in which cell division was inhibited,
FtsQ foci occurred occasionally at the abortive division site
(Fig. 7). This finding raises the possibility that the localization
of FtsQ is independent of its function in the division process.
For the localization of DivIB and FtsN, the external and
periplasmic C-terminal domains, respectively, are required.
For DivIB it has been suggested that this domain is involved in

interactions with other membrane-bound division proteins
(17). A MalG-FtsN fusion protein could localize to the division
site and was also found to be functional in cell division (2, 9).
Possible candidates for interaction with FtsN are PBP 3 and/or
FtsQ, because the activities of both proteins are required for
FtsN localization (2). The PBP 1By-FtsQ hybrid protein was
also found to localize to the division site. Because localization
of the hybrid protein was studied under overproducing condi-
tions, one might argue that localization at midcell is not spe-
cific and that this would be caused by crowding of the protein
in a region highly composed of membrane. However, PBP 1B
itself was not found localized to the division site when the
protein was overproduced. Therefore, it can be concluded that
the periplasmic domain of FtsQ determines its localization,
similar to what was found for FtsN and DivIB.

Location of FtsQ at other sites. As pointed out above, flu-
orescence microscopy allows visualization of clusters of pro-
teins. So what can be the significance of foci not located at the
site of division? It is known that cytoplasmic membrane pro-
teins are inserted cotranslationally into the membrane (46).
Also with FtsQ there is evidence that translation and mem-
brane insertion are coupled (38). It is therefore likely that foci
not located at midcell represent groups of newly synthesized
FtsQ molecules. In line with this interpretation, LMC500 cells
contained more fluorescent foci than B/rA cells. Since the
doubling time of strain LMCS500 is shorter than the doubling
time of B/rA, LMC500 cells probably contain more than one
chromosome equivalent, which might result in multiple FtsQ
synthesis sites and therefore in more FtsQ foci.

Is the arrangement of the nucleoid spatially related to the
membrane insertion of FtsQ? The phenomenon of cotrans-
criptional-cotranslational insertion of membrane proteins im-
plies that the nucleoid is linked through mRNA and ribosomes
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to the cytoplasmic membrane (reference 30 and references
therein). Our measurements on the cellular nucleoid positions
(Fig. 5) reveal that the noncentral FtsQ foci are confined to
this cellular area, which suggests that FtsQ becomes inserted in
the vicinity of the nucleoid. An interesting speculation is that
the foci might occur where the division and cell wall gene
cluster resides. To corroborate this intriguing possibility, it
will be necessary to combine gene and protein localization
studies.
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