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Abstract

Protein phosphorylation plays a crucial role in regulating cell division and morphogenesis in many bacteria. In Streptococcus
pneumoniae, the serine/threonine kinase StkP orchestrates cell wall assembly and cell morphogenesis by phosphorylating
several proteins involved in cell division. In this study, we provide evidence that FtsZ, a conserved tubulin-like protein that
coordinates pneumococcal cell elongation and constriction, is phosphorylated in vivo by StkP at six threonine residues
within its C-terminal linker (CTL). Mutational analysis reveals the structural role of the CTL in pneumococcal cell division
and further shows that its phosphorylation status influences cell morphogenesis. Importantly, phosphomimetic FtsZ
mutants rescue division blocks induced by sublethal concentrations of methicillin, which targets the essential septal cell
wall synthase PBP2x. Additionally, we demonstrate that CTL phosphorylation affects FtsZ polymerization and filament
bundling in vitro. It also accelerates FtsZ treadmilling dynamics and alters its interactome in vivo. Altogether, these
findings support a model in which CTL phosphorylation fine-tunes FtsZ filament dynamics to sustain cell division under
B-lactam stress, representing a potential adaptive mechanism for antibiotic tolerance.

Keywords protein phosphorylation, FtsZ, cell division, peptidoglycan, Streptococcus pneumoniae

Significance statement

Adapting to the environmental conditions is indispensable for the evolution and survival of bacterial species. Besides genome
modifications that confer heritable traits, nongenetic and nonheritable adaptive changes are also critical. In this work, we pro-
pose that serine/threonine phosphorylation enhances nonheritable phenotypes through posttranslational modifications in re-
sponse to survival challenges, particularly those induced by antibiotic exposure. Our findings demonstrate that the
phosphorylation of the key cell division protein FtsZ, specifically within its flexible C-terminal linker, mitigates cell division im-
pairment when exposed to methicillin, a f-lactam antibiotic that inhibits the septal peptidoglycan biosynthesis. Our work
thus uncovers a previously unrecognized role for phosphorylation in the intrinsically disordered region of FtsZ, modulating its
biophysical properties and interactome to support bacterial adaptation under stress.
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Introduction

The eukaryotic-like tubulin protein FtsZ is pivotal to the process
of cell division in the vast majority of bacterial species (1, 2). FtsZ
undergoes continuous GTP-dependent polymerization and de-
polymerization throughout the cell. At the division site, these fil-
aments coalesce into an apparent ring-like structure, known as
the Z-ring (3, 4). Cryo-electron tomography studies showed
that the Z-ring can form a continuous, though nonhomogeneous,
band of overlapping FtsZ filaments in vivo (5). The Z-ring was fur-
ther shown to form a dynamic and discontinuous structure with a
patchy and heterogeneous distribution of FtsZ filaments that
treadmill around the cell (6-8). The Z-ring serves as a scaffold
for the recruitment and assembly of the divisome, the protein
machinery responsible for cell division (9, 10). The N-terminal
GTPase domain of FtsZ is linked via an intrinsically disordered
linker (C-terminal linker, CTL) to a conserved C-terminal peptide
(CTC), which mediates interactions with key division proteins
such as the membrane-anchored FtsA (11, 12).

While the functions of the GTPase domain and CTC have been
well characterized, the role of the CTL has only recently been in-
vestigated (13-15). The CTL is a flexible, intrinsically disordered
region (IDR) that varies significantly in length and sequence
across bacterial species, lacking conserved motifs and structural
organization (11, 16). IDRs are known to serve a versatile range of
regulatory functions. For example, they can confer molecular
flexibility, promote liquid-liquid phase separation, and partici-
pate in diverse protein-protein interactions (17-19). Some prop-
erties of the CTL are thus proposed to be encoded via
evolutionarily conserved, nonrandom sequence patterns that
help mediate autoregulatory interactions between covarying re-
gions within FtsZ (20). For instance, changes in the amino acid
composition of the CTL domain are tolerated in both Bacillus
subtilis and Escherichia coli, while still providing the CTL peptide
disorderliness (13, 14). In contrast, the functional replacement of
the CTL in Caulobacter crescentus from a different species com-
promises its growth and cell shape (15). Deletion of the CTL in
E. coli, B. subtilis, or C. crescentus results in severe division de-
fects, including cell filamentation, cell bulging, and lysis, respect-
ively, due to the formation of nonfunctional Z-rings (13-15). In
vitro, structural studies further demonstrate that the loss of the
CTL domain alters the bundling properties, size, and thickness of
FtsZ filaments (21). In C. crescentus, the CTL domain is implicated
in modulating the lateral interactions between the filaments (21).
In addition, biophysical analyses demonstrate that FtsZ protofila-
ments self-organize into loosely bundled assemblies in solution,
with the CTL domain acting as a spacer that modulates lateral fila-
ment interactions and limits excessive bundling (22).

Streptococcus pneumoniae is a prominent model for studying
bacterial cell division and FtsZ function (10). This gram-positive
bacterium exhibits an ovoid cell shape and divides by binary fis-
sion. In rod-shaped bacteria, cell elongation relies on sidewall
synthesis by the elongasome, a protein complex scaffolded by
the actin homolog MreB along the lateral region of the cell
(23). Streptococcus pneumoniae lacks MreB, and the Z-ring re-
cruits primary elongation and division proteins early in the cell
cycle (24, 25). Consequently, the divisome coordinates both
cell elongation and division (10, 25-27). The dynamic treadmil-
ling of FtsZ filaments, characterized by polymerization at one
end and depolymerization at the other end (6, 7, 28, 29),

subsequently distributes the divisome components around the
division site, guiding septal wall synthesis (23-25). Unlike rods
that elongate through dispersed expansion of their lateral wall,
pneumococcal cells elongate through zonal cell wall synthesis
at the periphery of the septum, where the elongasome remodels
the septal wall (10, 25-27). In ovococci, cell shape and elongation
thus depend on the coordinated activity of both the divisome
and the elongasome, both of which are functionally intertwined
with FtsZ dynamics. While FtsZ treadmilling and divisome assem-
bly have been well characterized, the role of the CTL in this con-
text remains unknown.

Phosphoproteomics studies have identified phosphorylation
sites within the FtsZ CTL in S. pneumoniae (30-33), echoing simi-
lar findings in other bacteria (34-36). The functional relevance of
these modifications, however, remains enigmatic. S. pneumoniae
encodes a single Ser/Thr kinase (StkP) (37-39), which phosphor-
ylates multiple proteins (40, 41) involved in cell division and mor-
phogenesis, including DivIVA (38, 42), the PBP2a regulator MacP
(43), the division site selection protein MapZ (44, 45), the cell
elongation regulator EloR (also known as KhpB or Jag) (46-48),
and the chromosome segregation regulator RocS (49). Given
that phosphorylation is known to modulate the biochemical
properties and function of IDRs (50, 51), the pneumococcus there-
fore represents an ideal organism to investigate the regulatory role
of FtsZ CTL phosphorylation and better characterize the molecular
mechanisms underlying cell division in the pneumococcus.

