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Abstract
The cell envelope surrounds the bacterial cell, providing physical integrity, mediating
contact with the surrounding environment, and acting as a barrier against external assaults.
The cell wall forms the structural component of the cell envelope, and is composed of
peptidoglycan (PG), a covalently-linked meshwork of glycan strands cross-linked together by
short peptides. During cell growth, bacteria rely on the activity of PG-synthetic enzymes for the
creation of new material and PG-hydrolytic enzymes to expand the existing meshwork.
Notably, injury to the cell wall can arise from the action of PG hydrolases, whose function can
be deadly if mis- or hyper-activated. Thus, bacteria must tightly control the activity of these
enzymes and employ systems to sense and respond to envelope stress.

WalRK is an essential and widely conserved two-component regulatory system (TCS)
that regulates genes involved in cell wall metabolism, most notably PG hydrolases. Though
WalRK was understood to be important for cell wall biogenesis, its precise function was not
known. Here, I used the model Gram-positive organism Bacillus subtilis to investigate the role
of the WalRK TCS in the regulation of cell wall hydrolases and elucidate strategies used by
bacteria to control the synthesis and remodeling of their cell wall. I demonstrated that the
essentiality of WalRK in B. subtilis is derived from its transcriptional activation of the cell wall
iii

hydrolases lytE and cwlO, and repression of the hydrolase inhibitor iseA and PG deacetylase
pdaC. I provide evidence that the kinase WalK monitors the status of PG hydrolysis during cell
growth by sensing PG cleavage products released by LytE and CwlO. When hydrolase activity is
too high or too low, WalRK adjusts the transcription of these hydrolases accordingly to achieve
homeostasis. Additionally, I revealed that WalRK also controls hydrolytic activity by modulating
the acetylation state of the PG, which inhibits hydrolysis by CwlO and LytE.

Altogether, my work demonstrates that WalRK maintains precise hydrolase activity
during cell growth through both transcriptional regulation and posttranslational inhibition of
two essential PG hydrolases. I propose that homologous WalRK systems in Gram-positive
bacteria similarly function to homeostatically control PG hydrolase activity during cell growth.
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Chapter 1:
Introduction
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1.1 Cell envelope stress responses
Bacteria are the most diverse domain of life on the planet, and also inhabit the most diverse
environments [1]. Changes to a cell’s surroundings, such as nutrient availability, pH,
temperature, and osmolality have the potential to inflict serious damage to the bacterial cell.
The ability to respond to changing environments is therefore crucial for a bacterium to mitigate
potential cellular stress and survive in new conditions.

Changing conditions are met first by the bacterial cell envelope, an essential structure
encasing the bacterial cell. The cell envelope plays a crucial role in protecting the cell from
environmental insults, and bears the brunt of any harmful changes that the bacterium
encounters. As such, bacteria have evolved many systems to sense and respond to cell
envelope stress [2]. These stress response systems have an obvious role in responding to acute
envelope stress, but also may play a less apparent function in maintaining envelope
homeostasis during “normal” growth. These will be reviewed in the following section, with a
particular focus on systems found in the model organism Bacillus subtilis.

The Gram-positive cell envelope
Bacterial cell envelopes are broadly classified into two categories, Gram-positive and Gramnegative [3, 4]. In both, an inner phospholipid membrane is surrounded by a layer of
peptidoglycan (PG), a covalently-linked macromolecule composed of glycan strands cross-linked
together by short peptide stems [5] (Figure 1.1). This PG layer, known as the cell wall,
surrounds the bacteria in a mesh-like structure, providing osmotic support to the cell and
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dictating its shape [6]. Gram-negative organisms have a thin layer of PG (~1-5nm) [5],
surrounded by an outer membrane. In contrast, Gram-positive bacteria have no outer
membrane and exhibit a thick (~15-30nm) [5], multi-layered cell wall. Additionally, the cell
envelopes of Gram-positive bacteria are decorated by a variety of glycopolymers, attached both
to the cytoplasmic membrane [7] and to the PG [8].

Despite major architectural differences, the cell envelopes of both types of bacteria are
essential for their survival. Perturbations to the synthesis, metabolism, and recycling of the cell
envelope result in a complete halt in bacterial growth and/or death [9, 10]. The essentiality of
this structure has resulted in the evolution of a plethora of systems that bacteria employ to
detect and combat cell envelope stresses. Primarily, bacteria rely on alterations in gene
transcription to effect their response, mediated by the action of two-component systems and
extracytoplasmic function (ECF) alternative sigma factors.

Alternative sigma factors
Bacterial gene transcription is controlled by the differential recognition of promoters by
RNA polymerase (RNAP). RNAP consists of a multi-subunit enzyme core, sufficient to transcribe
RNA, but unable to recognize promoter regions in DNA without the aid of an additional protein
subunit, called a sigma factor [11]. Sigma factors recognize sequence motifs in DNA and guide
RNAP to particular transcriptional units. Bacteria encode multiple sigma factors, each targeting
specific subsets of genes (known as their regulons), which allow bacteria to modulate the
activity of RNAP depending on which sigma factor is associated with the core enzyme.

3

Figure 1.1: Schematic overview and chemical structure of the Gram-positive cell envelope.
Gram-positive bacterial cells are encased by a cytoplasmic membrane and a thick layer of
peptidoglycan (PG). The PG meshwork is composed of repeating units of N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) polymerized into long glycan strands, and
crosslinked together by peptide stems emanating from MurNAc. In B. subtilis the peptide stem
consists of L-alanine (L-Ala), D-glutamic acid (D-Glu), meso-diaminopimelic acid (mDAP), and
two D-alanine (D-Ala). The chemical structure depicted exhibits a crosslink between mDAP on
one peptide stem and D-Ala on the adjoining peptide stem.
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B. subtilis encodes 19 known sigma factors. Under “normal/unstressed”, vegetative growth
the housekeeping sigma factor, Sigma A [12], is responsible for the transcription of most genes.
However, under stress or changing conditions, alternative sigma factors are activated and alter
the expression of specific genes in response. In particular, B. subtilis has a repertoire of seven
extra cytoplasmic function (ECF) alternative sigma factors, that respond to cell envelope stress:
M, V, W, X, Y, Z, and YlaC [13-15]. Each ECF sigma factor has an associated anti-sigma
factor protein, often tethered to the cell envelope, that maintains its cognate sigma factor
inactive until an input is received [16] (Figure 1.2). Without these systems, B. subtilis has
reduced expression of over 80 genes and a significantly reduced capacity to respond to and
survive cell envelope targeting antibiotics [17].

The ECF sigma factor group was originally classified according to sequence homology and
their roles regulating cell envelope-related genes [18, 19]. Further classification has been based
on the genes in their regulons, signals that induce their activity, and the phenotypes associated
with their inactivation. Of the seven ECFs in B. subtilis, the role of V has been best described;
its membrane-anchored anti-sigma factor RsiV responds specifically to lysozyme, an innate
immune defense enzyme that degrades the PG matrix [20]. When directly bound to lysozyme,
RsiV undergoes a conformational change, releasing V to activate transcription of its regulon –
most importantly oatA (encoding O-acetyl transferase), which chemically modifies the cell wall,
rendering the cell resistant to lysozyme [20-22] (Figure 1.2). The activities of M, W, and X
have also been studied and are known to be crucial for cell viability in response to cell envelope
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Figure 1.2: ECF sigma factors and associated anti-sigma factors in B. subtilis. B. subtilis
encodes seven ECF sigma factors in its genome. SigV and its anti-sigma factor RsvI respond
specifically to the cell wall hydrolase lysozyme. SigX-RsiX and SigW-RsiW respond to factors
known to induce membrane stress, while the activity of SigM seems to be more specific to
compounds that inhibit PG synthesis. SigY, YlaC, and SigZ are more enigmatic; neither their
inputs and cognate anti-sigma factors are known.
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stressors such as membrane-active agents (W) [23], cationic microbial peptides (X and W)
[24, 25], and inhibitors of PG synthesis (M) [26] (Figure 1.2). The roles of Y, Z, and YlaC are
poorly understood, and their functions in cell physiology are currently unclear [17, 27, 28]
(Figure 1.2). More detailed, mechanistic understandings of the processes that mediate sigma
factor release and activation remain to be discovered for several of these ECF’s. Interestingly,
M, W, and X have been reported to have some basal level of activity during unstressed,
logarithmic growth, suggesting that they play a role in cell envelope homeostasis, rather than in
responding to an acute cell envelope “stress” [17].

Two-component regulatory systems
In addition to alternative sigma factors, bacteria employ two-component signaling
systems (TCS) to differentially regulate gene transcription in response to fluctuating conditions.
B. subtilis encodes over 30 TCS, controlling transcriptional adaptation to a multitude of inputs
such as nutrient availability [29-31], phosphate levels [32], oxygen levels [33, 34], temperature
[35], growth phase changes [36, 37], and cell envelope stress. The canonical TCS regulatory
module consists of a sensor histidine kinase (HK) responsible for receiving a particular input
signal, and a response regulator (RR) transcription factor that alters gene transcription in
response to the signal (Figure 1.3). The signal sensed by each HK, and the domain responsible
for signal recognition, varies widely amongst TCSs and, for most HKs, specific signals altering
the activity of the HKs have not been identified [38]. However, the method of signal
transduction from the HK to the RR is well-conserved. When a particular signal is sensed by the
HK, it auto-phosphorylates at a conserved histidine in its HisKA domain via its HATPase catalytic

7

domain [38]. This phosphate is then transferred to a conserved aspartic acid residue in the RR
(RR~P) to activate it as a transcription factor, and stimulate changes in gene transcription. TCSs
are often comprised of two components, as implied by their name, but can also extend to a
larger group of proteins, the first and best example of this being the phosphorelay between
four proteins crucial for sporulation initiation in B. subtilis [36].

At least seven two-component systems have been demonstrated to regulate the
transcription of genes involved in or related to the cell envelope in B. subtilis: LiaRS [39, 40],
BceRS [41], PsdRS [39, 42], YxdJK [43], YvrGHb [44, 45], PhoPR [46], and WalRK [47, 48] (Figure
1.3). These two-component systems are crucial for cells to respond to and survive cell
envelope stressors, although the mechanisms and particular inputs sensed are often not well
defined. In many cases, the involvement of these TCSs in cell envelope stress was identified by
assaying the transcriptional response in B. subtilis to various cell envelope-targeting drugs. For
instance, bacitracin, which prevents the recycling of an essential lipid carrier for the building
blocks of PG synthesis, was found to drastically increase the expression of BceRS and PsdRS [39,
41, 49], which in turn respond by upregulating genes involved in mitigating the toxicity of
bacitracin (Figure 1.3). Later studies identified YxdJK as another member of this group of
paralogous TCSs, which seems to be particularly important for sensing small peptide antibiotics
[42, 43, 50]. Because all three of these TCSs contain HKs with multiple transmembrane (TM)
segments, but that lack extracytoplasmic sensing domains, it is thought that they may be
sensing changes in the integrity of the cytoplasmic membrane, though this remains to be
experimentally validated [39] (Figure 1.3). Further, using libraries of cell wall active
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compounds, Mascher and colleagues showed that the LiaRS TCS responds more generally to
various cell envelope stressors and, specifically, that it is highly induced upon addition of
antibiotics that disrupt PG precursor cycling [40].

Another commonly used method useful to identify targets and activities of these TCS has
been to determine the genes within their regulons and look for patterns in their cellular
function. Transcriptional profiling using DNA microarray and RNA-seq have been particularly
useful for this, establishing YvrGHb’s involvement in cell surface modifications and importance
for resistance to cell wall active antibiotics [44, 51] (Figure 1.3). Transcriptomics were also used
to identify the roles of WalRK and PhoPR in cell envelope biogenesis and metabolism [48, 52],
and additionally showed crosstalk between these two systems during cell surface remodeling in
response to phosphate limitation [46, 53, 54] (Figure 1.3). Additionally, the Serine-Threonine
Kinase/Phosphatase system PrkC/PrpC, although not a classic TCS, has also been implicated as a
cell envelope stress response, and recent work indicates that it can regulate WalR activity [55].
Despite our knowledge of the genes controlled by these TCSs, information on the particular
signals sensed by these systems and their specific roles in responding to cell envelope stress
remains lacking.

1.2 The WalRK two-component system
It is noteworthy that only one TCS in B. subtilis, WalRK, is essential for cell viability. This is
highly unusual for a TCS; in most cases, these regulatory systems are activated under conditions
when the bacterium is experiencing an unusual stressor or signal. However, early studies of
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WalRK determined that both the HK, WalK, and its RR, WalR (Figure 1.4), are indispensable for
growth under standard laboratory growth conditions (i.e. without added cell envelope stress)
[47].

Growth cessation and eventual lysis were observed when cells were depleted of WalRK,
but the exact reason for its essentiality remained unclear for two decades [47, 56]. Recently,
Takada and colleagues determined that the activation of two cell wall hydrolases in the WalR
regulon underly its essentiality in B. subtilis [57], however, specific mechanisms of WalRK
regulation during growth remained to be elucidated, and are the subject of this thesis
dissertation.

Phylogeny of the WalRK TCS
Phylogenetic studies revealed that WalR and WalK are broadly conserved across the entire
Firmicutes phylum of low G+C content Gram positive bacteria. In addition to B. subtilis,
important human pathogens such as Streptococcus pneumoniae, Listeria monocytogenes,
Staphylococcus aureus, and Enterococcus faecalis all contain this TCS. Importantly, for almost
all species studied, WalRK has been found to be essential for growth [58-63], making it an
attractive target for new antibiotic development [64-69]. Differences in genomic organization,
protein domain structure, and WalR regulon members exist among the WalRK systems.
However, a role in cell envelope metabolism and stress has been established for all systems
studied [70]. The conserved essentiality and involvement in cell envelope metabolism is
particularly intriguing, because it suggests that WalRK may not act as a prototypical “stress”
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Figure 1.3: Cell envelope stress-related two-component systems of B. subtilis. B. subtilis
encodes at least seven membrane-associated TCSs known to respond to agents that antagonize
the cell envelope. Three, BceSR, PsdSR, and YxdKJ, contain no appreciable extracellular sensing
domain, and thus are thought to be responsible for responding to changes in membrane
integrity. LiaRS also contains no extracytoplasmic domain; however, signaling from LiaRS has
been shown to be activated in response to a wide range of cell wall active antibiotics that do
not only affect membrane stability. YvrGH, PhoPR, and WalRK all contain multiple additional
sensing domains, located both extracytoplasmically and cytoplasmically. The inputs for all
three have not been fully elucidated, but all respond to general cell envelope stress.
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Figure 1.4: The wal operon and WalRK TCS. The wal operon of B. subtilis contains five genes:
walR (encoding the response regulator), walK (encoding the histidine kinase), walH and walI
(encoding negative regulators of WalRK signaling), and walJ (encoding a protein of unknown
function for WalRK activity). WalH and WalI contain large globular, extracytoplasmic domains
with no strong homology or known function, and interact with WalK via their transmembrane
domains to form a heterooligomeric complex (left panel). The structure of WalK (right panel)
consists of two TM domains flanking an extracellular sCache sensing domain. Following the
second TM is a HAMP domain necessary for signal transduction, a cytoplasmic PAS sensing
domain, and the catalytic ATPase/kinase domains.
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response, but rather responds to a signal originating from normal growth and therefore may
function in homeostatic cell envelope maintenance.

