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Many bacteria utilize actin-like proteins to direct peptidoglycan (PG) synthesis. MreB and
MreB-like proteins are thought to act as scaffolds, guiding the localization and activity of key PG
synthesizing proteins during cell elongation. Despite their critical role in viability and cell-shape
maintenance, very little is known about how the activity of MreB family proteins is regulated.
Using a Bacillus subtilis misexpression screen, we identified two genes yodL and yisK, that when
misexpressed lead to loss of cell width control and cell lysis. Expression analysis suggests that
yodL and yisK are previously uncharacterized SpoOA-regulated genes, and consistent with these
observations, a AyodL AyisK mutant exhibits reduced sporulation efficiency. Suppressors
resistant to YodL’s killing activity occurred primarily in mreB and resulted in amino acid
substitutions at the interface between MreB and the highly conserved morphogenic protein
RodZ, whereas suppressors resistant to YisK occurred primarily in mbl, and mapped to Mbl’s
predicted ATP-binding pocket. YodL’s shape-altering activity appears to require MreB, as a
AmreB mutant is resistant to the effects of YodL but not YisK. Similarly, YisK appears to
require Mbl, as a Ambl mutant is resistant to cell-widening effects of YisK, but not YodL.
Collectively, our results suggest that YodL and YisK likely modulate MreB and Mbl activity,

possibly during the early stages of sporulation.

Importance
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The peptidoglycan (PG) component of cell envelope confers structural rigidity to bacteria
and protects them from osmotic pressure. MreB and MreB-like proteins are thought to act as
scaffolds for PG synthesis, and are essential in bacteria exhibiting non-polar growth. Despite the
critical role of MreB-like proteins, we lack mechanistic insight into how their activities are
regulated. Here, we describe the discovery of two B. subtilis proteins, YodL and YisK, which
modulate MreB and Mbl activity. Our data suggest YodL specifically targets MreB, whereas
YisK targets Mbl. The apparent specificity with which YodL and YisK are able to differentially
target MreB and Mbl make them potentially powerful tools for probing the mechanics of

cytoskeletal function in bacteria.

Introduction
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Bacterial cell growth requires that the machineries directing enlargement and division of
the bacterial cell envelope be coordinated in both time and space (1). The cell envelope is
comprised of membranes and a macromolecular mesh of peptidoglycan (PG) that possesses both
rigid and elastic properties (2, 3). PG is highly cross-linked, allowing bacteria to maintain
shapes and avoid lysis, even in the presence of several atmospheres of internal turgor pressure.
PG rearrangements are required during the inward redirection of growth that occurs at the time
of cell division, but are also necessary when cells insert new PG and dynamically modify their
morphologies in response to developmental or environmental signals (4, 5). To avoid lysis
during PG rearrangements, bacteria must carefully regulate the making and breaking of glycan
strands and peptide crosslinks (3). In rod-shaped bacteria, PG enlargement during steady-state
growth is constrained in one dimension along the cell’s long-axis and can either occur through
polar growth, as is the case in Agrobacterium tumefaciens and Streptomyces coelicolor, or
through incorporation of new cell wall material along the length of the cell cylinder, as observed
in Escherichia coli, Bacillus subtilis, and Caulobacter crescentus (6).

To control cell diameter and create osmotically stable PG, bacteria that exhibit non-polar
growth require the activity of the highly conserved actin-like protein MreB. Biochemical,
genetic, and cell biological data suggest that MreB likely directs PG synthesis during cell
elongation and in some bacteria, MreB may also function during cell division (7-9). MreB
possesses ATPase activity, and polymerizes at sites along the cytoplasmic side of the inner
membrane (10). ATP binding and hydrolysis is required for MreB polymerization and activity
(11) and two S-benzylisothiourea derivatives, A22 and MP265, target the ATPase domain of

MreB in Gram negative organisms, possibly preventing nucleotide hydrolysis and/or release (12-
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15). Depletion or inactivation of MreB is lethal except in some conditional backgrounds (16,
17), so organisms sensitive to A22 and/or MP265 lose shape and eventually lyse (12-15).

MreB has been found to interact with several other proteins involved in PG synthesis,
including the bitopic membrane protein RodZ (8, 16, 18-20). RodZ interacts directly with MreB
through a cytoplasmic helix-turn-helix motif located at its N-terminus (18). A co-crystal
structure of RodZ and MreB shows the N-terminus of RodZ extending into a conserved
hydrophobic pocket located in subdomain IIA of MreB (18). Depletion of RodZ also leads to
loss of cell shape and cell death (21-23). However, in various mutant backgrounds, rodZ can be
deleted without loss of rod shape or viability, indicating that RodZ is not absolutely required for
MreB’s function in maintaining shape (24-26). Based on these observations and others, it has
been proposed that MreB-RodZ interactions may regulate some aspect of MreB activity (10, 26).

Gram-positives often encode multiple paralogs (27). B. subtilis possesses three mreB
family genes: mreB, mbl, and mreBH. mreB is distinguished from mbl and mreBH by its
location within the highly conserved mreBCD operon. Although mreB, mbl, and mreBH are
essential, it has been reported that each can be deleted under conditions in which cells are
provided sufficient magnesium (28-30), or in strain backgrounds lacking ponA, the gene
encoding penicillin binding protein 1 (PBP1) (20). In addition, all three genes can be deleted in
a single background with only minor effects on cell shape if any one of the paralogs is artificially
overexpressed in trans from an inducible promoter (31). The ability of any one of the paralogs
to compensate for the loss of the others, at least under some growth conditions, strongly suggests
that MreB, Mbl, and MreBH share significant functional redundancy (31, 32).

At the same time, several lines of evidence suggest that the paralogs possess non-

overlapping functions. The genes themselves exhibit different patterns of transcriptional
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regulation, suggesting that each likely possesses specialized activities that are important in
different growth contexts. For example, mreB and mbl are maximally expressed at the end of
exponential growth, but expression falls off sharply during stationary phase (33), whereas
mreBH is part of the Sigl heat-shock regulon (34). There is also evidence suggesting that each
protein may possess specialized activities. For example, MreBH interacts with the lytic
transglycosylase LytE, and is required for LytE localization (35), whereas the lytic
transglycosylase CwlO, depends on Mbl for wildtype function (35). More recently MreB (but
not Mbl or MreBH) was shown to aid in escape from the competent cell state (33).

Aside from RodZ (10, 26), only a handful of proteins targeting MreB activity in vivo
have been identified. In E. coli, the YeeU-YeeV prophage toxin-antitoxin system is comprised
of a negative regulator of MreB polymerization, CbtA (36), and a positive regulator of MreB
bundling, CbeA (37). Another E. coli prophage toxin, CptA, is also reported to inhibit MreB
polymerization (38). The MbiA protein of C. crescentus appears to regulate MreB in vivo,
however, its physiological role is unknown (39). Given the importance of PG synthesis to cell
viability and in cell shape control, it is likely that many undiscovered factors exist that modulate
the activity of MreB and its paralogs.