In this study, we demonstrate that the CTL of S. pneumoniae
FtsZ is required for cell morphogenesis and division, and under-
goes phosphorylation in vivo. We identify the CTL phosphoryl-
ation sites, characterize their impact on FtsZ biochemical
properties and dynamics, and assess their contribution to cell
division. Importantly, our work reveals that CTL phosphorylation
plays a vital role under p-lactam stress that hampers cell wall as-
sembly. Our observations suggest a model in which phosphoryl-
ation of the CTL region modulates FtsZ activity to facilitate cell
constriction and successful division under challenging conditions.

Results

The CTL of FtsZ is essential for cell division
and morphogenesis

To investigate the role of the intrinsically disordered, CTL of FtsZ
in S. pneumoniae, we constructed a series of mutant strains with
sequential deletions of various segments of the CTL (Fig. 1a).
Throughout our study, all mutant alleles were integrated at the
endogenous chromosomal locus and expressed from the native
promoter, ensuring physiological expression levels and serving
as the sole source of protein. Western blot analysis confirmed
that the steady-state levels of FtsZ of all CTL deletion variants
were comparable to wild-type (WT) FtsZ (Fig. Sla). Deletions
were classified by their position along the CTL: AC1 and AC2 tar-
geted the N-terminal region, while AC3 and AC4 removed seg-
ments from the C-terminus (Fig. la). Since complete CTL
deletion was not viable, confirming it is critical for FtsZ function,
we constructed a AC5 mutant lacking the central CTL segment
(Fig. 1a). Microscopy analysis revealed that all the CTL deletion
mutants, except AC2, exhibited significant morphological defects
such as minicell formation and bulging. The AC2 mutant
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Figure 1 The CTL of FtsZ plays a vital role in cell division. a) Schematic representation of FtsZ and the C-terminal deletion variants (CTL). The core GTP-binding
domain and the C-terminal conserved peptide (CTC) are depicted in gray, while the CTL is illustrated in yellow. The region of the CTL domain containing amino
acid deletions is marked with an inverted red arrow, designating the CTL variants AC1 through AC5. b) Phase-contrast microscopy images show representative
images of R800 (WT), AC1, AC2, AC3, AC4, and AC5 cells (scale bar, 1 ym). c) A violin plot illustrates each strain’s cell area (um?). d) A violin plot displays the cell
aspect ratio distribution for each strain, as determined by the ratio of the cell length along its central axis to its width measured perpendicularly. A high aspect
ratio indicates an elongated cell, while a low aspect ratio suggests a spherical cell. In ¢ and d, an arrow shows the Q1 quartile, with the percentage of the

population within it for WT and CTL deletion variants. A two-tailed P-value calculated through a nonparametric Mann-Whitney test indicates ****P<0.0001. The

wan

letter “n” represents the number of cells analyzed, and data from three independent experiments are included.

displayed only minor morphological differences compared with
the WT strain (Fig. 1b). Our quantitative morphometric analysis
revealed that the CTL deletion mutants exhibited a significant in-
crease (30-36%) in the prevalence of smaller-sized cells, with
many cells falling below the first quartile (Q1) compared with
WT cells (Fig. 1b and c). Additionally, we evaluated the distribu-
tion of aspect ratios, which indicate the ratio between cell length
and width, to assess cell elongation or bulging within the popu-
lation. In contrast to the WT, 30-44% of the CTL variants exhib-
ited aspect ratios below the first quartile (Q1) of WT cells,
indicating that these cells displayed aberrant shapes (Fig. 1b
and d). These results highlight the crucial role of the FtsZ CTL
in maintaining proper cell shape and division in S. pneumoniae.

CTL phosphorylation and impact on cell
shape, FtsZ dynamics, and peptidoglycan
assembly

The phosphorylation of the C-terminal flexible linker in FtsZ was
first identified through phosphoproteomic analyses in

Mycobacterium tuberculosis and B. subtilis (34, 35). Subsequent
phosphoproteomic studies also detected phosphorylated FtsZ
in S. pneumoniae (31, 32). Nevertheless, the functional relevance
of this modification remains largely unexplored. Using an
ftsZ-mGfp strain (25) grown under normal conditions and a
GFP-trap resin to immunoprecipitate FtsZ-mGFP, followed by li-
quid chromatography-mass spectrometry (LC-MS) analysis, we
identified six phosphorylated threonine residues in the CTL
(Fig. S2a-h), including the previously reported sites T333, T338,
T356, and T388 (31-33). To assess the overall effect of CTL phos-
phorylation, we generated phosphoablative (ftsZ-TA) and phos-
phomimetic (ftsZ-TE) mutants by substituting all six threonine
residues with either alanine or glutamic acid, respectively
(Fig. 2a). FtsZ protein levels remained unchanged in these mu-
tants (Fig. S3a) and growth curves were similar to those of WT
cells (Fig. 2b). Nonetheless, the ftsZ-TE mutant showed a slight,
yet significant, difference in size distribution: 33.1% of ftsZ-TE
cells fell within the Q1 quartile of WT cell area, while these small-
sized cells only represented 25 and 26.4% of WT and ftsZ-TA cells,
respectively (Fig. 2c and d). Unlike the CTL deletion mutants that
produce minicells (Fig. 1b), neither the ftsZ-TA nor the ftsZ-TE phos-
phomutants formed minicells under our experimental conditions.
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Figure 2 Phosphorylation of the CTL influences cell shape. a) A schematic
representation of FtsZ highlighting the phosphorylated threonine residues
in the CTL. b) Growth curves of WT and phosphomutant variant (ftsZ-TA and
ftsZ-TE) strains. c) Phase-contrast microscopy images illustrate
representative images of WT, phosphoablative ftsZ-TA, and phosphomimetic
ftsZ-TE cells (scale bar, 1 um). d) Violin plot depicting cell area distribution
(um?) for each strain. An arrow shows the Q1 quartile, with the percentage of
the population within it for the WT and phosphomutant variants. A
two-tailed P-value, determined through a nonparametric Mann-Whitney
test, shows ****P<0.0001 and ns for P=0.126. The letter “n” represents the
number of cells analyzed, with data drawn from three independent
experiments.

Instead, the ftsZ-TE mutant exhibited a mild phenotype character-
ized by a decreased cell area. These findings suggest that permanent
phosphorylation of FtsZ CTL affects pneumococcal cell morphology
and that CTL phosphorylation modulates cell shape homeostasis.