The wal operon
Studies characterizing the essentiality and conservation of WalRK have revealed differences
in the genomic structure of this TCS. In B. subtilis and most other species, walR and walK are
found in a transcriptional unit (the wal operon) together with three other genes: walH, walI,
and walJ [70] (Figure 1.4). WalK, WalH, and WalI are all membrane proteins, thought to
interact in a heterooligomeric complex (dimer of trimers) through their transmembrane ™
domains [71, 72] (Figure 1.4). Interestingly, the influence of WalH and WalI (WalHI) on WalRK
signaling varies significantly from species to species. In B. subtilis WalHI are known to inhibit
WalK signaling, whereas they have been shown to have an activating effect in S. aureus [71-74].
In B. subtilis the TM domains of WalH and WalI are sufficient to maintain wildtype WalRK
signaling, however WalH and WalI additionally have large extracytoplasmic domains with no
known function and that lack homology to characterized proteins [71, 75]. Notably, in
Streptococcus species WalHI are absent, though the significance of this is not clear [76]. The
final member of the wal operon, WalJ, is found in all species. It is a cytoplasmic protein, with a
predicted metal binding site and -lactamase fold; its function and effects on WalRK signaling
are not understood [77, 78].
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The WalK histidine kinase
In addition to differences in the operon structure, the WalRK TCS also differs in the
protein domain organization of the HK, WalK. All WalK homologs contain an internal HAMP
domain (present in Histidine kinases, Adenyl cyclases, Methyl-accepting proteins, and
Phosphatases) [79], thought to be important for signal transduction across the membrane [80].
They also all contain an intracellular PAS (Per-ARNT-Sim) domain, commonly found in HK’s as
sensing modules [81], and HisKA and HATPase domains, necessary for the phosphotransfer
reaction [38] (Figure 1.4).

Interestingly, though, their structure differs in regards to their extracytoplasmic
domains (or lack-thereof). In most species, including B. subtilis, WalK harbors two TM segments
that flank an external sCache domain (Figure 1.4). sCache domains are homologous to PAS
domains, though they were recently re-classified as a distinct group of signal sensing domains
that are commonly found extracytoplasmically [82]. However, in addition to differing in operon
structure, the WalRK’s of Streptococcus species also diverge from the majority in domain
structure, containing only one TM and no extracytoplasmic domain [76].

Neither the extracellular sCache nor the intracellular PAS domains of WalK have been
confirmed to be signal perception domains. However, these domain families are ubiquitous in
HKs and other signal transduction systems, and sensory ligand binding has been demonstrated
for some homologs [82, 83]. Attempts to delete the intracellular PAS domain of B. subtilis were
unsuccessful, suggesting this domain is essential for WalK’s function and may sense a signal
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necessary for WalK activity [84]. Interestingly, though, the extracytoplasmic sCache domain is
readily dispensable in B. subtilis, rendering WalRK signaling hyperactive [84]. The lack of the
sCache sensing domain in Streptococci suggests that these species may respond to fewer or
different signals than other WalKs, or have adopted a distinct method of sensing
extracytoplasmic signals [85].

The WalR response regulator
The WalR RR is much more conserved in domain structure than the WalK HK. In all
species, WalR is a member of the OmpR family of transcriptional regulators [86, 87]. WalR
contains a receiver domain that is phosphorylated by WalK, and a winged helix-turn-helix, DNA
binding effector domain [88, 89]. Upon phosphorylation, WalR dimerizes and associates with
RNA polymerase to alter transcription at its binding sites within the genome [86]. The WalR
recognition sequence has been established through DNase footprinting and in silico sequence
analysis, and is remarkably similar for all species studied [52, 87, 90, 91] (Figure 1.5). In B.
subtilis, WalR both activates and represses transcription of genes within its regulon, depending
on the location of the WalR consensus sequence within the promoter region [48] (Figure 1.5).

WalR regulon
Although there is variability in genomic and protein domain organization, all WalRK
systems studied exhibit similarities in the genes they regulate. Work from multiple groups have
defined the WalR regulons for S. aureus, B. subtilis, and S. pneumoniae. Varied approaches
were used, such as microarray analyses in WalRK-depleted or over-expressed strains [48, 77,
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91, 93, 94], a hybrid response regulator system [52], conditional WalK mutants [56], and
bioinformatic searches for WalR consensus sequences [90, 95]. While diverse in the specific
gene identities, all WalR regulons are enriched for genes involved in cell wall metabolism (Table
1.1). This characteristic feature of the WalRK TCS gave it its name, and has been crucial to
understanding the essentiality of WalRK in various organisms. In particular, genes encoding
enzymes known as cell wall hydrolases have been identified as the defining members of the
WalR regulons of S. pneumoniae [77], S. aureus [96], and B. subtilis [57], and are the reason for
WalRK’s essentiality in these organisms.

1.3 Cell wall hydrolases
The PG cell wall is composed of long glycan chains of repeating units of N-acetylmuramic
acid (MurNAc) and N-acetylglucosamine (GlcNAc), held together by short peptide cross-links [6]
(Figure 1.1). The PG polymer forms one large macromolecular meshwork surrounding the
bacterial cell, that determines cell shape and protects from osmotic lysis [97]. Because of its
role in maintaining cell integrity against the high internal turgor pressure, the PG is essential for
cell survival. Thus, PG expansion and enlargement is intimately coupled to cell growth and
division. As cells elongate or enlarge, new glycan strands must by polymerized and cross-linked
into the existing matrix by PG synthase enzymes (for a review see: Rohs & Bernhardt 2021) [98].
Equally essential for cell growth are PG remodeling and hydrolytic enzymes. This broad group
of enzymes performs diverse functions, such as altering the chemical structure of the glycan
strands (e.g. deacetylation and glycolylation) [99] or peptide stems (e.g. amidation) [5],
changing the extent or type of cross-linking (e.g. transpeptidation and cross-link branching) [5],
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Figure 1.5: WalR consensus binding sites. The top panel shows the confirmed (either by
DNase foot-printing or gel mobility shift assays) WalR binding sites of specified genes in B.
subtilis. For genes activated by WalR, the WalR binding site (bolded and underlined in red) is
located upstream of the -35 and -10 RNAP recognition sequences (italicized in green) and
transcription start site (bolded in blue). Conversely, for genes repressed by WalR, the WalR
binding site overlaps with the promoter elements, and thus represses transcription. Note that
for the promoter region of iseA there are two possible WalR binding sites. The bottom panel
shows the WalR binding consensus sequence generated by Weblogo [92] for B. subtilis, S.
aureus, and S. pneumoniae; the sequences used for the multi-sequence alignment and WalR
binding consensus were chosen from known WalR binding sites (as confirmed by DNase footprinting or gel mobility shift assays).
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Table 1.1: Genes involved in cell envelope metabolism under WalRK transcriptional control.
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modifying the attachment of other polymers to the PG matrix (e.g. teichoic acid or teichuronic
acid attachment) [8], and cleavage of the PG matrix (e.g. PG hydrolases) [100, 101] (Figure 1.6).
PG hydrolases are perhaps the most important of these remodeling enzymes, as their activity is
vital for cell growth.

Functions of cell wall hydrolases
Cell wall hydrolytic enzymes are crucial for cell elongation and division during growth.
Cells rely on these enzymes to break existing bonds within the PG to allow for expansion of the
meshwork and the insertion of new material [100, 101]. For virtually all specific chemical
linkage within the PG matrix there is an enzyme able to cleave it (Figure 1.6). Hydrolases are
divided into two major groups – those that hydrolyze the glycan backbone (glycosylases), and
those that hydrolyze linkages in the peptide stem (peptidases). Cleavage by Nacetylmuramidases, N-acetylglucosaminidases, and lytic transglycosylases within the glycan
strand allows the cell to adjust glycan strand length or terminate nascent PG synthesis (Figure
1.6) [102, 103]. This is in contrast with endopeptidases and carboxypeptidases that cleave
within the peptide stem to adjust the extent of cross-linking or alter the length of the peptide
stem [104] (Figure 1.6). The diversity of hydrolase function is reflected in the range of roles
these enzymes play during cell growth. PG hydrolases have been identified to function in cell
elongation [105, 106], cell division [107-110], PG recycling [111], and PG elasticity or rigidity
[112]. Interestingly, the role of a particular hydrolase does not always correlate with its
enzymatic activity, and the essentiality of different hydrolytic activities often differs from
species to species. Additionally, different classes of hydrolases often exhibit redundancy in the
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Figure 1.6: Cell wall hydrolase cleavage sites. Red arrows indicate the cleavage sites of various
types of PG hydrolases within the PG meshwork. Glycosylases cut within the glycan strand
(represented as grey hexagons), whereas peptidases cut at linkages between peptides
(represented as black circles). Amidases cleave between the peptide stem and MurNAc. Often,
hydrolases are redundant within a bacterial species, with several genes encoding proteins with
the same hydrolytic activity.
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same organism, with deletions of multiple enzymes sometimes necessary to observe an effect
on cell physiology.

Regulation of cell wall hydrolases
Notably, although PG hydrolases are essential for cell growth and physiology, their
activity must be strictly regulated to avoid hyperactive PG cleavage and the destruction of the
cell wall. Given how important hydrolase activity is, we know surprisingly little about the
regulation of these crucial enzymes. Several mechanisms have been discovered in various
bacterial species, spanning from direct protein-protein interactions that affect activity, to
modifying levels of hydrolases during growth. But, no single control mechanism for hydrolase
activity that is well-conserved across species has been discovered, and information on the
regulation of many crucial hydrolases remains lacking.

Spatial regulation within the cell envelope has been observed as a mechanism for
regulating hydrolase cleavage. The hydrolase LytA in S. pneumoniae switches between an
inactive membrane-associated location and an active location at its PG substrate during
particular growth stages or in response to cell wall-active antibiotics [113] (Figure 1.7). Spatial
control has also been demonstrated for hydrolases involved in cell division in B. subtilis [114]
and the major cell separation hydrolase in S. aureus [115], to physically confine these enzymes’
activity to the division site. Post-translational modification of a hydrolase in Clostridium dificile
has also been shown to drive its localization to its PG substrate [116]. Details about the
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Figure 1.7: Regulatory strategies to control cell wall hydrolysis. S. pneumoniae inhibits the
activity of LytA by maintaining its localization away at the membrane, from its cell wall
substrate [113] (upper left). Hydrolases can also be activated or inhibited directly through
interaction partners. In B. subtilis the activity of CwlO is dependent on interactions with a
membrane complex composed of FtsX, FtsE, SweD, and SweC [120, 121, 132], whereas cleavage
of LytE is directly inhibited by the secreted protein IseA [123] (upper middle and right,
respectively). Modifications to the chemical structure of the PG also affect the activity of
hydrolases; O-acetylation of MurNAc is inhibitory to lysozyme cleavage, while acetylation of
GlcNAc is necessary [124] (lower left). In E. coli the protease Prc and the lipoprotein NlpI
degrade the hydrolase MepS during entry into stationary phase, when its cleavage becomes
unnecessary for growth [127] (lower middle). Transcriptional regulation of genes encoding cell
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wall hydrolases also exists, such as the activation of lytE and cwlO transcription by the WalR
response regulator in B. subtilis [57] (lower right).
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molecular mechanisms behind how and when the cell is able to alter the localization of
hydrolases remains unclear.

Direct inhibition or activation by other proteins has also been demonstrated as a control
mechanism for hydrolase activity. In B. subtilis, S. pneumoniae, E. coli, and Mycobacterium
tuberculosis (Mtb), a conserved, multi-protein complex is necessary to activate hydrolases
involved in cell elongation and division [117-122] (Figure 1.7). An activating protein partner has
also been identified for the hydrolase LytH in S. aureus, required to regulate its activity during
cell growth [101]. Interacting partners that inhibit the activity of hydrolases are less common,
with the best-characterized example being IseA from B. subtilis, responsible for inhibiting the
cleavage of some endopeptidases when hydrolase activity is too high [57, 123].

Bacteria are also able to indirectly affect hydrolase activity through modifications to the
cell envelope. In particular, acetylation and glycolylation of the glycan strand of PG at various
positions can inhibit cleavage of some hydrolases, and alternately is necessary for the cleavage
of others [104, 124] (Figure 1.7). Attachment of accessory surface polymers to the cell
envelope can also to modulate the accessibility of hydrolases to their substrate, and thus affect
the extent of their cleavage [113, 125]. Additionally, conversion of MurNAc to muramic acid lactam during spore formation in B. subtilis is essential for hydrolysis of the PG during
germination because this modification is recognized by lytic enzymes responsible for spore
degradation [126]. Notably, this is likely not an exhaustive list of chemical and structural
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modifications to the PG substrate that are able to affect hydrolase cleavage; future studies will
be necessary to uncover the extent of PG modifications able to adjust hydrolase cleavage.

Finally, adjusting the cellular levels of hydrolases is another key strategy by which
bacteria are able to regulate PG cleavage. This often occurs through targeted proteolysis of cell
wall hydrolases, to rapidly decrease their abundance when hydrolysis is not needed [127-129]
(Figure 1.7). This process can also have the opposite effect on hydrolase activity, through
proteolytic processing of hydrolases into their active form, proficient for PG cleavage [130,
131]. It is plausible that levels of hydrolases could also be controlled transcriptionally, though
examples of transcriptional regulation are uncommon. The most conserved system known to
do this is the WalRK TCS; hydrolases are key members of all known WalR regulons, and
activation of their transcription by WalRK is essential in all organisms studied [70] (Figure 1.7).
However, details of how WalRK controls the activity of hydrolases in its regulon are lacking, and
whether other transcriptional regulatory systems governing cell wall hydrolysis exist is
unknown.

1.4 Dissertation overview
The cell envelope of bacteria is the first line of defense against extracellular assaults,
mediates its interactions with the surrounding environment, and is vital for cell structure and
integrity. Thus, maintaining the stability of this crucial cellular component is of paramount
importance for a bacterial cell. It is no surprise, therefore, that a multitude of stress response
pathways have evolved that allow bacteria to monitor and respond to external threats to the
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cell envelope. Interestingly, even in the absence of exogenous stressors, consequences of
normal bacterial growth can also have deleterious impacts on the cell envelope. Specifically,
although cell wall hydrolysis is crucial for cell proliferation, hydrolase cleavage is a type of stress
on the cell envelope; the un-checked activity of PG hydrolases has the potential to irreparably
damage this key component of the bacterial cell, and cause cell lysis. Accordingly, it is
reasonable to imagine that cell envelope stress response pathways may be crucial in the
regulation of these essential, but potentially dangerous, enzymes. In the work presented in this
thesis, I aimed to understand how the essential WalRK TCS functions to maintain the health of
the cell envelope during cell growth. In Chapter 1, I established that the regulation of two
crucial cell wall hydrolases in the WalR regulon underlies the essentiality of the WalRK TCS. In
Chapter 2, I extended this work and discovered that WalRK is able to sense the levels of
hydrolase activity and tune the transcription of the hydrolases in its regulon in response to
maintain a homeostatic level of hydrolase expression. Finally, in Chapter 3, I identified a
deacetylase in the WalR regulon, PdaC, that WalRK employs to directly inhibit hydrolase
cleavage when cell wall hydrolysis is too high. Together, the work presented here elucidates a
new mechanism that bacteria employ to homeostatically control the levels and activities of
these critical, but potentially dangerous, enzymes.
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Chapter 2: Regulation of D,L-endopeptidase expression and activity by the WalRK twocomponent signaling pathway underlies its essentiality in Bacillus subtilis

2.1 Summary
The WalRK two-component regulatory system is widely conserved among the Firmicute
phylum of bacteria, and is essential in almost all species. Genes under the regulatory control of
the transcriptional regulator WalR are commonly involved in cell wall metabolism, and
activation of cell wall hydrolase transcription explains its essential role in Streptococcus
pneumoniae and Staphylococcus aureus. However, the molecular basis for the essentiality of
WalRK in Bacillus subtilis are unknown. Here, we show that constitutive expression of the cell
wall hydrolases lytE and/or cwlO, in combination with deletions of inhibitors of these enzymes,
encoded by iseA and pdaC, allow for cell growth when WalRK is depleted. Our results
demonstrate that regulation of hydrolase activity accounts for the essential role of WalRK in B.
subtilis.
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2.2 Introduction
WalRK is an essential two-component system (TCS), found in most Firmicutes. In all
species in which this TCS has been studied, including Bacillus subtilis, Streptococcus
pneumoniae, and Staphylococcus aureus, it plays a crucial role in maintaining cell wall
biogenesis [1-8]. Genes encoding cell wall hydrolases are commonly found in WalR regulons,
suggesting that these enzymes may underpin the essentiality of WalRK. Cell wall hydrolases are
responsible for cleaving bonds within the matrix of peptidoglycan (PG) surrounding bacterial
cells. PG is made up of long glycan strands crosslinked together by peptide stems, to form one
large contiguous matrix around the cell body [9]. It is essential for bacterial survival, and must
be enlarged concomitant with cell growth. Hydrolases perform the crucial function of making
space within the PG meshwork to allow for its expansion and the insertion of new material [10].
Notably, hydrolase expression by WalRK has previously been demonstrated to explain the
essentiality of WalRK in some bacterial species. In S. pneumoniae exogenous expression of the
essential hydrolase pcsB found in the WalR regulon can suppresses the lethality of WalRK
depletion. Constitutive expression of pcsB allows for growth and rescues the morphology
defects associated with the loss of WalRK [4]. Additionally, in S. aureus cell viability can be
restored in a strain depleted for WalRK, if one of two genes encoding cell wall hydrolases within
the WalR regulon is constitutively expressed, ssaA or lytM [11].

