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Summary

Bacterial cell shapes are manifestations of programs carried out by multi-protein machines that
synthesize and remodel the peptidoglycan (PG) mesh and other polymers surrounding cells. GpsB
protein is conserved in low-GC Gram-positive bacteria and is not essential in rod-shaped Bacillus
subtilis, where it plays a role in shuttling penicillin binding proteins (PBPs) between septal side-
wall sites of PG synthesis. In contrast, we report here that GpsB is essential in ellipsoid-shaped,
ovococcal Streptococcus pneumoniae (pneumococcus), and depletion of GpsB leads to formation
of elongated, enlarged cells containing unsegregated nucleoids and multiple, unconstricted rings of
fluorescent-vancomycin staining, and eventual lysis. These phenotypes are similar to those caused
by selective inhibition of Pbp2x by methicillin that prevents septal PG synthesis. Dual-protein 2D
and 3D-SIM (structured illumination) immunofluorescence microscopy (IFM) showed that GpsB
and FtsZ have overlapping, but not identical, patterns of localization during cell division and that
multiple, unconstricted rings of division proteins FtsZ, Pbp2x, Pbpla, and MreC are in elongated
cells depleted of GpsB. These patterns suggest that GpsB, like Pbp2x, mediates septal ring
closure. This first dual-protein 3D-SIM IFM analysis also revealed separate positioning of Pbp2x
and Pbpla in constricting septa, consistent with two separable PG synthesis machines.
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Introduction

The shape, size, and chaining of bacterial cells are fundamental, evolved properties that
allow bacteria to survive and compete in their ecological niches (Young, 2007, Young,
2010). These morphological characteristics are largely determined by the resilient

"Co-Corresponding authors: Ho-Ching T. Tsui, Malcolm E. Winkler, Department of Biology, Indiana University Bloomington, 1001
;ast Third Street, Bloomington, Indiana 47405, Phone: 812-856-1318, winklerm@indiana.edu; tttsui@indiana.edu.
Contributed equally to this work.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Land et al.

Page 2

peptidoglycan (PG) exoskeleton that surrounds bacterial cell membranes and are
manifestations of the mechanisms that carry out and regulate PG synthesis during bacterial
cell growth and division (reviewed in (Egan & Vollmer, 2013, Lovering et al., 2012, Sun &
Jiang, 2011, Typas et al., 2012)). Extensive work in rod-shaped model bacterial systems has
revealed that PG synthesis is carried out by large, dynamic, molecular machines that extend
from cell membranes into the extracellular space. The identities and structures of many
component proteins and their interactions in the two machines that carry out lateral
(sidewall) and septal PG synthesis are reviewed in (Egan & Vollmer, 2013, Typas et al.,
2012, White & Gober, 2012). In rod-shaped bacteria, lateral and septal PG synthesis are
organized by the cytoskeletal proteins, MreB and FtsZ, respectively, along with other
organizer proteins that regulate the flippases and penicillin binding proteins (PBPs) that
carry out PG synthesis (see (Egan & Vollmer, 2013, Lovering et al., 2012, Sun & Jiang,
2011, Typas et al., 2012)).

Much less is known about PG synthesis in cocci (spherical cells) or ovococci (prolate
ellipsoids), which lack MreB homologues. Early ultrastructure studies suggested that
ellipsoid-shaped bacteria, such as Sreptococcus pneumoniae (pneumococcus), synthesize
their PG by a combination of peripheral (sidewall-like) and septal synthesis that occurs in
the midcell regions of dividing cells (Higgins & Shockman, 1976, Massidda et al., 2013,
Pinho et al., 2013, Zapun et al., 2008). These two modes are thought to be analogous to the
lateral sidewall and septal PG synthesis that occur at different locations in rod-shaped
bacteria (Massidda et al., 2013, Sham et al., 2012, Zapun et al., 2008). Current speculative
models for the composition of the peripheral and septal machines assume that pneumococcal
PG synthesis proteins will have analogous functions to their homologues in rod-shaped
bacteria (see (Massidda et al., 2013)). The idea that ovococci, but not spherical cocci, have
two modes of PG synthesis is supported by mutagenesis, drug treatment, and biochemical
studies of several cocci and ovococci species (Berg et al., 2013, Land & Winkler, 2011,
Lleo et al., 1990, Perez-Nunez et al., 2011, Raz et al., 2012, Zapun et al., 2012). Similarities
and important differences between PG synthesis in ovococci and rod-shaped bacteria have
emerged from these initial studies (see Massidda et al., 2013).

The PG synthesis machines of S. pneumoniae contain three class A bifunctional
transglycosylase (TG) - transpeptidase (TP) PBPs (Pbpla, Pbplb, and Pbp2a), two class B
monofunctional transpeptidases (TPs) (Pbp2x and Pbp2b), and one low-molecular-weight
D,D-carboxypeptidase PBP (Pbp3 or DacA) (Fig. 1a) (Barendt et al., 2011, Hoskins et al.,
1999, Kocaoglu et al., 2012, Massidda et al., 2013, Paik et al., 1999, Zapun et al., 2008).
Pneumococcal Pbp2x and Pbp2b are individually essential and are the homologues of
essential PBP3 and PBP2 involved in septal and lateral PG synthesis, respectively, in E. coli
(Berg et al., 2013, Zapun et al., 2008). Evidence that Pbp2x functions in septal PG synthesis
in ovococci was provided by the demonstration that inhibition of Pbp2x by the pB-lactam
antibiotic methicillin leads to the formation of elongated cells in Lactococcus lactis (Perez-
Nunez et al., 2011). Unexpectedly, depletion of Pbp2x in S. pneumoniae laboratory strain
R6 was recently reported to lead to the formation of enlarged, sometimes elongated, cells
with oddly pointed ends (Berg et al., 2013), indicative of a complicated division defect.
Evidence that Pbp2b functions in peripheral PG synthesis in ovococci was provided by the
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demonstration that lack of Pbp2b, which is not essential in L. lactis, causes the formation of
spherical cells (Perez-Nunez et al., 2011). Depletion of Pbp2b in S. pneumoniae R6 was
reported to cause the appearance of compressed, more rounded cells in chains (Berg et al.,
2013). Although different from the phenotype in L. lactis, this result is consistent with a role
of Pbp2b in peripheral PG synthesis in S pneumoniae. The initial interpretation from 2D
immunofluorescence microscopy (IFM) that pneumococcal Pbp2x and Pbp2b localize
exclusively to division septa and daughter cell equators, respectively (Morlot et al., 2003),
was later modified to localization of Pbp2x and Pbp2b to midcell regions of dividing cells
(Zapun et al., 2008).

Unlike the class B PBPs, class A Pbpla, Pbp2a, and Pbplb are individually not essential in
S pneumoniag, although the Apbpla Apbp2a combination is synthetically lethal (Hoskins et
al., 1999, Land & Winkler, 2011, Paik et al., 1999). However, Pbpla and Pbp2a are not
simply functionally redundant, because the essentiality of MreCD in S. pneumoniae is
suppressed in Apbpla but not in Apbp2a mutants in the serotype 2 D39 genetic background
(Land & Winkler, 2011). Notably, Apbpla mutants showed reduced cell lengths and widths
compared to their parent strain, which was an unencapsulated derivative of strain D39 used
to reduce masking of cell-shape phenotypes by capsule (Barendt et al., 2009, Land &
Winkler, 2011). Depletion of pneumococcal MreCD resulted in formation of spherical cells,
consistent with a role of MreCD in peripheral PG synthesis (Land & Winkler, 2011). Taken
together, these results suggest that MreCD regulates the location, activity, or both of Pbpla
in peripheral PG synthesis in S. pneumoniae, although this interpretation does not exclude a
role of Pbpla in septal PG synthesis (Land & Winkler, 2011).