In the present work we describe the identification of YodL and YisK, modulators of
MreB and Mbl activity that are expressed during early stages of B. subtilis sporulation.
Misexpression of either yodL or yisK during vegetative growth results in loss of cell width
control and cell death. Genetic evidence indicates that YodL targets and inhibits MreB activity,
whereas YisK targets and inhibits Mbl. Our data also show that YisK activity affects cell length

control through an Mbl and MreBH-independent pathway.
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Materials And Methods

General methods. All B. subtilis strains were derived from B. subtilis 168. E. coli and B.
subtilis strains utilized in this study are listed in Table S2. Plasmids are listed in Table S3.
Oligonucleotide primers are listed in Table S4. Details on plasmid and strain construction can be
found in the Supplementary text. Escherichia coli DH5a was used for cloning. All E. coli
strains were grown in LB-Lennox medium supplemented with 100 pg/ml ampicillin. The
following concentrations of antibiotics were used for generating B. subtilis strains: 100 pg/ml
spectinomycin, 7.5 pg/ml chloramphenicol, 0.8 mg/ml phleomycin, 10 pg/ml tetracycline, 10
pg/ml kanamycin. To select for erythromycin resistance, plates were supplemented with 1 pg/ml
erythromycin (erm) and 25 pg/ml lincomycin. B. subtilis transformations were carried out as
described previously (40). When indicated, the LB in the B. subtilis microscopy experiments was
LB-Lennox broth. Sporulation by resuspension was carried out at 37°C according to the Sterlini-
Mandelstam method (41). Penassay broth (PAB) is composed of 5 g peptone, 1.5 g beef extract,
1.5 g yeast extract, 1.0 g D-glucose (dextrose), 3.5 g NaCl, 3.68 g dipotassium phosphate, and
1.32 g monopotassium phosphate per liter of distilled water. To make solid media, the relevant

media was supplemented with 1.5% (w/v) bacto-agar.

Microscopy. For microscopy experiments, all strains were grown in the indicated medium in
volumes of 25 ml in 250 ml baffled flasks, and placed in a shaking waterbath set at 37°C and 280
rpm. Unless stated otherwise, misexpression was performed by inducing samples with 1.0 mM
isopropyl-beta-D-thiogalactopyranoside (IPTG) and imaging samples 90 min post-induction.
Fluorescence microscopy was performed with a Nikon Ti-E microscope equipped with a CFI

Plan Apo lambda DM 100X objective, Prior Scientific Lumen 200 Illumination system, C-FL
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UV-2E/C DAPI and C-FL GFP HC HISN Zero Shift filter cubes, and a CoolSNAP HQ2
monochrome camera. Membranes were stained with TMA-DPH [1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate] (0.02 mM) and
imaged with exposure times of 1 sec with a neutral density filter in place to reduce cytoplasmic
background. All GFP images were captured with a 1 sec exposure time. All images were
captured with NIS Elements Advanced Research (version 4.10), and processed with NIS
Elements Advanced Research (version 4.10) and ImageJ64 (42). Cells were mounted on glass
slides with 1% agarose pads or polylysine-treated coverslips prior to imaging. To quantitate cell
lengths for Fig 5, the cell lengths for 500 cells were determined for each population. The
statistical significance of cell length differences between populations was determined using an

unpaired student’s t-test.

Plate growth assays. B. subtilis strains were streaked on LB-Lennox plates containing 100
pg/ml spectinomycin and 1 mM IPTG. The plates were supplemented with the indicated
concentrations of MgCl, when indicated. Plates were incubated at 37°C overnight and images

were captured on a ScanJet G4050 flatbed scanner (Hewlett Packard).

Heat Kill. Spore formation was quantified by growing cells in Difco sporulation medium
(DSM)(43). A freshly grown single colony of each strain was inoculated into 2 mL of DSM
media and placed in a roller drum at 37°C, 60 rpm for 36 hrs. To determine colony forming
units/ml, an aliquot of each culture was serially diluted and plated on DSM agar plates. To
enumerate heat resistant spores/ml, the serial diluted cultures were subjected to a 20 min heat

treatment at 80°C and plated on DSM agar plates. The plates were incubated at 37°C overnight
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and the next day colony counts were determined. The relative sporulation frequency compared
to wildtype was determined by calculating the spores/CFU of each experimental and dividing it
by the spores/CFU of wildtype. The reported statistical significance was determined using an

unpaired student’s t-test.

Transcriptional fusions. Transcriptional fusions were constructed by fusing a ~200 bp region
up to the start codon of either yodL or yisK to gfp or lacZ and integrating the fusions into the B.
subtilis chromosome at the amyE locus (for more details, see strain construction in the
supplemental text). Microscopy was conducted on each strain over a timecourse in sporulation
by resuspension media (see general methods) or in a nutrient exhaustion timecourse in CH (44).
Beta-galactosidase assays were performed as described (45), except all samples were frozen at -
80°C before processing. All experiments were performed on at least three independent

biological replicates.

Suppressor selections. Single colonies of BYD048 (3X Pyy-yodL, Pry-lacZ) or BYDO076 (3X
Phy-VisK, Pry-lacZ) were used to inoculate independent 5 ml LB-Lennox cultures. Six
independent cultures were grown for each strain. The cultures were grown for 6 hrs at 37°C and
0.3 pl of each culture was diluted in 100 pl LB and plated on an LB-Lennox agar plate
containing 100 pg/ml spectinomycin and 1 mM isopropyl-p-D-thiogalactopyranoside (IPTG).
After overnight growth, suppressors that arose were patched on both LB-Lennox agar plates
supplemented with 100 png/ml spectinomycin and LB-Lennox agar plates supplemented with 100
pg/ml spectinomycin, 1.0 mM isopropyl-p-D-thiogalactopyranoside (IPTG), and 40 pg/ml X-Gal

and grown at 37°C overnight. Only blue colonies were selected for further analysis; this screen
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eliminated mutants unable to derepress Ppy in the presence of IPTG. In addition, each Pny-yodL
or Ppy-yisK construct was transformed into a wildtype background to ensure that the construct
remained fully functional with respect to preventing cell growth on LB-Lennox agar plates
supplemented with the relevant antibiotic and 1 mM isopropyl-fB-D-thiogalactopyranoside

(IPTG).