In B. subtilis, individual deletions of all the hydrolases within the WalR regulon are all
tolerated, suggesting that regulation of any one hydrolase by WalRK is not essential for growth
[7]. Additionally, no combination of constitutive expression of hydrolases within the WalR

40

regulon has been identified to restore viability in the absence of WalRK [7]. Intriguingly, two
hydrolases regulated by WalR, CwlO and LytE, are known to form a synthetic lethal pair,
essential for cell elongation [7, 12]. No other essential genes have been shown to be
exclusively expressed through WalRK [13], so, it is surprising that expression of lytE and cwlO
together does not explain the essentiality of WalRK in B. subtilis. Here, we attempted to
identify the genes under the transcriptional control of WalRK that underlie its essentiality in B.
subtilis. We report that when WalRK is depleted, cell viability can be rescued when cwlO and
lytE are constitutively expressed only when two other genes within the WalR regulon, iseA and
pdaC, are deleted. Notably, iseA and pdaC are both repressed by WalR, and upon WalRK
depletion their levels increase dramatically [7]. Furthermore, IseA is a known inhibitor of LytE
activity [14], and PdaC is a PG deaetylase that I show in Chapter 4 modifies the PG in a manner
that inhibits CwlO activity. Thus, the essentiality of WalRK not only stems from its role in
activating transcription of lytE and cwlO, but also that its repression of genes that inhibit the
activity of these enzymes.

Note: Similar findings to those described in this Chapter were made by Takada and colleagues
[15], whose manuscript was published during the time work for this Chapter was underway.

2.3 Results
Depletion of CwlO and LytE phenocopies a depletion of WalRK.
Previous work in B. subtilis has described a non-specific halt in growth and lysis upon
depletion of WalRK [1, 13]. To gain more insight into the essentiality of WalRK, we sought to

41

closely examine the morphological changes that occur when WalRK is depleted. Towards this,
we constructed a strain in which the only copies of walR and walK were under IPTG-inducible
control. As previously shown, in the absence of inducer cells stopped growing and eventually
lysed (Figure 2.1A). Upon cytological examination, we discovered that cells depleted for WalRK
became short and wide, and eventually swelled and lysed (Figure 2.1B, top panel). This
phenotype was strikingly similar to the previously reported simultaneous depletion of CwlO and
LytE, the pair of synthetic lethal hydrolases in the WalR regulon (Figure 2.1B, bottom panel)
[16]. The similarity between the phenotypes of a WalRK depletion and a depletion of both
CwlO and LytE suggested that the essentiality of WalRK stems from its role in activating the
transcription of these two hydrolases. However, it was previously demonstrated that
constitutive expression of cwlO and lytE could not the loss of viability in the absence of WalRK
[7]. We therefore reasoned that additional genes under WalRK control may contribute to its
essentiality.

Constitutive expression of cwlO and lytE, combined with deletions of pdaC and iseA, is sufficient
to restore cell growth when WalRK is depleted.
To examine whether other known members of the WalR regulon contribute to the
essentiality of the WalRK TCS, we tested whether an expanded cohort of genes under WalR
transcriptional control could bypass the lethality associated with depleting WalRK. To
interrogate whether lytE and cwlO alone could suppress the lack of WalRK, we first constructed
a strain in which the only copy of walRK was under xylose-inducible control, and added
ectopically-expressed constructs of lytE and cwlO under IPTG-inducible control. Corroborating
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Figure 2.1: Depletion of WalRK results in cell shortening and lysis. (A) Growth curves of a
strain harboring an IPTG-inducible construct of walRK as the only copy. Cells were grown to
mid-exponential phase in LB medium supplemented with IPTG (500 µM), washed in LB medium
without inducer, and resuspended to OD600 = 0.02 in LB with (500 µM) or without (0 µM) IPTG
37°C. OD600 was measured every five minutes for 7 hours. (B) Representative phase and
fluorescent images of the indicated strains harboring an mCherry cytoplasmic marker. Strains
were grown to OD600 ~0.15 in LB medium supplemented with IPTG (500 µM) at 37°C. Cultures
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were washed and resuspended in LB lacking inducer, and images were taken at the indicated
time points. Yellow carats indicated cell bulging; white carats indicate cell lysis.
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what had been shown before [7], constitutive expression of cwlO and lytE together could not
rescue growth in the absence of WalRK (Figure 2.2).

A prior study examining transcriptional changes when WalRK is absent, identified pdaC
and iseA as two of the most highly up-regulated genes upon WalRK depletion [7]. PdaC is a cell
wall deacetylase, able to catalyze the removal of an acetyl group from the PG, whose overexpression can inhibit lysis caused by hydrolysis of the cell wall by lysozyme [17]. IseA is a
secreted protein, known to inhibit the cleavage of LytE [14]. We hypothesized that upon WalRK
depletion, both genes would be strongly de-repressed and that the increase in their levels could
inhibit the activity of LytE and/or CwlO. In other words, the loss of repression of these two
genes during WalRK depletion could have impaired the ability of the IPTG-inducible cwlO and
lytE constructs from rescuing growth.

To test this idea, we constructed deletions of pdaC and iseA (∆iseA ∆pdaC) and
examined their ability to suppress WalRK depletion. In the absence of WalRK, deletions of
these two genes alone did not restore cell viability, suggesting that activation of lytE and cwlO
by WalR is still necessary for growth (Figure 2.2). In support of this idea, deletion of pdaC and
iseA and expression of cwlO and lytE, restored growth in the absence of WalRK (Figure 2.2).
Furthermore, consistent with the functional redundancy of LytE and CwlO, we also found that
deletions of pdaC and iseA could rescue growth when only lytE was constitutively expressed,
although colony size was diminished.
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Figure 2.2: Cell viability in the absence of WalRK is restored upon activation of lytE and cwlO
and deletion of iseA and pdaC. Spot dilutions of wildtype B. subtilis and the indicated strains.
Strains were grown in LB medium supplemented with 10 mM xylose to induce walRK. Cultures
were washed with LB without inducer and normalized to OD600 = 1.0. Serial 10-fold dilutions
were spotted on LB agar containing either xylose (10 mM) or IPTG (500 µM). Plates were
incubated overnight at 37°C and imaged.
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Cell morphology defects of a WalRK depletion are not fully restored by constitutive expression of
CwlO and LytE.
We next wanted to determine whether the morphological defects associated with
WalRK depletion could be fully suppressed by production of CwlO and LytE, in cells lacking IseA
and PdaC. As shown in Figure 2.1 and Figure 2.3 (right panels), when WalRK is depleted, cells
become short and chubby, and eventually lyse. Importantly, the majority of these cytological
defects were rescued if lytE and cwlO were constitutively expressed in the absence of IseA and
PdaC (Figure 2.3, left panels). However, we observed that cells were wider than wildtype, and
some proportion of cells lysed. This suggests that other genes in the WalR regulon also play a
role in cell morphology. Alternatively, we were unable to precisely match the levels of lytE and
cwlO required to restore normal morphology.

2.4 Discussion
Together, our data indicate that the activation of lytE and cwlO transcription, and
repression of iseA and pdaC are sufficient to explain the essentiality of this TCS. Since the LytE
and CwlO hydrolases form a synthetic lethal pair, essential for cell viability and elongation in B.
subtilis, it was tempting to predict that production of these two hydrolases alone could account
for the essentiality of WalRK. However, in agreement with previous work [7], we showed that
constitutive production of LytE and CwlO does not restore growth in the absence of WalRK.
Instead, deletion of iseA and pdaC are additionally needed. This finding was corroborated by
work from Takada and colleagues [15], who also demonstrated that the repression of these two
genes by WalRK is part of its essential function in B. subtilis.
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Figure 2.3: Morphological defects of a WalRK depletion are not fully complemented by
ectopic expression or deletion of WalR regulon members. The indicated strains were grown to
mid-log at 37°C in LB medium supplemented with 10 mM xylose to induce walRK. Cultures
were washed in LB and resuspended in LB containing the specified inducer (10 mM xylose or
500 µM IPTG, as indicated), and allowed to resume growth at 37°C. Images were taken after
4.5 hours. Yellow carats indicated cell bulging; white carats indicate cell lysis.
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Notably, we show that expression of lytE alone, but not cwlO, in the ∆iseA∆pdaC
background could support growth in the absence of WalRK. This seemingly may suggest that
activation of LytE production by WalRK is more important for growth than CwlO. However, the
morphological defects of a ∆cwlO strain are more pronounced than those found in a ∆lytE
background [16, 18], suggesting that CwlO plays a more significant role in cell elongation than
LytE. Why continuous expression of cwlO in our assays does not rescue the lack of WalRK may
then be puzzling. However, CwlO is posttranslationally regulated by a membrane complex of
several proteins, FtsE-FtsX and SweD-SweC, that are necessary for its activity [16, 18].
Moreover, in subsequent work (see Chapter 3), we show that CwlO has a short half-life,
suggesting turnover of CwlO is high and may be shed rapidly from exponentially growing cells
[19]. Therefore, continuous production of CwlO by WalRK and its posttranslational regulation
are necessary for CwlO functionality, which our system may not adequately mimic.

IseA is a secreted protein, known to inhibit cleavage by LytE in vivo [14]. Under normal
growth conditions, WalRK represses transcription of iseA, maintaining protein levels low.
However, upon depletion of WalRK, IseA levels would presumably rise, increasing levels of an
inhibitor of LytE in the cell. This would likely decrease the effectiveness of exogenous lytE
expression and explain why the deletion of iseA is necessary to maintain cell viability in the
absence of WalRK. However, the role of repressing pdaC is less clear to explain. PdaC is a PG
deacetylase, able to remove the N-acetyl group of MurNAc from B. subtilis PG [17]. PG
acetylation is known to inhibit cleavage by cell wall hydrolases that cut the glycan strand
backbone, and pdaC over-expression can suppress the lethality of lysozyme addition [17, 20].
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However, CwlO and LytE are endopeptidases that cut within the peptide stem, and PG
modifications have not been demonstrated to affect their activity. Therefore, the importance
of the repression of pdaC by WalRK was unclear in the context of WalRK’s role in promoting
hydrolase activity. Subsequent work (see Chapter 4), however, demonstrated that
deacetylation by PdaC can inhibit the activity of both LytE and CwlO. Further work to
characterize the effects of PG deacetylation on endopeptidase cleavage is necessary to better
understand the molecular basis for this regulation.

We note that although growth can be rescued by maintaining CwlO and LytE
transcription and function when WalRK is depleted, this strain background’s morphology is not
wildtype. Cells are wider than wildtype, and still exhibit some bulging and lysis, though not as
severe as in the absence of WalRK or CwlO/LytE. Similar results have been obtained in S.
pneumoniae and S. aureus. Although both organisms can grow in the absence of WalRK if
hydrolases in their respective WalR regulons are induced, cells still exhibit aberrant cell
morphology and growth defects are not fully restored [4, 11]. This could be because additional
genes within the WalR regulon also contribute to cell growth, and the minimal set we defined
here do not fully recapitulate WalRK’s role in B. subtilis. Furthermore, it also may imply that
WalRK’s transcriptional regulation of lytE, cwlO, iseA, and pdaC is more complicated than what
we can obtain using our IPTG-inducible constructs and total gene deletions. Further insights
into how WalRK precisely regulates hydrolase transcription and activity are discussed in
Chapters 3 and 4.
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2.5 Materials and Methods

Strains, plasmids, and routine growth conditions
All Bacillus subtilis strains were derived from the prototrophic strain PY79 [21]. Cells were
grown in either Luria-Bertani (LB) or casein hydrolysate (CH) medium at 37 °C. Unless otherwise
indicated, B. subtilis strains were constructed using genomic DNA and a 1-step competence
method. Antibiotic concentrations were used at: 100 µg/mL spectinomycin, 5 µg/mL
chloramphenicol, 10 µg/mL tetracycline, 10 µg/mL kanamycin, 1 µg/mL erythromycin and 25
µg/mL lincomycin. A list of strains, plasmids, and oligonucleotides used in this study can be
found in Tables 2.1, 2.3, and 2.3, respectively.

Spot dilutions
Strains were grown to mid-log at 37°C in LB supplemented with 10 mM xylose to induce walRK
expression. Cultures were washed in LB and normalized to OD600 = 1.0. Serial 10-fold dilutions
were spotted on LB agar with or without inducer (either 10 mM xylose or 500 µM IPTG, as
indicated), and imaged after overnight incubation at 37°C.

Fluorescence microscopy
Exponentially growing cells were harvested and concentrated by centrifugation at 6800 x g for
1.5 min and re-suspended in 1/10th volume growth medium and then immobilized on 2%
(wt/vol) agarose pads containing growth medium. Fluorescence microscopy was performed on
a Nikon Ti inverted microscope equipped with a Plan Apo 100x/1.4 Oil Ph3 DM phase contrast
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objective, an Andor Zyla 4.2 Plus sCMOS camera, and Lumencore SpectraX LED Illumination.
Images were acquired using Nikon Elements 4.3 acquisition software. mCherry was visualized
using a Chroma ET filter cube for mCherry (49008) with an exposure time of 800 ms. Image
processing was performed using Metamorph software (version 7.7.0.0).

Strain and plasmid construction
Deletion strains
Insertion-deletion mutants were from the Bacillus knock-out (BKE) collection [22] or were
generated by isothermal assembly [23] of PCR products followed by direct transformation into
B. subtilis. The deletion of walRK (∆walRK::erm) was constructed using oligonucleotide primers
oAM475-478 and oWX438/439. All BKE mutants were back-crossed twice into B. subtilis PY79.
All deletions were confirmed by PCR. Antibiotic cassette removal was performed using a
temperature-sensitive plasmid that constitutively expresses Cre recombinase [24].