This article provides the first characterization of the pneumococcal GpsB cell cycle protein
during division. The gpsB gene (for guiding PBP1 shuttling) was identified by a synthetic
lethal screen with ezrA in Bacillus subtilis (Claessen et al., 2008). AgpsB Aezr A double
mutants of B. subtilis grew poorly, and AgpsB mutants only showed growth phenotypes
under salt stress (Claessen et al., 2008). GpsB (called YpsB) was identified independently
based on the high similarity of its N-terminal amino acid sequence to that of the DivIVA
division protein (Tavares et al., 2008). In that study, gpsB showed a synthetic lethal
phenotype with ftsA, but not with ezr A (Tavares et al., 2008). GpsB is conserved in a range
of Gram-positive bacteria (Claessen et al., 2008, Tavares et al., 2008). Bacterial two-hybrid
assays showed strong self-interaction of B. subtilis GpsB, and interaction of GpsB with
PBP1, MreC, and EzrA (Claessen et al., 2008). GpsB-GFP localized as discrete spots on
lateral walls during B. subtilis cell elongation (Claessen et al., 2008) and joined divisomes in
the middle of their assembly, before the start of cell constriction (Gamba et al., 2009,
Tavares et al., 2008). PBP1 distribution was not altered in a AgpsB mutant compared to its
gpsB* parent, but PBP1 was localized to cell poles in a strain expressing a DivIVA-GpsB
fusion protein (Claessen et al., 2008). PBP1 was mislocalized in a B. subtilis Aezr A AgpsB
double mutant, and it was proposed that GpsB plays a role in shuttling PBP1 between the
septal and lateral PG synthesis machines (Claessen et al., 2008). GpsB was reported to
localize at septa in the coccus, Staphylococcus aureus, self-associate, interact with EzrA,
and mislocalize when EzrA was depleted, but the essentiality and depletion phenotypes of
GpsB in S. aureus were not reported (Steele et al., 2011).
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We report here that GpsB is essential in S. pneumoniae and that depletion of GpsB causes S.
pneumoniae cells to elongate greatly and increase in size, similar to the morphological
defect caused by specific inhibition of Pbp2x, which blocks septal closure. Dual-protein 2D
and 3D-SIM (three-dimensional structured illumination microscopy) IFM was used to
localize GpsB relative to FtsZ, Pbp2x, Pbpla (which is the homologue of B. subtilis PBP1),
MreC, and nucleoids during different division stages in wild-type and GpsB-depleted cells.
To record and analyze patterns of localization in 2D IFM images, a versatile, simple-to-use
graphical user interface was developed. We show that GpsB follows a different, but
overlapping, pattern of localization compared to FtsZ at different stages of cell division and
that the FtsZ and GpsB localization patterns differ from those of Pbp2x and Pbpla. The
super-high-resolution 3D-SIM IFM used in this study provided fundamental new
information showing separate positions of Pbp2x and Pbpla in contracting septa, non-
uniformity of FtsZ and other division protein rings, and concurrent constriction and nucleoid
separation in dividing S. pneumoniae cells. Finally, we found that elongated GpsB-depleted
cells contain multiple, non-constricted rings of FtsZ and other division proteins, suggesting
that GpsB may be required for an early step in septal ring closure in S. pneumoniae.

Depletion of GpsB results in enlarged, elongated cells containing unsegregated nucleoids
and multiple bands of fluorescent-vancomycin (FL-V) staining

A homologue of B. subtilis gpsB was identified in S. pneumoniae (spd_0339 in serotype 2
strain D39) (Claessen et al., 2008, Tavares et al., 2008). Earlier studies suggested that gpsB
may not be essential in some pneumococcal strains (see Massidda et al., 2013); however
recent Tn-Seq experiments identified gpsB(gene sp0372) as essential in serotype 4 strain
TIGR4 (van Opijnen et al., 2009). To test the essentiality of gpsB and minimize the
accumulation of suppressor mutations, we determined primary phenotypes caused by GpsB
depletion using merodiploid strain 1U4888 (AgpsB//Pscsk-gpsB*) (Table S1). 1U4888 was
constructed by transforming a AgpsB<>aad9 amplicon into merodiploid strain 1U4846
(gpsB* //Pscsk-gpsB*), which contains an ectopic copy of gpsB* under control of an
inducible fucose promoter (see (Land & Winkler, 2011, Sham et al., 2011)). Transformation
mixtures added to plates containing 0.8% (wt/vol) fucose yielded >500 colonies after 20 h of
incubation, compared to <20 colonies of diverse sizes on plates lacking fucose in >24 h. As
expected, growth of the resulting strain 1U4888 (AgpsB//Ps.s«-gpsB*) was fucose dependent
(Fig. 1A). Direct transformation of the AgpsB<>aad9 amplicon into the parent gpsB* strain
(1U1945) resulted in the appearance of ~~20 colonies after prolonged incubation. Besides the
AgpsB replacement mutation, these strains contained additional mutations that likely act as
suppressors (data not shown). These combined results support the conclusion that gpsB is
essential for growth of serotype 2-derived pneumococcal strains.

1U4888 was grown exponentially in BHI broth containing fucose, washed, and resuspended
in fresh BHI broth containing or lacking fucose (Fig. 1A). Both cultures grew similarly for
~2 h, after which the culture lacking fucose stopped growing and started autolysis (Fig. 1A).
At various times after the medium change, cells were stained with fluorescent vancomycin
(FL-V) and DAPI to label regions of active PG synthesis (Daniel & Errington, 2003, Ng et
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al., 2004, Pinho & Errington, 2005, Wheeler et al., 2011) and nucleoids, respectively (Fig.
1B and 1C). In the presence of fucose, cells retained wild-type patterns of septal and
equatorial staining with FL-V and had separated, defined nucleoids (Fig. 1B). In contrast,
cells depleted for GpsB formed enlarged, elongated cells containing multiple bands of FL-V
staining and diffuse nucleoids that were often unsegregated (Fig. 1C). Cells continued to
elongate as slightly irregular rods until ~3 h, with median lengths and widths increasing by
~3.7x and ~1.2x, respectively (Fig. 1C; Fig. S1B and S1C). Interestingly, the number of
FL-V rings per cell increased linearly with cell length, and plots of fractional ring location
normalized to cell length confirmed that the rings were placed non-randomly in cells (data
not shown). As cells started to lyse at &3 h, cells with pointed ends and bulges started to
appear (Fig. S1B).

Control experiments showed that independently constructed AgpsB//Ps.s-gpsB*
merodiploid strains 1U5846 and 1U5847 (Table S1) had the same phenotypes as 1U4888
when depleted for GpsB (data not shown). In addition, similar cell morphology defects were
observed when 1U4888 was depleted for GpsB by a different protocol of fucose limitation
(Fig. S2). Inactivation of class A PBP1 of B. subtilis relieved the bulge formation phenotype
exhibited by Aezr A AgpsB double mutants (Claessen et al., 2008). We tested whether
deletion of pbpla (which encodes the pneumococcal homologue of B. subtilis PBP1),
pbplb, or pbp2a alleviated lethality associated with depletion of GpsB in strain 1U4888 (Fig.
S3); but, none of these deletion mutations in pneumococcal class A pbp genes restored
growth and viability of bacteria depleted for GpsB.

Selective inhibition of PBP2x results in elongated cells containing unsegregated nucleoids
and multiple bands of FL-V staining similar to GpsB depletion

Treatment of several ovococci species with intermediate concentrations of methicillin has
resulted in the formation of rod-shaped or filamentous cells; however, the dose-response
curve for inhibition of individual PBPs by methicillin was not included in these previous
studies (Lleo et al., 1990, Perez-Nunez et al., 2011, Raz et al., 2012). We assayed the
specificity of methicillin adduct formation with pneumococcal PBPs (see Introduction) by
secondary labeling with fluorescent bocillin (Boc-FL) (Kocaoglu et al., 2012, Zhao et al.,
1999). Parent strain 1U1945 grown in BHI broth was treated with concentrations of
methicillin from 0.01 to 1.0 ug/ml and then labeled with Boc-FL (Fig. 2; Experimental
procedures). Treatment with 0.1 pg/ml of methicillin resulted in ~80% or ~20% reduction
in Boc-FL labeling of Pbp2x or Pbp3, respectively, without significantly (<10%) reducing
the labeling of Pbpla/lb, Pbp2a, and Pbp2b (Fig. 2A and 2B). Inhibition of specific PBPs
was not detected for other f-lactam antibiotics, including cefotaxime and piperacillin (Fig.
S4).

The dose-response of methicillin binding to Pbp2x was correlated with the inhibition of
bacterial growth at ~0.1 pg/ml methicillin (Fig. 2B and 2C). Since 0.1 pg/ml methicillin
primarily inhibited Pbp2x and to a lesser extent Pbp3, we examined cell morphologies
before cell lysis. Between 40-60 min after methicillin addition, most cells assumed an
enlarged, rod shape that contained multiple rings of FL-V staining and dispersed, often
unsegregated nucleoids (Fig. 2 and S5B-S5D). At treatment times >60 min, large, oval-
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shaped cells appeared in addition to rod-shaped cells as cultures started to lyse (Fig. 2C; data
not shown). Cell elongation at this dose of methicillin likely reflects Pbp2x inhibition,
because lack of Pbp3 (DacA) causes cells to become spherical without lysing (see Barendt et
al., 2011). Cells with pointed, conical ends reported for Pbp2x depletion (Berg et al., 2013)
were not observed for methicillin treatment. The formation of large, elongated rod-shaped
cells upon inhibition of Pbp2x supports the interpretation that Pbp2x functions primarily in
septal PG synthesis that closes septal rings.