Whole-genome sequencing and analysis. Genomic DNA was isolated from six YodL-resistant
suppressors obtained from independent cultures as well as the parent strain (BYD048) by
inoculating a single colony in 6 ml LB-Lennox media and growing at 37°C for 4 hr in a roller
drum. Cells were collected by spinning at 21,130 x g for 2 min at room temperature,
resuspending the pellets in lysis buffer [20 mM Tris-HCI1 pH 7.5, 50 mM EDTA pH 8§, 100 mM
NaCl, and 2 mg/ml lysozyme] and incubing at 37°C for 30 min. Sarkosyl was added to a final
concentration of 1% (w/v). Protein was removed by extracting with 600 ul phenol, centrifuging
at 21,130 x g for 5 min at room temperature, and transferring the top (aqueous layer) to a new
microcentrifuge tube. This was followed by an extraction with 600 pl phenol-saturated
chloroform and centrifugation at 21,130 x g for 5 min at room temperature. After transferring
the aqueous layer to a new microcentrifuge tube, a final extraction was performed with 100%
chloroform, followed by centrifugation at 21,130 x g for 5 min at room temperature. The
aqueous layer was transferred to a new microcentrifuge tube, being careful to avoid the
interphase material. To precipitate the genomic DNA, a 1/ 10™ volume of 3.0 M Na-acetate and 1
ml of 100% ethanol was added, and the tube was inverted multiple times. The sample was
centrifuged at 21,130 x g for 1 min at room temperature in a microcentrifuge. The pellet was

washed with 150 pl 70% ethanol and resuspended in 500 pul TE [10 mM Tris pH 7.5, 1 mM

10
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EDTA, pH 8.0]. To eliminate potential RNA contamination, RNase was added to a final
concentration of 200 pg/ml and the sample was incubated at 55°C for 1 hr. To remove the
RNase, the genomic DNA was re-purified by phenol-chloroform extraction and ethanol
precipitation as described above. The final pellet was resuspended in 100 ul TE. Bar-coded
libraries were prepared from each genomic DNA sample using a TruSeq DNA kit according to
manufacture specifications (Illumina), and the samples were subjected to [llumina-based whole-
genome sequencing using a MiSeq 250 paired-end run (Illumina). CLC Genomics Workbench
(Qiagen) was used to map the sequence reads against the Bs168 reference genome and to
identify single nucleotide polymorphisms, insertions, and deletions. Mutations associated with
the Ppy integration contructs and those in which less than 40% of the reads differed from the
reference genome were excluded as candidate changes responsible for suppression in our initial
analysis (Table S1). The remaining suppressors mutations were identified by PCR amplifying
mreB (using primer set OAS044 and OAS045) and mbl (using primer set OAS046 and OAS047),
and sequencing with the same primers. To determine if the candidate suppressors alleles
identified were sufficient to confer resistance to the original selective pressure, each was linked
to a kanamycin resistance cassette and moved by transformation into a clean genetic background

(see supplemental Strain Construction).

Results

YodL and YisK affect cell width
To identify novel factors involved in cellular morphogenesis, we created an ordered gene
misexpression library comprising over 800 previously uncharacterized genes from B. subtilis.

Each gene was placed under the control of an IPTG-inducible promoter (Phy) and integrated in
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single copy (1X) at amyE, a non-essential locus in the B. subtilis chromosome. The library
(called the BEIGEL for Bacillus Ectopic Inducible Gene Expression Library), was screened for
misexpression phenotypes that perturbed growth on solid media, and also resulted in obvious
defects in nucleoid morphology, changes in cell division frequency, and/or perturbations in
overall cell shape in liquid cultures. Two strains, one harboring Pny-yodL and one harboring Py
yisK, were unable to form colonies on plates containing inducer (Fig 1A) and also produced
wide, irregular cells with slightly tapered poles following misexpression in LB liquid media (Fig
1B). Cell lysis and aberrant cell divisions were also observed. Introducing a second copy (2X)
of each Py misexpression construct into the chromosome did not appreciably enhance cell
widening at the 90 min post-induction timepoint, although cell lysis was more readily observed
(Fig 1B). Ppy-yisK (2X) misexpression also led to a drop in optical density over time (Fig S1A),
consistent with the cell lysis observed microscopically. We conclude that the activities of yodL
and yisK target one or more processes integral to width control during cell elongation.

The yodL and yisK misexpression phenotypes are similar to those observed when proteins
involved in cell elongation are perturbed in B. subtilis (20, 31, 46). Since the addition of
magnesium was previously reported to suppress the lethality and/or morphological phenotypes
associated with depletion or deletion of some proteins important for cell elongation in B. subtilis
(16, 20, 29, 31, 47), we assessed if the Ppy-yodL and Ppy-yisK misexpression phenotypes could be
rescued by growing cells with media supplemented with two different concentrations of MgCl,.
The YodL-producing cells failed to grow on any LB media containing inducer, regardless of
MgCl, concentration (Fig 1A). In contrast, LB supplemented with 25 mM MgCl, restored
viability to the strain producing YisK (Fig 1A). Interestingly, even 25 mM MgCl, was not

sufficient to suppress the cell-widening effect associated with YodL and YisK misexpression

12
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(Fig 1B), although these cells did not lyse (Fig S1C). Since PAB medium was often used in the
prior studies showing MgCl, supplementation rescued cell shape (16, 20, 29, 31, 47), we also
assayed for growth on PAB following YodL and YisK expression. PAB supplemented with 25
mM MgCl, rescued growth on plates (Fig S2A), but still did not rescue morphology in liquid

culture (Fig S2B).

yodL and yisK expression

To better understand the possible physiological functions of the yodL and yisK gene
products, we analyzed the genes and their genetic contexts bioinformatically. yodL is predicted
to encode a 12.5 kDa hypothetical protein which, based on amino acid similarity, is conserved in
the Bacillus genus. In data from a global microarray study analyzing conditional gene
expression in B. subtilis, yodL is expressed as a monocistronic mRNA, exhibiting peak
expression ~2 hrs after entry into sporulation (48). yodL expression is most strongly correlated
with expression of racA and refZ (yttP) (48), genes directly regulated by SpoOA (49). yodL was
not previously identified as a member of the SpoOA regulon controlling early sporulation gene
expression (49, 50), however a more recent study found that yodL expression during sporulation
is reduced in a ASpoOA mutant (51). Consistent with this observation, we identified a putative
Spo0A box approximately ~75 bp upstream of the annotated yodL start codon (Fig 2A). yisK is
predicted to encode a 33 kDa protein and is annotated as a putative catabolic enzyme based on its
similarity to proteins involved in the degradation of aromatic amino acids (52). yisK was
previously identified as a member of the SigH regulon, and possesses a SigH -35/-10 motif
(50)(Fig 2B). Expression of yisK peaks ~2 hrs after entry into sporulation (39) and is most

strongly correlated with expression of kinA (48), a gene regulated by both SigH (the stationary
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phase sigma factor)(50, 53-55) and SpoOA (49, 56). As with yodL, we identified a putative
Spo0A box in the regulatory region upstream of the yisK start codon (Fig 2B).

