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How the human pathogen Streptococcus pneumoniae coordinates
cell-wall synthesis during growth and division to achieve its char-
acteristic oval shape is poorly understood. The conserved eukary-
otic-type Ser/Thr kinase of S. pneumoniae, StkP, previously was
reported to phosphorylate the cell-division protein DivIVA. Consis-
tent with a role in cell division, GFP-StkP and its cognate phospha-
tase, GFP-PhpP, both localize to the division site. StkP localization
depends on its penicillin-binding protein and Ser/Thr-associated
domains that likely sense uncross-linked peptidoglycan, because
StkP and PhpP delocalize in the presence of antibiotics that target
the latest stages of cell-wall biosynthesis and in cells that have
stopped dividing. Time-lapse microscopy shows that StkP displays
an intermediate timing of recruitment to midcell: StkP arrives
shortly after FtsA but before DivIVA. Furthermore, StkP remains
at midcell longer than FtsA, until division is complete. Cells mu-
tated for stkP are perturbed in cell-wall synthesis and display elon-
gated morphologies with multiple, often unconstricted, FtsA and
DivIVA rings. The data show that StkP plays an important role in
regulating cell-wall synthesis and controls correct septum progres-
sion and closure. Overall, our results indicate that StkP signals in-
formation about the cell-wall status to key cell-division proteins
and in this way acts as a regulator of cell division.

he human pathogen Streptococcus pneumoniae is a Gram-

positive coccus with a characteristic oval shape resembling an
American football. This shape likely is achieved by the alterna-
tion of two separate biosynthetic events: peripheral cell-wall
elongation and septal-wall synthesis (1). According to this model,
dividing cells show an initial inward growth of the septal wall, but
its progression is halted until the two newly synthesized internal
hemispheres have reached the size of the external ones. At this
point, septal-wall synthesis resumes rapidly, leading to cell di-
vision (1). Additional synthesis of cell-wall material is thought to
be required to form mature cell poles (2). Although this model
was established for Enterococcus faecalis (formerly Streptococcus
faecalis), it is also consistent with observations in other oval
streptococci such as S. preumoniae (3). Although recently sub-
stantial progress has been made in understanding the molecular
mechanisms that govern S. prneumoniae cell division (for a re-
view, see ref. 4), the molecular mechanisms involved in the
earlier events of the cell cycle, and what controls them, are
largely unknown. In particular, what is not understood is how
S. pneumoniae coordinates peripheral and septal cell-wall syn-
thesis, by sensing the morphological changes that occur during
growth and division, to achieve proper shape.

Prokaryotes often use phosphorylation/dephosphorylation cas-
cades to monitor and to respond to environmental changes and
cell-cycle signals. Two component systems, consisting of a his-
tidine kinase with a cognate response regulator, are the most
abundant signaling systems (5). Recent studies have shown that
eukaryotic-type Ser/Thr protein kinases (STKs) also are present
in a wide range of prokaryotic genomes and regulate complex
and diverse cellular processes (6-13).

Gram-positive bacteria possess an ultraconserved subfamily of
STKs specifically implicated in regulating growth and cell di-
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vision (14-20). These STKs consist of a cytoplasmic kinase domain
and an extracellular C-terminal region composed of several pen-
icillin-binding protein and Ser/Thr kinase-associated (PASTA)
domains. It was suggested that PASTA domains can bind pepti-
doglycan (PG) fragments that might act as a signaling molecule
(21, 22). This hypothesis was supported by the finding that PASTA
domains of protein kinase PrkC from Bacillus subtilis bind PG in
vitro and activate spore germination in response to cell-wall-de-
rived muropeptides (23). It was found that the minimal signal for
PrkC is N-acetylglucosamine (NAG) and N-acetylmuramic acid
(NAM) linked to the pentapeptide (NAG/NAM-pp). PrkC re-
sponded only to a synthetic PG containing meso-diaminopimelate
(m-DAP) at position three of the pentapeptide (24). This evi-
dence suggests that this third residue, which is an L-lysine in
pneumococci, likely represents the specificity-determining ele-
ment for STKs.

Here we are interested in elucidating the biological function of
the PASTA-containing STK of S. pneumoniae, StkP. Previous
work has shown that StkP acts as a dimer (25) and forms a sig-
naling couple with its cognate phosphatase PhpP, which is
a predicted cytoplasmic protein (26, 27). PASTA domains of
StkP were shown to bind synthetic and native PG subunits and
B-lactam antibiotics (28). A strain in which stkP is deleted is still
viable in vitro but grows more slowly, is less competent for ge-
netic transformation, and is more susceptible to several envi-
ronmental stresses (29-32). StkP also plays an essential role for
in vivo survival, because stkP mutants were strongly attenuated in
virulence in mouse models (29, 30). Phenotypic analysis, through
both transmission electron microscopy and differential in-
terference contrast microscopy, showed that stkP mutants often
are elongated, suggesting a defect in cell division (30, 33). Sev-
eral StkP substrates playing a role in cell-wall metabolism and
cell division were identified, including phosphoglucosamine
mutase GImM and the cell-division proteins DivIVA and FtsZ
(26, 33, 34). By using immunofluorescence it was shown that StkP
localizes to cell-division sites (34), but the molecular mechanisms
underlying the stkP-null phenotype remain unknown.