Criteria used for strains expressing epitope-tagged division and PG synthesis proteins

used in IFM

In this study we used an unencapsulated derivative (1U1945) of encapsulated virulent strain
D39, because the presence of capsule promotes chain formation and can mask or change
phenotypes caused by pneumococcal division mutants (Barendt et al., 2009). This
unencapsulated D39 strain is different from laboratory strain R6, which although originally
derived from strain D39, contains numerous mutations that change the PG composition, the
essentiality of genes that regulate PG synthesis, and central metabolism compared to its D39
progenitor (Barendt et al., 2009, Carvalho et al., 2013, Land & Winkler, 2011). Rigorous
criteria were set for strains containing epitope-tagged division and PG synthesis proteins
used for IFM, and numerous constructs were vetted to find ones that meet these criteria.
Each tagged fusion protein was expressed from its native locus in the chromosome under
normal control and was the sole source of that protein in the cell (Table S1). No cell
morphology or division phenotypes or growth defects were detected in strains expressing
one or two epitope-tagged proteins (see micrographs throughout and Fig. S6). Western blots
probed for the epitope tags showed a single band of each fusion protein and no overt signs of
instability or tag separation (Fig. S6). Finally, Boc-FL staining showed nearly wild-type
levels for Pbp2x-FLAGS3, Pbpla-FLAG, and Pbpla-L-FLAG? (Fig. S6H and S6K.). The one
exception was Pbp2x-HA, which labeled to ~60% of the wild-type level with Boc-FL (Fig.
S6K). Nevertheless, strains expressing the Pbp2x-HA construct grew similarly to the wild-
type strain (Fig. S61), and Pbp2x-HA localization in cells was indistinguishable from that of
Pbp2x-FLAG? (data not shown). Numerous specificity controls for IFM were performed and
are described in Experimental procedures.

GpsB and FtsZ have different, but overlapping, localization patterns at each stage of cell

division

We constructed strain 1U6964 that expresses FtsZ-Myc and GpsB-FLAG in the same cell
(Table S1). Standard-resolution dual-protein 2D IFM was performed as described in
Experimental procedures, including staining nucleoids with DAPI (Fig. S7TA-C). The planes
of pneumococcal division are perpendicular to the long cell axis (Fig. 3A), and cells in
different stages of division can be binned retroactively from phase-contrast images of single
and diplococcal cells (Morlot et al., 2003, Tsui et al., 2011). To record and quantitate 2D
IFM images, we developed an easy-to-use graphical user interface program (Experimental
methods). This program allows rapid manual selection of cells, binning to division stage
based on phase contrast images and localization of nucleoids, and averaging of multiple
images of cells at each division stage to show shape, nucleoid position, and protein locations
(Fig. 3A). The increase in overall cell length of dividing ovococcus pneumococcal cells is
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not strictly correlated with division stage (Fig. S7D) (see (Wheeler et al., 2011)); hence,
manual sorting, rather than automated sorting based on length, was used to bin cells by
division stage. This program can be used for bacterial cells of other shapes and is available
upon request from the corresponding authors.

As reported in previous studies (Morlot et al., 2003, Tsui et al., 2011), FtsZ localizes to the
midcell of pre-divisional cells (Stage 1. Fig. 3A), remains at constricting septa in mid-
divisional cells (Stage 2, Fig. 3A), and dynamically relocates to the equators of daughter
cells in later-divisional cells (Stages 3 and 4, Fig 3A). In contrast, GpsB follows a different
pattern of localization that overlaps that of FtsZ at each stage of cell division (Fig. 3A).
GpsB forms a broader band than FtsZ at the midcells of pre-divisional cells, and GpsB is
more dispersed than FtsZ throughout cells at this stage (Stage 1, Fig. 3A). Unlike FtsZ,
GpsB extends from septa along the inner hemispheres of mid-divisional cells to form a “chi”
pattern (Stages 2 and 3, Fig. 3A). In late-divisional cells, GpsB remains at septal regions,
while FtsZ has largely relocated to division equators, and GpsB is more dispersed
throughout cells in contrast to FtsZ (Stage 4, Fig. 3A).

We performed high-resolution 3D-SIM IFM to gain additional information about the relative
localization of GpsB and FtsZ (Fig. 3B). In all pre-divisional cells analyzed that contained
unsegregated nucleoids (n = 22), GpsB and FtsZ co-localized as non-uniform rings at
midcells (Fig. 3B (a); Movie S1). FtsZ was concentrated to these rings, whereas GpsB was
also dispersed to the facing hemispheres formed in the previous division. In mid-divisional
cells, both FtsZ and GpsB remained in non-uniform septal rings, but FtsZ and GpsB had
started to migrate to the regions between the future equators of the daughter cells (Fig. 3B
(b)). In late-divisional cells, FtsZ remained at septa and had started to re-organize at
equators (arrow, Fig. 3B (c)). In contrast, GpsB was at the septum, co-localized as a non-
uniform ring with FtsZ at equators (arrow), and was also dispersed throughout both daughter
cells (Fig. 3B (c)), consistent with the averaged 2D images (Stage 4, Fig. 3A). Two
observations indicate that the GpsB localization pattern is unlikely an artifact of the IFM
approach (Fig. 3A). The same GpsB localization pattern (Fig. 3A) was obtained for cells
containing the GpsB-FLAG fusion alone or containing a different GpsB-Myc fusion (strain
IU7199, Table S1; data not shown). In addition, the GpsB localization pattern was non-
random, and no degradation or tag loss was detected for the GpsB-FLAG or GpsB-Myc
fusions (Fig. S6B; data not shown). We conclude that GpsB localization in S. pneumoniae is
dynamic and coincident with localization of FtsZ, although GpsB can also be found in
intracellular regions not occupied by FtsZ.

Separate positions of Pbp2x and Pbpla in constricting septa of wild-type S. pneumoniae

cells

To better understand GpsB function, we wanted to localize Pbp2x and Pbpla in
pneumococcal cells depleted for GpsB (Fig. 1). We focused on Pbp2x because of its
essential role in septum closure (Fig. 2) and Pbpla, because it is the homologue of the B.
subtilis PBP1, which is thought to be shuttled by GpsB (Claessen et al., 2008). Before
performing these studies, we needed to determine the localization patterns of Pbp2x and
Pbpla in wild-type pneumococcal cells relative to FtsZ and to each other.
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To perform these experiments, we constructed strains 1U6978, which expresses FtsZ-Myc
and Pbp2x-FLAGS3, and 1U6976, which expresses FtsZ-Myc and Pbpla-FLAG (Tables S1).
Pbp2x and Pbpla followed similar overall patterns of localization (Fig. 4 and 5) that are
different from those of FtsZ and GpsB (Fig. 3). Based on 2D IFM, Pbp2x and Pbpla located
with FtsZ at the midcell of pre-divisional cells (Stage 1, Fig. 4A and 5A). In mid-divisional
cells, Pbp2x and Pbpla remained at division septa even after most FtsZ appeared to migrate
to equators of daughter cells (Stage 3, Fig. 4A and 5A). In late-divisional cells, Pbp2x and
Pbpla remained at a region between the newly divided cells, corresponding to a highly
constricted septum or new poles, while FtsZ had moved completely to equators (Stage 4,
Fig. 4A and 5A). This apparent co-localization of Pbp2x and Pbpla separate from FtsZ
confirms IFM results reported previously (Morlot et al., 2003).

3D-SIM IFM extended the results of the 2D IFM (Fig. 4B and 5B). In pre-divisional cells,
FtsZ formed a concentric smaller ring than Pbp2x and Pbpla (see Movies S2 and S3),
consistent with the intracellular and extracellular locations of FtsZ and the tagged functional
domains of Pbp2x and Pbpla, respectively (Egan & Vollmer, 2013, Massidda et al., 2013,
Typas et al., 2012). A smaller diameter of FtsZ rings compared to Pbp2x and Pbpla rings
was indicated in the averaged 2D images (Stage 1, Fig. 4A and 5A), further validating this
conclusion. 3D-SIM IFM images showed conclusively that Pbp2x and Pbpla remain largely
at the septa of mid-to-late divisional cells in which FtsZ has migrated to the equators of the
daughter cells (Fig. 4B (b) and (c); Fig. 5B (b)). At a late stage in division, Pbp2x and Pbpla
join FtsZ at equators (Fig. 4B (c) and Fig. 5B (c)).

Although the pattern of Pbp2x and Pbpla localization is the same at different stages of
pneumococcal cell division (Fig. 4 and 5) (Morlot et al., 2003), their positions in division
septa are separate (Fig. 6). We constructed strain 1U7365, which expresses Pbp2x-HA and
Pbpla-L-FLAGS? in the same cell (Table S1). Analysis of 2D IFM images confirmed that
Pbp2x and Pbpla follow the same overall localization patterns (Fig. 6A). The diameters of
the Pbpla and Pbp2x rings were similar in pre-divisional cells (Stage 1, Fig. 6A). However,
in mid-divisional cells, the average diameter of Pbpla rings was larger than that of Pbp2x
rings (Stages 2 and 3, Fig 6A). Separate positioning of Pbpla and Pbp2x in septa was
verified in 3D-SIM IFM images (Fig. 6B). In pre-divisional cells, Pbpla and Pbp2x co-
localized to the same midcell ring (Fig. 6B (a)). At later division stages, Pbp2x contracted
within septa, whereas Pbpla remained in larger rings, to the point that in mid-to-late
divisional cells, Pbp2x formed a solid disk at the center of septa surrounded by a distinct
ring of Pbpla (Fig. 6B (d); Movie S4). We conclude from both the 2D and 3D-SIM results
that Pbpla and Pbp2x occupy different positions in constricting division septa.