To independently test if yodL and yisK expression are consistent with SpoOA-dependent
regulation, we fused the putative regulatory regions upstream of each gene to a gfp reporter gene,
and integrated the fusions into the amyE locus. We then followed expression from the promoter
fusions over a timecourse in CH liquid broth, a rich medium in which the cells first grow
exponentially, transition to stationary phase, and finally gradually enter sporulation (Fig 3A-3C).
In this timecourse, GFP signal from Pyisc-gfp increased dramatically from time 0 (ODggo ~0.6) to
time 1 hr (ODggo ~1.6)(Fig 3C), consistent with yisK’s prior characterization as a SigH-regulated
gene (50). In contrast, GFP fluorescence from Pyoy -gfp became evident at a later timepoint (120
min) and was more heterogeneous (Fig 3C), consistent with expression patterns previously
observed for other SpoOA-P regulated genes (57, 58).

To quantitate expression from the promoters, we generated Pyog -lacZ and Pyisk-lacZ
reporter strains and collected samples over a CH timecourse beginning with early exponential
(ODgoo = 0.2). Expression from Pyoq -lacZ rose steadily beginning about 2 hrs after exit from
exponential growth, and continued to rise at least until the final timepoint taken (Fig 3D). In
contrast, expression from Pyix-lacZ rose as cells transitioned from early to late exponential
growth, reached peak levels shortly after exit from exponential growth, and remained steady for
the remainder of the timepoints (Fig 3E). Wildtype expression from both Pyqg -lacZ and Pyis-
lacZ required both SigH and Spo0A, and was largely eliminated in the absence of both regulators
(Fig 3D and 3E). We did not attempt to draw further conclusions from this data, since SpoOA

and SigH each require the other for wildtype levels of expression (see discussion).
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We then followed expression from the promoter fusions over a timecourse following the
sporulation by resuspension method, which generates a more synchronous entry into sporulation
(59). Attime 0, neither the strain harboring Pyog -gfp, nor the strain harboring Pyis«-gfp showed
appreciable levels of fluorescence (Fig 4A), appearing similar to a negative control harboring gfp
without a promoter (Fig S3). Between 0 and 40 min, both strains showed detectable increases in
fluorescence. At 60 min, when the first polar divisions characteristic of sporulation begin to
manifest, both strains were more strongly fluorescent (Fig 4A). GFP fluorescence from Pyoq.
was qualitatively more intense than fluorescence produced from Pyis (all images were captured
and scaled with identical parameters to allow for direct comparison). Moreover, the GFP signal
continued to accumulate in the strain harboring Pyoq -gfp for at least two hrs (Fig 4A) and was
heterogenous, consistent with activation by SpoOA. In contrast, the fluorescence signal produced
from Py;«-gfp was similar across the population and appeared similar at the 60 and 120 min
timepoints (Fig 4A), consistent with SigH regulation.

To quantitate expression from the promoters during a sporulation by resuspension
timecourse, we collected timepoints from strains harboring either the Pyoq -lacZ or Pyik-lacZ
reporter constructs and performed beta-galactosidase assays. Expression from Pyoq -lacZ rose
rapidly between the 40 min and 100 min timepoints, and steadily declined thereafter (Fig 4B).
The decline in signal was not observed for the GFP reporter, likely because the GFP is stable
once synthesized (60). In contrast, expression from Pyis-lacZ was highest at the time of
resuspension (T0) and declined up until the final timepoint (Fig 4C).

Collectively, the patterns expression we observe for yodL are consistent with those
observed for genes activated by high-threshold levels of SpoOA during sporulation, including

racA, spollG, and spollA (61). In contrast, yisK’s expression pattern is similar to that observed
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for kinA (48, 54, 62), with expression increasing in late exponential and stationary phase and
early sporulation in a SigH-dependent manner (Fig 3), but decreasing during a sporulation by
resuspension timecourse (Fig 4). We do not exclude the possibility that YodL and YisK might

also function in other growth contexts.

A AyodL AyisK mutant is defective in sporulation

Since yodL and yisK expression correlates with other early sporulation genes, we next
investigated if the gene products influenced the production of heat-resistant spores. To
determine the number of heat-resistant spores in a sporulation culture, we quantified the number
of colony forming units (CFU) present in cultures before (total CFU) and after (heat-resistant
CFU) a heat treatment that kills vegetative cells. These values were normalized to display the
sporulation efficiency of the mutants relative to wildtype. Single mutants in which either yodL
or yisK were deleted displayed only mild (97% and 94%, respectively) reductions in relative
sporulation efficiency (Table 1). Although the single mutants always sporulated less efficiently
than wildtype in each experimental replicate, the differences were not statistically significant
with only six experimental replicates. In contrast, the AyodL AyisK double mutant produced
~20% less heat-resistant spores than wildtype (P<0.0006)(Table 1). No decrease in total CFU
was observed for any of the mutants compared to wildtype, indicating that the reduction in heat-
resistant spores in the AyodL AyisK mutant was not due to reduced cell viability before heat
treatment (Table 1). The gene downstream of yisK, yisL, is transcribed in the same direction as
yisK. To determine if the reduction in sporulation we observed might be partially attributable to
polar effects of the yisK deletion on yisL expression, we introduced Pyi«-YisK at an ectopic locus

(amyE) in the AyodL AyisK mutant and repeated the heat-kill assay. The ectopic copy of Pyisc-

16

1sanb Aq 8T0Z ‘2T Jeqwaidas uo /Bio wse:ql//:dny wol) papeojumoq


http://jb.asm.org/

367  yisK restored sporulation in the AyodL AyisK to levels statistically indistinguishable from the
368  AyodL single mutant (Table 1). These results lend support to the idea that YodL and YisK
369 function during early sporulation and possess activities that, directly or indirectly, affect the
370  production of viable spores. We do not exclude the possibility that YodL and YisK might also

371 function outside the context of sporulation.
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372 Given that yisK and yodL expression during vegetative growth leads to cell widening, we
373  hypothesized that yisK and yodL mutants might produce thinner cells or spores during

374  sporulation. However, no qualitative differences in cell or spore width were observed for the
375  AyodL, AyisK, or AyodL AyisK mutant populations compared to wildtype during a sporulation
376  timecourse (Fig S4). We also observed no qualitative differences in the shapes of germinating

377  cells (data not shown). Thus, although YodL and YisK contribute to the production of heat-

>
(0]
9
-% 378 resistant spores, they do not appear to be required to generate any of the major morphological
©
fg 379  changes required for spore production.
(o]
g 380
2
)
381 MreB and Mbl are genetic targets of YodL and YisK activity
382
383 To identify genetic targets associated with YodL and YisK activity, we took advantage of

384  the fact that misexpression of the proteins during vegetative growth prevents colony formation
385  on plates and performed suppressor selection analysis. Strains harboring three copies of each

386  misexpression cassette were utilized to reduce the chances of obtaining trivial suppressors in the
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387  misexpression cassette itself. In addition, Pn-lacZ was used as a reporter to eliminate
388  suppressors unable to release Lacl repression following addition of inducer. In total, we
389  obtained 14 suppressors resistant to YodL expression and 13 suppressors resistant to YisK

390 expression. Six of the suppressors resistant to YodL were subjected to whole-genome

17

Journal of Bacteriology



http://jb.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

sequencing. The results of the sequencing are shown in Table S1. All of the suppressors
possessed mutations in either mreB or mbl, genes previously shown to be important in regulating
cell width (Table S1). Using targeted sequencing, we determined that the remaining suppressor
strains resistant to YodL also harbored mutations in mreB or mbl. Since the phenotypes of YodL
and YisK expression were similar, we also performed targeted sequencing of the mreB and mbl
chromosomal regions in the YisK-resistant suppressors. All but one of the YisK-resistant
suppressors possessed mutations in mbl; the remaining suppressor harbored a mutation in mreB.