To assess whether TA and TE substitutions influence FtsZ lo-
calization, we constructed two strains in which the native ftsZ
gene was replaced with ftsZ-TA-mGfp or ftsZ-TE-mGfp gene fu-
sions. We verified that the levels of FtsZ-TA-mGFP and
FtsZ-TE-mGFP were similar to those of FtsZ-mGFP (Fig. S3b).
Like FtsZ-mGFP (44), FtsZ-TA-mGFP and FtsZ-TE-mGFP localized
to the parental division site and daughter-cell equators (Fig. 3a).
However, after sorting the cells according to their length, heat
maps showed that in late-division cells, slightly more
FtsZ-mGFP was detected at the parental division site of WT cells
compared with the TA and TE variants (Fig. 3b). Therefore, ex-
pression of phosphoablative and phosphomimetic variants af-
fects FtsZ localization in a very subtle manner. We also
assessed whether phosphorylation altered peptidoglycan (PG)
synthesis using pulse-labeling with a fluorescent p-alanine de-
rivative (BADA) (53) (Fig. 3c). Cell-cycle resolved heat maps
showed that WT, ftsZ-TA, and ftsZ-TE strains exhibited similar
PG synthesis patterns, with strong septal and weak equatorial
fluorescence signals (Fig. 3c and d). Altogether, these results in-
dicate that CTL phosphorylation does not affect PG synthesis but
does slightly affect pneumococcal cell shape and FtsZ localiza-
tion under normal laboratory growth conditions.

CTL phosphorylation suppresses the cell
division block under methicillin stress

The higher proportion of smaller cells observed in the
ftsZ-TE-mutant (Fig. 2c and d) led us to hypothesize that CTL
phosphorylation might influence the balance between cell
elongation and division. As methicillin is a p-lactam antibiotic
that explicitly inhibits the cell wall synthase PBP2x required
for pneumococcal division (27, 28, 54), we wondered whether
it could be used to reveal the function of CTL phosphorylation
in cell morphogenesis. To investigate this, we treated WT,
ftsZ-TA, and ftsZ-TE cells with sublethal concentrations of
methicillin. As shown in Fig. 4a, methicillin induced the early ly-
sis of all three strains (Fig. 4a). Microscopy further revealed that
WT cells displayed cell elongation typical of a division block ob-
served in the presence of B-lactam antibiotics (Fig. 4b and c).
More precisely, WT cells grown in the absence of methicillin ex-
hibited only 25% of cells (above Q3 quartile) exceeding 1.37 pm
in length.

In contrast, ~50% of the WT cells showed a cell area distribu-
tion above this threshold under methicillin stress. A similar ob-
servation was made for the phosphoablative ftsZ-TA mutant,
with ~56% of the population falling within the Q3 quartile
(Fig. 4b and c) in the presence of methicillin. In stark contrast,
the phosphomimetic ftsZ-TE mutant, grown in the presence of
methicillin, exhibited a markedly different behavior than the
WT and ftsZ-TA strains, with fewer than 37% of the cells falling
within the Q3 quartile (Fig. 4b and c). To rule out any effect of
methicillin on FtsZ production or stability, we confirmed that
FtsZ levels remained stable across strains, regardless of methicil-
lin presence (Fig. S4a). Importantly, these phenotypes cannot be
attributed to differences in the minimum inhibitory concentra-
tion (MIC) between the ftsZ mutants and the WT strain, as the
MIC was identical across all strains (0.250 pg mL™?). These data
indicate that phosphomimetic CTL mutations significantly res-
cue the cell division block caused by methicillin.
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Figure 3 CTL phosphorylation does not affect FtsZ localization or PG synthesis. a. FtsZ localization in WT, phosphoablative, and phosphomimetic mutants is
examined using mGFP fusions. The left panel shows phase-contrast images, the middle panel presents GFP fluorescence, and the right panel features merged
phase-contrast and GFP images (scale bar, 2 pm). b) Cells are categorized into predivisional, divisional, and diplococci based on their length. Heat maps
illustrate the localization of FtsZ-mGFP in WT and phosphomutant strains. Images are derived from a single experiment, and results are consistent with three
independent experiments. c) To visualize PG synthesis, growing cells of R800 (WT) and phosphomutants were pulse labeled with D-amino acid analog BADA (52).
The left panel shows phase-contrast images of WT, phosphoablative ftsZ-TA, and phosphomimetic ftsZ-TE. The middle panel shows BADA-stained images; the
right panel presents merged phase-contrast and BADA images (scale bar, 2 pm). Cells are categorized into predivisional, divisional, and diplococci based on their
cell length. The heat map depicts PG synthesis in WT and phosphomutant strains. Images are derived from a single experiment and are consistent with

observations from two independent experiments.

To determine which CTL phosphorylation sites contribute to
cell-division modulation, we examined a series of ftsZ-TA and
ftsZ-TE mutants carrying single, dual, triple, tetra, and hexa sub-
stitutions (Fig. S5a and b). These strains were grown under sub-
lethal metbhicillin stress and analyzed for their ability to alleviate
the division block (Fig. S5a and b). In the presence of methicillin,
WT cells exhibited ~69% of the population above the Q3 quartile,

consistent with elongation due to impaired constriction. None of
the phosphoablative ftsZ-TA mutants showed any rescue of this
phenotype, displaying Q3 distributions comparable to WT
(Fig. S5a). Lower-order phosphomimetic ftsZ-TE mutants (single
to triple) likewise failed to alter the methicillin-induced shift in
cell-size distribution (Fig. S5b). In contrast, tetra and hexa
ftsZ-TE mutants exhibited a marked improvement, with
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Figure 4 Impact of methicillin treatment on cell growth and shape of ftsZ
phosphomutants. a) Growth curves of WT and phosphomutant strains in the
absence or the presence of 50 ng mL™ methicillin. b) Representative
phase-contrast microscopy images of WT, phosphoablative ftsZ-TA, and
phosphomimetic ftsZ-TE cells cultivated in the absence or the presence of
50 ng mL™* methicillin (scale bar, 1 um). Cells were harvested for this
analysis ~120 min after methicillin addition (ODsso=0.10-0.15), before the
onset of autolysis shown in (a) (240 min). c) Violin plots showing the
distribution of cell area (um?) for each strain. An arrow indicates the Q3
quartile, with the percentage of the population exceeding it for the WT and
phosphomutant variants. A two-tailed P-value, derived from a
nonparametric Mann-Whitney test, indicates ****P<0.0001 and *P=0.0259.
The letter “n” denotes the number of cells analyzed, with data collected
from three independent experiments.

only ~50% of cells exceeding the Q3 threshold, indicating sub-
stantial rescue of the division block (Fig. S5b). These results sug-
gest that higher-order phosphomimetic combinations are
required to overcome methicillin-induced inhibition of septation.