We previously developed a single-cell toolbox for S. prneumo-
niae that allowed in vivo protein-localization studies in live
pneumococcal cells using a fast-folding variant of GFP (35).
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With this tool we showed that S. pneumoniae DivIVA localizes
to both the cell division sites and the cell poles (35). We now
show that StkP also localizes to the midcell and that this locali-
zation pattern depends on its extracellular PASTA domains.
Furthermore, we find that StkP and its phosphatase PhpP show
a cell-cycle-dependent localization pattern and localize to cell-
division sites at which active PG synthesis is occurring. We
provide in vivo evidence that the signal for StkP to autophos-
phorylate is uncross-linked PG, likely NAG/NAM-pp, which is
present mainly in growing cells. We developed automated fluo-
rescent time-lapse microscopy of double-labeled strains to image
live cells. Using this technique for S. prneumoniae, we show that
StkP is recruited to the cell-division site shortly after the as-
sembly of the early cell-division protein FtsA but before the
recruitment of DivIVA. However, StkP remains at midcell lon-
ger than FtsA, until division is complete. In the absence of StkP,
peripheral cell-wall synthesis is increased compared with septal-
wall synthesis, resulting in the elongated phenotype character-
istic of the stkP-null mutants. The data support a model wherein
StkP coordinates streptococcal growth and division.

Results

StkP Localizes to Midcell. To determine the localization and dy-
namics of StkP in living cells, we constructed an N-terminal gfp-
stkP fusion (Fig. 14) by using vector pJWV25, which integrates
by double-crossover in the chromosome at the nonessential bgaA
locus and harbors the zinc-inducible P, promoter (35). The
resulting construct then was introduced into three closely related
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Fig. 1. StkP localizes to midcell and phosphorylates DivIVA. (A) Schematic
outline of the GFP-StkP fusion. (B) Micrographs of strain KB02-20 (Pz,-gfp-
stkP) grown in C+Y medium at 37 °C. An overlay of the phase contrast (grey)
and the GFP fluorescence (green) signal is shown. (Scale bar, 1 um.) (C)
Western blot analysis using anti-GFP antibodies (a-GFP). (D) Phosphopro-
teome analysis shows that GFP-StkP is functional and phosphorylates DivIVA
efficiently. Total protein extracts were subjected to SDS/PAGE, and Western
blotting was performed using anti-pThr antibodies («—pThr) (Upper) or anti-
DivIVA antibodies (a-DivIVA) (Lower). The plus sign indicates the addition of
0.15 mM of ZnCl,. (E) In vitro phosphorylation of FtsA by StkP. Recombinant
His-FtsA was incubated with or without StkP-KD in kinase buffer. Proteins
were separated by SDS/PAGE, electrotransferred to a PVDF membrane, and
probed with anti-pThr antibody (a-pThr) to detect phosphorylation (Right).
To detect the presence of proteins, the membrane was stained with ami-
doblack (Left). The arrows indicate the positions of FtsA and StkP-KD.

E906 | www.pnas.org/cgi/doi/10.1073/pnas.1119172109

well-characterized and widely used S. pneumoniae strains: the
encapsulated D39 and nonencapsulated R6 and Rxl genetic
backgrounds (36). Wild-type merodiploid strains carrying the
gfp-stkP fusion were grown to midexponential phase, induced
with 0.15 mM ZnSQO,, and cells were collected for fluorescence
microscopy 1 h later (ODggg ~0.3). As shown in Fig. 1B, GFP-
StkP localizes in the membrane with a clear enrichment at the
cell-division sites. The same localization profile was observed
when GFP-StkP was the only stkP copy present in the cell (Fig.
S1) and was independent of the genetic background or growth
medium used (Fig. 1B and Fig. S2). Western blot analysis of
whole-cell extracts using either an anti-GFP antibody (Fig. 1C)
or antibodies raised against StkP (Fig. S3) demonstrated the
production of full-length GFP-StkP, absence of protein degra-
dation, and only a slight (less than twofold) overproduction of
StkP in the merodiploid strain.

To test the catalytic activity of the GFP-StkP fusion, we ex-
amined the in vivo protein phosphorylation profile of a strain in
which stkP was deleted but which harbored the zinc-inducible
GFP-StkP fusion, using an antibody that reacts specifically to
proteins that are phosphorylated on Thr residues (anti-pThr).
Western blot analysis using antibodies raised against DivIVA
served as a control of the whole-cell extracts, because DivIVA is
the most abundant substrate of StkP (33). In the whole-cell ex-
tract of the wild-type strain, phosphorylated DivIVA (p-Div-
IVA) was detected readily, whereas in a strain that contained
Pz,.-gfp-stkP as the only copy of stkP, p-DivIVA was detected
only after GFP-StkP was induced (Fig. 1D and Fig. S4). Taken
together, these data suggest that the GFP-StkP fusion protein
is functional.

A recent global phosphoproteomic analysis showed that 84 S.
pneumoniae proteins are phosphorylated on Ser, Thr, or Tyr
residues, including the previously identified StkP substrate Div-
IVA (37). Which of the other proteins are true targets of StkP
remains unclear. Interestingly, phosphorylated sites were iden-
tified in the essential cell-division protein FtsA at residues S113,
T116, and T160 (37). However, phosphorylation profiling using
anti-pThr did not detect migration of a protein that was the
expected size of FtsA (Fig. S4). To test whether FtsA could be
phosphorylated by StkP, we purified S. pneumoniae FtsA and
performed in vitro phosphorylation assays using the purified
StkP-kinase domain. As shown in Fig. 1E, FtsA was phosphor-
ylated readily but only in the presence of the StkP-kinase do-
main. Nevertheless, singly (S113A, T116A, T160A) and doubly
(T116A/T160A) mutated FtsA proteins still were phosphory-
lated efficiently by StkP in vitro (Fig. S5), raising a question as to
whether FtsA is a bona fide target of StkP in vivo.