To determine if the point mutations we identified were sufficient to confer resistance to
YodL or YisK misexpression, we generated the mutant alleles in clean genetic backgrounds (see
Supplementary text) and assayed for resistance to three copies (3X) of each misexpression
construct (Table 2). In all cases but one, the engineered strains were resistant to the same
selective pressure applied in the original selections (either 3X yodL or 3X yisK)(Table 2),
indicating that the mreB or mbl mutations identified through sequencing were sufficient to confer
resistance. When we attempted to engineer a strain harboring only MreBgs4r, all but one of the
strains also possessed a second substitution, MreBrasoc. Although the remaining strain possessed
only the MreBg;s4r substitution in MreB, unlike the original suppressor identified by whole
genome sequencing (Table S1), the MreBg;s4r harboring strain was also sensitive to YodL
expression. Based on these data, we suspect that the strain harboring MreBg)ssr might be
unstable, and possibly predisposed to the accumulation of second-site mutations.

The YodL-resistant strains generally possessed mutations resulting in amino acid
substitutions with charge changes (Table 2). When mapped to the T. maritima MreB structure,
5/7 of the unique suppressor strains possessed amino acid substitutions in a region important for

mediating the interaction between MreB and the bitopic membrane protein RodZ (MreBgi43a,
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MreBni4sp, MreBpia7r, MreBg)sar, and MreBgogys)(Table 2 and Fig S5)(18, 63); three of these
substitutions occur in residues that make up the RodZ-MreB binding surface (MreByj 4o,
MreBpi42, and MreBgra7o in T. maritima)(18).

A majority of the YisK-resistant Mbl variants clustered in regions of Mbl that are
predicted to make up the ATP-binding pocket (Table 2 and Fig S6). Moreover, seven of the
substitutions occurred in amino acids previously associated with resistance to the MreB inhibitor
A22 in C. crescentus and Vibrio cholerae (Fig S6)(12, 64, 65).

MreBri176 and Mblgysok were independently isolated in both the YodL and YisK
suppressor selections, raising the possibility that at least some of the other MreB and Mbl
variants might exhibit cross-resistance to YodL and YisK misexpression. To test for cross-
resistance, we generated the mutant alleles in clean genetic backgrounds, and then introduced 3X
copies of Pry-yisK into the YodL-resistant suppressors, and 3X copies Pny-yodL into the YisK-
resistant suppressors. We then assayed for the ability of the misexpression strains to grow on
media in the presence of inducer. The results, summarized in Table 2, show that several of the
variants exhibited resistance to both YodL and YisK. Three MreB variants, MreByj4sp,
MreBpj47r and MreBrasos, exhibited specificity in their resistance to YodL compared to Yisk.
Three Mbl variants, Mblgresc, Mblaszsi, and Mblpsger, showed specificity in their resistance to
YisK over YodL. These results suggest that the alleles exhibiting cross-resistance to both YisK
and YodL are likely to be general, possibly conferring gain-of-function to either MreB or Mbl

activity.

YodL and YisK’s cell-widening activities require MreB and Mbl, respectively
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The phenotypic consequences of YodL and YisK misexpression are similar but not
identical (Fig 1B), suggesting that YodL and YisK might have distinct targets. Consistent with
this idea, YodL and YisK coexpression resulted in phenotypes distinct from misexpression of
either YodL or YisK alone. More specifically, cells co-expressing YodL and YisK did not grow
on plates, regardless of media or MgCl, concentration (Fig 5A and Fig S2A) and growth without
lysis in liquid media required the presence of MgCl, (Fig S1, Fig S2B, and Fig 5B). Importantly,
the co-expressing cells displayed a round morphology that strongly contrasted with strains
expressing either YodL or YisK alone (Fig 5B and Fig S2B). The round morphology was
unlikely due to higher expression of gene products (1X Pyy-yodL plus 1X Ppy-yisK), since cells
harboring two copies (2X) of either Pyy-yodL or Pyy-yisK did not become round (Fig 1B and Fig
S2B).

Based on the observation that YodL and YisK coexpression yields distinct phenotypes,
and the fact that all of the YodL-specific suppressor mutations occurred in mreB (MreBxisp,
MreBp147r and MreBgosss), while all of the YisK-specific suppressor mutations occurred in mbl
(Mblgrgsc, Mblaszsi, and Mblpsgor), we hypothesized that YodL targets MreB, whereas YisK
targets Mbl. To test these hypotheses, we assessed if MreB and Mbl are specifically required for
YodL and YisK function by taking advantage of the fact that mreB and mbl can be deleted in a
AponA background with only minor changes in cell shape (20, 31). The APonA strain, which
does not make PBP1, produces slightly longer and thinner cells than the parent strain, and
requires MgCl, supplementation for normal growth (66, 67). We generated AponA AmreB and
AponA Ambl strains and then introduced either two copies of Pp-yodL or two copies of Ppy-yisK
into each background. We reasoned that 2X expression would provide a more stringent test for

specificity than 1X expression, as off-target effects (if any), would be easier to detect. To assess
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the requirement of either mreB or mbl for YodL and YisK activity, cells were grown to
exponential phase in LB media supplemented with 10 mM MgCl,, back-diluted to a low optical
density, and induced for 90 min before images were captured for microscopy. Uninduced
controls all appeared as regular rods, although AponA deletion strains were noticeably thinner
than wildtype parents (Fig 6). The AponA cells became wider following YodL expression,
indicating that PBP1 is not required for YodL activity. We also observed that the poles of the
AponA mutant were less elongated and tapered than the wild-type control following YodL
expression, suggesting that this particular effect of YodL expression is PBP1-dependent (Fig
6A). A AponA Ambl mutant phenocopied the AponA parent following YodL expression (Fig
6A), indicating that Mbl is not required for YodL’s activity. In contrast, the AponA AmreB strain
did not show morphological changes following YodL expression, and instead appeared similar to
the uninduced control. We conclude that YodL requires MreB for its cell-widening activity.