We then assessed whether the methicillin stress impacts the
localization of FtsZ at the division septum. We first verified that
the levels of the different FtsZ-mGFP fusions were similar in
the presence of methicillin (Fig. S6a). As expected, ftsZ-mGfp
and ftsZ-TA-mGfp cells exhibited cell elongation following methi-
cillin treatment, identical to their native counterparts, whereas
ftsZ-TE-mGfp cells demonstrated a partial alleviation of the block
in cell division (Fig. S6b). Analysis of FtsZ localization showed
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Figure 5 CTL phosphorylation does not affect FtsZ localization in the
presence of methicillin. a) FtsZ-mGFP localization in WT and
phosphomutant strains grown in the presence or absence of 50 ng mL™*
methicillin. The left panel displays representative phase-contrast
microscopy images illustrating ftsZ-mGfp, ftsZ-TA-mGfp, and ftsZ-TE-mGfp
cells. The middle panel presents GFP fluorescence images, and the right
panel shows merged images of both phase-contrast and GFP images (scale
bar, 1 pm). b) Cells are categorized into predivisional, divisional, and
diplococci based on their cell length. The heat maps highlight FtsZ-mGFP
localization patterns in WT and phosphomutant strains. Microscopy images
and heat maps are derived from a single experiment that is consistent with
observations from three independent experiments.

that WT FtsZ-mGFP, FtsZ-TA-mGFP, and FtsZ-TE-mGFP remained
localized at the division septum even in the presence of methicil-
lin (Fig. 5a and b). To evaluate whether methicillin alters Z-ring
condensation, we quantified Z-ring width by extracting fluores-
cence intensity profiles across the FtsZ-mGFP band and calculat-
ing the full width at half maximum (FWHM) for each cell.
Methicillin-treated ftsZ-TE-mGfp cells exhibited slightly narrower
Z-rings than WT or ftsZ-TA-mGfp, reflected by a modest left-shift
in the Z-ring width distribution (Fig. S6c), consistent with the re-
duced cell area observed for the TE mutant. The data show that
CTL phosphorylation partially rescues division and suggest that it
finely modulates Z-ring condensation under conditions that in-
hibit PBP2x.

B-Lactam treatment triggers rapid
phosphorylation of FtsZ

Since the phosphomimetic ftsZ-TE allele partially alleviated the
methicillin-induced division block, we next examined whether
B-lactam stress itself could trigger endogenous phosphorylation
of FtsZ. Ampicillin, another p-lactam antibiotic, has previously
been shown to increase the number of phosphorylation sites
on FtsZ (32). We therefore first checked whether methicillin
might similarly induce FtsZ phosphorylation. WT cells were ex-
posed to either ampicillin or methicillin treatment, and the
phosphoprotein patterns were analyzed by immunoblotting
with phosphothreonine antibodies. Surprisingly, only marginal
changes were detected upon methicillin treatment (Fig. S7a).
In contrast, and consistent with earlier reports (32, 38), ampicillin
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Figure 6 FtsZ phosphorylation dynamics during p-lactam antibiotic
exposure. a) Western blot analysis of WT and the phosphoablative ftsZ-TA
hexa mutant treated with ampicillin for 30 min. Untreated samples collected
at the same stage served as controls. After incubation, cell-free extracts were
prepared, and equal amounts of proteins were probed with anti-
phosphothreonine (upper panel) and anti-FtsZ antibodies (lower panel), with
FtsZ used as a loading control. b) Time-course analysis of FtsZ
phosphorylation dynamics. Early-log WT cultures were treated with
ampicillin, and cells were immediately harvested to obtain the 0-min time
point. Samples were collected every 5 min up to 40 min, and cell-free extracts
were probed with anti-phospho-threonine (upper panel) and anti-FtsZ
antibodies (lower panel), with FtsZ serving as a loading control. In a and b,
the ampicillin-induced phosphoprotein band is indicated with an arrow.

exposure resulted in the appearance of a distinct phosphopro-
tein band migrating at the expected molecular weight of FtsZ
(Figs. 6a and S7a).

To determine whether this ampicillin-induced phosphoryl-
ation signal corresponded to FtsZ, we compared the phosphoryl-
ation patterns of WT cells and the ftsZ-TA mutant carrying the
hexa threonine-to-alanine substitutions within the CTL
(Fig. 6a). The distinct phosphoprotein band migrating at the
FtsZ expected molecular weight was completely abolished in
the ftsZ-TA mutant, identifying FtsZ as the phosphoprotein modi-
fied under ampicillin stress (Fig. 6A). Temporal analysis further
revealed that FtsZ phosphorylation became detectable within
10 min of ampicillin exposure, reached approximately half-
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Figure 7 Proteomic analysis of FtsZ-TA-mGFP and FtsZ-TE-mGFP
interaction partners. The volcano plot illustrates proteins that
co-immunoprecipitated with either FtsZ-TA-mGFP or FtsZ-TE-mGFP,
highlighting their preferential enrichment in each condition. Proteins
enriched in the FtsZ-TA-mGFP pull-down are positioned on the right, while
those enriched in the FtsZ-TE-mGFP pull-down are on the left. The data
represent the average of three independent biological replicates. Proteins
were deemed significantly enriched or depleted in the
co-immunoprecipitated fractions if their fold change was >2 or <0.5,
respectively, with a P-value of <0.05.

maximal intensity by 25 min, and continued to accumulate
thereafter (Fig. 6b). Together, these results demonstrate that
p-lactam treatment induces rapid phosphorylation of FtsZ in a
manner that depends on the specific p-lactam used.

CTL phosphorylation alters FtsZ
polymerization, treadmilling dynamics,
and its interactome

To explore how the CTL phosphorylation affects cell division,
we first investigated whether it may impact the FtsZ-related pro-
tein networks. Co-immunoprecipitation of FtsZ-TA-mGFP and
FtsZ-TE-mGFP phosphomutants (Fig. S8), followed by MS,
showed that the phosphoablative 6TA variant mainly associated
with EzrA, while the phosphomimetic 6TE variant preferentially
interacted with GpsB, SepF, and DivIVA (Fig. 7). These observa-
tions suggest that CTL phosphorylation state influences the
FtsZ interaction profile.