Non-uniformity of FtsZ and division rings and lack of septal occlusion of nucleoids in wild-
type S. pneumoniae cells

This first 3D-SIM IFM analysis of pneumococcal division proteins revealed fundamental
new information about the localization patterns of FtsZ and nucleoids in wild-type
pneumococcal cells. In pre-divisional and late-divisional cells, rings of FtsZ and other
division proteins appeared non-uniform with some regions of discontinuities (Fig. 3B (a)
and (c); Fig. 4B (a); Fig. 5B (a) and (c)). These pneumococcal FtsZ structures closely
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resemble the heterogeneous, bead-like FtsZ rings reported recently in 3D-SIM IFM and
FtsZ-GFP images of B. subtilisand S. aureus cells (Strauss et al., 2012). In 3D-SIM, there is
a difference between lateral (XY) and axial (Z) resolution that can lead to an appearance of
heterogeneity (see (Strauss et al., 2012)). To examine whether this resolution distortion
could account for the apparent non-uniformity of pneumococcal FtsZ rings, we compared 5
pairs of FtsZ rings from separated cells that were each captured in images where the optical
path was perpendicular to the long axis of the cells (e.g., see Fig. 3B (a); data not shown).
We reasoned that if FtsZ ring non-uniformity was caused solely by resolution distortion,
then pairs of FtsZ rings from the same images would show similar patterns of non-
uniformity. This was not the case for pairs of FtsZ rings or for rings of other division
proteins (e.g., see Fig. 3B (a)). In addition, we searched 3D-SIM images for rare cells that
were “standing on their heads,” so that we could view the FtsZ ring with uniform resolution
in the XY plane. The vertically standing cell in Figure 3C has a non-uniform FtsZ ring
containing an odd number of asymmetrically placed “beads.” We conclude that
pneumococcal FtsZ and other division proteins form non-uniform rings during division.

Another remarkable feature shown by these 3D-SIM images is the lack of nucleoid
occlusion during septation of wild-type pneumococcal cells. In pre-divisional cells, FtsZ
rings surround nucleoids to form Saturn-like structures (Fig. 3B (a); Fig. 4B (a); Fig. 5B (a)
and (c)). Of >70 pre-divisional cells examined in different strains by 3D-SIM, all contained
FtsZ rings surrounding nucleoids that had just started to separate (Fig. 3-5; data not shown).
In 42 cells at later division stages that were examined in these strains by 3D-SIM, ~40%
contained segregating nucleoids that were still connected, but extended through constricting
FtsZ rings (e.g., see Fig. 3B (b); data not shown). The remaining 60% of cells from later
divisional stages contained fully separated nucleoids. Together, these results confirm the
lack of nucleoid occlusion in pre-divisional cells and show that complete separation of
nucleoids occurs as a later step in pneumococcal cell division concurrent with the start of
FtsZ ring constriction.

Elongated cells depleted of GpsB contain multiple non-constricted rings of FtsZ and other
division proteins

GpsB depletion led to the formation of elongated cells containing multiple bands stained
with FL-V (Fig. 1C and S2C). Since FL-V indicates regions of PG pentapeptide
concentration associated with active PG synthesis (Daniel & Errington, 2003, Ng et al.,
2004, Pinho & Errington, 2005, Wheeler et al., 2011), we anticipated that FtsZ would be
present in multiple bands in GpsB-depleted cells. To test this idea, we moved the FtsZ-
FLAG or FtsZ-Myc fusion into the 1U4888 GpsB depletion strain to give strains 1U6944 and
1U6946, respectively (Table S1). In BHI medium containing fucose, 1U6944 and 1U6946
cells appeared similar to wild-type cells (Fig. 7A,; data not shown). GpsB depletion caused
the same cessation of growth, formation of elongated, enlarged cells, and eventual lysis as
for strain 1U4888 (Fig. 7A and S8; data not shown). After 2 h of GpsB depletion, 3 FtsZ
rings were often observed in the elongated cells (bottom rows, Fig. 7A; middle rows, S8B),
and similar to the FL-V bands, the number of FtsZ rings increased to >3 in many cells after
3 h of GpsB depletion (arrowheads, Fig. S8). After 2 h of GpsB depletion, partially
constricted FtsZ rings were sometimes observed in 3D-SIM images (e.g., row 3, Fig. 7A).
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These partially constricted rings may reflect residual GpsB amounts in some cells. However,
most FtsZ rings appeared to be unconstricted and surrounded diffuse, unsegregated
nucleoids (Fig. 7A and S8). The increase in the number of FtsZ and FL-V rings with time of
GpsB depletion suggests that non-constricted rings continued to form and were not simply
carried over from before the start of GpsB depletion.

In addition, we depleted GpsB in strains containing Pbp2x-FLAG3 (1U6980), Pbpla-FLAG
(1U5980), and MreC-L-FLAG3 (1U4976) fusions (Table S1). MreC was included in this
study because it has been implicated in peripheral PG synthesis in S. pneumoniae (Land &
Winkler, 2011), and we predicted that rings of MreC would underlie the elongation and
enlargement of cells depleted for GpsB. Multiple non-constricted rings of Pbp2x, Pbpla, and
MreC were present at locations similar to those of FtsZ rings in enlarged, elongated cells
depleted of GpsB for 2 or 3 h (Fig. 7B, and S9-S11). As for the FtsZ and FL-V rings, the
number of Pbp2x, Pbpla, and MreC rings per cell increased with time of GpsB depletion
(arrowheads, Fig. S9-S11), consistent with new ring formation. We conclude that GpsB
depletion blocks the closure of FtsZ and other division-protein rings in S. pneumoniae.

Discussion

In this study, we demonstrate major differences between GpsB of ovococcus S. pneumoniae
and its homologue in rod-shaped B. subtilis, with respect to essentiality, localization,
function, and order of appearance during cell division. First, B. subtilis AgpsB AezrA
mutants are synthetically sick; but AgpsB mutants exhibit aberrant cell morphology only
under high-salt stress conditions (Claessen et al., 2008). In addition, AgpsB mutants of B.
subtilis show a synthetic lethal phenotype when early division protein FtsA is depleted
(Tavares et al., 2008). In contrast, GpsB is essential for normal growth of serotype 2-derived
strains of S pneumoniae, and depletion of GpsB causes cessation of growth, substantial cell
elongation and enlargement, and eventual lysis (Fig. 1 and S1-S3; Results). Consistent with
this finding, the essentiality of pneumococcal gpsB was indicated by its non-recovery in a
Tn-seq screen (van Opijnen et al., 2009). Second, GpsB localizes at both the lateral walls
and the divisional septa of B. subtilis cells (Claessen et al., 2008), and GpsB is among a
second group of division proteins that assemble after ZapA and EzrA at FtsZ-rings in B.
subtilis (Gamba et al., 2009, Tavares et al., 2008). In contrast, GpsB localization in S,
pneumoniae is dynamic and coincides with localization of FtsZ at different division stages;
but, GpsB localizes in a different pattern from FtsZ and can be found at locations not
occupied by FtsZ (Fig. 3). Third, GpsB and EzrA were postulated to play roles in the
localization cycle of PBP1 in B. subtilis (Claessen et al., 2008). In contrast, pneumococcal
GpsB is not required for the formation of rings of Pbpla, which is the PBP1 homologue,
FtsZ, Pbp2x, or MreC in cells depleted of GpsB (Fig. 7 and S8-S11). Taken together, these
results suggest that GpsB homologues play different roles in ovococci compared to rod-
shaped Gram-positive bacteria.

The striking formation of elongated, enlarged, aseptate cells that occurs upon depletion of
pneumococcal GpsB is indicative of a defect in septal PG synthesis. We showed that an
analogous elongation occurs when S pneumoniae was treated with a limited amount of
methicillin to specifically inhibit Pbp2x activity (Fig. 2 and S5). Methicillin has been shown
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to inhibit septum formation in several ovococcus species (Lleo et al., 1990, Perez-Nunez et
al., 2011, Raz et al., 2012), and resistance was used to link Pbp2x activity with methicillin-
induced filamentation of L. lactis (Perez-Nunez et al (2011)). The elongation caused by
Pbp2x inhibition supports an important tenet of the model that pneumococcal PG synthesis
is carried out by a septal machine that contains Pbp2x and a peripheral machine, which
likely contains Pbp2b and MreCD, that continues to function out-of-balance when the septal
machine is inhibited (Massidda et al., 2013, Sham et al., 2012, Zapun et al., 2008). Re-
balancing between two PG synthesis machines has been suggested by phenotypes of new
mutants in S. pneumoniae. For example, abnormal cell shapes caused by resistance-
conferring mutations in pbp2b were corrected by compensatory mutations in pbp2x and
pbpla (Albarracin Orio et al., 2011).