We performed a similar series of experiments for YisK misexpression. The AponA
mutant was sensitive to YisK expression, indicating that PBP1 is not required for YisK-
dependent cell-widening. Similarly, expression of YisK in a AponA AmreB mutant also resulted
in loss of cell width control (Fig 6B), indicating that MreB is not required for YisK activity;
however, unlike YisK expression in a wildtype or AponA background, the cells became round
(Fig 6B), more similar to the YodL and YisK co-expressing cells (Fig 5 and Fig S2B). In
contrast, a AponA Ambl mutant did not lose control over cell width following YisK expression
(Fig 6B), indicating that YisK activity requires Mbl for its cell-widening activity. We conclude
that YodL requires MreB, but not Mbl for its cell-widening activity, whereas YisK requires Mbl,

but not MreB.
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YisK possesses at least one additional target

Although YisK expression in a AponA Ambl mutant did not result in cell-widening, we
observed that the induced cells appeared qualitatively shorter than the uninduced control,
suggesting that YisK might possess a second activity (Fig 6B). Quantitation of cell lengths in a
AponA Ambl mutant following YisK expression revealed that the YisK-induced cells were ~20%
shorter than the uninduced cells (Fig 7A). In contrast, YodL expression did not result in a change
in cell length in a AponA AmreB mutant (Fig 7B), suggesting the the cell shortening effect is
specific to YisK. We hypothesized that MreBH, the third and final B. subtilis MreB family
member, might be YisK’s additional target. We hypothesized that if MreBH is the additional
target, then the cell shortening observed upon YisK expression in a AponA Ambl mutant strain
should be lost in a AponA Ambl AmreBH mutant background. However, we found that even
when mreBH was additionally deleted, YisK expression still resulted in cell shortening (Fig 7C).
We conclude that YisK likely has at least one additional target that is not MreB or Mbl

dependent, and that this additional target regulates some aspect of cell length.

Discussion

YodL and YisK’s functional targets

Misexpression of YodL during vegetative growth results in cell-widening and lysis, and
spontaneous suppressor mutations conferring resistance to YodL occur primarily in mreB. MreB
is also required for YodL’s cell-widening activity, whereas Mbl is not. By comparison,
expression of YisK during vegetative growth also results in cell-widening and lysis, however,
spontaneous suppressor mutations conferring resistance to YisK occur primarily in mbl. YisK’s

cell-widening activity requires Mbl, but not MreB. The simplest interpretation of these results is
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that YodL targets MreB function, while YisK targets Mbl function. Alternatively, YodL and
YisK could target other factors that affect cell shape and simply require MreB and Mbl for their
respective functions.

MreB variants specifically resistant to YodL activity, MreByi4sp, MreBpi47r and
MreBros»s, all result in charge change substitutions in residues previously shown to constitute the
RodZ-MreB interaction surface (equivalent T. maritima residues are: MreBj40, MreByi42 and
MreBra79)(18). MreBgiasa, which exhibits cross-resistance to YisK, also maps near the RodZ-
MreB interaction interface. The two remaining YodL-resistant MreB variants occur in
(MreBgj176) or near (MreBgsa3g) residues previously associated with bypass of RodZ essentiality
in E. coli (Fig S5)(25). A simple model explaining both the nature of the MreB variants we
obtained in the suppressor selections, and YodL’s MreB-dependent effect on cell shape, is that
YodL acts by disrupting the interaction between RodZ and MreB. In this model, MreB’s RodZ-
independent activities would remain functional, and several observations are consistent with this
idea. If YodL were to completely inactivate MreB function, then we would expect that
expressing YodL in a AponA Ambl AmreBH background would generate round cells, similar to
the phenotype observed when MreB is depleted in a Ambl AmreBH mutant background (31), or
when mreB, mbl, and mreBH are deleted in backgrounds with upregulated sigl expression (the
triple mutant is otherwise lethal)(30). However, we observe that cells expressing YodL in a
AponA Ambl AmreBH mutant instead form wide rods (Fig 6A). If YodL does specifically target
MreB activity, then these results suggest that MreB likely retains at least some of its width-
maintenance function. Morgenstein et al. recently found that the interaction between RodZ and

MreB in E. coli is required for MreB rotation, but that MreB rotation was not required for rod

23

1sanb Aq 8T0Z ‘2T Jeqwaidas uo /Bio wse:ql//:dny wol) papeojumoq


http://jb.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

shape or cell viability under standard laboratory conditions (26). This study is consistent with
prior findings indicating that RodZ is not absolutely required for maintenance of rod shape (25).

We hypothesize that the substitutions obtained in residues near the RodZ-MreB interface
either enhance RodZ-MreB interaction, or decrease the ability of YodL to disrupt the RodZ-
MreB interface. Although we did not identify YodL-resistant suppressor mutations in rodZ, it is
possible that the requisite rodZ mutations are rare or lethal for the cell, thus we cannot rule out
the possibility that YodL could target RodZ function. Similarly, although we found that MreB is
required for YodL activity, we can envision a scenario in which a YodL-MreB interaction may
be necessary to localize YodL to a cellular location where it can be effective against RodZ or
some other cellular component. We think this possibility is less likely, as cells expressing YodL
have a distinct phenotype from RodZ depletion in B. subtilis. More specifically, YodL
expression results in cell widening and tapered poles (Fig 1B), whereas RodZ-depleted cells
generate wide rods (22), similar to the phenotype we observed following YodL expression in a
AponA Ambl AmreBH mutant (Fig 6A). These results argue against the idea that YodL could
work by inactivating RodZ function completely. Future work aimed at characterizing the nature
of the YodL resistant suppressors and the effect of YodL on MreB function will shed light on the
mechanism underlying YodL’s observed activity.

Only three Mbl variants, Mblgresc, Mblasasi, and Mblpsger, showed specificity in
resistance to YisK over YodL. Mblgresc, Mblpisin, Mblgisen, Mblrissa, Mblgaoag, MreBpsgor and
Mblas 47 0ccur in residues that form Mbl’s predicted ATP-binding pocket (Fig S6), and
substitutions in all seven of these residues have been previously implicated in A22 resistance
(Fig S6)(12, 64, 65). We speculate that most, if not all of the substitutions in Mbl’s ATP-binding

pocket are gain-of-function with respect to Mbl polymerization, a hypothesis that can ultimately
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be tested in vitro. Similarly, we hypothesize that the Mblys;; substitution, located at the MreB
head-tail polymerization interface (63), may overcome YisK activity by promoting Mbl
polymerization. MreBgys, of C. crescentus, equivalent to B. subtilis Mblg,so (Fig S6), is located
at the interaction interface of antiparallel MreB protofilament bundles (68). If B. subtilis Mblg,so
is also present at this interface (this has not been tested to our knowledge), then Mblg,sox could
promote resistance to YodL and YisK by enhancing Mbl bundling. How might YisK exert its
activity? One idea is that YisK disrupts Mbl bundling, possibly by competing for sites required
for protofilament formation. An alternative possibility is that YisK somehow prevents Mbl from
effectively binding or hydrolyzing ATP. It is also possible that Mbl is simply required for YisK
to target one or more other factors involved in cell-width control.