Localization of StkP Depends on Its Extracellular PASTA Domains.
StkP can be divided into three functional domains: a cytoplasmic
kinase domain, a membrane-spanning (transmembrane, TM)
domain, and the extracellular PASTA domains. To determine
which part of StkP is the driving force in localizing protein to
midcell, we constructed a set of N-terminal GFP fusions to the
separate domains (Fig. 24). To verify efficient production of the
fusion proteins and the absence of protein degradation, wild-type
strains carrying the P,-gfp-kinase, P,-gfp-kinase-TM, and P,-
gfp-TM-PASTA fusions were grown and induced with 0.15 mM
ZnS0O,, and cells were harvested at midexponential phase for
Western blot analysis using anti-GFP polyclonal antibodies and
for fluorescence microscopy. As shown in Fig. 2B, all fusion
proteins were produced and were present mainly as full-length
proteins. Fluorescence microscopy showed a cytoplasmic signal
present in GFP fused to the kinase domain (Fig. 2C). The fusion
of the kinase domain with the TM domain showed membrane
localization with a slight enrichment at the septum, possibly
caused by the presence of a double membrane (Fig. 2C). When
GFP was fused to the PASTA domains without the kinase do-
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Fig. 2. Localization of StkP depends on its PASTA domains. (A) Schematic
outline of the GFP fusions used. (B) Exponentially growing cells in C+Y me-
dium were harvested for Western blot analysis after 1 h of induction with
0.15 mM ZnSO;,. (C) Cells were grown in GM17 medium and were analyzed
by fluorescence microscopy. Note that some fusions expressed higher fluo-
rescence levels than others, hence the differences in contrast of the micro-
graphs. (Scale bar, 1 um.) Phase contrast (PC), the GFP signal, and an overlay
are shown. For clarity, schematic representations of the localization patterns
are depicted next to the micrographs. (D) Micrographs of strains KB02-60
(Pz,-gfp-stkP'prkC) (Upper) and KB02-61 (Pz,-gfp-stkP'prkC, AstkP) (Lower)
grown in C+Y medium. (Scale bar, 1 pm.)

AstkP

main, a clear midcell localization was observed. Similar locali-
zation profiles also were observed in the absence of stkP (Fig.
S6). A GFP fusion to a catalytically inactive mutant of StkP,
StkP-K42R (26), also showed midcell localization (Fig. S7). Fi-
nally, localization of StkP did not depend on DivIVA (Fig. S8).
Together, these results strongly suggest that the PASTA do-
mains, and not the active kinase domain, are responsible for
cellular targeting.

PASTA domains of StkP bind muropeptides derived from S.
pneumoniae, but they fail to bind PG preparations of Staphylo-
coccus aureus (28). Furthermore, Shah et al. (23) showed that
only NAG/NAM-pp with m-DAP at position three in the stem
peptide was able to activate PrkC-dependent germination. Thus,
if the PASTA domains of S. pneumoniae StkP (PASTA,,) in-
deed are responsible for targeting StkP to the cell-division site by
specifically recognizing unlinked PG containing L-lysine at posi-
tion three of the stem peptide, then an StkP mutant that contains
the PASTA domains of B. subtilis PrkC should not localize
properly. To test this hypothesis, we constructed a hybrid, StkP-
PrkC, fused to GFP (Fig. 24). When the stkP-prkC hybrid was
the only stkP copy present in the genome, membrane localization
and occasional polar enrichment were observed without the typ-
ical midcell localization (Fig. 2D). Interestingly, when wild-type
StkP was present, the midcell localization pattern could be ob-
served, but the ratio of midcell to membrane signal was reduced
at higher levels of induction (Fig. S9). This finding suggests that
the GFP-StkP-PrkC hybrid is able to interact with wild-type StkP,
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likely through the TM region, which is sufficient for dimerization
of StkP in vivo (25).

PhpP Localizes to Midcell in a StkP-Dependent Manner. To examine
the localization of StkP’s cognate phosphatase, PhpP, we con-
structed a zinc-inducible N-terminal gfp-phpP fusion (Fig. 34 and
Fig. S3) and inserted it in the D39, R6, and Rx1 genetic back-
grounds. Wild-type strains carrying the gfp-phpP fusion were
grown to midexponential phase, induced with 0.15 mM ZnSOy,
and cells were analyzed by fluorescence microscopy. As shown in
Fig. 3B, both cytoplasmic and midcell localization profiles were
observed for GFP-PhpP, independent of the genetic background
tested (Fig. S2). The phosphoprotein profile in a P,-gfp-phpP,
AphpP strain demonstrated that the GFP-PhpP fusion was at
least partially functional, because induction resulted in de-
phosphorylation of DivIVA (Fig. S4). So far only StkP and RitR
have been identified as targets of PhpP (26, 27, 38), but our
analysis also identifies DivIVA as an in vivo target of PhpP.

Interestingly, the midcell-localization profile was not evident
in late, exponentially grown cells. Western blot analysis of whole-
cell extracts using an anti-GFP antibody demonstrated the pro-
duction of full-length GFP-PhpP, indicating that the cytoplasmic
signal was not caused by protein degradation (Fig. 3C). Because
PhpP is the cognate phosphatase of StkP, it seemed reasonable
that the enriched localization of PhpP at midcell was caused by
a direct interaction with StkP. To test this possibility, we exam-
ined localization of PhpP in the absence of StkP. As expected, in
the stkP-null mutant background, GFP-PhpP was localized ex-
clusively in the cytoplasm (Fig. 3D and Fig. S10). Notably, en-
richment of GFP-PhpP at midcell also was lost completely in the
catalytically inactive stkP-K42R mutant background (Fig. S10).