Given prior studies that linked the CTL to lateral interactions
established by FtsZ filaments (21), we also hypothesized that
the negative charges introduced by phosphorylation might im-
pact the FtsZ filament conformation. To investigate this, we first
utilized the CIDER tool, developed to predict the behavior of in-
trinsically disordered peptides (55). Supporting our hypothesis,
CIDER analysis predicted altered charge distribution and con-
formational states in the TE mutant relative to WT and TA var-
iants (Fig. S9a-d). Consistent with the experimentally observed
phosphorylation threshold needed for partial rescue from div-
ision arrest (Fig. S5a and b), CIDER analysis of single-to-hexa
variants revealed predicted differences primarily for higher-
order phosphomimetic substitutions (Fig. S1le and f). In
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FtsZ-TA

FtsZ-TE

Figure 8 CTL phosphorylation modulates filament formation and bundling of FtsZ. Electron micrographs depicting the polymerization of WT and
phosphomutant variants of FtsZ. Purified forms of WT and phosphomutant variants of FtsZ were polymerized at a concentration of 5 pM, either with or without a
crowding agent (PVA). a) Transmission electron microscopy (TEM) images of the WT and phosphomutant variants were captured 15 min after adding GTP and
subsequent staining with 1% uranyl acetate, highlighting the polymerization process at a pH of 6.5. b) TEM images illustrating polymerization at pH 6.5 in the
presence of an 8% (wt/vol) PVA were similarly acquired 15 min after GTP addition and staining. c) TEM images displaying polymerization at a pH of 5.5 were also
captured 15 min post-GTP addition, following staining with 1% uranyl acetate. For this experiment, a pH of 5.5 was achieved by introducing 0.125% (vol/vol)
acetic acid, with no crowding agent included. Scale bars represent 100 nm. Arrow indicates long protofilaments. Asterisk represents curved bundles.

contrast, all phosphoablative variants exhibited similar behav-
ior in the CIDER analysis (Figs. S10 and S11), and lower-order
phosphomimetic mutants closely resembled their phosphoa-
blative counterparts (Fig. S10 and Sl1a, d). To further investi-
gate whether CTL phosphorylation affects the biophysical
properties and dynamics of FtsZ, we performed polymerization
and filament bundling assays using recombinant WT and phos-
phovariant forms of FtsZ (Figs. 8 and S12a). At pH 6.5, all FtsZ
variants produced similar individual filaments or filament bun-
dles, regardless of whether polyvinyl alcohol (PVA) was added
(Figs. 8a, b and S13a, b). However, at pH 5.5, a condition that
promotes bundling, interesting differences emerged (Figs. 8c
and S13c). FtsZ-TA formed long, straight filament bundles
with no additional filaments present in the background (Figs.
8c and S13c). In contrast, FtsZ-TE produced curved filaments
alongside shorter, straight bundles in the background (Figs.
8c and S13c, d). WT FtsZ exhibited intermediate properties
(Fig. 8c). Overall, these observations suggest that CTL phos-
phorylation modulates lateral FtsZ filament interactions and
bundling under mild acidic conditions.

Since cell division involves FtsZ treadmilling, we next investi-
gated whether the phosphorylation status of the CTL influences
FtsZ movement in vivo. To achieve this, we performed total
internal reflection fluorescence microscopy (TIRF) with
FtsZ-mGFP and phospho-mutant variants and quantified tread-
milling dynamics using kymograph analysis (Fig. 9a-c).
Consistent with previous findings (28), WT FtsZ-mGFP tread-
milled at 28.9 (+7.7) nm s™%, while both TA and TE mutants exhib-
ited significantly faster rates at 31.3 (+8.9) and 31.7 (¥9.3) nm s~ %,
respectively (Fig. 9d and e). Altogether, the phosphorylation sta-
tus of the CTL influences filament interactions, FtsZ interactome
and its treadmilling dynamics in living cells.

Discussion

Work in E. coli, B. subtilis, and C. crescentus has shown that the
CTL modulates lateral interactions between FtsZ filaments,
thereby regulating filament bundling and the formation of a dy-
namic Z-ring, which is essential for divisome assembly and
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Figure 9 Phosphorylation alters FtsZ treadmilling. a) Summation of frames from 240-s TIRFM movies of ftsZ-mGfp (3-s intervals). The cell contour is indicated
with yellow dotted lines. b) Montage of TIRFM images taken every 6 s, showing ftsZ-mGfp WT cells. The red arrow points to the trajectory used for the first
kymograph analysis in (c) (moved slightly upward to help visualize FtsZ patches). c) Images of kymographs from 1 to 240 s, taken from ftsZ-mGfp, ftsZ-TA-mGfp,
and ftsZ-TE-mGfp strains, with the red arrow indicating the trajectory shown in “b.” d. Distribution of speeds of FtsZ-mGFP patches in WT, the phosphoablative
mutant ftsZ-TA, and the phosphomimetic mutant ftsZ-TE. e) Average speed of FtsZ-mGFP patches in WT and phosphomutants. Results of the nonparametric
Mann-Whitney test: ****P<0.0001. The data presented corresponds to a representative experiment from three independent biological replicates, with a total of
1,610, 2,028, and 1,382 trajectories analyzed for the WT, ftsZ-TA, and ftsZ-TE mutants, respectively.

activity (13-15). Consistent with this, deletion of specific CTL re-
gions in S. pneumoniae leads to a division block and subsequent
cell elongation (Fig. 1). Despite its poor sequence conservation
across species, the CTL thus likely functions as a conserved struc-
tural element mediating interactions required for divisome as-
sembly and/or function.

Beyond confirming this structural role, our work examines how
CTL phosphorylation influences FtsZ polymerization, dynamics,
and cell morphogenesis. FtsZ phosphorylation has been docu-
mented in several bacterial species, typically on serine and threo-
nine residues within flexible regions like the N-terminal loop and
the CTL (30-36, 56-60). However, the regulatory roles of these
phosphorylations remain unclear. In some organisms, phosphoryl-
ation within the GTP-binding core affects GTPase activity and,
thereby, FtsZ polymerization, influencing cell growth and morph-
ology as shown in Deinococcus radiodurans and Mycobacterium
species (56, 57). Here, we identify six phosphorylated threonine
residues in the S. pneumoniae FtsZ CTL, including four previously
reported sites (T333, T338, T356, and T388) (31-<span dataode-
nwrap=$132#?7>33), and show that these posttranslational modifi-
cations affect FtsZ polymerization and filament bundling in vitro,
as well as its interactome and treadmilling dynamics in vivo (Figs.
7-9). Our results indicate that the cumulative phosphorylation, ra-
ther than modification of any single threonine, is critical for modu-
lating FtsZ function (Fig. S5). While the phosphoablative mutants

fail to rescue division defects, higher-order phosphomimetic mu-
tants achieve partial rescue, highlighting the importance of mul-
tiple sites acting in concert (Figs. 4 and S5b). Enhanced
phosphorylation of several substrates (38), especially the FtsZ
CTL (32), has been observed earlier when the pneumococcus
was exposed to sublethal ampicillin concentrations, although
the regulatory mechanism was not explored. Our results suggest
that CTL phosphorylation influences cell shape (Fig. 2) and facili-
tates cell division under antibiotic stress (Fig. 4), thereby implicat-
ing it in an adaptive response. Whereas methicillin induced only
marginal changes in FtsZ phosphorylation (Fig. S7a), ampicillin ex-
posure produced distinct phosphoprotein bands (Fig. 6), including
a discrete phosphospecies consistent with prior reports (38). This
difference likely reflects methicillin’s narrower inhibitory spec-
trum, which specifically targets PBP2x, compared with ampicillin’s
broader engagement of multiple PBPs and its ability to induce a
stronger stress response. Ampicillin has also been shown to hyper-
activate the Ser/Thr kinase StkP (32), potentially contributing to
the robust phosphorylation observed, whereas whether methicil-
lin similarly affects StkP remains unclear. Moreover, these
findings imply that regardless of a f-lactam’s ability to promote
FtsZ phosphorylation, modifying FtsZ biochemical properties,
through phosphomimetic mutations, may alleviate the cell div-
ision block and associated cell elongation caused by any -
lactam. A possibility is that the CTL phosphorylation status
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enhances the ability of the divisome to accomplish cell division
upon impaired PG assembly. Further studies will be required to
demonstrate this hypothesis.