In addition to Mbl-dependent cell widening, YisK expression resulted in cell shortening,
an effect that only became apparent in a AponA Ambl mutant background (Fig 6B and 7A).
Given the similarities of MreB, Mbl, and MreBH to each other, we initially hypothesized that
YisK-dependent effects on MreB and/or MreBH might be responsible for the decrease in cell
length we observed; however, we found that mreBH was not required for cell shortening (Fig 6B
and Fig 7C). Since YisK expression results in a dramatic loss of cell shape in AmreB mutant
backgrounds (Fig 6A), we were unable to confidently assess cell length changes to determine if
there is a requirement for MreB in the cell-shortening phenotype. It is unlikely that YisK’s
additional activity affects MreB’s role in maintaining cell width (at least not without Mbl), as
YisK-expressing cells retain rod shape when mbl and mreBH are both deleted (Fig 6B). An
exciting alternative possibility is that YisK activity affects another factor involved in cell length
control. One attractive candidate is the cell wall hydrolase CwlO, a known modulator of cell

length in B. subtilis (69) which recent genetic data also suggests depends at least in part on Mbl
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(35). Future experiments aimed at determining the identity and function of YisK’s additional

target should shed light on how cells regulate both cell length and cell width.

| dentification of genesinvolved in cellular organization through a novel gene
discovery pipeline

To systematically identify and characterize novel genes involved in cellular organization,
we developed a gene discovery pipeline that combines known regulatory information (48),
phenotypes obtained from misexpression screening, and suppressor selection analysis. The
ability to identify genetic targets associated with the unknown genes provides a key parameter
beyond phenotype from which to formulate testable hypotheses regarding each gene’s possible
function. The misexpression constructs we generated are inducible and present in single copy on
the chromosome. We have found that to obtain phenotypes, our strategy works best when the
unknown genes are expressed outside of their native regulatory context. Thus far, we have
restricted our gene function discovery pipeline to B. subtilis; however, the general approach
should be broadly applicable to other organisms and diverse screening strategies.

In this work, we describe the use of the pipeline to identify and characterize two B.
subtilis genes, yodL and yisK, that produce proteins capable of targeting activities intrinsic to cell
width control. Although yodL and yisK were not previously recognized as members of the
Spo0A regulon, both genes have putative SpoOA boxes and possess promoters that exhibit
expression patterns consistent with other Spo0OA-regulated genes (Fig 2-4). YisK is also a
member of the SigH regulon (50), and our expression analysis is also consistent with expression
of yisK during stationary phase (Fig 3). If the putative Spo0OA box we identified is utilized in
vivo, then we would predict based on our expression profiling that yisK is transcribed during

exponential and early stationary phase via SigH, and then repressed as SpoOA-P accumulates
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during early sporulation. Such a pattern is similar to the regulation that has been proposed for
kinA (56, 61). We also observe expression from Pyog. and Py is reduced in the absence of
Spo0A and SigH (Fig 3D-E). The specific contributions of these global regulators to yodL and
yisK regulation cannot be determined by analyzing the expression profiles of the sigH and spo0A
deletion strains alone, since SPOOA depends on SigH for upregulation during the early stages of
sporulation (53, 56). Moreover, since SpoOA inhibits expression of the sigH repressor AbrB (70-
73), a Spo0A mutant is also down for SigH expression.

A AyodL AyisK double mutant reproducibly produces ~20% less heat-stable spores than
wildtype, suggesting that the YodL and YisK have functions that affect spore development
(either directly or indirectly). Most studies on sporulation genes are biased toward factors that
reduce sporulation efficiency by an order of magnitude or more in a standard heat-kill assay.
However, even small differences in fitness (if reproducible) can contribute significantly to the
ability of an organism to persist, especially in competitive environments (74). The 20%
reduction in heat-resistant spores we observe in cells lacking YisK and YodL would likely result
in a substantial fitness disadvantage to cells in the environment. We do not currently understand
how YodL and YisK might function in spore development, but the identification of MreB and
Mbl as genetic targets suggests the proteins likely regulate some aspect of PG synthesis. Future
studies will be aimed at understanding the molecular and biochemical basis of YodL and YisK
activity.

In this study, the morphological phenotypes associated with YodL and YisK occurred
when the genes were expressed during vegetative growth. Consequently, it is formally possible
(although we think unlikely), that the targeting of MreB and Mbl is simply a coincidence that is

unrelated to the potential functions of the proteins during stationary phase or sporulation.
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Regardless of what YodL and YisK’s physiological roles turn out to be, we have already been
able to utilize misexpression of the proteins to obtain interesting variants of both MreB and Mbl
that can now be used to generate testable predictions regarding how MreB and Mbl function in
B. subtilis. Moreover, the apparent specificity with which YodL and YisK appear to target MreB
and Mbl, respectively, make them potentially powerful tools to differentially target the activities
of these two highly similar paralogs in vivo. Of course, more studies will be required to
determine if YodL and YisK interact directly or indirectly to modulate MreB and Mbl activity.
In the meantime, it is exciting to speculate that many undiscovered modulators of MreB and
MreB-like proteins exist, and that we have only just begun to scratch the surface regarding
regulation of this important class of proteins. The identification and characterization of such
modulators could go a long way toward addressing the significant gaps in our knowledge that

exist regarding the regulation of PG synthesis in bacteria.
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Table 1
Heat- Relative
resistant | Sporulation | sporulation
Strain Strain # | Total cfu cfu efficiency efficiency
wildtype B.subtilis | 2.8x10° | 1.9x10° 66.9% 1009663
168 (*4.7%107) | (+4.5%107) (=5) 664
AyodL BYD276 | 2.6x10° | 1.7x10° 65.2% 979665
#3.9%107) | (+2.8%107) (#7) 666
AyisK BYD278 | 2.7x10° | 2.4x10° 63.1% 949,667
(+4.6x107) | (+2.7%10) (£6) 668
AyodL Ayisk | BYD279 [ 3.1x10° | 1.7x10° 54.1% 8190069
(+6.5%107) | (+4.1x107) (+4) 670
AyodL Ayisk | BYD510 | 3.4x10° [ 2.3x10° 66.2% 999071
Pyisc-yisK (£3.3%107) | (£4.1x107) &7) 672
673
674

Table 1. Sporulation efficiency of yodL and yisK mutants. Sporulation efficiency is the
number of spores/ml divided by the total cfu/ml x 100%. Relative sporulation efficiency is
sporulation efficiency normalized to wildtype x 100%. The data shown is the average of six
independent biological replicates. The difference in sporulation efficiency between wildtype

and the AyodL Ayisk double mutant is statistically significant (P<0.0006).
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Table 2
Variants obtained following
YodL misexpression

mreB MreB Variants +YodL +YisK
CGC>GGC RI117G' R R
GGA>GCA Gl143A R R
AAT>GAT* N145D° R S
CCA>CGA* P147R'? R S
AGC>AGA S154R'? - -
AGC>AGA S154R! R R

CGC>TGC R230C

AGA>AGT* R2828'? R S
GGG>GAG G323E! R R

mbl Mbl Variants +YodL  +YisK
ACG>ATG T158M R R
GAADAAA* E250K' R R
ACADATA T3171 R R

Variants obtained following
YisK misexpression

mreB MreB Variants +YisK +YodL
CGC>TGC R117G R R

mbl Mbl Variants +YisK  +YodL
ATG>ATA M51P R R
CGC>TGC R63C? R S
GAC>AACH D153N° R R
GGC>GAC G156D° R R
ACG>GCG* T158A° R R
GAG>GGG E204G® R R
GAA>AAA E250K R R
TCT>AAA AS251 R S
CCT>CTT P309L° R S
GCC>ACC A314T? R R

Table 2. Analysis of suppressor strains resistant to YodL and/or YisK.