Plasmid construction
pAM187 [yvbJ::Pspank-natRBS-walRK (spec)] was constructed in a 2-way ligation reaction with
(1) a PCR product containing walRK and its native RBS amplified from PY79 genomic DNA using
oligonucleotide primers oAM473 and oAM474 and (2) pMS050 [yvbJ::Pspank (spec)] (D. Rudner
and M. Stanley, unpublished) cut with SmaI and SpeI. The resulting plasmid was sequenceconfirmed.
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pER071 [sacA::Ppen-optRBS-mCherry (phleo)] was constructed via a 3-piece ligation reaction
containing (1) pNC015 (sacA::phleo) (D. Rudner and N. Campos, unpublished) digested with
EcoRI and BamHI, (2) the Ppen promoter generated via oligo annealing (oligonucleotides oDR596
and oDR597), and (3) mCherry digested from pDR201 (mCherry-kan) (D. Rudner, unpublished)
with HindIII and BamHI. The resulting plasmid was sequence confirmed.

pGD030 [yhdG::Pxyl-natRBS-walRK (cat)] was constructed in a 2-way isothermal assembly
reaction with (1) a PCR product containing walRK and its native RBS amplified from plasmid
pAM187 using oligonucleotide primers oGD103 and oGD104 and (2) pMS015 [yhdG::Pxyl (cat)]
(D. Rudner and M. Stanley, unpublished) cut with HindIII and BamHI. The resulting plasmid was
sequence-confirmed.

[ycgO::Pspank-5’UTR-cwlO (spec)] was generated by direct transformation of a 2-piece
isothermal assembly reaction containing (1) a PCR product of cwlO and its upstream 5’UTR
region amplified from PY79 gDNA using oligonucleotide primers oJM136 and oJM128 and (2)
pER107 [ycgO::Pspank (spec)] (D. Rudner and E. Riley, unpublished) digested with SpeI and SphI.
The resulting reaction was directly transformed into PY79 to generate bYB17. The construct
was PCR-amplified and sequence-confirmed.

[ycgO::Pspank-natRBS-lytE (spec)] was generated by direct transformation of a 2-piece
isothermal assembly reaction containing (1) a PCR product of lytE and its native RBS amplified
from PY79 gDNA using oligonucleotide primers oJM103 and oJM104 and (2) pER107
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[ycgO::Pspank (spec)] (D. Rudner and E. Riley, unpublished) digested with SpeI and SphI. The
resulting reaction was directly transformed into PY79 to generate bYB21. The construct was
PCR-amplified and sequence-confirmed.

pGD048 [yvbJ::Pspank-natRBS-lytE (tet)] was constructed in a 2-way isothermal assembly
reaction with (1) a PCR product containing Pspank-natRBS-lytE and lacI amplified from genomic
DNA of bYB21 using oligonucleotide primers oGD140 and oGD141 and (2) pCB024 [yvbJ::tet] (D.
Rudner and C. Barajas, unpublished) cut with EcoRI and BamHI. The resulting plasmid was
sequence-confirmed.
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Table 2.1: Bacterial strains used in this study.
PY79 wildtype

Youngman
et al., 1983

bAM1038

This study

yvbJ::Pspank-natRBS-walRK (spec) ΔwalRK::lox72

bGD132

This study

yvbJ::Pspank-natRBS-walRK (spec) ΔwalRK::lox72 sacA::PpenmCherry (phleo)

bGD175

This study

yhdG::PxylA-natRBS-walRK (cat) ΔwalRK::erm

bGD283

This study

yhdG::PxylA-optRBS-walRK (cat) ΔwalRK::erm
ycgO::Pspank-5'UTR-cwlO (spec)
yvbJ::Pspank-natRBS-lytE (tet)

bGD270

This study

yhdG::PxylA-optRBS-walRK (cat) ΔwalRK::erm ΔiseA::lox72
ΔpdaC::lox72

bGD273

This study

yhdG::PxylA-optRBS-walRK (cat) ΔwalRK::erm ΔiseA::lox72
ΔpdaC::lox72 ycgO::Pspank-5'UTR-cwlO (spec)

bGD282

This study

yhdG::PxylA-optRBS-walRK (cat) ΔwalRK::erm ΔiseA::lox72
ΔpdaC::lox72 yvbJ::Pspank-natRBS-lytE (tet)

bGD277

This study

yhdG::PxylA-optRBS-walRK (cat) ΔwalRK::erm ΔiseA::lox72
ΔpdaC::lox72 ycgO::Pspank-5'UTR-cwlO (spec)
yvbJ::Pspank-natRBS-lytE (tet)

bJM692

Meisner et
al. 2013

sacA::Pveg-mcherry (spec). ΔcwlO::kan ycgO::Pspank-5’UTRcwlO (erm) ΔlytE::cat

bYB17

This study

ycgO::Pspank-5’UTR-cwlO (spec)

bYB21

This study

ycgO::Pspank-natRBS-lytE (spec)
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Table 2.2: Plasmids used in this study.
pER071

This study

sacA::Ppen-optRBS-mCherry (phleo)

pAM187

This study

yvbJ::Pspank-natRBS-walRK (spec)

pGD030

This study

yhdG::Pxyl-optRBS-walRK (cat)

pGD048

This study

yvbJ::Pspank-natRBS-lytE (tet)
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Table 2.3: Oligonucleotides used in this study.
Name

Sequence

oAM473

gcgCCCGGGggcaggaggaaaatcaaaatg

oAM474

cgcACTAGTtcccccatgtaaaaacaagactg

oAM475

cttttccgactgagctgaaag

oAM476

CTGAGCGAGGGAGCAGAAttatccatcattttgattttcctc

oAM477

GTTGACCAGTGCTCCCTGtataaagaggaacaagaggatg

oAM478

atgacttcatattctttgccgg

oWX438

GACCAGGGAGCACTGGTCAAC

oWX439

TCCTTCTGCTCCCTCGCTCAG

oDR596

AATTcgaaaaaacggttgcatttaaatcttacatatgtaatactttcaaagactacatttgta

oDR597

AGcttacaaatgtagtctttgaaagtattacatatgtaagatttaaatgcaaccgttttttcg

oGD103

GGGTAACTATTGCCGTATGGGATCCtcccccatgtaaaaacaagactg

oGD104

gcatctgtatttgaatgAAGCTTCCCGGGggcaggaggaaaatc

oGD140

CCTTCCCGCTCTTGATGTCgaattcTAACTCACATTAATTGCGTTGC

oGD141

CTGAGCGAGGGAGCAGAAggatccGACTCTCTAGCTTGAGGCATC

oJM103

ATTAAGCTTGTCCCGGGTAAgttaacatttggggaggaaaatatg

oJM104

CCACCGAATTAGCTTGCATGcaatgaacgggttttctctaaaaattag

oJM128

CCACCGAATTAGCTTGCATGaaagagccttctgtttatagaagg

oJM136

ATTAAGCTTGTCCCGGGTAAcgtacataaggaattagtgttttttac
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3.1 Summary
Bacterial cells are encased in a peptidoglycan (PG) exoskeleton that protects them from
osmotic lysis and specifies their distinct shapes. Cell wall hydrolases are required to enlarge this
covalently closed macromolecule during growth, but how these autolytic enzymes are
regulated remains poorly understood. Bacillus subtilis encodes two functionally redundant D,Lendopeptidases (CwlO and LytE) that cleave peptide crosslinks to allow expansion of the PG
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meshwork during growth. Here, we provide evidence that the essential and broadly conserved
WalR-WalK two component regulatory system continuously monitors changes in the activity of
these hydrolases by sensing the cleavage products generated by these enzymes and modulating
their levels and activity in response. The WalR-WalK pathway is conserved among many Grampositive pathogens where it controls transcription of distinct sets of PG hydrolases. Cell wall
remodeling in these bacteria may be subject to homeostatic control mechanisms similar to the
one reported here.
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3.2 Introduction
The cell wall peptidoglycan (PG) is composed of long glycan strands cross-linked
together by short peptides. This three-dimensional exoskeleton specifies shape and protects
the cell from osmotic rupture. For cells to grow they must enlarge this covalently closed
macromolecule and this requires both the synthesis of new material and hydrolysis of the PG
meshwork to allow for its expansion. How the cell maintains the appropriate levels of these
potentially autolytic enzymes remains unclear. Here, we report that the WalR-WalK (WalRK)
two-component signaling pathway functions in the homeostatic control of the cell wall
hydrolases required for expansion of the PG during growth.

The WalRK two-component system (TCS) was discovered over two decades ago and is
among the most broadly conserved TCS in Firmicutes [2-4]. WalK (also referred to as YycG, VicK,
or MicA) is a membrane-anchored sensor kinase and WalR (also called YycF, VicR, or MicB) is a
DNA binding response regulator of the OmpR family [2, 3, 5, 6]. In most bacteria that encode
this TCS, two additional genes, walH (yycH) and walI (yycI), reside in an operon with them. In B.
subtilis, WalH and WalI are negative regulators of the WalK sensor kinase and the three integral
membrane proteins assemble into a multimeric complex [7-9]. The WalRK system is essential in
most Firmicutes, making it an attractive antibiotic target [10, 11]. Accordingly, the WalRK
pathway has been extensively studied in B. subtilis as well as several important Gram-positive
pathogens. In all cases where it has been examined, the WalR regulon contains genes encoding
cell wall hydrolases [12-17]. Furthermore, cells engineered to constitutively express a subset of
these enzymes can bypass the essentiality of the signaling pathway [4, 18, 19]. These findings
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have led to the view that the essential role of WalRK is to coordinate cell wall metabolism with
growth. However, despite two decades of research, what the WalK sensor kinase senses and
how this pathway functions in cell wall homeostasis have remained mysterious.

In B. subtilis, phosphorylated WalR (WalR~P) controls the synthesis of several cell wall
hydrolases; among them are two enzymes (CwlO and LytE) that are critical for cell wall
elongation. Cells lacking either PG hydrolase are viable but depletion of one in the absence of
the other causes a cessation of growth followed by lysis [12, 20]. Both enzymes are D,Lendopeptidases and cleave the peptide bond between the second (D-Glu) and third (mDAP)
amino acid in the stem peptide of PG [21, 22]. CwlO is controlled by a membrane complex
composed of the non-canonical ABC transporter FtsEX and two integral membrane proteins
SweC and SweD [23-25]. LytE is a secreted enzyme with LysM domains that direct it to the
lateral cell wall [21, 26, 27]. How the level and activity of these essential elongation hydrolases
are regulated remains incompletely understood. Here, we report that the WalK sensor kinase
monitors the activity of CwlO and LytE by sensing the cleavage products generated by them. In
response, WalK controls WalR-dependent changes in the expression and activity of these
enzymes. Thus, this essential two component system functions in the homeostatic control of PG
hydrolysis required for growth. This represents the first homeostatic pathway for cell wall
hydrolysis in bacteria and we propose that cell wall remodeling in related Gram-positive
pathogens is subject to similar regulatory control.
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3.3 Results
LytE levels increase in the absence of CwlO maintaining cell envelope integrity
In the course of characterizing LytE protein levels in various mutant backgrounds, we
discovered that LytE levels increase approximately 2-fold in the absence of CwlO (Figure 3.1A).
To determine whether this increase was due to changes in lytE transcription, we fused the lytE
promoter to lacZ and compared ß-galactosidase activity in wild-type and cells lacking CwlO. As
can be seen in Figure 3.1B, transcription from the PlytE promoter increased ~2-fold in the ∆cwlO
mutant. A similar increase in PlytE transcription was observed in cells lacking the FtsEX complex,
which is required for CwlO activity (Figure 3.1B) [23]. Furthermore, a point mutation in the
Walker A motif in FtsE, predicted to impair ATP binding [23, 28] but not CwlO association with
FtsX [25] also resulted in increased lytE transcription (Figure 3.1C). From these experiments we
conclude that cells lacking CwlO activity increase expression of lytE. We also observed a modest
but reproducible increase in lytE transcription in cells lacking LytE (Figure 3.1B), suggesting that
B. subtilis increases lytE expression in response to reduction in D,L-endopeptidase activity in
general.

To investigate whether the ~2-fold change in LytE levels in the ∆cwlO mutant has any
physiological consequences, we used a strain lacking both cwlO and lytE that contained an
IPTG-regulated allele of lytE. First, we determined the inducer concentration that resulted in
LytE levels equivalent to wild-type (Figure 3.1A) and then examined the cells by fluorescence
microscopy (Figure 3.1D). As reported previously, cells lacking cwlO were shorter and fatter
than wild-type and these morphological phenotypes were largely homogenous throughout
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Figure 3.1: B. subtilis increases lytE expression in the absence of CwlO activity to maintain cell
envelope integrity. (A) Immunoblot analysis of LytE produced under the control of its native
promoter or under IPTG control. The indicated strains (∆lytE, wild-type (wt), ∆cwlO, and ∆cwlO
∆lytE P(IPTG)-lytE (LytE=wt)) were grown in CH medium with or without 500 µM IPTG and
harvested at an OD600 ~0.4. SigA protein levels were analyzed to control for loading. (B) Bar
graph showing β-galactosidase activity from a lytE promoter (PlytE) fusion to lacZ in wild-type
(wt), ∆cwlO, ∆ftsEX, and ∆lytE strains. Activity was assayed in exponentially growing cultures in
LB. Error bars represent standard deviation from three biological replicates. Error bars
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represent standard deviation from three biological replicates. Asterisks indicate p-values
calculated using Welch’s unequal variances t-test compared to wildtype (*<0.02, **<0.005). (C)
Bar graph showing β-galactosidase activity from a lytE promoter (PlytE) fused to lacZ in wild-type
(wt), ∆cwlO, and ftsE(D162A) strains. Activity was assayed in exponentially growing cultures in
LB. Error bars represent standard deviation from three biological replicates. (D) Representative
fluorescent images of strains from (A) harboring cytoplasmic mCherry grown under identical
conditions as in (A). Membranes were visualized with TMA-DPH (top), and merged images of
cytoplasmic mCherry and phase-contrast are shown (bottom). Scale bar indicates 2 μm. (E) Bar
graph showing the percentage of cells with envelope integrity defects in wild-type (wt), ∆cwlO,
and a ∆cwlO mutant in which LytE levels are held at levels equivalent to wild-type (LytE=wt).
Cells without cytoplasmic fluorescence and/or that stained with propidium iodide were scored
as lysed or PI positive. >500 cells were scored per strain. The images and immunoblots in this
figure were representatives from three independent experiments.
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the population [20, 23, 25]. Furthermore, based on cytoplasmic mCherry fluorescence (Figure
3.1D) and propidium iodide staining (Figure 3.1E), the ∆cwlO mutant cells had intact
membranes. By contrast, cells lacking cwlO in which LytE was artificially maintained at wild-type
levels had heterogeneous morphologies with >20% lysis or membrane permeability defects
(Figure 3.1D and 3.1E). These results indicate that the increase in LytE levels allows the ∆cwlO
mutant to maintain membrane integrity and a homogenous morphology. Thus, these data
suggest that cells lacking CwlO compensate for the reduction in D,L-endopeptidase activity by
increasing expression of a second D,L-endopeptidase, LytE.

B. subtilis modulates lytE transcription in response to changes in D,L-endopeptidase activity
The experiments described above indicate that B. subtilis increases lytE expression in
the absence of CwlO activity. We next investigated whether cells decrease lytE transcription in
the presence of too much D,L-endopeptidase activity. Because CwlO is regulated posttranslationally by FtsEX [23, 24], we used LytE to generate high D,L-endopeptidase activity. We
introduced a strong IPTG-inducible promoter fusion to lytE and a catalytic mutant (C247S) into a
strain harboring our PlytE-lacZ reporter and monitored ß-galactosidase activity after induction.
Strikingly, cells with increased levels of wild-type LytE had reduced lytE transcription, while cells
over-expressing the catalytic mutant had PlytE promoter activity similar to wild-type (Figure 3.2A
and 3.2B).