Because GFP-PhpP was not enriched at midcell in all cells, we
wondered whether this enrichment was dependent on the growth
phase. Therefore, we performed a time-series experiment taking
cells for fluorescence microscopy analysis at different stages of
the growth curve (Fig. 3E). As shown in Fig. 3F, most expo-
nentially growing cells (83-90%) displayed the midcell-enriched
localization pattern. However, when cells entered the stationary
growth phase, this number decreased significantly (to 31%). These
results indicate that midcell localization of GFP-PhpP is a good
proxy for StkP activity.

Localization and Activation of StkP Requires Ligand Availability. To
substantiate that newly synthesized, uncross-linked PG subunits
(NAG/NAM-pp) are the ligand of StkP, we made use of the fact
that part of the cellular pool of PhpP is enriched at cell division
sites in the presence of active StkP. If binding or recognition of
uncross-linked PG is required for localization and activation of
StkP, the addition of antibiotics that perturb the formation or
availability of uncross-linked PG, such as ampicillin and vanco-
mycin, should perturb localization of PhpP. Vancomycin binds
to the terminal D-Ala-D-Ala moieties of NAG/NAM-pp, thus
blocking the subsequent enzymatic reactions of the penicillin-
binding proteins (PBPs) (39). Ampicillin binds to the trans-
peptidase and the carboxypeptidase domains of PBPs, thus
blocking PG cross-linking and PG maturation (40). As shown
in Fig. 44, in the absence of antibiotics, GFP-PhpP shows an
enriched localization to midcell in about 90% of exponentially
growing cells. When incubated for 20 min with an ICs, concen-
tration of 12 pg/mL of norfloxacin (41), an inhibitor of top-
oisomerases (42), most (~60%) of the cells still displayed a
normal midcell GFP-PhpP localization. However, when in-
cubated with vancomycin (1.25 pg/mL; ICs, value), midcell lo-
calization of GFP-PhpP was no longer observed (Fig. 4A4).
Addition of ampicillin (0.66 pg/mL; ICs, value) also caused a
delocalization of GFP-PhpP. Strikingly, however, GFP-PhpP did
not delocalize to the cytoplasm completely; in a large portion
(~45%) of cells, GFP-PhpP localized to the cell poles, indicating
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Fig. 3. PhpPisenriched at midcell in growing cells. (A) Schematic outline of the GFP-PhpP fusion. (B and D) Micrographs of strain KB01-14 (Pz,-gfp-phpP) (B) and
strain KB01-21 (Pz,-gfp-phpP, AphpP-stkP) (D) taken at late exponential growth. Overlays between phase contrast (red) and the GFP signal (green) are shown.
The arrow points to midcell-localized GFP-PhpP. (Scale bar, 1 pm.) For clarity, a schematic representation of the localization pattern is depicted above the
micrographs. (C) Western blot analysis of strain KB01-14 using anti-GFP antibodies. (E) KB02-23 (Pz,-gfp-phpP) cells were grown in C+Y medium at 37 °C (red and
yellow diamonds) and were scored for the presence of midcell GFP-PhpP localization at different points in time (yellow diamonds). At least 500 cells per time
point were analyzed. (F) Representative GFP micrographs of KB02-23 cells from the culture at different ODs. Arrows point to midcell-localized GFP-PhpP.

improper production of PG in the presence of ampicillin (Fig.
4A). Similar results were observed for GFP-StkP: In the presence
of vancomycin (1.25 pg/mL), GFP-StkP delocalized from the
septum and displayed a spotty pattern, and in the presence of
ampicillin (0.66 pg/mL) many cells showed polarly localized
GFP-StkP (Fig. 4B).

If uncross-linked PG (NAG/NAM-pp) is the real in vivo target
of StkP, the addition of ampicillin should increase StkP activity,
and the addition of vancomycin, which binds to NAG/NAM-pp,
should reduce StkP activity. To test this notion, we examined the
in vivo Thr protein phosphorylation profile of cells incubated
with vancomycin or ampicillin. A phosphoprotein pattern was
observed that included the StkP substrates DivIVA and Spr0334,
as previously identified (33). In line with the localization results,
protein phosphorylation was reduced significantly by adding
vancomycin (Fig. 4C). When norfloxacin was added, a slightly
reduced protein phosphorylation pattern was observed, perhaps
caused by an arrested growth in the presence of this antibiotic,
consistent with previous reports (33). Strikingly, we observed
hyperphosphorylation in the presence of ampicillin, and a pre-
viously faintly phosphorylated band (26), representing an as yet
unknown protein, became robustly phosphorylated (Fig. 4C).
Although cell morphologies remained normal 20 min after the
addition of these antibiotics, we cannot exclude the possibility
that partial autolysis already was induced, liberating PG frag-
ments that might act as ligands for StkP. We also cannot exclude
the possibility that vancomycin blocks the binding of another
protein that produces a ligand. Nevertheless, these data suggest
that cell-wall synthesis and uncrossed-linked PG not only are the
signal for StkP to localize to cell division sites but also stimulate
its autophosphorylation activity.

Temporal Order of Assembly of FtsA, StkP, and DivIVA. FtsA, to-
gether with FtsZ, is one of the earliest proteins to localize at the
division sites, whereas DivIVA arrives somewhat later (43, 44).
Interestingly, we now have shown that StkP phosphorylates
DivIVA and FtsA in vitro (Fig. 1 D and E). How are we to
reconcile these biochemical data with the previously observed
temporal localization patterns? To establish when StkP arrives at
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the cell division sites relative to FtsA and DivIVA, we performed
time-lapse and time-series microscopy using GFP fusions to
FtsA, StkP, and DivIVA. For time-lapse microscopy, cells first
were grown to midexponential phase and then were transferred
to a microscope slide containing medium with 1.5% agarose and
inducer (see Materials and Methods for more details). Images
were acquired every 10 min. As shown in Fig. 54 and Movies S1
and S2, GFP-FtsA localizes to midcell early in the pneumococcal
cell cycle, whereas GFP-StkP arrives somewhat later. The Div-
IVA-GFP fusion clearly has the latest arrival time and remains
polarly localized (Fig. 54 and Movie S3).