The effects of CTL phosphorylation may arise from changes in
filament flexibility and lateral interactions, which could alter
contacts with Z-ring regulators, and thereby influence divisome
assembly and activity. Supporting this, a recent work in B. subtilis
has shown that phosphorylation in the FtsZ tail modulates tail-
core interactions, thereby changing access to the polymerization
interface and to division regulators (61). Lateral interactions
among FtsZ filaments are essential for Z-ring assembly and dy-
namics, and CTL phosphorylation may modulate these interac-
tions by reshaping FtsZ’s associations with division partners.
EzrA positively regulates Z-ring formation, while ZapA and ZapJ
stabilize filaments; combined deletion of these proteins
with EzrA leads to pronounced morphological defects (24).
Supporting this mechanistic link, our interactome analysis shows
that distinct CTL phosphorylation states shift FtsZ partner con-
nectivity: the phosphoablative 6TA variant preferentially inter-
acts with EzrA, whereas the phosphomimetic 6TE variant
engages GpsB, SepF, and DivIVA (Fig. 7). These data suggest
that CTL phosphorylation indirectly regulates filament organiza-
tion and Z-ring assembly by modulating partner interactions,
complementing the observed differences in filament bundling
and treadmilling. Consistent with this idea, GpsB has recently
been identified as an FtsZ-interacting protein in S. pneumoniae,
where it serves as an accessory Z-ring anchor (62). In our study,
this interaction is preferentially observed with the phosphomi-
metic 6TE variant, suggesting that CTL phosphorylation may
bias FtsZ toward engagement with specific divisome partners.
Single-molecule studies in Bacillus further support the import-
ance of lateral interactions and Z-ring condensation for proper
cell division (63), supporting the broader relevance of these inter-
actions in bacterial cytokinesis. In C. crescentus, deleting the CTL
disrupts lateral filament interactions and affects FtsA binding,
which impairs PG synthesis and leads to cell lysis (64). In our
study, the phosphomimetic ftsZ-TE mutant partially rescues exa-
cerbated cell elongation caused by methicillin, which inhibits the
essential septal PG synthase PBP2x in S. pneumoniae (Fig. 4) (27,
54, 65). These findings suggest that phosphorylation-dependent
changes in FtsZ filament conformation may help S. pneumoniae
balance cell elongation and division under adverse conditions,
such as antibiotic exposure or nutrient deprivation (66, 67).

Such a mechanism may represent a broader adaptive strategy
for antibiotic tolerance. In E. coli, the Ser/Thr kinase HipA phos-
phorylates glutamyl-tRNA-synthetase GltX, thereby inhibiting
translation and promoting persistence (68). Similarly, in S. aur-
eus, deletion of the Ser/Thr phosphatase Stp increases persist-
ence by hyper-phosphorylating translational factors, such as
EF-Tu (69). Although phosphorylation-mediated antibiotic toler-
ance remains unexplored in S. pneumoniae, phosphoproteomic
analyses have shown increased phosphorylation of several division
proteins, including MapZ, FtsZ, DivIVA, GpsB, MpgA, MacP, MurM,
and the StkP kinase itself under ampicillin stress (32, 38). These ob-
servations support the idea that phosphorylation of cell division
components, including FtsZ CTL, is part of a stress-adaptive pro-
gram that may promote survival during antibiotic challenge.

Live-cell TIRF microscopy further supports this hypothesis by
showing that CTL phosphorylation affects FtsZ treadmilling vel-
ocity (Fig. 9). Both FtsZ-TA and FtsZ-TE mutants exhibit faster

treadmilling than the WT, indicating that precise phosphoryl-
ation levels are essential for optimal Z-ring dynamics. Although
treadmilling organizes the spatial distribution of septal PG syn-
thases, the rate of PG synthesis depends on synthase activity
(28, 70). Notably, despite increased treadmilling in both mutants,
only the phosphomimetic TE mutant confers protection to cells
under antibiotic stress. This difference likely reflects additional
contributions from filament polymerization and CTL-dependent in-
teractions: TE forms shorter, more curved filaments with altered
lateral associations and preferentially recruits divisome partners
such as GpsB, DivIVA, and SepF, whereas TA filaments resemble
WT and preferentially engage EzrA (Figs. 7-9). Together, these ef-
fects may enhance septal robustness, explaining why TE, but not
TA, partially suppresses methicillin-induced elongation.

Our findings can be integrated into the “two-track” division
model described in E. coli, in which inactive septal PG synthases
are distributed around the division site by FtsZ treadmilling, be-
fore FtsN promotes their release from the Z-ring to initiate septal
PG synthesis (71). In S. pneumoniae, this model is supported by
the fact that the FtsZ treadmilling velocity does not correlate
with the motion of FtsW/PBP2x complexes active in septal PG
synthesis (28). In S. pneumoniae, it is plausible that FtsZ phos-
phorylation influences the recruitment of FtsW/PBP2x complexes
or their release from the Z-ring, and thereby modulates active
septal PG synthesis. The ability of FtsZ-TE to reduce cell elong-
ation during methicillin treatment supports this model (Figs. 4
and S5), suggesting that enhanced phosphorylation of FtsZ
may compensate for impaired septal PG synthesis.

An important unanswered question concerns the stoichiom-
etry and dynamics of CTL phosphorylation. Our phosphomutants
(FtsZ-TA and FtsZ-TE) represent extreme, nonphysiological states
of FtsZ, whereas the native FtsZ is likely only partially and dy-
namically phosphorylated. Future studies should quantify the
fraction of phosphorylated FtsZ protomers in filaments, deter-
mine whether phosphorylation occurs combinatorially across
six phosphosites, and establish how these modifications fluctu-
ate during the cell cycle. Regulation of FtsZ CTL phosphorylation
by the StkP kinase and its cognate phosphatase PhpP may con-
tribute to such dynamic control (37, 38).