A recent paper reported that depletion of Pbp2x in laboratory strain R6 results in the
formation of enlarged, sometimes elongated, pointed cells (Berg et al., 2013) that are shaped
differently from the elongated cells caused by methicillin treatment (Fig. 2 and S5). We
have confirmed the pointed-cell phenotype for depletion of Pbp2x in D39-derived strains
(data not shown). This notable difference in appearance suggests that inhibition of Pbp2x
activity inhibits septal ring closure, whereas the absence of Pbp2x may result in a more
severe disruption of the division apparatus. The multiple, normal-looking FtsZ, Pbp2x,
Pbpla, and MreC rings in elongated, aseptate cells depleted for GpsB suggests that GpsB
functions downstream of ring formation. We postulate that GpsB plays a direct role in the
control of FtsZ ring closure in pre-divisional cells, when FtsZ and GpsB co-localize at
equators that will become septa (Fig. 3B (a)). At this stage, GpsB may act as a critical
connector between the constricting FtsZ ring and other components involved in septal ring
closure, such as Pbp2x, StkP/PhpP (Beilharz et al., 2012, Fleurie et al., 2012, Morlot et al.,
2013), SepF (YImF, (Fadda et al., 2003, Hamoen et al., 2006)), FtsL (Kawai & Ogasawara,
2006, Noirclerc-Savoye et al., 2005), and DivIC (Strauss et al., 2012). GpsB could also be
required continuously during later stages of septal ring closure. Additional information
about the interactions and functions of GpsB in S. pneumoniae is needed to test these
hypotheses.

Evidence for separable PG synthesis machines was provided by 2D- and 3D-SIM IFM of
Pbp2x and Pbpla in wild-type cells of S pneumoniae (Fig. 6). Pbp2x mediates septal PG
synthesis (see above), whereas Pbpla has been strongly implicated in peripheral PG
synthesis, although a second role in septal PG synthesis was not ruled out (Land & Winkler,
2011). Paradoxical to these separate functions, Pbp2x and Pbpla follow the same overall
pattern of localization at different stages of pneumococcal cell division (Fig. 3 and 4)
(Morlot et al., 2003, Zapun et al., 2008). Pbp2x and Pbpla localize as concentric rings with
FtsZ and GpsB at equators of pre-divisional cells (Fig. 3-6). Remarkably, as nucleoid
separation and septal constriction commence, Pbpla increasingly surrounds Pbp2x until
Pbpla forms a ring around a disk of Pbp2x in the center of septa of mid-to-late divisional
cells (Stage 3, Fig. 6A; Fig. 6B (d)). At these later stages of division, FtsZ and GpsB have
disassembled from septa and started to form rings at equators of daughter dells (Fig. 3 and
4). Thus, Pbp2x and Pbpla are at separate locations in mature septa, consistent with their
functions in different PG machines. Nevertheless, the juxtaposition of Pbp2x and Pbpla in
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septal structures (Fig. 6B) could account for antibiotic resistance phenotypes that suggest
interactions (Zerfass et al., 2009).

Some Gram-positive bacteria, like B. subtilis, synthesize a complete wall between daughter
cells before the start of cell separation, whereas Gram-negative bacteria use a constrictive
mode of cell division, in which septation and cell separation occur simultaneously (reviewed
in (Egan & Vollmer, 2013)). Results from 3D-SIM IFM in this study show that FtsZ, Pbp2x,
and Pbpla ring closure, separation of nucleoids, and cell constriction at septa are concurrent
during pneumococcal cell division (Fig. 3-5). Therefore, S. pneumoniae follows a
constrictive, rather than a separated mode, of cell division. Constrictive division is consistent
with results from a previous study in which 3D-SIM was used to determine the dimensions
of dividing pneumococcal cells labeled with FL-V (Wheeler et al., 2011). This study
concluded that in S pneumoniae the length of peripheral PG synthesis is extremely short (~
300 nm) before the start of measurable septal constriction, especially compared to other
ovococcus species, which have an extended period of peripheral elongation before septal
constriction begins (Wheeler et al., 2011). Our results indicate that the PG synthesis
machine marked by Pbp2x rings is present in all pre-divisional cells observed (Fig. 4),
indicating that septal PG synthesis could even begin simultaneously with peripheral PG
synthesis, before physical constriction can be detected.

Lack of nucleoid occlusion in pre-divisional cells is particularly apparent in 3D-SIM IFM
images of wild-type S. pneumoniae cells (Fig. 3-5). In addition, nucleoids are not
completely separated in some cells containing constricting FtsZ rings (see Results),
indicating that completion of nucleoid separation occurs after the start of FtsZ ring
constriction in S. pneumoniae. Lack of nucleoid occlusion was noted as likely in previous
2D images of pneumococcal cells (Morlot et al., 2003). Unsegregated nucleoids extending
through rings of division proteins were also observed in aseptate, elongated cells caused by
inhibition of Pbp2x with methicillin or by GpsB depletion (Figs. 1, 2, and 7) and previously
in some pbp2b or stkP mutants (Albarracin Orio et al., 2011, Fleurie et al., 2012). The Min
system is not present in S pneumoniae, and the mechanism of pneumococcal FtsZ
placement and chromosome segregation are largely unknown. The pneumococcal ParB
protein is a homologue of the Noc protein that mediates nucleoid occlusion in B. subtilis
(Wu & Errington, 2012). However, pneumococcal AparB mutants are viable and accumulate
only a low number (<5%) of anucleate cells (Minnen et al., 2011). Likewise, pneumococcal
Asmc mutants, which lack a nucleoid condensin homologue, and double Asmc AparB
mutants show mild nucleoid segregation defects (Minnen et al., 2011). Another candidate
that likely plays an important role in nucleoid segregation in S. pneumoniae is FtsK
(SpollIE), which is a divisome component that belongs to a super-family of DNA pumps
(see (Wang & Lutkenhaus, 1998, Demarre et al., 2013)). The pneumococcal ftsK (spoll1E)
gene (sp0878) is essential in serotype 4 strain TIGR4 (van Opijnen et al., 2009), but the role
of FtsK (SpollIE) in pneumococcal nucleoid separation remains to be determined (Massidda
et al., 2013, Pinho et al., 2013).

Finally, the appearance of FtsZ rings in S pneumoniae in 3D-SIM IFM images are
remarkably similar to those reported recently for FtsZ rings in B. subtilisand S. aureus
(Strauss et al., 2012). Notably, FtsZ rings in pre-divisional pneumococcal cells are non-

Mol Microbiol. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Land et al.

Page 13

uniform (Fig. 3-5), and this feature extends to rings of other pneumococcal division proteins
that associate with FtsZ rings, including GpsB, Pbp2x, and Pbpla (Fig. 3-5) (Strauss et al.,
2012). Vertically standing pneumococcal cells display bead-like rings of FtsZ surrounding
nucleoids (Fig. 3C). Additional control experiments indicated that the apparent non-
uniformity of pneumococcal FtsZ rings could not be accounted for solely by differences in
resolution distortion in the 3D-SIM technique (see Results). Cryotomographic images of
Caulaobacter crescentus cells showed sparse, short, non-overlapping FtsZ protofilaments that
do not form a continuous ring structure at midcells (Li et al., 2007). Protofilament
distributions have been postulated to account for the non-uniform “bead-like” distribution of
FtsZ in B. subtilisand S. aureus (Fu et al., 2010, Strauss et al., 2012). The results presented
here suggest that this type of mechanism operates for FtsZ organization in S. pneumoniae
D39 cells as well.

Experimental procedures

Bacterial strains and growth conditions

Bacterial strains used in this study were derived from strain 1U1945, an unencapsulated
derivative of serotype 2 S. pneumoniae strain D39 (Lanie et al., 2007) (Table S1). Strains
containing antibiotic markers were constructed by transforming linear DNA amplicons
synthesized by overlapping fusion PCR into competent pneumococcal cells as described
previously (Tsui et al., 2010). Primers used for the generation of amplicons are listed in
Table S2. All constructs were confirmed by DNA sequencing of chromosomal regions
corresponding to the amplicon region used for transformation. Bacteria were grown on
plates containing trypticase soy agar Il (modified; Becton-Dickinson) and 5% (vol/vol)
defibrinated sheep blood (TSAII-BA). Plates were incubated at 37°C in an atmosphere of
5% CO». For antibiatic selections, TSAIl BA plates contained 250 g kanamycin per ml,
150 pg spectinomycin per ml, 0.3 ug erythromycin per ml, or 250 pg streptomycin per ml.
Strains were cultured statically in Becton-Dickinson brain heart infusion (BHI) broth at
37°C in an atmosphere of 5% CO,, and growth was monitored by ODgyq using a Spectronic
20 spectrophotometer fitted for measurement of capped tubes (outer diameter, 16 mm).
Bacteria were inoculated into BHI broth from frozen cultures or colonies, serially diluted
into the same medium, and propagated overnight. For most growth experiments, overnight
cultures that were still in exponential phase (ODgyp = 0.1 to 0.4) were diluted back to ODgyq
~ 0.002 to start final cultures, which lacked antibiotics.