To quantify these arrival and departure times in more detail,
we performed time-series microscopy and stained the mem-
branes of the cells with the lipophilic dye Nile red. This analysis
shows that within an exponentially growing culture of S. pneu-
moniae, roughly four categories of cells were distinguished: (7)
newly divided short cells of about 1 um; (ii) slightly elongated
cells of about 1.2 pm; (iii) elongated cells of about 1.5 pm; and
(iv) diplococci of 2 pm that are just closing the septa. Scoring
and assigning midcell localization of GFP-FtsA, GFP-StkP, and
DivIVA-GFP to these categories clearly showed different dis-
tributions for the three cell-division proteins (Fig. 5B). GFP-
FtsA is the first of the three proteins to localize to midcell, and
its localization at future division sites can be observed in cate-
gory 3 cells, but localization at this time is never observed for
GFP-StkP and DivIVA-GFP (Fig. 5B). GFP-StkP arrives at
midcell somewhat later; among category 4 cells, about 40%
show GFP-StkP midcell localization, but only about 10% show
DivIVA-GFP midcell localization. These results indicate a tem-
poral order of division-protein assembly. Remarkably, although
StkP localizes to midcell relatively early, it remains there for
a significantly longer time than FtsA; this observation might
explain how StkP can interact with both earlier and later cell-
division proteins.

To confirm this quantitative analysis and to visualize StkP with
FtsA and DivIVA simultaneously in real time, we constructed
double-labeled strains using a red fluorescent protein (RFP)
fused to StkP (Pz,-gfp-fisA, Pz,-rfp-stkP, and P, -divIVA-gfp, Pz,-
rfp-stkP). Fluorescence time-lapse microscopy of these strains

Beilharz et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119172109/-/DCSupplemental/sm01.mpg
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119172109/-/DCSupplemental/sm02.mpg
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119172109/-/DCSupplemental/sm03.mpg
www.pnas.org/cgi/doi/10.1073/pnas.1119172109

B cre-sup

A GFP-PhpP

2 pg/ml Norfloxacin
.66 pg/ml Ampicillin
2

1:1
2:0
3:1.25 pg/ml Vancomycin

kDa
80
il = — - 80

58
461

—- d<—owm

30

. <4—unknown

a-pThr

O-PhpP | s s o

0-SthP | - G = -

Fig. 4. Localization of GFP-PhpP and GFP-StkP is perturbed by antibiotics
that inhibit cell-wall synthesis. (A and B) KB02-23 (Pz,-gfp-phpP) cells (A) or
KB02-20 (Pz,-gfp-stkP) (B) cells were grown in C+Y medium at 37 °C to an
ODggo 0.2 and were incubated for 20 min with the indicated amount of
antibiotics: (7) 12 pg/mL norfloxacin (Nor); (2) 0.66 pg/mL ampicillin (Amp);
(3) 1.25 pg/mL vancomycin (Van). The percentage of cells with midcell-lo-
calized GFP-PhpP in each micrograph is indicated in A. Arrows indicate
regions of enriched localization. (Scale bar, 1 um.) (C) Protein phosphoryla-
tion in wild-type S. pneumoniae grown in the presence of antibiotics. At
ODggp 0.2, antibiotics were added, and cells were harvested for analysis after
20 min of incubation. Proteins were separated by SDS/PAGE and immuno-
blotted using anti-pThr antibody. Protein phosphorylation of untreated
cultures before (lane 1) and after (lane 5) 20-min incubation and of cultures
treated with 0.66 pg/mL ampicillin (lane 2), 1.25 pg/mL vancomycin (lane 3),
or 12 pg/mL norfloxacin (lane 4). Native StkP and PhpP were detected in the
same samples using specific anti-PhpP and anti-StkP antibodies, respectively.
Arrows indicate protein bands corresponding to the previously identified
proteins StkP, DivIVA, and Spr0334 and an unknown substrate.

again showed that FtsA is the first division protein to arrive at
midcell, followed by StkP and subsequently by DivIVA (Fig. 5 C
and D and Movies S4 and S5).

Absence of StkP Results in Defects in Growth and Division. S. preu-
moniae cells in which stkP is deleted frequently display elongated
morphologies (30, 33). A quantitative cell-length analysis of
phase-contrast images of exponentially growing cells indeed
shows that AstkP mutants are significantly longer than wild-type
cells [1.43 + 0.29 pm for wild type (n = 426 measured cells) vs.
1.66 + 0.48 pm for AstkP (n = 417 measured cells); P < 0.001,
Mann-Whitney rank sum test) (Fig. 64; + indicates SD). Im-
portantly, the increased cell length is a direct consequence of the
lack of phosphorylation of StkP’s targets, because overexpression
of the PhpP phosphatase in an otherwise wild-type genetic
background results in a phenotype comparable to AstkP cells
[1.59 + 0.42 pm (r = 183 measured cells), P = 0.172, Mann—
Whitney rank sum test). Similar observations were made for S.
pneumoniae cells expressing catalytically inactive StkP-K42R
(33) (Fig. S10). To investigate the effects of StkP depletion or
overexpression on cell morphology, we constructed a comple-
mentation strain in which a stkP-null mutant carries a copy of
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wild-type stkP at the ectopic bgaA locus under the control of the
Pz, promoter (AstkP, Pg,-stkP). Wild-type shape was recovered
upon induction of stkP expression with 0.25 mM ZnCl, (Fig. S11
A-D). S. pneumoniae cells overexpressing StkP, in the presence
of 0.45 mM ZnCl,, were significantly smaller and rounder (P =
0.0384, Mann—Whitney rank sum test) than wild-type cells grown
under the same conditions (Fig. S11 E and F). Cells also were
found to be shorter and rounder when GFP-StkP was induced
in the absence of PhpP (Fig. S11 G and H). Interestingly, we
observed a strong selective pressure against the characteristic
elongated phenotype of AstkP cells, and putative suppressors
rapidly arise in R6 and Rx1 genetic backgrounds, resulting in a
pleiotropic array of cell morphologies including chains of cells
and round cells (Fig. S12). These morphologies were observed to
a lesser extent in the D39 strain, perhaps because the capsule can
change and/or mask certain division phenotypes (45).