Immunoblot analysis and lacZ reporters are population-based assays. To address
whether the changes in lytE transcription in response to high or low D,L-endopeptidase activity
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Figure 3.2: B. subtilis modulates lytE transcription in response to changes in D,Lendopeptidase activity. (A) Bar graph showing β-galactosidase activity from the PlytE-lacZ
reporter in wild-type (wt), and strains harboring the lytE gene or a catalytic mutant (C247S)
under the control of the strong IPTG-inducible promoter Phyperspank (Phy) and with an optimized
ribosome binding site. Activity was assayed in exponentially growing cultures 60 min after the
addition of 50 µM IPTG. Error bars represent standard deviation from three biological
replicates. (B) Immunoblot analysis of LytE in the same strains as in (A), 60 min after induction
with 50 µM IPTG. SigA protein levels were analyzed to control for loading. (C) Representative
images of cytoplasmic Venus fluorescence from the P lytE-venus reporter in the indicated strains
visualized 30 min after addition of 50 μM IPTG. (D) Bar graph showing β-galactosidase activity
from PlytE-lacZ in the indicated strains. Cells were grown in LB medium or LB medium
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supplemented with the indicated concentrations of IPTG. β-galactosidase activity was assayed
60 min after induction of lytE. Error bars represent standard deviation from three biological
replicates. (E) Immunoblot analysis of LytE and SigA in the strains used in (D). All representative
images and immunoblots in this figure are from one of three independent experiments.
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were homogenous throughout the population, we built a lytE promoter fusion to the gene
encoding the yellow fluorescent protein variant Venus (P lytE-venus). The fluorescent reporter
was introduced into strains with high or low D,L-endopeptidase activity and then monitored
during exponential growth by fluorescence microscopy. As can be seen in Figure 3.2C, all cells
lacking cwlO had increased Venus fluorescence while all cells over-expressing lytE had reduced
fluorescence. Collectively, these results indicate that B. subtilis modulates lytE expression in
response to both an increase and decrease in D,L-endopeptidase activity.

The experiments presented thus far indicate that B. subtilis can increase or decrease lytE
transcription in cells lacking cwlO or over-expressing LytE. However, it seemed unlikely that B.
subtilis evolved a mechanism to compensate for gene deletion and over-expression. To
investigate whether B. subtilis modulates lytE transcription in response to more physiological
changes in D,L-endopeptidase activity, we used an IPTG-regulated allele of lytE and grew cells at
different inducer concentrations to produce a range of LytE levels that were both above and
below wild-type levels (Figure 3.2E). As can been seen in Figure 3.2D, we found that PlytE
transcription inversely correlated with the amount of D,L-endopeptidase produced.

Modulation of lytE expression requires WalR and not SigI
The lytE gene is has two promoters that influence each other [29, 30] (Figure 3.3A). One
is recognized by the alternative sigma factor Sigma I (SigI) and the other is controlled by Sigma
A (SigA) but requires the phosphorylated form of the response regulator WalR [30]. Cells lacking
SigI have reduced PlytE-lacZ expression and reduced LytE protein levels, while cells lacking the
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Figure 3.3: Modulation of lytE transcription in response to changes in D,L-endopeptidase
activity requires WalR. (A) Schematic diagram of the lytE gene with its two promoters
recognized by SigI and SigA. Phosphorylated WalR binds to two sites (box 1 and 2) flanking the
SigA promoter. (B) Bar graph showing β-galactosidase activity from the PlytE-lacZ reporter in the
indicated strains. Activity was assayed in exponentially growing cultures in LB medium. Error
bars represent standard deviation from three biological replicates. (C) Immunoblot analysis of
LytE protein levels in the strains used in (B). SigA levels were analyzed to control for loading.
Immunoblots from one of two biological replicates are shown. (D) Spot dilutions of the
indicated strains in the presence and absence of cwlO expression. Strains were grown in the
presence of IPTG (500 µM) to OD600 ~2.0. The cultures were washed twice without inducer,
normalized to an OD600 = 1.5, 10-fold serially diluted, and spotted (5 µL) onto LB agar plates
with or without 500 µM IPTG. Representative plates from one of two biological replicates are
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shown. (E) Bar graph showing β-galactosidase activity from the PlytE-lacZ reporter in indicated
strains. Strains harboring the strong IPTG-inducible promoter fusion to lytE (Phy-lytE) were
induced for 60 min with 50 µM IPTG. Error bars represent standard deviation from three
biological replicates.
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anti-SigI factor RsgI have increased lytE transcription and increased LytE protein levels (Figure
3.3B and 3.3C). Similarly, a point mutation in one of the two WalR binding sites in the lytE
promoter (box2*) [30] abolishes lytE transcription and LytE protein levels (Figure 3.3B and
3.3C). Furthermore, cells lacking WalH, a negative regulator of the WalRK two-component
system [7], results in increased lytE transcription and LytE protein levels (Figure 3.3B and 3.3C).
Consistent with these observations and the synthetic lethal relationship between lytE and cwlO,
cells lacking SigI or harboring a point mutation in the WalR binding site in the lytE promoter are
inviable when CwlO is depleted [30] (Figure 3.3D). To investigate whether the RsgI-SigI or the
WalRK signaling pathway is involved in the response to changes in D,L-endopeptidase activity,
we monitored the PlytE-lacZ response to increased LytE levels in ∆rsgI and ∆walH mutants in
which SigI and WalR were constitutively active. As can be seen in Figure 3.3E, over-expression
of lytE in the ∆rsgI mutant resulted in reduced lytE transcription, while in the ∆walH mutant lytE
transcription was unchanged. These data suggest that the WalRK signaling pathway is
responsible for mediating the observed response to changes in D,L-endopeptidase activity.

The WalRK signaling pathway responds to changes in D,L-endopeptidase activity
To further test whether the WalRK pathway responds to changes in D,L-endopeptidase
activity, we generated transcriptional reporters for two well-characterized genes (yocH and
iseA) that are specifically regulated by WalR and not SigI [12]. yocH is positively regulated by
phosphorylated WalR (WalR~P) while iseA is negatively regulated by WalR~P (Figure 3.4A). We
fused both promoters to lacZ and separately to venus. To validate these reporters, we
monitored their activity in strains lacking WalH, a negative regulator of WalK [7, 8]. In the
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Figure 3.4: The WalRK signaling pathway responds to changes in D,L-endopeptidase activity.
(A) Schematic diagrams of the yocH and iseA genes. Phosphorylated WalR activates
transcription of yocH and represses transcription of iseA. The positions of the WalR binding
sites (grey boxes) are shown. (B and C) Bar graph showing β-galactosidase activity from PyocH77

lacZ and PiseA-lacZ reporters in the indicated strains. Activity was assayed in exponentially
growing cultures in LB medium. Strains harboring strong IPTG-inducible promoter fusion to lytE
(Phy-lytE) and the LytE catalytic mutant (C247S) (Phy-lytE*) were induced for 60 min with 50 µM
IPTG. Error bars represent standard deviation from three biological replicates. (D)
Representative fluorescence and phase-contrast images of cells harboring the PiseA-venus
reporter in wild-type (wt) and a strain lacking WalH (∆walH) that negatively regulate WalK. Cells
were grown in LB medium and imaged at an OD 600 of ~0.3. PiseA is strongly repressed in the
absence of WalH due to high WalR~P levels. (E) Representative fluorescence and phasecontrast images of cells harboring the PyocH-venus reporter in the same strains as in (D). PyocHvenus transcription increases in the absence of WalH due to high WalR~P levels. (F)
Representative fluorescent images of the indicated strains harboring P yocH-venus. Cells were
grown to OD600 ~0.3 in LB medium supplemented with 1 mM IPTG, washed in medium lacking
inducer and imaged before and 30 min after. (G) Representative fluorescent images of the
indicated strains harboring PiseA-venus. Strains were grown to OD600 ~0.3 in LB medium and
imaged before and 30 min after addition of IPTG (50 µM). Representative images are from one
of three independent experiments. (H) Quantification of the average fluorescence intensity,
normalized to cell area, of strains shown in (F) and (G). >1000 cells were analyzed from three
independent experiments. Dark grey bars (0 m) are from cells prior to IPTG removal for the
CwlO depletion experiment monitoring PyocH-venus and prior to IPTG addition for the lytE overexpression experiment monitoring PiseA-venus. Light grey bars (30 m) are from cells 30 min after
IPTG removal (left graph) and 30 after IPTG addition (right graph). (I) Representative
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fluorescent images of PiseA-venus at the indicated times after addition of IPTG (50 µM). PiseAvenus is de-repressed within 15 min after induction of lytE.
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absence of WalH, WalR activity is high and PyocH-venus transcription increased, while PiseA-venus
transcription decreased (Figure 3.4D and 3.4E).

Next, we used these WalR-specific reporters to investigate whether the WalRK pathway
responds to changes in D,L-endopeptidase activity. When monitored by ß-galactosidase assay,
PyocH transcription increased in the absence of CwlO and decreased when lytE, but not
lytE(C247S), was over-expressed (Figure 3.4B and 3.4C). Reciprocally, PiseA transcription was
reduced in the absence of CwlO and was strongly de-repressed when lytE was over-expressed
(Figure 3.4B and 3.4C). Similar results were obtained with our fluorescent reporters. Within 30
minutes after shutting off cwlO transcription, PyocH-directed transcription of venus increased
(Figure 3.4F). Furthermore, 15 min after inducing lytE transcription, we could detect derepression of the PiseA-venus reporter (Figure 3.4G and 3.4I). Quantification of Venus
fluorescence (Figure 3.4H) indicates that our fluorescent and lacZ reporters respond similarly to
changes in D,L-endopeptidase levels, although for unknown reasons the magnitude of PiseA derepression was not as great with the fluorescent reporter. Importantly, these WalR-specific
promoters were not affected by a deletion of sigI (Figure 3.4B and Figure 3.5A and 3.5B), nor
were their dynamics altered in the ∆sigI mutant in response to changes in D,L-endopeptidase
activity (Figure 3.5C).

It is noteworthy that both lytE and cwlO are expressed under the control of WalR~P.
Thus, changes in D,L-endopeptidase activity should not only impact the levels of LytE, as shown
in Figures 3.1 and 3.2, but also the levels of CwlO. Immunoblots to monitor the levels of CwlO
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Figure 3.5: The PiseA-venus and PyocH-venus reporters are not influenced by SigI. (A)
Representative fluorescence images of cells harboring the P iseA-venus reporter in wild-type (wt)
and a strain lacking SigI (∆sigI). (B) Representative images of cells harboring the PyocH-venus
reporter in wild-type (wt) and a strain lacking SigI (∆sigI). (C) Representative images of cells
harboring the PiseA-venus reporter and Phy-lytE in wild-type (wt) and the ∆sigI mutant. Cells
were grown in LB medium to an OD600 of ~0.3 and were visualized before and 30 min after the
addition of 50 µM IPTG.
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in cells over-expressing lytE indicate that this is indeed the case (Figure 3.6A). Furthermore,
cells lacking lytE have a modest but reproducible increase in CwlO (Figure 3.6B). Taken together
with the data in Figure 3.3E, these results suggest that the WalRK signaling pathway monitors
the extent of D,L endopeptidase activity and modulates lytE and cwlO transcription in response.

The WalK sensor kinase responds to changes in D,L-endopeptidase activity in the absence of cell
division
Previous work on the WalRK pathway indicate that WalK, but not WalH or WalI, localizes
to the septal ring and does so in a manner that depends on FtsZ [31]. Furthermore depletion of
FtsZ and other divisome components led to a decrease in yocH mRNA levels and an increase in
iseA transcript levels [31, 32], consistent with a reduction in WalR activity. These studies formed
the basis of the prevailing model for WalRK function in which WalK signaling and WalRdependent expression of cell wall hydrolases are linked to growth via the divisome [3, 31].
Specifically, it was proposed that in non-dividing cells WalK is held inactive along the lateral
membranes by its negative regulators WalH and WalI, while in actively growing and dividing
cells, WalK localizes to the septum without its inhibitors where it is competent to activate WalR.
Our findings that WalK responds to changes in PG hydrolases that act along the lateral cell wall
appear inconsistent with a model in which WalK is only active at the septum. To address this
discrepancy, we investigated whether the WalRK pathway could respond to changes in D,Lendopeptidase activity in cells lacking a divisome.
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Figure 3.6: CwlO levels are modulated in response to changes in D,L-endopeptidase activity.
(A) Immunoblot analysis of CwlO, LytE, and FtsX protein levels in wild-type (wt) and strains
harboring a strong IPTG-inducible promoter fusion to lytE (Phy-lytE) or the LytE catalytic mutant
C247S. Cells with high levels of LytE (but not the catalytic mutant) have low levels of CwlO. FtsX
levels remain unchanged under all conditions. (B) Immunoblot analysis of CwlO, LytE, and FtsX
protein levels in wild-type (wt) and in strains lacking CwlO (∆cwlO) or LytE (∆lytE). Cells lacking
LytE have a modest increase in CwlO levels. Cells lacking CwlO have ~2-fold higher levels of
LytE. FtsX levels remain unchanged under all conditions. For both (A) and (B), strains were
grown in LB medium and harvested at an OD 600 ~0.4. Strains harboring Phy-lytE or PhylytE(C247S) were induced with 50 µM IPTG for 60 min. SigA levels were analyzed to control for
loading. Immunoblots from one of two biological replicates are shown.
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To prevent divisome assembly, we took advantage of the FtsZ inhibitor MciZ [33]. Cells
harboring a xylose-regulated allele of mciZ were grown for 60 minutes in the presence of
inducer to block FtsZ-ring assembly. The resulting filaments were then induced to express lytE,
and WalRK activity was monitored 30 minutes later using our PiseA-venus reporter. As can be
seen in Figure 3.7A, lytE over-expression resulted in similar de-repression of PiseA-venus in wildtype and cells lacking a divisome. Reciprocally, depletion of CwlO in filamenting cells for 30
minutes triggered induction of PyocH-venus to the same extent as CwlO depletion in wild-type
cells (Figure 3.7B). We note that a subset of the filaments in both experiments did not respond
to changes in D,L-endopeptidase activity. We suspect this is due to a loss in viability, which is
largely consistent with propidium iodide staining (Figure 3.7A and 3.7B). Altogether, our data
indicate that the WalRK signaling pathway is capable of responding to changes in PG hydrolase
activity in the absence of division, and therefore argue that WalK can function along the lateral
membranes.