In summary, our results highlight Ser/Thr phosphorylation as a
crucial regulatory mechanism enabling bacteria to rapidly adapt
to cell envelope stress. CTL phosphorylation of FtsZ occurs rap-
idly (Fig. 6), consistent with an early stress-response modifica-
tion. Given the essential role of FtsZ in bacterial cell division
and the conservation of CTL phosphorylation across species,
this mechanism may represent a broadly conserved strategy to
ensure division under challenging conditions. Further studies
should investigate the additional roles of phosphorylation in
regulating cell division and survival under various environmental
stresses. Moreover, determining how these differential partner
interactions contribute to the methicillin-rescue phenotype will
be an important direction for future research.

Materials and methods

Strains and growth conditions

Streptococcus pneumoniae R800 and its derivatives (Table 1)
were cultured in Todd-Hewitt yeast broth (THY; Difco) at 37 °C.
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Recombinant proteins were produced using the E. coli strain
AD494 (DE3) (Table 2), which was grown in Luria-Bertani (LB)
broth. Growth was monitored by measuring optical density every
10 min using a JASCO V-630-BIO spectrophotometer at an
ODggonm for E. coli and an ODssonm for S. pneumoniae, respective-
ly. MICs were determined using broth microdilution.

Pneumococcal strain construction

Genomic modifications in S. pneumoniae were achieved through
homologous recombination using a two-step procedure involving
a bicistronic kan-rpsL gene cassette known as Janus (72), as previ-
ously described (42). The oligonucleotide primers used are described
in Table 3. The native ftsZ gene or its mGFP fusions, along with asso-
ciated mutations, were constructed at the endogenous chromosom-
al locus. This arrangement allowed for expression under the
regulation of its own promoter, serving as the sole source of protein.

In the first step, the Janus cassette was inserted at the 3’ end
of ftsZ, conferring kanamycin resistance and a dominant strepto-
mycin sensitivity in the otherwise streptomycin-resistant R6
rpsL1 strain (R800). In the subsequent step, polymerase chain re-
action (PCR)-amplified DNA fragments containing the desired
mutations or fusions, along with homologous upstream and
downstream flanks, were transformed into the ftsZ Janus strain
to create markerless mutants or fusions. Initially, the bacteria
were cultured in THY at 37 °C until they reached early-log phase
growth. The cells were then treated with 10 pM of synthetic
competence-stimulating peptide to induce competence. After
an incubation period of 10 min at 37 °C with the transformable
DNA fragments, the temperature was lowered to 30°C for
20 min. The transformants were then plated on THY agar, supple-
mented with 3% (v/v) defibrinated horse blood, and incubated
for 120 min at 37 °C. Recombinant strains were selected by over-
laying a 10-mL THY agar with the appropriate antibiotic (strepto-
mycin) and incubating them overnight at 37 °C. The presence of
the mutations was confirmed through locus PCR and sequencing.

Plasmid construction

DNA fragments were obtained through PCR using chromosomal
DNA from the S. pneumoniae R800 strain WT or S. pneumoniae mu-
tant strain harboring mutations in the CTL as a template. The
oligonucleotide primers used for cloning are described in
Table 3. To construct plasmids producing WT ftsZ and phospho-
mutant ftsZ-TA and ftsZ-TE, the corresponding DNA fragments
were cloned in the pT7-7 plasmid at Ndel and Hindlll sites (73)
without a histidine tag. The clones were verified through PCR
and sequencing. All generated plasmids are listed in Table 4.

Protein purification

To purify FtsZ, the pT7-7 plasmids harboring WT and
phospho-ftsZ mutants were transformed into E. coli AD494 com-
petent cells selected on ampicillin-containing LB agar plates. A
single colony was inoculated in 20 mL of LB medium supple-
mented with ampicillin and allowed to grow overnight.
Overnight-grown culture was inoculated (1/100) into fresh 2 L
LB broth, incubated at 37 °C, and grown until the ODgoonm

reached 0.6. The culture was then induced with 1 mM IPTG
(isopropyl-B-p-thiogalactoside) and allowed to grow for 2 h at
37 °C. The cells were harvested by centrifugation, and the pellets
were resuspended in 5 mL buffer A (50 mM Tris-HCl, pH 8.0,
50 mM KCl, 1 mM ethylenediaminetetraacetic acid [EDTA], pH
8.0) containing 10 mg mL™" lysozyme, 10 pg mL™' DNase |,
100 pg mL™* RNase A, and 1 ug mL™ protease inhibitor cocktail
(Roche). The cell suspension was incubated on ice for 30 min.
After sonication and centrifugation, ammonium sulfate was added
to the supernatant to a final concentration of 30%, and the mixture
was stirred at 4 °C for 30 min. The mixture was then centrifuged at
25,000x g for 30 min, and the pellets were retained and resus-
pended in 5 mL of buffer A. This was followed by dialysis against
buffer A for 4 h at 4 °C. The supernatant was then applied to a
HiTrap Q HP column (GE Healthcare). After extensive washing
with five column volumes of buffer A, the protein was eluted
with a 0-50% gradient of buffer B (buffer A+1 M KCl). Peak frac-
tions containing FtsZ were pooled and concentrated in Amicon fil-
ters (10 kDa cut-off). The concentrated lysate was injected into a
GE-Hiload 16/600 Superdex 200 size-exclusion chromatography
column. The FtsZ protein peaks were collected in buffer A and an-
alyzed on sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE). Homogeneous fractions were collected and
concentrated, as mentioned above. The final buffer consisted of
50 mM Tris-HCl (pH 8.0), 200 mM KCl, 1 mM EDTA, and 10% gly-
cerol. Protein concentrations were determined using a
Coomassie assay protein dosage reagent (Uptima), and proteins
were then aliquoted and frozen at —80 °C.

Polymerization and bundling assays of
FtsZ for negative-stain electron
microscopy

Purified recombinant FtsZ samples (native form, TA, and TE var-
iants) were diluted to 5 pM in 50 mM MES buffer at pH 6.5, con-
taining 5mM MgCl, and 50 mM KCl. In all samples, FtsZ
polymerization was induced at room temperature by the add-
ition of 5 mM GTP. FtsZ filament bundling was promoted by
the presence of 8% (wt/vol) PVA or 0.125% (vol/vol) acetic acid,
which decreased the pH of the reaction mix to 5.5. Samples
were observed 15 min after the addition of GTP. For electron mi-
croscopy analysis, samples were absorbed on the clean side of a
carbon film on mica, stained with 1% (wt/vol) uranyl acetate,
and transferred to a 400-mesh copper grid. Images with underfocus
values between 1.2 and 2.5 pm were captured on a Tecnai 12 FEI
LaB6 electron microscope operating at an accelerating voltage of
120 kV. Image acquisition was performed with a nominal magnifi-
cation of 23,000, using a CCD Gatan ORIUS SC1000 camera.