Transformations of fusion AgpsB<>aad9 amplicon into 1U4846 (gpsB*//Ps.s-gpsB*) were
carried out in the presence of 0.5% (wt/vol) L-fucose (Sigma, F2252 or Arcos, 225880250)
in the transformation mix and 0.8% (wt/vol) L-fucose in all subsequent steps. For the
transformation of ftsZ-FLAG, ftsZ-Myc, pbp2x-FLAGS3, pbpla-FLAG, and nmreC-L-FLAG3
amplicons into 1U4888 (AgpsB//Pssk-gpsB*), all media contained 1.0% (wt/vol) L-fucose.

To deplete cells of GpsB, strain 1U4888 (AgpsB//Psc«-gpsB*) was first grown overnight in
BHI broth containing 0.8 or 1.0% (wt/vol) L-fucose. In one depletion protocol (see Fig. 1
and S1), overnight cultures were diluted to ODgyq = 0.005 in BHI broth containing 0.8 to
1% (wt/vol) L-fucose, and cultures were grown to ODgpg ~ 0.1. Cells were collected by
centrifugation (5 min at 16,000 x g at 25 °C), washed once in BHI broth lacking L-fucose,
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and suspended to ODgpg ~ 0.03 in BHI broth lacking or containing 0.8% or 1.0% (wt/vol)
L-fucose. Growth was monitored by ODgyq, and microscopy was performed at the times
after resuspension indicated in the figures. In a second protocol (see Fig. S2), cells from
overnight cultures were collected by centrifugation (10 min at 16,000 x g at 25°C), washed
once in BHI broth lacking L-fucose, and suspended to ODgyq = 0.005 in BHI broth
containing 0.1% to 1.0% (wt/vol) L-fucose or no fucose.

Western blotting

Strains were grown exponentially in BHI broth to ODgyg &~ 0.13. Lysates were prepared as
described previously (Wayne et al., 2012). FLAG-tagged proteins or Pbp2x-HA were
detected by Western blotting using a 1:1000 dilution of primary anti-FLAG polyclonal
antibody (Sigma, F7425), or anti-HA rabbit polyclonal antibody (Invitrogen, 71-5500) at 1
pg/ml, and a 1:10,000 dilution of HRP-conjugated donkey anti-rabbit antibody (GE
Healthcare, NA934), followed by ECL detection reagent. Western blots of FtsZ-Myc were
performed with a 1:1000 dilution of primary anti-Myc monoclonal antibody (Life
Technologies, R950) and a 1:10,000 dilution of HRP-conjugated donkey anti-mouse
antibody (Thermal Scientific, SA1-100). Chemiluminescent signal in protein bands was
detected and quantitated by using an VIS imaging system as described in (Wayne et al.,
2010).

Epifluorescence microscopy of DAPI and FL-V stained cells and cell length and width
measurement

50 pL samples were taken from exponentially growing BHI broth cultures (ODgyq ~20.15),
methicillin-treated cultures, or from cultures of cells depleted of GpsB for indicated times
after resuspension in BHI broth lacking fucose. Cells were stained without fixation by
adding 4,6-diamidino-2-phenylindole (DAPI), and a 1:1 mixture of vancomycin and
Bodipy-FL-conjugated vancomycin (FL-V) (Molecular Probes) to final concentrations of
0.4 pg per ml and 2 pg per ml, respectively, as described previously (Barendt et al., 2009).
Cells were viewed using a wide-field epifluorescence microscope, and images were
recorded as described before (Barendt et al., 2009, Tsui et al., 2011). In control experiments,
cells were examined without staining to ensure that morphology defects observed were not
caused by the concentrations of vancomycin used for staining (data not shown). The lengths
and widths of separated, pre-divisional (Stage 1, see below) cells were determined for parent
strain 1U1945 or strain 1U4888 growing in BHI containing fucose and compared with the
dimensions of separated cells of IU4888 depleted of GpsB for indicated times or 1U1945
treated with methicillin (see below). Cell lengths and widths were measured from phase-
contrast images by using Nikon NIS-Element AR software as described before (Barendt et
al., 2009).

Growth inhibition of cultures and Boc-FL labeling of PBPs in cells following p-lactam
antibiotic treatments

Growth inhibition of cultures after antibiotic treatments was monitored by ODgyq. Cell
dimensions were determined from phase-contrast images as described above for cultures of
strain 1U1945 treated with 0.1 pug methicillin per ml for times indicated in the figures.
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Binding of B-lactam antibiotics to cellular PBPs was determined by secondary labeling with
fluorescent bocillin (Boc-FL) (Molecular Probes), which labels all pneumococcal PBPs
(Kocaoglu et al., 2012, Zhao et al., 1999). The following final concentrations of antibiotics
were added to 5 ml cultures of parent strain 1U1945 growing exponentially (ODgyq ~ 0.09)
in BHI broth: methicillin (Sigma), 0.01 to 1.0 pg per ml; cefotaxime (Sigma), 0.001 to 1.0
ug per ml; or piperacillin (Sigma), 0.001 to 1.0 pg per ml. After 30 min incubation at 37°C,
1.5 ml samples were centrifuged (16,100 x g for 2 min at 25°C), and pellets were washed
with 1.0 ml of phosphate buffered saline (PBS, pH 7.4) and suspended in 50 ul of PBS
containing 5 pg Boc-FL per ml diluted from a stock of 100 pug Boc-FL per ml in DMSO.
After 20 min at 25°C, cells were collected by centrifugation, washed with 1.0 ml of PBS,
and suspended in 100 pl of PBS containing 1 mg lysozyme per ml. After 30 min at 37°C,
cells were further lysed by sonication (Branson Sonifier 250; power setting 3; 30% duty
cycle for 4 x 6 s intervals). Membrane proteomes were isolated by centrifugation (16,100 x
g for 20 min at 4°C). Pellets were suspended in 100 pl of PBS and homogenized by brief
sonication (power setting 1; 10% duty cycle for ~1 sec). Protein concentrations were
estimated by OD,gg using a NanoDrop 1000 Spectrophotometer, and samples were diluted
to 2 mg protein per ml in PBS. 10 uL of 4 x SDS-PAGE loading buffer was added to 30 uL
of each proteome sample, and samples were heated for 5 min at 95°C and cooled to 25°C.
10 pL of samples were separated by 10% SDS-PAGE, and fluorescently labeled proteins
were visualized in gels by using a Typhoon 9210 gel scanner (Amersham Biosciences) with
a 526 nm short-pass filter. Integrated density values were obtained from scans by using
ImageJ software (NIH) for gel band quantitation, and Boc-FL labeling of each PBP in
antibiotic-treated samples were expressed relative to samples not treated with antibiotics.
Similar results were obtained for methicillin, cefotaxime, or piperacillin treatments of cells
resuspended in PBS at 25°C instead of in BHI broth at 37°C (data not shown).

Localization of FLAG-, Myc- and HA-tagged proteins by IFM was performed on
exponentially growing cells as described before (Tsui et al., 2011). For-single-protein
labeling experiments, primary antibodies used were anti-FLAG rabbit polyclonal antibody
(Sigma, F7425, 1:200 dilution for ftsZ-FLAG strains and 1:100 for other strains), anti-c-Myc
rabbit polyclonal antibody (Sigma, C3956, 1:100 dilution), or anti-HA rabbit polyclonal
antibody (Invitrogen, 71-5500, 1:100), and secondary antibodies used were Alexa Fluor 488
or Alexa Fluor 568 highly cross-absorbed goat anti-rabbit 1gG (Life Technologies, A11034,
A11036, 1:100 dilution). For dual-protein labeling of strains 1U6964 (ftsZ-Myc gpsB-
FLAG), 1U6976 (ftsZ-Myc pbpla-FLAG), and U6978 (ftsZ-Myc pbp2x-FLAG?3) the
following mixtures were used: primary antibodies (1:200 dilution of anti-FLAG rabbit
polyclonal antibody and 1:100 dilution of mouse monoclonal antibody against c-Myc (Life
Technologies, R950-25)) and secondary antibodies ((1:100 dilution of Alexa Fluor 488
highly cross-absorbed goat anti-rabbit and Alexa Fluor 568 highly cross-absorbed goat anti-
mouse (Life Technologies, A11031)). For dual-protein labeling of strain IU7365 (pbpla-L-
FLAGS pbp2x-HA) the following mixtures were used: (1:100 dilution of anti-HA rabbit
polyclonal antibody and 1:100 dilution of anti-FLAG mouse monoclonal M2 antibody
(Sigma, F1804) and secondary antibodies for FLAG- and Myc- double tagged strains listed
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above. Primary and secondary labeling of 1U7365 was performed at 37°C for 2 h and 45
min, respectively, instead of at 25°C for 1h for both steps.