WalK responds to changes in D,L-endopeptidase activity in the absence of the extracellular
domains of the WalH and WalI regulators
The two WalK inhibitors, WalH and WalI, are single-pass integral membrane proteins
with large extracellular domains (ECDs) [7] (Figure 3.8A - schematic). Both regulators reside in a
membrane complex with WalK [8] and could therefore function in signal recognition. Previous
work from Szurmant and Hoch showed that basal WalRK activity was unaffected by deletions of
the ECDs of WalH and WalI [9]. To investigate whether either of the extracellular domains were
required for WalRK signaling in response to changes in D,L-endopeptidase activity, we sought to
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Figure 3.7: WalRK responds to changes in D,L endopeptidase activity in cells inhibited for
divisome assembly. (A) Representative fluorescence and phase-contrast images of cells
harboring PiseA-venus before and 30 min after induction of lytE with 50 µM IPTG. Images on the
right are from a strain that also contained the FtsZ inhibitor MciZ under xylose control (P (xyl)mciZ) and were grown in the presence of 10 mM xylose for 60 min prior to IPTG addition. (B)
Representative fluorescence and phase-contrast images of cells harboring PyocH-venus before
and 30 min after removal of IPTG to shut off cwlO transcription. Images on the right are from a
strain that also contained P(xyl)-mciZ and was grown in the presence of 10 mM xylose for 40 min,
prior to IPTG removal. A subset of the division-inhibited cells did not de-repress PiseA-venus (A)
or induce PyocH-venus (B). Cells were incubated with 5 mM propidium iodide (PI) to assess
membrane integrity as an indicator of viability. Some of the filaments expressing mciZ were PI
positive and these did not de-repress the reporter. Scale bar indicates 5 µm.
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test strains in which these domains were deleted. We generated xylose-regulated alleles of fulllength walH and walI and deletion variants (walH(∆61-455) and walI(∆36-280)) that were
identical to those used previously [9]. We introduced these alleles at an ectopic genomic locus
in strains lacking walH or walI that harbored the PiseA-venus reporter. As expected, the ∆walH
and ∆walI strains had virtually undetectable PiseA-venus expression, indicative of high WalRK
activity and strong repression of the PiseA promoter (Figure 3.8A – top panels). Similar to what
was reported previously, expression of both the full-length (Figure 3.8A) and truncated (Figure
3.8B) alleles of walH and walI restored basal PiseA-venus transcription. Importantly, cells
harboring the full-length and truncated alleles of walH and walI responded similarly to wildtype when lytE was over-expressed (Figure 3.8A and 3.8B – bottom panels). In all cases, PiseAvenus transcription was de-repressed, indicative of a reduction in WalRK signaling. These data
indicate that the extracellular domains of WalH and WalI are not individually required for
WalRK signaling in response to changes in D,L-endopeptidase activity. To test whether cells
lacking the extracellular domains of both WalH and WalI can respond to lytE over-expression,
we built stains harboring xylose-regulated alleles of both walH and walI or their deletion
variants. As can be seen in Figure 3.8C, in both strains PiseA-venus transcription was derepressed upon over-expression of lytE, although the response was more modest in the strain
harboring the deletion variants. Collectively, these data argue that the extracellular domains of
WalH and WalI are not necessary for WalRK signaling in response to changes in D,Lendopeptidase activity and suggest that the extracellular domain of WalK functions as the
sensor.
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Figure 3.8: The extracellular domains of WalH and WalI are not required for WalK to respond
to changes in D,L-endopeptidase activity. (A) Representative fluorescence images of the
indicated strains harboring PiseA-venus and a strong IPTG-inducible promoter fused to lytE (PhylytE). Strains were grown to OD600 ~0.3 in LB medium and imaged before and 30 min after
addition of 50 µM IPTG. The medium was supplemented with 10 mM xylose for the strains
harboring xylose-regulated alleles of walH or walI. Schematic diagram of the putative
WalK/WalH/WalI membrane complex is shown to the left. (B) Representative images of PiseAvenus expression before and 30 min after lytE over-expression in strain lacking either walH or
walI and complemented by xylose-inducible ∆ECD deletion variants. Representative images are
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from one of three independent experiments. Scale bar indicates 5 µm. (C) Representative
fluorescent images of cells harboring the P iseA-venus reporter in a strain lacking both walH and
walI, and strains complemented by either full-length walH and walI or the ∆ECD deletion
variants under xylose-inducible control. Strains were grown in LB supplemented with 10 mM
xylose to induce expression of walH and walI constructs and imaged before and 30 min after
addition of 50 µM IPTG. Representative images are from one of three independent
experiments. Scale bar indicates 5 µm.
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The WalK extracellular domain is required to respond to changes in D,L-endopeptidase activity
WalK contains a 148 amino acid extracellular loop that is homologous to Per-Arnt-Sim
(PAS)-like domains, also known as an sCache domain [34] (Figure 3.8A – schematic). These
domains are a common feature of sensor kinases and in some cases have been shown to bind
signaling ligands [34-36]. Previous studies indicate that deletion of the extracellular sCache
domain of WalK (WalK∆sCache) results in constitutive signaling and high WalR activity [32] and
we confirmed this using both PyocH-venus and PiseA-venus reporters (Figure 3.9A). To determine
whether this domain is required to respond to changes in D,L-endopeptidase activity, we
monitored PiseA-venus transcription after over-expression of lytE. PiseA transcription was derepressed in both wild-type cells and the ∆walK mutant complemented with full-length walK,
indicative of a decrease in WalRK signaling (Figure 3.9C). However, the ∆walK mutant harboring
the walK(∆sCache) variant was unresponsive to lytE over-expression (Figure 3.9C).
Furthermore, the walK(∆sCache) variant failed to respond to depletion of CwlO (Figure 3.9D).

These data are consistent with the idea that the sCache domain of WalK is necessary for
sensing changes in D,L-endopeptidase activity. However, previous in vivo formaldehyde
crosslinking experiments suggested that the interaction between WalK and WalH/WalI requires
the extracellular domain of WalK [32]. If correct, the constitutive signaling in the walK(∆sCache)
mutant and the failure to respond to changes in D,L-endopeptidase activity could be due to the
loss of inhibition by WalH and WalI. To more directly test the interactions among these
proteins, we used the Bacterial Adenylate Cyclase Two Hybrid (BACTH) system [37, 38]. We
generated fusions with complementary fragments (T18 and T25) of Bordetella pertussis
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Figure 3.9: Deletion of the extracellular sCache domain of WalK renders the sensor kinase
unresponsive to changes in D,L-endopeptidase activity. (A) Representative fluorescence
images of the indicated strains harboring PiseA-venus or PyocH-venus reporters. Cells were grown
to OD600 ~0.4 in LB medium. Strains in which WalK lacks its extracellular sensory domain
(∆sCache) have high WalRK activity, leading to strong repression of P iseA-venus and elevated
transcription of PyocH-venus. Schematic model of the signaling complex with WalK lacking its
extracellular domain is shown on the left. (B) WalK and WalK∆sCache interact with WalH and
WalI in the bacterial adenylate cyclase two-hybrid (BACTH) assay. The BTH101 E. coli reporter
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strain containing plasmids expressing the indicated protein fusions to the complementing (T18
and T25) domains of the Bordetella adenylate cyclase. The T18-WalHI plasmid contains a T18WalH fusion and untagged WalI. Cells were grown to early stationary phase in LB at 37 C,
normalized to OD600=0.2, and 3 µL of each was spotted on LB agar plates supplemented with XGal and IPTG. Plates were incubated overnight at 30 C. The ‘Zip’ fusions, composed of the
leucine zipper domain of GCN4, served as positive and negative controls. (C) Representative
fluorescence images of the indicated strains harboring P iseA-venus and Phy-lytE. Strains were
grown to OD600 ~0.3 in LB medium and imaged before and 30 min after addition of 50 µM IPTG.
Representative images are from one of three independent experiments. Scale bar indicates 5
µm. (D) Representative fluorescence images of strains harboring the P yocH-venus reporter and a
∆cwlO mutation complemented by an IPTG-regulated allele of cwlO. A strain with an intact
walRK locus (wt) was compared to one lacking native walK and expressing a WalK variant
deleted for its extracellular sensory domain (WalK sCache). Cells were grown to OD600 ~0.3 in
LB medium supplemented with 1 mM IPTG, washed in medium lacking inducer, and imaged
before (+IPTG) and 30 min after inoculation in LB medium lacking inducer (-IPTG). The
fluorescent signals in the WalK∆sCache strain before and after CwlO depletion were re-scaled
to allow direct comparison on the right. Scale bar indicates 5 µm.
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adenylate cyclase to WalK, WalK(∆sCache), WalH, and WalI. The fusions were co-transformed
into E. coli and assayed for interaction on LB agar supplemented with X-Gal (see Materials &
Methods). As can be seen in Figure 3.9B, a strong interaction was only observed when T25WalK and T18-WalH were co-expressed with untagged WalI, indicating that all three proteins
are required for stable interaction. Importantly, we observed a similarly strong interaction using
T25-WalK(∆sCache) (Figure 3.9B). These data argue that the WalK variant lacking its ECD stably
interacts with WalH and WalI in vivo. Collectively, these results and those from Figure 3.8
suggest that the extracellular sCache domain of WalK functions as the sensing domain that
monitors changes in D,L-endopeptidase activity.

The WalK response is specific to D,L-endopeptidase crosslink cleavage
The data presented thus far indicate that the WalK sensor kinase responds to changes in
cell wall hydrolysis. We envisioned two possible models for what WalK might be sensing. Since
CwlO and LytE are both D,L-endopeptidases, WalK could specifically monitor D,L-endopeptidase
cleavage products. Alternatively, WalK could be sensing some aspect of the cell wall that is
affected by PG hydrolysis in general. For example, WalK could monitor the presence of intact
crosslinks or the extent of tension on the PG meshwork. To help distinguish between these two
models, we investigated whether WalK responds to PG hydrolases that cleave distinct bonds in
the PG meshwork. To target these enzymes to the lateral cell wall, we fused the catalytic
domains of each PG hydrolase to the N-terminal LysM domains of LytE (M3) (Figure 3.10A) that
direct it to the lateral wall [20, 27, 39]. Each chimera was expressed under the control of the
same IPTG-regulated promoter used to over-express lytE, and WalK signaling was monitored 30
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Figure 3.10: The WalRK pathway specifically responds to D,L-endopeptidase-cleaved
peptidoglycan. (A) Left: Schematic diagram of the cell wall hydrolases used to make LytE
chimeras. The three amino-terminal LysM domains of LytE (M3) were fused to the carboxylterminal catalytic domains of LytF, MepM, LytH, and YrvJ. Right: Schematic of a single PG
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crosslink and the cleavage sites of the cell wall hydrolase domains used in (A); the amino acids
in the crossbridge are represented by black circles and the di-saccharide with grey hexagons.
(B) Representative fluorescence images of the indicated strains harboring P iseA-venus reporter
and a strong IPTG-inducible promoter (Phy) fused to lytE or the chimeras. Cells were grown to
OD600 ~0.3 in LB medium and imaged 30 min after addition of IPTG. 50 µM IPTG was used to
induce LytE and the D,L-endopeptidase chimera and 500 µM IPTG was used for all the other
chimeras. (C) Spot dilutions of strains lacking cwlO and lytE (∆cwlO ∆lytE), a xylose-regulated
allele of lytE (P(xyl)-lytE) and the indicated chimera under IPTG control (Phy). Cells were grown in
the presence of 30 mM xylose to OD 600 ~2.0. The cultures were washed twice without inducer,
normalized to an OD600 = 1.5, 10-fold serially diluted, and spotted (5 µL) onto LB agar plates
with 30 mM xylose, 50 µM IPTG, or 500 µM IPTG. Representative plates from one of two
biological replicates are shown. (D) Coomassie-stained gel of purified CwlO lacking its coiled-coil
domain (CwlO∆cc). (E) Phase-contrast images of purified B. subtilis sacculi incubated overnight
at 37 C with buffer or purified CwlO∆cc (with or without treatment with 20 mM
iodoacetamide), the amidase LytA, or the muramidase mutanolysin (top panels). Translucent
sacculi (carets) surrounding phase-dark insoluble aggregates are only visible after incubation
with buffer. Representative fluorescence images of B. subtilis cells harboring PiseA-venus after 30
min incubation with the soluble material generated from overnight incubation of sacculi under
the indicated conditions (bottom panels). Representative images are from one of three
independent experiments. Scale bar indicates 5 µm.
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minutes after induction using the PiseA-venus reporter. Consistent with the idea that WalK
monitors D,L-endopeptidase activity, the chimeras that contained D,L-endopeptidase domains
from PG hydrolases that function in cell separation (LytF and CwlS from B. subtilis) [40-42] derepressed PiseA transcription (Figure 3.10B). By contrast, WalK signaling was not impacted by
expression of chimeras containing D,D-endopeptidase domains (MepM and MepS from E. coli)
[43], L,D-endopeptidase domains (LytH and CwlK from B. subtilis) [44, 45], the amidase domain
from B. subtilis YrvJ [46], or the glucosaminidase domain from B. subtilis LytD [47] (Figure
3.10B). Over-expression of most of the chimeras did not cause discernable morphological
defects raising the possibility that the fusions were not active enough to alter WalRK signaling,
however, we note that the MepM D,D-endopeptidase chimera was able to suppress the
lethality of ∆cwlO ∆lytE double mutant [39] but even this fusion did not impact PiseA
transcription (3.10C). Collectively, these data favor the model that WalK specifically monitors
D,L-endopeptidase activity.

To directly test whether D,L-endopeptidase cleavage products inhibit WalRK signaling,
we sought to investigate whether soluble PG cleavage products generated by a D,Lendopeptidase in vitro could de-repress the PiseA-venus reporter. To this end, we incubated
purified B. subtilis sacculi at 37 °C for 16 hours with a commercial muramidase (mutanolysin
from Streptomyces globisporus), a purified amidase (LytA from Streptococcus pneumoniae) [48],
or the constitutively active D,L-endopeptidase domain from B. subtilis CwlO that lacks its
regulatory coiled-coil domain (CwlO∆cc) (Figure 3.10D). Phase-contrast microscopy was used to
assess cell wall hydrolysis (Figure 3.10E - top panels). Translucent sacculi containing phase-dark
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aggregates [49] were readily detectable in buffer-treated sacculi, while only the liberated
phase-dark aggregates were present in the sacculi incubated with the PG hydrolases. The
soluble material was collected from each digestion and added to cells harboring the P iseA-venus
reporter. Notably, only the cleavage products generated by D,L-endopeptidase digestion
reduced WalRK activity and de-repressed PiseA-venus (Figure 3.10E - bottom panels).
Furthermore, the soluble material from sacculi incubated with iodoacetamide-inactivated
CwlO∆cc failed to reduce WalRK activity (Figure 3.10E). These results indicate that WalK
specifically responds to D,L-endopeptidase cleavage products.