FtsZ immunoprecipitation and MS analysis

Culture of S. pneumoniae WT cells harboring ftsZ-mGfp was
grown at 37 °C in THY until an absorbance of ODss, reached
0.3. Cell pellets were collected and incubated at 30°C for
30 min in protoplast buffer A (0.1 M Tris-HCl, pH 7.5, 2 mM
MgCl,, 1M sucrose, 10 pyg mL™' DNase | and 100 ug mL™*
RNase A). After centrifugation at 4 °C, the pellet was resuspended
in hypotonic buffer B (0.1 M Tris-HCl, pH 7.5, 1 mM EDTA, 0.1%
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Triton X-100, 10 ug mL™* DNase I, and 100 pg mL™* RNase A) and
incubated for 15 min at room temperature before being har-
vested by centrifugation. Cell-free extracts were prepared by cen-
trifugation for 30 min at 15,000 x g at 4 °C. The amount of protein
was estimated using the Bradford method, and equal amounts
were incubated with GFP-Trap_A beads (Chromtek) coupled
with anti-GFP antibodies for 2 h at 4 °C. After extensive washing
with buffer C (10 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.1% Triton
X-100, and 150 mM NacCl), protein-bound beads were eluted with
SDS-PAGE loading buffer at 95 °C for 10 min and analyzed by
SDS-PAGE. Protease inhibitor (Roche) and phosphatase inhibitor
(Sigma) cocktails were included at all steps. The FtsZ-mGFP
bands from the WT cultures were excised from SDS-PAGE gels
and analyzed by nano-LC-MS/MS. Detailed protocols for sample
preparation, MS, and interactome experiments are provided in
the Supplementary Material.

Immunoblot analysis

For immunoblot analysis, S. pneumoniae cells were resuspended
in TE buffer (10 mM Tris-HCl, pH 8, and 1 mM EDTA) supple-
mented with a protease and phosphatase inhibitor cocktail
(Sigma-Aldrich) and then lysed by sonication. Cell-free extracts
(25 ug) were analyzed by SDS-PAGE and electrotransferred
onto a polyvinylidene difluoride membrane. For FtsZ, immuno-
detection was performed using a specific rabbit polyclonal
anti-ftsZ antibody at a dilution of 1:10,000 (74). GFP fusions
were detected using rabbit anti-GFP antibodies at 1:10,000
(AMS Biotechnology). To detect endogenous phosphorylation pat-
terns, rabbit polyclonal anti-phospho-threonine antibodies from
Cell Signaling Technology were used at a 1:2,000 dilution. Five per-
cent BSA was applied to block membranes before incubating them
with anti-phospho-threonine antibodies. For loading controls, a
rabbit anti-enolase polyclonal antibody at 1/500,000 was used
(gift from C. Morlot’s lab). A horseradish peroxidase-conjugated
goat anti-rabbit polyclonal antibody (Bio-Rad) was used at a dilu-
tion of 1:5,000 to expose the immunoblots.

Peptidoglycan labeling with fluorescent
p-amino acids

Newly synthesized PG was visualized under the microscope using
fluorescently labeled p-amino acids (53). The BADA pulse labeling
was carried out as previously described (44). Briefly, S. pneumo-
niae cells containing either the WT or phosphomutant variant
FtsZ were grown exponentially in the THY until the absorbance
at ODssonm reached 0.1. One milliliter of cell culture was incu-
bated for 5min at 37°C in the presence of 500 uM BADA
(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Pro-
pionicAcid-3-amino-p-alanine). The cells were washed three
times with 1 mL of PBS (pH 7.4), resuspended in 0.1 mL of PBS,
and then observed under the microscope.

Microscopy techniques and image analysis

Cells were grown in THY at 37 °C to exponential growth (ODss,=0.1).
Then, cells were diluted to an initial ODs50=0.02 in fresh THY in

absence or presence of 50 ng mL™* methicillin and grown until
ODs550=0.10-0.15 (~120 min), at which point they were harvested
for imaging. Glass slides with an agarose pad were spotted with
1.0 pL of the cell suspension. Slides were visualized with a Nikon
TiE microscope fitted with an Orca-CMOS Flash4 V2 camera with
a 100 x 1.45 objective. Images were collected using NIS-Elements
(Nikon). Images were analyzed using Fiji (ImageJ; http://rsb.info.
nih.gov/ij/) with the MicrobeJ plugin (75). Individual cells were
automatically segmented from phase-contrast images, using
the MicrobeJ cell detection module based on intensity threshold-
ing and subpixel contour detection. A minimal cell-width cut-off
was defined to preferentially segment single cells and minimize
the inclusion of cell chains. Segmented objects were further fil-
tered using morphology-based criteria (e.g. area and solidity)
to exclude debris and improperly segmented cells. A medial
axis was extracted for each retained cell to enable subcellular lo-
calization and quantitative analysis. FtsZ-mGFP localization or
PG labeling was detected using the feature/patch detection op-
tion in MicrobeJ. This approach combines spatial 2D filtering (us-
ing a Median Filter) with a 2D local maxima algorithm to identify
individual fluorescent maxima within each detected cell.
Detected maxima were then fitted to a single peak or a multipeak
2D Gaussian models to determine their amplitude, FWHM, and
subpixel coordinates. Maxima were finally filtered based on fit
quality and amplitude, and their subcellular localizations were
automatically computed for each associated particle.

For total TIRF microscopy

Cultures of S. pneumoniae cells harboring ftsZ-mGfp WT or
ftsZ-TA/TE-mGfp variants were grown at 37 °C to an ODsso of
0.15 in C+Y medium. These precultures were inoculated again
(1/15) in C+Y medium and incubated at 37 °C to an optical dens-
ity at 550 nm (ODss) of 0.15. Before imaging, 0.8 uL of this sus-
pension was immobilized on a 1.2% C+Y agarose-coated
microscope slide with a cover glass (# 1.5). All TIRF time-lapses
were acquired at 37 °C on an automated Zeiss Elyra PS1 micro-
scope with a climate control chamber equipped with a 100x/
1.46 NA Apochromat oil immersion objective. Laser excitation
at 488 nm was set at 10% of the maximum excitation power,
with an exposure time of 100 ms. Images were collected using
an electron-multiplying charge-coupled device (emCCD) camera
(Andor iXon) with electron-multiplying gains (300x) and a 2.5x
magnification lens. Acquisition was controlled by the Zen
Software (Zeiss) software package. Velocity measurements of dy-
namic proteins were performed, as previously described (76). All
statistical analyses were performed with Prism 10 (GraphPad
Software, LLC). Pairwise comparison between two conditions
was realized with a nonparametric Mann-Whitney test, P values
are displayed as follows: ****P<0.0001; ***P<0.001; **P<0.01;
*P<0.05; ns, P>0.05.
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