Because StkP phosphorylates DivIVA and, at least in vitro,
also FtsZ (34) and FtsA (Fig. 1E), it is tempting to speculate that
these cell-division proteins are perturbed in their localization in
the absence of StkP. To test this hypothesis, we performed time-
lapse fluorescence microscopy of GFP-FtsA and DivIVA-GFP in
a AstkP mutant background. As shown in Fig. 6 B—E and Movies
S6 and S7, elongated cells of the stkP-null mutant frequently
display multiple and often unconstricted FtsA and DivIVA rings
that never are observed in the wild type. To confirm the effects of
the stkP deletion on DivIVA localization in otherwise wild-type
cells (i.e., not using GFP reporters), we performed immunoflu-
orescence using specific antibodies raised against S. pneumoniae
DivIVA. As shown in Fig. S13, multiple unconstricted bands of
DivIVA could be observed in elongated cells.

To determine if the cell-division defects observed in elongated
AstkP cells were the results of unbalanced cell-wall assembly, we
took advantage of fluorescently labeled vancomycin (Van-FL) as
a probe for nascent sites of PG synthesis (46). Wild-type cells
mainly show a midcell staining pattern (i.e., showing current and
future division sites) whereas cells in which StkP is depleted
(AstkP, Pz,-stkP grown without zinc) clearly showed an elon-
gated phenotype, with cell-wall synthesis occurring along the
peripheral side between the septal zones (Fig. 74 and Fig. S14).
Taken together, these results suggest that, in the absence of
StkP, cells can start the division process but do not know where
and when to divide: Elongation prevails over division, or cell
division is less active, thus providing an explanation for the AstkP
phenotype (Fig. 7B).

Discussion

StkP Is Part of the S. pneumoniae Divisome. Here we show that the
Ser/Thr kinase StkP has a crucial role in controlling cell division
in S. pneumoniae. Consistent with this role, StkP is recruited to
the midcell relatively early in the cell cycle and remains there
until division is complete (Fig. 5). Recently, Giefing et al. (34)
reported a similar pattern of localization and proposed a model
wherein StkP is targeted to cell-division sites via the interaction
of the StkP-kinase domain with FtsZ. Although an interaction
between StkP and FtsZ is likely, our results indicate that the
PASTA domains, rather than the StkP-kinase domains, are re-
sponsible for targeting StkP to midcell (Fig. 2). Targeting likely
occurs by direct binding to uncross-linked PG (28). Notably, the
site of active cell-wall synthesis not only seems to be the marker
for StkP’s PASTA domains but also is the most probable trigger
for StkP autophosphorylation and consequently phosphoryla-
tion of well-established and putative cell-division substrates
(Figs. 1-4).

Previously it was shown that the kinase domain of StkP, to-
gether with the TM domain, was able to dimerize (25). However,
the truncated enzyme does not phosphorylate substrate proteins
in vivo (33), indicating that dimerization itself is not sufficient for
kinase activation and supporting a model of ligand-dependent
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Fig. 5. Temporal hierarchy in the assembly of the pneumococcal divisome. (A) Fluorescence time-lapse microscopy of strains KB02-62 (P,-gfp-ftsA), KB02-20
(Pzn-gfp-stkP), and KB02-63 (Pz,-divIVA-gfp). Overlays between phase contrast (red) and GFP (green) are shown. Stills are from Movies S1, S2, and S3. An
arbitrary time point within the time-lapse experiment was chosen and set to T = 0. (Scale bar, 1 um.) (B) Time-series analysis of the abovementioned strains.
Cells were grown in C+Y medium and sorted into four distinct cell types that can be distinguished easily based on membrane staining. At least 500 cells were
scored, and the proportion of cells displaying each pattern was plotted. (C and D) Fluorescence time-lapse microscopy of strains HK95 (Pz,-gfp-ftsA, Pz,-rfp-
stkP) and HK96 (Pz,-divIVA-gfp, Pz,-rfp-stkP). Overlays between phase contrast (gray), GFP (green), and RFP (red) are shown. Stills are from Movies $4 and S5.
(Scale bars, 1 um.) In C, arrows point to cells with FtsA rings at new cell division sites that do not yet contain StkP; asterisks show cells with no FtsA ring at the
old septum but in which StkP is still present. In D, arrows point to cells in which StkP is present at new cell division sites but DivIVA is not yet present.

activation of StkP. As we show in this study, the truncated pro-
tein is localized homogenously in the membrane. Thus, it is
tempting to speculate that the locally high concentration of StkP
at midcell stimulates StkP-dimer formation in a ligand-de-
pendent manner, in turn triggering its autophosphorylation ac-
tivity. This specific localization of StkP brings it into close contact
with its substrates: Once active and present at the division site,
StkP will phosphorylate DivIVA and putatively also FtsZ and
FtsA (Fig. 1D and refs. 26, 33, 34, 37). The activity of StkP is kept
in check by its cognate phosphatase, PhpP, which is present at
midcell only when StkP is active (Fig. 3).