3.4 Discussion
Altogether, our data support a model in which the WalR-WalK two-component signaling
pathway functions in homeostatic control of the cell wall elongation hydrolases LytE and CwlO,
and does so by sensing and responding to PG cleavage products generated by these enzymes
(Figure 3.11). When D,L-endopeptidase activity is low, the concentration of these cleavage
products drops leading to an increase in WalK kinase activity and a concomitant increase in
WalR~P. WalR~P increases transcription of lytE and cwlO, restoring homeostasis (Figure 3.11 –
left panel). Reciprocally, when there is elevated D,L-endopeptidase activity, the concentration
of cleavage products increases. High concentrations of these putative allosteric inhibitors
reduce WalK activity, resulting in a decrease in lytE and cwlO transcription (Figure 3.11 – right
panel).
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Figure 3.11: Model depicting the homeostatic control of cell wall elongation hydrolases by the
WalRK two-component system. The WalK sensor kinase and its two regulators WalH and WalI
(not shown) sense and respond to the extent of D,L-endopeptidase cleavage. (Left panel) When
the CwlO and LytE activities (orange and yellow scissors) are low, the concentration of their
cleavage products is low and WalK kinase activity is high generating high levels of
phosphorylated WalR. WalR~P activates transcription of lytE and cwlO and represses
transcription of iseA, encoding a secreted inhibitor of LytE. Thus, increased WalRK signaling
returns D,L-endopeptidase activity to its homeostatic set point (not shown). (Right panel) When
D,L-endopeptidase activity is high, the concentration of cleavage products generated by these
enzymes increases and inhibits WalK signaling leading to a reduction in WalR~P. Low WalR~P
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reduces transcription of lytE and cwlO and de-represses iseA expression. CwlO levels are rapidly
reduced due to its short half-life (Figure 3.12) and LytE activity is rapidly inhibited by IseA
(Figure 3.13). Thus, inhibition of WalK signaling by high concentrations of cleavage products
efficiently restores homeostatic levels of the elongation D,L-endopeptidases.
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In this model, transcriptional activation of lytE and cwlO rapidly boosts D,Lendopeptidase activity when the levels of these enzymes drop. However, this pathway can also
rapidly reduce D,L-endopeptidase activity when it gets too high. The iseA gene, which is
repressed by WalR~P, encodes a secreted inhibitor of D,L-endopeptidases [12, 50, 51]. It was
given its name (inhibitor of cell separation A) because of its ability to inhibit cell separation D,Lendopeptidases when over-expressed on a multi-copy plasmid [51]. However, we have found
that LytE is likely to be the primary target of IseA. Specifically, we found that the levels of IseA
needed to inhibit LytE had no impact on cell separation (Figure 3.12A and 3.12B). Furthermore,
we have also found that CwlO has a half-life of ~7 min (Figure 3.13A). Accordingly, when D,Lendopeptidase activity is too high, a drop in WalRK signaling not only causes a reduction in lytE
and cwlO transcription, but also inhibition of LytE activity via de-repression of iseA and a
reduction in CwlO levels through degradation or shedding of the enzyme into the medium
(Figure 3.13B). Thus, the WalRK signaling pathway is able to adjust the levels and activity of
CwlO and LytE on the time-scale of a cell cycle to maintain homeostatic control of these
essential enzymes during growth.

Previous work on the WalRK signaling pathway led to the model that WalK localization
to the septal ring in the absence of its negative regulators WalH and WalI couples its activity to
growth via the divisome [3, 31]. Support for this model came from experiments in which
depletion of FtsZ and other divisome components resulted in a decrease in yocH mRNA levels
and an increase in iseA mRNA levels, suggesting that WalK-dependent phosphorylation of WalR
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Figure 3.12: IseA inhibits LytE more potently than the cell separation hydrolases.
(A) Representative images of wild-type (wt) and the ∆cwlO mutant harboring a strong IPTGinducible promoter fused to iseA with an optimized RBS (Phy-iseA). The indicated strains also
contained cytoplasmic mCherry and the membrane reporter P(xyl)-spoIVFB(E44Q)-gfp. The cells
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were grown to exponential phase in CH medium supplemented with 10mM xylose and imaged
before and at the indicated times after addition of 500 µM IPTG. Membranes (top) and an
overlay of cytoplasmic mCherry and phase contrast (bottom) are shown. Within 20-40 min after
induction of iseA, cells lacking cwlO begin to shorten and fatten indicative of a reduction in cell
elongation. Scale bar indicates 2 μm. (B) Over-expression of iseA under the same conditions as
in (A) has no discernable impact on cell separation. The indicated strains harboring P(xyl)spoIVFB(E44Q)-gfp were grown in CH medium supplemented with 10mM xylose. iseA was
induced for 60 min with 500 μM IPTG and the cells were analyzed by fluorescence microscopy.
Using the SpoIVFB(E44Q)-GFP membrane reporter, >1500 cells from each strain were manually
classified into three groups: i) chains with fewer than 5 cells; ii) chains with 5-8 cells; iii) chains
with more than 8 cells. (C) Representative images of strains imaged in (B), at the time of
classification.
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Figure 3.13: CwlO has a short half-life during exponential growth. (A) In vivo protein stability
assays were performed in wild-type B. subtilis grown in LB medium at 37 °C. CwlO, LytE, FtsX
and SigA protein levels were assessed by immunoblot at the indicated times after translation
was inhibited by addition of spectinomycin and chloramphenicol. An asterisk (*) highlights a
stable cross-reacting protein that migrates slightly slower than CwlO. (B) CwlO levels are rapidly
reduced upon over-expression of lytE. Immunoblot analysis of CwlO, LytE, and SigA levels after
induction of lytE or the LytE catalytic mutant (C247S). Cells were grown in LB medium at 37 °C.
CwlO, LytE, and SigA levels were assessed before and at the indicated times after the addition
of 50 µM IPTG. As LytE levels increase in response to IPTG induction, CwlO levels decrease due
to a reduction in WalR-dependent transcription and the short half-life of the protein. The
representative immunoblots in this figure are from one of three independent experiments.
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requires an intact divisome [31, 32]. One caveat of these experiments is that yocH and iseA
transcript levels were monitored 3 hours after depletion of the divisome components, raising
the possibility that the reduction in WalR activity could be indirect. We note that we did not
detect changes in PiseA- and Pyoch-directed Venus fluorescence after inhibiting FtsZ for 60-90 min
(Figure 3.7). However, qRT-PCR is likely to be more sensitive than our fluorescence-based assay.
It is therefore possible that WalRK functions in the homeostatic control of the elongation
hydrolases as described here and separately acts at the divisome to boost CwlO and LytE levels
during cytokinesis in anticipation of ongoing cell wall elongation and growth following division.
Time-lapse microscopy in microfluidic devices like the mother machine will enable a direct test
of this model in the future [52].

We have demonstrated that the soluble cleavage products generated by D,Lendopeptidase-digestion can inhibit WalK signaling and could therefore function as allosteric
inhibitors of the kinase. Although the specific cleavage product that inhibits WalK is currently
unknown, we favor the idea that the cross-linked tetra- and/or penta-peptides liberated by
cleavage of peptide crosslinks (Figure 3.10 and 3.11) are the WalK ligand because cleavage of
PG crossbridges is required for expansion of the PG meshwork during growth [12, 20, 23, 39].
To generate these products, both D-Glu-mDAP bonds must be cleaved in the peptide
crossbridge. Concerted cleavage of identical bonds in peptide crosslinks has been proposed
previously [53], however it has not been rigorously tested. Alternatively, it is also possible that
di- or tri-peptides released upon cleavage of un-cross-linked stem peptides or even short glycan
strands with attached di-peptides could serve as the signal. Future experiments will be directed
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at defining the specific cleavage product that is sensed by WalK and ultimately the ligandbinding site in the sensor domain.

As indicated above, our data are most consistent with a model in which WalK is
inhibited when it binds its signal and active when un-liganded. Specifically, we showed that D,Lendopeptidase cleavage products cause de-repression of PiseA, indicative of low levels of
WalR~P and low WalK kinase activity. Reciprocally, we found that depletion of CwlO, and
therefore low concentrations of cleavage products, leads to high P yocH transcription, indicative
of high levels of WalR~P and high WalK kinase activity. Another, closely related, twocomponent system in B. subtilis is the PhoR-PhoP system, involved in sensing and responding to
phosphate limitation [54, 55]. The PhoP response regulator activates genes involved in
phosphate scavenging and inhibits the synthesis of the phosphate-rich surface polymers called
wall teichoic acid (WTA). Interestingly, work from the Devine lab suggests that the sensor
kinase PhoR is active when un-liganded and inhibited when bound by intermediates in the WTA
biosynthetic pathway [55]. In this case, the signal is thought to be sensed by the intracellular
PAS domain of PhoR. Nonetheless, it is interesting that in both cases these kinases appear to be
regulated by allosteric inhibition.

Cell growth requires an intimate balance between cell wall synthesis and its hydrolysis.
The homeostatic control pathway we have defined here ensures that exponentially growing
cells maintain a defined amount of D,L-endopeptidase activity for cell wall elongation.
However, under different growth conditions, for example entry into stationary phase, the cell is
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likely to require different levels of hydrolase activity. We propose that the cell could adapt by
modulating the homeostatic "set point" of the WalRK signaling pathway. This set point is likely
determined by the levels of the WalK-WalH-WalI sensor kinase complex; the affinity of WalK for
its putative allosteric inhibitor; and the activities of the histidine kinase and response regulator.
A link between one or more of these determinants and PG synthesis could ensure coordination.
Since the wal operon is not under auto-regulatory control [2], altering the set point is unlikely
to occur through changes in the levels in the WalK-WalH-WalI complex. Instead, B. subtilis could
modulate WalK's affinity for D,L-endopeptidase cleavage products or adjust WalK kinase activity
or WalR-dependent transcription. For example, the conserved extracellular domains of WalH
and WalI could function in modulating ligand affinity in response to an extracellular signal
generated during PG synthesis, or in response to changes in the cell envelope itself. Similarly,
the conserved intracellular PAS domain of WalK could alter kinase activity in response to a
cytoplasmic signal. For example, this domain could sense intermediates in the PG precursor
(lipid II) pathway, analogous to the signal sensed by the PhoR PAS domain. Finally, WalR activity
is known to be modulated by PrkC-dependent phosphorylation during entry into stationary
phase [56], which is thought to respond to extracellular muropeptides. By changing the
homeostatic set point for hydrolase activity, extracellular signals could directly coordinate
hydrolase activity with PG synthesis while the intracellular signal could link hydrolase activity to
flux through the precursor synthesis pathway. Identifying these potential allosteric modulators
and defining how they impact the homeostatic control of LytE and CwlO are important
challenges for the future.
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The WalRK two-component system is the most broadly conserved TCS in the Firmicutes
and can be found in important human pathogens including Staphylococcus aureus, Listeria
monocytogenes, Bacillus anthracis, Streptococcus pneumoniae, and Streptococcus mutans [3].
In most cases this pathway is essential and, in the organisms in which it has been investigated,
the WalR regulon contains cell wall hydrolases although not necessarily D,L-endopeptidases
[12-16, 19, 57, 58]. Furthermore, as is the case with B. subtilis [4], the essentiality of this
pathway can be bypassed by engineering these bacteria to express a subset of the PG hydrolytic
enzymes in the WalR regulon [18, 19]. Based on these similarities, we hypothesize that the
WalRK pathway functions in homeostatic control of cell wall hydrolysis in these pathogens and
uses distinct cleavage products to monitor PG hydrolase activity.

It is noteworthy that the WalK sensor kinases in Streptococci and Lactococci lack an
extracellular sCache domain [3, 59, 60]. Accordingly, if there is homeostatic control of cell wall
hydrolases in these bacteria they must use a different sensing mechanism or employ a distinct
signaling pathway. Intriguingly, the StkP serine/theronine kinase in S. pneumoniae has been
implicated in modulating cell wall hydrolysis and has been suggested to function in concert with
the WalRK pathway in this organism [61, 62]. Analysis of the WalK signaling in diverse Grampositive pathogens will establish the similarities and differences in the regulatory logic we have
uncovered here. Finally, the cleavage products of the PG hydrolases in the WalR regulons could
potently inhibit WalK signaling and therefore offer the potential for therapeutic development.

107

3.5 Materials and Methods

Strains, plasmids, and routine growth conditions
All Bacillus subtilis strains were derived from the prototrophic strain PY79 [63]. Cells were
grown in either Luria-Bertani (LB) or casein hydrolysate (CH) medium at 37 °C. Unless otherwise
indicated, B. subtilis strains were constructed using genomic DNA and a 1-step competence
method. Antibiotic concentrations were used at: 100 µg/mL spectinomycin, 5 µg/mL
chloramphenicol, 10 µg/mL tetracycline, 10 µg/mL kanamycin, 1 µg/mL erythromycin and 25
µg/mL lincomycin. A list of strains, plasmids, and oligonucleotides used in this study can be
found in Tables 2.1, 2.3, and 2.3, respectively.

β-Galactosidase assays
B. subtilis strains were grown in LB medium at 37 °C to an OD 600 of ~0.5. The optical density was
recorded and 1 mL of culture was harvested and assayed for β-galactosidase activity as
previously described [64]. Briefly, cell pellets were re-suspended in 1 mL Z buffer (40 mM
NaH2PO4, 60 mM Na2HPO4, 1 mM MgSO4, 10 mM KCl, and 50 mM β-mercaptoethanol). 250 µL
of this suspension was added to 750 µL of Z buffer supplemented with lysozyme (0.25 mg/ml),
and the samples were incubated at 37 °C for 15 min. The colorimetric reaction was initiated by
addition of 200 µL of 2-nitrophenyl-β-D-galactopyranoside (ONPG, 4 mg/ml) in Z buffer and
stopped with 500 µL 1M Na2CO3. The absorbance at 420 nm and OD550 of the reactions were
recorded, and the β-galactosidase specific activity in Miller Units was calculated according to
the formula [A420-1.75x(OD550)] / (time [min] x OD600) x dilution factor x 1,000 [65].
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Immunoblot analysis
Immunoblot analysis was performed as described previously [66]. Briefly, the OD600 was
recorded for each culture, 1 mL was collected, and the cell pellet re-suspended in lysis buffer
(20 mM Tris pH 7.0, 10 mM MgCl2, 1mM EDTA, 1 mg/mL lysozyme, 10 µg/mL DNase I, 100
µg/mL RNase A, 1 mM PMSF, 1 µg/mL leupeptin, 1 µg/mL pepstatin) to a final OD 600 of 10 for
equivalent loading. The cells were incubated at 37 °C for 10 min followed by addition of an
equal volume of sodium dodecyl sulfate (SDS) sample buffer (0.25 M Tris pH 6.8, 4% SDS, 20%
glycerol, 10 mM EDTA) containing 10% β-mercaptoethanol. Samples were heated for 15 min at
65 °C prior to loading. Proteins were separated by SDS-PAGE on 15% (LytE) or 12.5% (FtsX,
CwlO, SigA) polyacrylamide gels, electroblotted onto Immobilon-P membranes (Millipore) and
blocked in 5% nonfat milk in phosphate-buffered saline (PBS) with 0.5% Tween-20. The blocked
membranes were probed with anti-LytE (1:10,000), anti-SigA (1:10,000) [67], anti-FtsX
(1:10,000) [23], or anti-CwlO (1:10,000) [23] diluted into 3% BSA in 1x PBS with 0.05% Tween20. Primary antibodies were detected using horseradish peroxidase-conjugated goat anti-rabbit
IgG (BioRad) and the Super Signal chemiluminescence reagent as described by the
manufacturer (Pierce). Signal was detected using a FluorChem R System (Protein Simple).

LytE purification and antibody production
Recombinant LytE lacking its three N-terminal LysM domains (LytE lysMx3) was expressed in E.
coli BL21 (DE3) using the PT7-His6-SUMO-lytE lysMx3 expression vector (pYB18). Cells were
grown in Terrific Broth [68] supplemented with 100 μg/ml ampicillin at 37 °C to OD600 = 0.3.
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LytE lysMx3 expression was induced for 16h at 22 °C by addition of 0.5 mM IPTG. After
induction, cells were collected by centrifugation at 10,000 × g for 10 min. Cell pellets were
resuspended in 15 mL Buffer 1 (20 mM Tris pH 7.5, 300 mM NaCl, 5 mM imidazole, 10%
glycerol, 0.1 µM Dithiothreitol) and Complete EDTA-free protease inhibitors (Roche) and lysed
via passage through a French press. Cell lysates were clarified by centrifugation at 10,000 x g for
10 minutes at 4 °C. Clarified lysates were mixed with 0.5 mL of Ni2+-NTA agarose resin (Qiagen)
and incubated for 2 hours at 4 °C. The mixture was loaded onto a column (BioRad) and washed
with 10 mL Buffer 1.The His6-SUMO-LytE lysMx3 fusion protein was eluted with Buffer 2 (20
mM Tris pH 7.5, 300 mM NaCl, 200 mM imidazole, 0.1 µM Dithiothreitol). Eluates were pooled
and dialyzed into storage buffer (20 mM Tris pH 7.5, 300 mM NaCl, 10% glycerol, 0.1 µM
Dithiothreitol) at 4 °C overnight. 10 µL of purified His6-Ulp1 (1.25 mg/ml) was added to the
dialysate and was incubated overnight on ice. The reaction was then mixed with 0.5 mL Ni2+NTA agarose and loaded onto a column. Flow-through fractions containing the cleaved
(untagged) LytE lysMx3 were collected and used to generate rabbit polyclonal antibodies
(Covance).