The suppressor selections are described in detail in materials and methods. Candidate mutations
were introduced into clean genetic backgrounds harboring three copies of Pp-yodL or three
copies of Ppy-yisK, and the resultant strains were assessed for resistance (R) or sensitivity (S) to

either yodL or yisK expression as judged by ability to grow on LB plates supplemented with 1
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mM IPTG and 100 pg/ml spectinomycin. 'Originally identified using whole-genome sequencing
(Table S1). *Residues previously implicated in the RodZ-MreB interaction (18). *Residues
previously implicated in resistance to A22 (64, 65, 75). The (*) indicates that two suppressors
possessing the same nucleotide change were obtained in original selection. The underlined
residues displayed specificity in resistance to YodL over YisK (top) or YisK over YodL

(bottom).

Figure Legends

Figure 1. Misexpression of YodL and YisK prevents cell growth on solid media and causes
loss of cell shape in liquid media.

(A) Cells harboring one (1X) or two (2X) copies of Pn-yodL (BAS040 and BAS191) or Pp,-yisK
(BAS041 and BYDO074)(B) were streaked on an LB plate supplemented with 100 pg/ml
spectinomycin and, when indicated, | mM IPTG or 1 mM IPTG and the denoted concentration
of MgCl,. Plates were incubated for ~16 hrs at 37°C before image capture (top). (B) The strains
described above were grown in LB-Lennox media at 37°C to mid-exponential and back-diluted
to an ODggo of ~0.02. When indicated, 1 mM IPTG or 1 mM IPTG and the denoted
concentration of MgCl, was added. Cells were grown for 1.5 hrs at 37°C before image capture.

Membranes were stained with TMA-DPH. All images were scaled identically.

Figure 2. DNA sequence upstream of yodL and yisK.
(A) Putative Spo0A box (underlined) upstream of the yodL start codon. (B) SigH binding motifs

(double underline) and putative Spo0OA box (underlined) upstream of yisK start codon.
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Figure 3. Expression from yodL and yisK promoters during a CH timecourse.

Expression from the putative yodL and yisK promoter regions was monitored in CH medium at
37°C over a timecourse. The ODgo (A and B) and production of either GFP (C) or beta-
galactosidase (D and E) was monitored at 30 min intervals. Membranes were stained with TMA-
DPH. All GFP channel images were captured with 1 sec exposures and scaled identically to
allow for direct comparison. In this media, time O represents the last exponential timepoint, not

the initiation of sporulation.

Figure 4. Expression from yodL and yisK promoters following sporulation by
resuspension. Expression from the putative yodL and yisK promoter regions was monitored in
resuspension medium. The production of either GFP (A) or beta-galactosidase (B and C) was
monitored at 20 min intervals. Membranes were stained with TMA-DPH. All GFP channel
images were captured with 1 sec exposures and scaled identically to allow for direct

comparison.

Figure S. YodL and YisK co-misexpression causes cell lysis.

(A) BYD361 (Pny-yodL, Pry-yisK) and BYD281 (2X Pry-yodL, 2X Ppy-yisK) were streaked on an
LB plate with 100 pg/ml spectinomycin and, when indicated 1 mM IPTG or 1 mM IPTG and
the denoted concentration of MgCl,. (B) Cells were grown in LB-Lennox media at 37°C to mid-
exponential and back-diluted to an ODggyp of ~0.02. When indicated 1 mM IPTG or | mM IPTG

and the denoted concentration of MgCl, were added. Cells were then grown for 1.5 hrs at 37°C
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before image capture. Membranes are stained with TMA-DPH. All images are shown at the

same magnification.

Figure 6. YodL and YisK’s cell-widening activities require MreB and Mbl, respectively.
(A) Cells harboring 2X copies of Pry-yodL in a wildtype (BAS191), AponA (BYD176), AponA
AmreB (BYD263), AponA Ambl (BYD259) or AponA Ambl AmreBH (BAS249) background
were grown at 37°C in LB supplemented with 10 mM MgCl, to mid-exponential. To induce
yodL expression, cells were back-diluted to an ODggo of ~0.02 in LB with 10 mM MgCl,, and
IPTG (1 mM) was added. Cells were grown for 1.5 hrs at 37°C before image capture.
Membranes are stained with TMA-DPH. All images are shown at the same magnification. (B)
Cells harboring 2X copies of Pny-yisK in a wildtype (BYD074), AponA (BYD175), AponA
AnmreB (BYD262), AponA Ambl (BYD258) or AponA Ambl AmreBH (BAS248) background
were grown at 37°C in LB supplemented with 10 mM MgCl, to mid-exponential. To induce
yisK expression, cells were back-diluted to an ODggp of ~0.02 in LB with 10 mM MgCl,, and
IPTG (1 mM) was added. Cells were grown for 1.5 hrs at 37°C before image capture.

Membranes are stained with TMA-DPH. All images are shown at the same magnification.

Figure 7. YisK expression results in cell shortening.

(A) Cells harboring 2X copies of Pny-yisK in a AponA Ambl background (BYD262) were grown
at 37°C in LB supplemented with 10 mM MgCl, to mid-exponential. To induce yisK expression,
cells were back-diluted to an ODggg of ~0.02 in LB with 10 mM MgCl, and IPTG (1 mM) was
added. Cells were grown for 1.5 hrs at 37°C before image capture. Membranes are stained with

TMA-DPH. Cell lengths (n=500/condition) were measured before and after yisK expression and
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rank-ordered from smallest to largest along the x-axis so the entire population could be
visualized without binning. The uninduced population (black) is juxtaposed behind the induced
population (semi-transparent, gray). The difference in average cell length before and after Ppy~
yisK induction were statistically significant (P<0.0001). (B) Cells harboring 2X copies of Py~
yodL in a AponA AmreB background (BYD263) were grown, quantitated, and plotted as
described above. The difference in average cell length before and after Pny-yodL induction were
not statistically significant. (C) Cells harboring 2X copies of Pry-yisK in a AponA Ambl AmreBH
background (BAS248) were grown, quantitated, and plotted as described above. The difference
in average cell length before and after Pny-yisK induction were statistically significant

(P<0.0001).
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