StkP Arrives at Midcell After FtsA but Before DivIVA. As in the model
organisms E. coli and B. subtilis, FtsZ and FtsA are the first
proteins to arrive at midcell in S. preumoniae and form the Z-
ring before cell division initiates (47, 48). Once formed, the Z-
ring recruits the later cell-division proteins such as the mem-
brane connectors, DivIVA, and the enzymes required for septal
cell-wall synthesis [PBPs, likely PBP2x and PBPla (4, 43)].
However, before septation can proceed in oval cells such as S.
pneumoniae, peripheral cell-wall synthesis must occur (1). We
have shown here that StkP arrives at midcell after FtsA and
before DivIVA (Fig. 5), consistent with the observation that new
PG insertion at midcell provides the signal recognized by StkP’s
PASTA domains. This timing of localization resembles the as-
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sembly of cell-division proteins by discrete steps that has been
shown to occur in the model organisms (44, 49).

StkP Controls Correct Septum Progression and Closure. In the ab-
sence of StkP, cells still are able to divide, although the cell size at
which they divide is highly heterogeneous, with cells often elon-
gating before division. These elongated cells contain multiple,
unconstricted cell-division rings (Movies S6 and S7 and Fig. S13).
Image analysis reveals that AstkP cells show a different mode of
cell division: After the division ring forms at midcell, instead of
constricting at the center, the ring splits, generating two or more
rings. New cell-wall material then is inserted in between these
rings, resulting in the elongated phenotype. Consistently, vanco-
mycin staining revealed the presence of multiple sites of new cell-
wall material along AstkP elongated cells, in sharp contrast to
wild-type diplococci in which the only site for new cell-wall in-
sertion is at midcell (Fig. 74 and Fig. S14). However, the multiple
septa eventually close, generating three or more daughter cells
(Fig. 7B and Movies S6 and S7). Together, our data support a
model whereby StkP, septally localized through its PASTA do-
mains, is necessary in S. pneumoniae to control septum progres-
sion and closure properly.

Although DivIVA has been shown to be the main substrate for
StkP phosphorylation in S. prneumoniae (this work and ref. 33),
the cell-division phenotype of mutants lacking functional StkP
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Fig. 6. Perturbed assembly of FtsA and DivIVA in the absence of StkP. (A)
Increased cell length in AstkP cells. The lengths of at least 400 cells of strains
R6 (wild type) and KB02-29 (AstkP), based on phase-contrast images, were
measured automatically using Microbetracker. (B—E) Strains KB02-62 (Pz,-
gfp-ftsA) (B), KB02-65 (Pz,-gfp-ftsA, AstkP) (C), KB02-63 (Pz,-divIVA-gfp) (D),
and KB02-64 (Pz,-divIVA-gfp, AstkP) (E) were grown in C+Y medium and
induced with 0.1 mM ZnSO,. Membranes were stained with Nile red and
analyzed by fluorescence microscopy. Arrows indicate elongated cells with
aberrant GFP-FtsA or DivIVA-GFP localization. (Scale bar, 1 pm.)

cannot be ascribed solely to the lack of phosphorylation of
DivIVA, because a divIVA-null mutant shows a distinguishably
different phenotype with rounder and unseparated cells instead
of elongated cells (50). Preliminary studies based on the in vivo
effects of DivIVA mutant derivatives in key amino acid residues
that abolish phosphorylation and/or mimic constitutive phos-
phorylation agree with this interpretation. Thus, it is more likely
that the cell-division defect of AstkP is the cumulative effect of
the lack of well-timed phosphorylation of a number of proteins
involved in growth and division: the GImM enzyme, which cat-
alyzes one of the first steps of cell-wall biosynthesis, DivIVA,
possibly also FtsZ and FtsA, and others with still unknown
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Fig. 7. Unbalanced cell growth and division in the absence of StkP. (A) Van-
FL staining of the Rx1 wild- type strain (Left) and in cells depleted for StkP
(strain Sp38; AstkP, Pz,-stkP) (Right). Sites of PG insertion are indicated by
arrows. Note multiple sites of PG insertion in the AstkP mutant, in contrast
to the wild-type Rx1 strain, in which PG is inserted only at midcell. (B) Model
for StkP function. Cells lacking StkP still are able to assemble a cell-division
ring at midcell. However, instead of progressing to septal cell-wall synthesis
and constriction, the ring is split into two or more rings, and lateral elon-
gation occurs between the rings. The cells eventually divide, generating
three or more daughter cells instead of two.

function (26). Identifying bona fide targets of StkP to unravel the
molecular mechanism by which StkP controls cell division
remains a major challenge, because in vitro phosphorylation
assays do not necessarily correspond to in vivo results. For in-
stance, although StkP efficiently phosphorylates FtsZ in vitro,
negligible (if any) differences in phosphorylation patterns were
observed using anti-pThr antibodies after immunoprecipitation
in stkP mutants (34). However, FtsZ also was shown to be
phosphorylated in Corynebacterium glutamicum, Streptomyces
coelicolor, and Streptococcus agalactiae (20, 51, 52), suggesting
that STK-dependent phosphorylation of FtsZ is widespread in
Gram-positive bacteria.