Control experiments showed similar localization patterns for each protein when tracked in
single or dual-protein labeling experiments (data not shown). Similar localization patterns
were observed for proteins fused to different epitope tags or when combinations of tags or
antibodies were swapped in dual-protein experiments (data not shown). Control experiments
showed no detectable labeling in cells not expressing tagged proteins (1U1945) with the sets
of antibodies used (data not shown). Labeling of single-tagged strains with the double
labeling procedure containing both sets of primary and secondary antibodies produced signal
only in the expected fluorescence channel (data not shown). Together, these controls
indicate that there was no detectable non-specific binding of the primary or secondary
antibodies to untagged proteins, that non-specific binding of secondary antibodies did not
occur to the primary antibodies of a different animal, and that excitation and emission
wavelength cutoffs of the fluorescence filter blocks allowed detection of fluorescence
signals from only Alexa 488 or Alexa 568, depending on the setting. DNA in nucleoids was
stained with DAPI diluted in the secondary antibody incubation mix, as described previously
(Wayne et al., 2010), or by using mounting media SlowFade gold antifade reagent with
DAPI (Life Technologies, S36936) in place of antifade reagent with no DAPI. Both DAPI
staining procedures gave similar results (data not shown). For 2D IFM, cells were examined
using a Nikon E-400 epifluorescence phase-contrast microscope equipped with a mercury
lamp, a 100x Nikon Plan Apo oil-immersion objective (numerical aperture, 1.40), and filter
blocks for fluorescence (DAPI, EX 330 to 380, DM 400, and BA 435 to 485; Alexa 488, EX
460 to 500, DM 505, and BA 510 to 560; Alexa 568, EX 532-587, DM 595, and BA 608 to
683). Images were captured using a CoolSNAP HQ? charge-coupled device (CCD) camera
(Photometrics) and processed with NIS-Elements AR imaging software (Nikon).

Samples were prepared for 3D-SIM IFM the same way as for 2D IFM (see above), except
that fixed cells were deposited on coverslips instead of slides and all subsequent staining and
washing steps were performed on coverslips, which were then mounted on slides. 3D-SIM
was performed using the OMX 3D-SIM super-resolution system located in the Indiana
University Bloomington Light Microscopy Imaging Center (http://www.indiana.edu/~Imic/
microscopes/OMX.html). This system consists of an OMX v.3 system (Applied Precision)
with structured illumination mode that provides super-high resolution imaging (X, Y
resolution ~100 nm; Z resolution ~300 nm). Images were acquired with a z-distance of
0.125 pm with a 100x, 1.4 NA objective, using 1.514 immersion oil. Lasers lines used were
405, 488, and 561 and emission filters used were 419-465, 500-550 and 609-705 for
examination of samples stained with DAPI, Alexa 488, and Alexa 568, respectively. The
system used is equipped with four Photometrics Cascade II EMCCD cameras that allow
simultaneous 4 color imaging, and is controlled by DV-OMX software, with image
processed by Applied Precision softWoRx 5.0.0 imaging software. Exposure times and %T
settings for DAPI, Alexa 488, and Alexa 568 images were 50 to 200 ms and 100%, 50 ms
and 10%, and 100 ms and 50%, respectively.

Mol Microbiol. Author manuscript; available in PMC 2014 December 01.


http://www.indiana.edu/~lmic/microscopes/OMX.html
http://www.indiana.edu/~lmic/microscopes/OMX.html

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Land et al.

Page 17

Image analysis of 2D IFM images

Initial qualitative analysis of protein localization at different stages of pneumococcal cell
division was performed as described previously (Tsui et al., 2011). Briefly, dozens of cells
from multiple fields and independent experiments were binned retrospectively from phase-
contrast images into division stages, and then fluorescence images were superimposed on
phase-contrast images to locate proteins and nucleoids using Photoshop software.
Representative images from each division stage were then determined by visual inspection
of image panels (see Fig. STA-C).

To store and quantitate 2D images, a versatile, easy-to-use graphical user interface (GUI)
was organized using MATLAB (The Mathworks) scripts. The general method provides a
means to align, classify, and compare cell populations to test hypotheses related to the
average relative position of immunofluorescently labeled proteins. Image sets comprising
phase contrast, DAPI staining (nucleoid/DNA), and secondary immunofluorescence of 2
different protein targets from the same field of view were imported into the GUI. Individual
user selected cells were copied from the raw image and displayed as four separate image
channels in the GUI. After manual assignment of cell pole positions, the images were
centered and aligned horizontally to a reference crosshair in the image frame by translation
and rotation using GUI controls. Images from all four imaging modes were rotated and
translated coordinately with no independent rotation or translation of any channel. Final
images were taken from the original data file using a single bicubic interpolation for
rotation.

Cell length alone was not correlated strongly enough with cell division stage to provide a
basis for automated sorting (see Results). Therefore, all separated cells within phase-contrast
image fields were selected manually, which could be done rapidly using the GUI. Cells were
assigned visually to 1 of 4 division stages based on cell shape in phase-contrast images and
position of nucleoids stained with DAPI (see Fig. 3A-6A). Stage 1 contains pre-divisional,
ovoid cells with connected nucleoids. Stage 2 contains mid-divisional cells with slight
constrictions at midcell and two nucleoids that may be partially connected or fully separated.
Stage 3 contains mid-divisional cells with constricted midcell regions that are ~30-70 % of
the width of the new daughter cells and nucleoids that are completely separated. Stage 4
contains late-divisional, separated diplococcal cells with minimal remaining connections and
totally separated nucleoids. Stage 4 cells are at the very last stages of septum closure and
may include daughter cells with newly formed poles. Approximately 90-95% of selected
cells showed consistent staining of proteins throughout cells and were included in intensity
analyses. The remaining 5-10% of cells appeared under-stained or uniformly over-stained
compared to the vast majority of other cells in the binned stages and were not analyzed
further. Data from multiple fields on the same microscope slide or from different
experiments were imported into a second GUI for building aggregate data sets. The final
averaged images of each strain were obtained from at least two fields of two independent
biological replicates.

To determine and compare the average intensity distribution in the fluorescence channels, a
mean intensity value was calculated at each pixel position using all of the aligned images of
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a given class for each channel. Graphical representations of fluorescence distribution along
the axis of the cell between poles were created for each channel by obtaining the average
intensity of the central 20 pixels vertically through the cell, capturing the cell width, at each
pixel position across the horizontally aligned cell. The averaged fluorescence intensity trace
was then normalized by subtracting the minimum intensity value and dividing by the
resulting maximum intensity value. Intensity traces from the phase contrast image were
inverted prior to normalization. Traces represent the normalized average intensity
distribution along the horizontal cell axis for each channel for the stage-averaged cell
populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Elongated cell morphology, multiple rings of FL-V staining, and unsegregated nucleoids

caused by depletion of GpsB. Strain 1U4888 (AgpsB//Ps.sk-gpsB*) was grown exponentially
in BHI broth containing 1.0% (wt/vol) fucose to ODgyq ~ 0.1, washed, and resuspended to
ODgpg ~ 0.03 in BHI broth containing 0 or 1% (wt/vol) fucose. (A) Growth curves after
resuspension in BHI broth containing or lacking fucose. Arrows indicate when samples were
taken for staining and microscopy. (B) Representative images 2.5 h after resuspension in
BHI broth containing fucose. Cells were stained with FL-V and DAPI and observed with
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phase-contrast (Phase) and epifluorescence microscopy as described in Experimental
procedures. (C) Representative images of 1U4888 after resuspension in BHI broth lacking
fucose for 1.5, 2.5, and 3.5 h. All images are shown at the same magnification (scale bar = 1
pum). The experiment was performed two times with similar results.
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Inhibition of Pbp2x activity with methicillin leads to elongation of S. pneumoniae cells. (A)
Representative SDS-PAGE titration profile of Boc-FL binding to PBPs of strain 1U1945
(D39 Acps parent) treated with the indicated amounts of methicillin for 30 min as described
in Experimental procedures. (B) Inhibition of Boc-FL labeling of individual PBPs by
different doses of methicillin. Means and standard errors from two independent experiments,
including panel A, are shown. (C) Inhibition of growth and lysis of 1U1945 at various times

after addition of the indicated amounts of methicillin at t = 0 (see Experimental procedures).

The experiment was performed 3 times with similar results. (D) Representative images of
1U1945 after addition of methicillin at 0.1 pg/mL for 50 min. Cells were stained with FL-V
and DAPI and observed by phase-contrast (Phase) or epifluorescence microscopy (FL-V,
DAPI) as described in Experimental procedures. Scale bar = 1 pm. The experiment was
performed 3 times with similar results. See Fig. S5 for related results.
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Fig. 3.

GSSB and FtsZ have different, but overlapping, localization patterns at each stage of cell
division. (A) Averaged images and fluorescence intensity traces of strain 1U6964 (ftsZ-Myc
gpsB-FLAG) grown to mid-exponential phase in BHI broth and processed for dual-protein
2D IFM and DAPI labeling as described in Experimental procedures. Cells were binned into
division Stages 1-4, and images from the indicated number of cells (n) from two
independent biological replicates were quantified using the graphical user interface program
(GUI) described in Experimental procedures. Row 1, cell shapes from phase-contrast
images; row 2, nucleoid locations from DAPI labeling; row 3, GpsB locations from IFM;
row 4, FtsZ locations from IFM; row 5, normalized average fluorescence intensity
distributions along the horizontal cell axis for each channel (black, phase image; blue, DNA;
green, GpsB; red, FtsZ). (B) Representative 3D-SIM IFM images of strain [U6964 at
different division stages (scale bar = 1 ym). DNA (DAPI stained image) are false-colored
white or blue in column(s) 1 or 5 and 6, respectively. FtsZ and GpsB are pseudo-colored as
red and green, respectively, and overlapping FtsZ and GpsB signal is represented by yellow.
Cartoons at the left of images depict stage of cell division. (a) First row; transverse section
of separated pre-divisional cells, corresponding to stage 1 in A. Second and third rows, mid-
sections containing FtsZ and GpsB of the left and the right cells were selected (arrows) with
the softWorx program and rotated around the Y-axis to show distributions and overlap of
FtsZ and GpsB in midcell rings (see Movie S1). (b) First row; mid-divisional cell
corresponding to Stage 2 in A with segregating DNA still in the septum of a contracting
FtsZ ring. Bottom row; mid-section of the constricting septum (arrow) rotated around the Y-
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axis. (c) Top row; transverse section of a late-divisional cell corresponding to Stage 4 in A.
Bottom row; mid-section of right daughter cell (arrow) rotated around the Y-axis showing
that although GpsB is diffusely distributed throughout the daughter cells, a distinct
equatorial ring of GpsB has formed where FtsZ is located. Images shown are representative
of >30 examined cells in different division stages from two biological replicates. (C) 3D-
SIM image of a vertically standing cell expressing FtsZ-Myc (pseudo-colored red) in a non-
uniform “bead-like” ring around a nucleoid core (pseudo-colored blue) (scale bar = 1 pm).
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Fig. 4.
Pbp2x remains at division septa after most FtsZ has migrated to equators of daughter cells.

(A) Averaged images and fluorescence intensity traces of strain IU6978 (ftsZ-Myc pbp2x-
FLAG?) grown to mid-exponential phase in BHI broth and processed for dual-protein 2D
IFM and DAPI labeling (see Experimental procedures). Cells from two independent
biological replicates were sorted into division stages and images were averaged and intensity
traces graphed as described for Figure 3A and in Experimental procedures, except that row
3 and green color correspond to Pbp2x. (B) Representative 3D-SIM IFM and DAPI images
of strain 1U6978 at different division stages (scale bar = 1 pm). Pseudo-coloring is similar to
Figure 3B, except green corresponds to Pbp2x. Cartoons at the left of images again depict
stage of cell division. (a) First row; transverse section of a pre-divisional cell corresponding
to Stage 1 in A showing co-localization of FtsZ and Pbp2x. Second row; a section from the
midcell containing FtsZ and Pbp2x was selected and rotated around the X-axis to show that
the FtsZ ring is smaller and concentric with the Pbp2x ring (see text and Movie S2). (b)
First, row; mid-divisional cells corresponding to Stage 3 in A. Second row, a section from
the midcell region containing the Pbp2x ring was selected and rotated around the X-axis to
show a nearly constricted FtsZ ring. (c) Traverse section of a late-divisional cell
corresponding to Stage 4 in A showing that Pbp2x remains at septa after FtsZ has migrated
to equators of daughter cells. Images shown are representative of >30 examined cells in
different division stages from two biological replicates.
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Fig. 5.
Pbpla localization resembles that of Pbp2x and remains at division septa after most FtsZ has

migrated to equators of daughter cells. (A) Averaged images and fluorescence intensity
traces of strain 1U6976 (ftsZ-Myc pbpla-FLAG) grown to mid-exponential phase in BHI
broth and processed for dual-protein 2D IFM and DAPI labeling (see Experimental
procedures). Cells from two independent biological replicates were binned into division
stages and images were averaged and intensity traces graphed as described for Figure 3A
and in Experimental procedures, except that row 3 and green color correspond to Pbpla. (B)
Representative 3D-SIM IFM and DAPI images of strain 1U6976 at different division stages
(scale bar =1 um). Pseudo-coloring is similar to Figure 3B, except green corresponds to
Pbpla. Cartoons at the left of images again depict stage of cell division. (a) First row;
transverse section of a pre-divisional cell corresponding to Stage 1 in A showing co-
localization of FtsZ and Pbpla. Second row; a section in the midcell containing FtsZ and
Pbpla was selected and rotated around the Y-axis to show that Pbpla, like Pbp2x (Fig. 4B
(a)), forms a larger concentric ring around the FtsZ ring (see text and Movie S3). (b)
Traverse section of late-divisional cell corresponding to Stage 4 in A showing that Pbp1la,
like Pbp2x (Fig. 4B(c), remains at septa after FtsZ has migrated to equators of daughter
cells. Initial migration of Pbpla to equators can also be seen. (c) First row, transverse
section of newly divided cells corresponding to Stage 1 in A showing co-localization of FtsZ
and most of Pbpla at equators of daughter cells. Second row, section of the midcell of upper
daughter cell rotated around the X-axis. Images shown are representative of >30 examined
cells at various division stages obtained from two biological replicates.
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Fig. 6.

Se%arate positioning of Pbpla and Pbp2x in septa of dividing cells. (A) Averaged images
and fluorescence intensity traces of strain IU7365 (pbp2x-HA pbpla-FLAG) grown to mid-
exponential phase in BHI broth and processed for dual-protein 2D IFM and DAPI labeling
(see Experimental procedures). Cells from two independent biological replicates were
binned into division stages and images were averaged and intensity traces graphed as
described for Figure 3A and in Experimental procedures, except that row 3 (green color) and
row 4 (red color) now correspond to Pbpla and Pbp2x, respectively. Average ring diameters
viewed from traverse images indicate that the Pbpla ring is larger than the Pbp2x ring in
cells at division Stages 2 and 3 (see text). (B) Representative 3D-SIM IFM and DAPI
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images of strain 1U7365 at different division stages (scale bar = 1 um). Pseudo-coloring is
similar to Figure 3B, except red and green correspond to Pbp2x and Pbpla, respectively.
Cartoons at the left of images again depict stage of cell division. Upper rows in (a)-(d) and
row (e) show traverse sections, whereas lower rows in (a)-(d) show midsections from the
upper images rotated 90° to show ring organization. Cells in (a)-(d) progress through the
stages in cell division corresponding to A. In pre-divisional cells (a), Pbp2x and Pbpla co-
localize, whereas in mid-divisional cells, Pbp2x condenses in the middle of the septum and
eventually forms a disk surrounded by a distinct ring of Pbpla (d) (see Movie S4). In newly
separated cells (e), Pbp 2x and Pbpla again co-localize at equators of daughter cells. Images
shown are representative of >30 examined cells in different division stages from two
biological replicates.
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Fig. 7.
Presence of multiple FtsZ and PBpla rings in elongated cells depleted of GpsB. Strains

1U6944 (AgpsB//Pse-gpsB* ftsZ-FLAG) (A) and 1U5980 (AgpsB//Pscsk-gpsB* pbpla-
FLAG) (B) were depleted for GpsB for 2 h as described for Fig. 1 and in Experimental
procedures. DAPI staining and 3D-SIM IFM of cells expressing GpsB (1% fucose) and cells
depleted of GpsB (0% fucose) were performed as described in Experimental procedures. (A)
Representative FtsZ localization upon GpsB depletion. DNA is pseudo-colored white or
blue in column 1 or 3, respectively. FtsZ is pseudo-colored white or green in columns 2 and
4 or 3, respectively. Images are rotated in column 4 to display FtsZ rings (see Movie S5).
(B) Representative Pbpla localization upon GpsB depletion. The color scheme is as in A,
except Pbpla is now pseudo-colored white or green in column(s) 2 and 4 or 3, respectively
(see Movie S6). Scale bar = 1 pm. Images shown are representative of 8 cells examined by
3D-SIM and hundreds of cells observed by 2D IFM (see Fig. S8 and S10).

Mol Microbiol. Author manuscript; available in PMC 2014 December 01.