How Is the Oval Shape Maintained During Growth and Division: An
Evolutionary Solution Without MreB? The morphology of the bac-
terial cell is ultimately the result of a complex interplay of many
proteins that make up the cell-wall biosynthetic apparatus. In
most rod-shaped bacteria, actin-like MreB proteins control pe-
ripheral growth synthesis by linking MreCD with the PBPs spe-
cifically involved in lateral elongation (53, 54), whereas the
tubulin-like FtsZ protein controls septal cell-wall synthesis (55).
However, how peripheral vs. septal growth is controlled in bac-
teria such as oval cocci, which must elongate before dividing but
lack MreB, is still unknown. Perhaps oval cocci, such as S.
pneumoniae, that have lost MreB but have retained the PBPs
devoted to lateral elongation, RodA and MreC/D (4, 56), take
advantage of the cytoskeletal protein FtsZ to fulfill this function.
Consistent with this notion, FtsZ has been found to interact di-
rectly with PBP2b (i.e., the S. pneumoniae PBP most likely in-
volved in lateral cell-wall elongation) in E. coli two-hybrid assays
(57, 58). Interestingly, S. pneumoniae MreC/D recently were
shown to direct peripheral PG synthesis (59). Also, Lactococcus
lactis, a phylogenetically close relative of S. pneumoniae, has been
shown recently to undergo a coccus-to-rod transition as a result
of unbalanced activity of the cell-synthesis machineries (60).
We now have shown that, in the absence of StkP, the control
between peripheral and septal cell-wall synthesis is lost, giving
stkP mutants their elongated shape (Fig. 6) (30, 33). Correct
septal progression and closure, driven by rapid disassembly of

PNAS | Published online March 19, 2012 | E911

MICROBIOLOGY



the Z-ring, is crucial for cell division, and it is this activity that
seems most perturbed in the absence of functional StkP.
Whether this impairment of septal progression and closure is
a consequence of an excessive peripheral cell-wall extension or
a block in cell division remains unclear. However, cells over-
expressing StkP display a shorter and rounder phenotype (Fig.
S11), indicating that in this situation septal cell-wall synthesis
outruns peripheral cell-wall synthesis. In this sense, StkP may be
seen as a “molecular switch” that, through phosphorylation of
key division substrates, signals the shift from peripheral to septal
cell-wall synthesis.

Rod-shaped bacteria that must elongate in the absence of
MreB, such as Mycobacterium tuberculosis and C. glutamicum,
need to do exactly the opposite: They need to make the switch
from septal growth to polar growth. Indeed, a phenotypic study
of Mycobacterium smegmatis showed that depletion of the es-
sential protein kinase PknB resulted in narrowing and marked
elongation of the mycobacterial cells. On the other hand, cells
overexpressing PknB were broad and of irregular shape (15).
Moreover, a recent study showed that PknB localizes to midcell
and to the cell poles and that the PASTA domains are required
for its localization (61). These data suggest that mycobacterial
PknB has a function similar to that of pneumococcal StkP in
coordinating cell morphogenesis during growth and division. The
presence of a similar mechanism to control cell division by
a eukaryotic-type STK in two unrelated species demonstrates the
universality and importance of such signaling systems in bacteria.

Materials and Methods

Strains, Plasmids and Growth Conditions. S. pneumoniae strains R6, Rx1, and
D39 were grown at 30 °C or 37 °C in C+Y or in GM17 medium. Blood agar
plates were made from Columbia agar containing 3% defibrinated sheep
blood. For induction of P, (here noted as Pz,), ZnSO4 or ZnCl, was added
to liqguid medium and blood agar plates. Competent S. pneumoniae R6, Rx1,
and D39 cells were prepared by the addition of competence-inducing pep-
tide CSP-1. Media composition, strains, and plasmids construction are de-
tailed in SI Materials and Methods. Strains and plasmids are listed in
Table S1.

Recombinant DNA Techniques, Oligonucleotides, and Western Blotting. Proce-
dures such as DNA isolation, restriction, ligation, gel electrophoresis, Western
blotting, and transformation of E. coli were performed as described in S/
Materials and Methods. Oligonucleotides are listed in Table S2.
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In Vitro Phosphorylation Analysis. Expression and purification of recombinant
proteins. The expression strains E. coli BL21 harboring plasmids pETPhos-1511
and pEX-StkP-T (26) were cultivated at 37 °C until midlog phase in LB me-
dium. Expression of His-tagged FtsA or His-tagged StkP-KD (kinase domain)
was induced with 1 mM isopropyl thio-B-p-galactoside, and cells were har-
vested after 3 h. Recombinant proteins were purified at room temperature
by Ni-nitrilotriacetic acid metal affinity resin (Qiagen) according to the
manufacturer’s instructions. Purified proteins were dialyzed against buffer
containing 25 mM Tris-HCl (pH 7.5), 100 mM Nacl, and 10% (vol/vol) glycerol.
In vitro protein phosphorylation. The in vitro protein kinase reaction mixture
contained 0.4 pg of recombinant substrate protein and 0.4 pg of purified
StkP-KD in kinase buffer (25 mM Tris-HCl [pH 7.5], 25 mM NacCl, 5 mM MnCl,,
10 pM ATP). The reaction was started by the addition of ATP and was ter-
minated after 15 min of incubation in 37 °C by the addition of 5x SDS sample
buffer. Samples were separated by SDS/PAGE and electrotransferred to
a PVDF membrane. Proteins were detected either with anti-phospho-
threonine polyclonal antibody (Cell Signaling) or by amidoblack staining
(Sigma).

Microscopy. Fluorescence microscopy was performed basically as described
(62). Where relevant, Nile red (Invitrogen) was added to a final concentra-
tion of 8 ng/mL Phase contrast images were segmented automatically and
analyzed using Microbetracker (63), and cell-length distributions were
plotted using MATLAB. Immunofluorescence experiments were carried out
as previously described (43). Van-FL staining was performed as recently de-
scribed (58). Time-lapse microscopy was basically performed as described
(64). For more details, see SI Materials and Methods.
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