Fluorescence microscopy
Exponentially growing cells were harvested and concentrated by centrifugation at 6800 x g for
1.5 min and re-suspended in 1/10th volume growth medium and then immobilized on 2%
(wt/vol) agarose pads containing growth medium. Fluorescence microscopy was performed on
a Nikon Ti inverted microscope equipped with a Plan Apo 100x/1.4 Oil Ph3 DM phase contrast
objective, an Andor Zyla 4.2 Plus sCMOS camera, and Lumencore SpectraX LED Illumination.
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Images were acquired using Nikon Elements 4.3 acquisition software. The fluorescent
membrane dye TMA-DPH was added to the concentrated cell suspension at 50 µM final.
Propidium iodide (PI) was added at a final concentration of 5 M. Venus and YFP were imaged
using a Chroma ET filter cube for YFP (49003) with an exposure time of 800ms; TMA-DPH was
visualized using a Chroma ET filter cube for DAPI (49000) with an exposure time of 300ms;
mCherry and PI were visualized using a Chroma ET filter cube for mCherry (49008) with an
exposure time of 800 ms and 500 ms, respectively. Image processing was performed using
Metamorph software (version 7.7.0.0) and Oufti [69] was used for quantitative image analysis.

Bacterial two-hybrid assay
The Bacterial Adenylate Cyclase-based Two Hybrid (BACTH) system was used as previously
described [70, 71]. Briefly, pairs of proteins were fused to the complementary fragments (T18
and T25) of the Bordetella pertusis adenylate cyclase. Competent BTH101 E. coli cells were cotransformed with the two plasmids containing T18 and T25 protein fusions in one step.
Transformants were selected on LB agar plates supplemented with 100 µg/mL ampicillin
(Amp100), 50 µg/mL kanamycin (Kan50), 500 µg/mL isopropyl- -D-thiogalactoside (IPTG500), and
100 µg/mL 5-bromo-4-chloro-3-indolyl ß-D-galactopyranoside (X-Gal100). Plates were incubated
at 30 C and the homogeneity of the colony color among transformants was confirmed. Single
colonies were then grown to early stationary phase in LB medium supplemented with Amp 100
and Kan50, normalized to OD600 = 0.2, and spotted (3 µL) on LB agar plates containing Amp100,
Kan50, IPTG500, X-Gal100. Plates were incubated at 30 C overnight and imaged. Transformations
were done in triplicate with selected images representative of three biological replicates.
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PG hydrolase over-expression
Cultures of exponentially growing cells were diluted to OD 600 = 0.01 in LB and grown for ~1 h at
37 C to an OD600 ~0.05. The cultures were then induced with IPTG (concentrations indicated in
the Figure Legends). Fluorescent images were acquired before and at indicated times after
induction. For experiments in which cell division was inhibited, cultures of exponentially
growing cells were diluted to OD600 = 0.04 and 10mM xylose was added to induce mciZ. The
cultures were then grown for ~1 hour at 37 C to allow cells to filament for ~2 mass doublings
before 50 µM IPTG was added to induce lytE expression.

PG hydrolase depletion
Cultures were grown in LB supplemented with 1 mM IPTG to mid-exponential phase, washed
three times in LB lacking inducer, and diluted to OD600 = 0.05 in LB to initiate depletion. Images
were acquired before and at indicated times after depletion as described in the text. For
experiments in which cell division was inhibited, cultures were grown in the presence of 1 mM
IPTG (to induce cwlO) until mid-exponential phase. Cells were diluted to OD600 = 0.04 with 1
mM IPTG and 10 mM xylose (to induce mciZ). The cultures were then grown for ~1 hour at 37
C to allow cells to filament for ~2 mass doublings. The cells were then washed three times in
LB lacking IPTG, and resuspended in LB containing 10 mM xylose.

iseA over-expression
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Cultures of exponentially growing cells were diluted to OD 600 = 0.02 in CH medium
supplemented with 10mM xylose and grown for ~1.5 h at 37 C to an OD600 ~0.2. The cultures
were then induced with 500 µM IPTG. Fluorescent images were acquired at indicated times
after induction.

In vivo protein turnover assay
Wild-type B. subtilis was grown in LB medium at 37 °C to an OD 600 of 0.5. Protein translation
was blocked by the addition of both spectinomycin (200 µg/mL, final concentration) and
chloramphenicol (10 µg/mL, final concentration). Samples (1mL of culture) were collected
immediately prior to antibiotic treatment and at the indicated times after. Cells were pelleted
by centrifugation for 5 minutes and immediately flash-frozen in liquid nitrogen. The cell pellets
were thawed on ice, resuspended in lysis buffer (20 mM Tris pH 7.0, 10 mM MgCl2, 1 mM EDTA,
1 mg/ml lysozyme, 10 µg/ml DNase I, 100 µg/ml RNase A, 1 mM PMSF, 1 µg/ml leupeptin, 1
µg/ml pepstatin), and the suspensions transferred to fresh microfuge tubes to avoid CwlO
present in culture medium that non-specifically bound to the plastic tube [25]. The lysates were
then analyzed by immunoblot as described above.

CwlO∆cc purification
Recombinant CwlO lacking its N-terminal coiled coil domain (∆cc) was expressed in E.
coli BL21(DE3) ∆fhuA (New England Biolabs) using the PT7-His6-SUMO-cwlO∆cc expression
vector (pJM63). Cells were grown in LB supplemented with 100 µg/mL ampicillin at 37 °C to
OD600 = 0.5. Cultures were allowed to equilibrate at room temperature for 30 minutes and then
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transferred to 30 °C. His6-SUMO-CwlO∆cc expression was induced with 0.5 mM IPTG for 3 hr.
Cells were collected by centrifugation, resuspended in 50 mL Buffer A (20 mM Tris HCl pH 7.4,
500 mM NaCl, 20 mM Imidazole, and 2X complete protease inhibitor tablets (Roche)), and
stored at -80˚C. The cell suspension was thawed on ice and lysed by two passes through a cell
disruptor (Constant Systems Ltd.) at 25,000 psi. The lysate was clarified by ultracentrifugation
at 35,000 rpm for 30 minutes at 4 °C. The supernatant was added to 1 mL Ni 2+-NTA beads
(Qiagen) and incubated for 1 hour at 4 °C. The suspension was loaded into a 10 mL column
(BioRad), washed twice with 4 mL Buffer A, and eluted with 2.5 mL Buffer B (20 mM Tris HCl pH
7.4, 500 mM NaCl, 300 mM Imidazole). 10 µL of purified His6-Ulp1 (1.25 mg/ml) was added to
the eluate, and the mixture was dialyzed into storage buffer (20 mM Tris HCl pH 8, 100mM
NaCl, 10% glycerol) overnight at 4 °C. The next morning 10 µL more His6-Ulp1 was added to the
dialysate and incubated for 1 h at 30 °C. The dialysate was mixed with 1mL of Ni 2+-NTA beads
for 1 hour at 4 °C to remove free His 6-Ulp1 and His6-SUMO. The suspension was loaded onto a
column and the CwlO∆cc-containing flow-through was collected, aliquoted, and stored at -80
°C.

B. subtilis sacculi preparation
Wild-type B. subtilis was grown in 500 mL LB at 37 °C to an OD600 = 0.5. Cells were pelleted, resuspended in 10 mL 0.1 M Tris HCl pH 7.5 with 2% SDS (wt/vol), and boiled for 1 h. The sample
was cooled to room temperature and incubated with Proteinase K Solution (Invitrogen) at a
final concentration of 0.4 mg/mL at 50 °C for 1 h. Sacculi were pelleted at 20,000 x g and
washed five times with 10 mL ddH2O until free of SDS. The sacculi were then subjected to acid
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hydrolysis by suspension in 10 mL 1 M HCl at 37 °C for 4 h. Sacculi were then pelleted and
washed five times with 10 mL ddH2O. Sacculi were distributed into 10 x 1 mL aliquots and
stored at -80 °C.

Sacculi digestion
B. subtilis sacculi aliquots were resuspended in 1.4 mL cleavage buffer (25 mM MES pH 5.5) and
dispersed in a water-bath sonicator for 30 min. Purified CwlO∆cc (final concentration 0.13
mg/mL), LytA [48], final concentration 0.17 mg/mL), and mutanolysin (Sigma Aldrich, 50 units
final) were separately added to sonicated sacculi and incubated overnight at 37 °C. After the
overnight incubation, insoluble material was pelleted at 20,000g for 15 minutes and the soluble
cleavage products were collected, lyophilized, heat-inactivated (100˚C for 20 min), and stored
at -80 °C. Immediately prior to use, the lyopholized material was resuspended in 50 µL ddH 2O.
When indicated, CwlO∆cc was inactivated with 20 mM iodoacetamide at room temperature in
darkness for 30 min prior to addition to sacculi and overnight incubation.

Assaying soluble cleavage products for inhibition of WalRK signaling
Cultures of exponentially growing cells were diluted to an OD 600 = 0.01 in LB and grown for 1
hour at 37C to OD600 ~0.05. 50 µL of soluble sacculi cleavage products (prepared as described
above) were added to 450 µL of cells and were incubated at 37 C with aeration. Fluorescent
images were acquired before and at indicated times after addition.
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Strain and plasmid construction
Deletion strains
Insertion-deletion mutants were from the Bacillus knock-out (BKE) collection [72] or were
generated by isothermal assembly [73] of PCR products followed by direct transformation into
B. subtilis. All BKE mutants were back-crossed twice into B. subtilis PY79. All deletions were
confirmed by PCR. Antibiotic cassette removal was performed using a temperature-sensitive
plasmid that constitutively expresses Cre recombinase [74].

The following oligonucleotide primers were used to make the indicated strains:
∆walRK::erm (oAM475-478); ∆sigI::kan (oYB213/214, oYB215/216); ∆walHI::tet (oGD137/150,
oGD151/152); ∆rsgI::spec (oYB178/179, oYB180/181); ∆walH::erm (BKE collection); ∆walI::erm
(BKE collection); ∆prkC::erm (BKE collection); Antibiotic cassettes were amplified with
(oWX438/439)

Plasmid construction
pYB018 [His-SUMO-lytE(∆lysMx3) (amp)]
pYB018 was generated in a 2-way ligation with an BamHI-XhoI PCR product containing
lytE lysMx3 (amplified from PY79 genomic DNA using oligonucleotide primers oYB66 and
oYB54) and pTD68 [75]. The resulting plasmid was sequence-confirmed.

pYB064 [ycgO::Pveg-(optRBS)-lacZ (erm)]
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pYB064 was generated in an isothermal assembly reaction [73] with a PCR product containing
Pveg-(optRBS)-lacZ (oligonucleotide primers oYB189 and oYB190 and bMR18 genomic DNA)
and pER118 [ycgO::erm] cut with BamHI and EcoRI. pER118 is an ectopic integration vector for
insertion at ycgO (E. Riley and D.Z.R. unpublished). The resulting plasmid was sequenceconfirmed.

pYB066 [ycgO::PlytE-(optRBS)-lacZ (erm)]
pYB066 was generated in a 2-way ligation with an EcoRI-HindIII PCR product containing the lytE
promoter (oligonucleotide primers oYB195 and oYB196 and PY79 genomic DNA) and pYB064.
The resulting plasmid was sequence-confirmed.

pYB069 [amyE::PlytE-(optRBS)-lacZ (kan)]
pYB069 was generated in a 2-way ligation with a BamHI-EcoRI fragment containing PlytE(optRBS)-lacZ from pYB066 and pER82 [amyE::kan]. pER82 is an ectopic integration vector
derived from pDG364 with the kan gene replacing the cat gene.

[yvbJ::Phyperspank-(optRBS)-lysM3-mepM(D,D-endo) (spec)] was not able to be propagated in E.
coli due to toxicity. Instead, the plasmid was cloned by isothermal assembly (as described
below) and directly transformed into bYB952 [∆lytE::kan yvbJ::cat], to generate strain bYB962
[∆lytE::kan yvbJ::Phyperspank-(optRBS)-lysM3-mepM(D,D-endo) (spec)]. The resulting construct
was sequence-confirmed. The isothermal assembly reaction used to produce [yvbJ::P hyperspank(optRBS)-lysM3-mepM(D,D-endo) (spec)] included (1) a PCR product containing the 5' end of the
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lytE gene encoding the N-terminal LysM domains (oligonucleotide primers oYB245 and oYB246
and PY79 genomic DNA); (2) a PCR product containing the 3' end of the mepM gene encoding
the D,D-endopeptidase domain (oligonucleotide primers oYB247 and oYB248 and E. coli
MG1655 genomic DNA) and (3) pMS052 [yvbJ::Phyperspank (spec)] cut by SpeI and SphI. pMS052 is
an ectopic integration vector containing the Phyperspank promoter for insertions at the yvbJ locus
(M. Stanley and D.Z.R., unpublished).

pYB083 [yhdG::Phyperspank-(optRBS)-lytE (cat)]
pYB083 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the lytE gene with an optimized RBS (oligonucleotide primers oYB245 and oJM104 and PY79
genomic DNA) and pMS018 [yhdG::Phyperspank (cat)] cut by SpeI and SphI. pMS018 is an ectopic
integration vector containing the Phyperspank promoter for insertions at the yvbJ locus (M. Stanley
and D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

pYB087 [yvbJ::Phyperspank-(optRBS)-lytE (spec)]
pYB087 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the lytE with an optimized RBS (oligonucleotide primers oYB245 and oJM104 and PY79
genomic DNA) and pMS052 [yvbJ::Phyperspank (spec)] cut by SpeI and SphI. The resulting plasmid
was sequence-confirmed.

pYB095 [yvbJ::Phyperspank-(optRBS)-(lysM)3 (cat)]
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pYB095 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the 5' end of the lytE gene encoding the N-terminal LysM domains (oligonucleotide primers
oYB245 and oYB257 and PY79 genomic DNA) and pYB092 [yvbJ::Phyperspank (cat)] cut with NheI
and SpeI. pYB092 is an ectopic integration vector containing the Phyperspank promoter for
insertions at the yvbJ locus. (Y.B and D.Z.R., unpublished). The resulting plasmid was sequenceconfirmed.

pYB097 [yvbJ::Phyperspank-(optRBS)-(lysM)3-yrvJ(amidase) (cat)]
pYB097 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the 3' end of the yrvJ gene encoding the amidase domain (oligonucleotide primers oYB260 and
oYB261 and PY79 genomic DNA) and pYB095 [yvbJ::Phyperspank-(optRBS)-(lysM)3 (cat)] cut by
NheI. The resulting plasmid was sequence-confirmed.

pYB098 [yvbJ::Phyperspank-(optRBS)-(lysM)3-lytH(L,D-endo) (cat)]
pYB098 was generated in a 2-way isothermal assembly reaction with a PCR product containing
3' end of the lytH gene encoding the L,D-endopeptidase domain (oligonucleotide primers
oYB262 and oYB263 and PY79 genomic DNA) and pYB095 cut with NheI.

pYB099 [yvbJ::Phyperspank-(optRBS)-(lysM)3-cwlK(L,D-endo) (cat)]
pYB099 was generated in a 2-way isothermal assembly reaction with a PCR product containing
3' end of the cwlK gene encoding the L,D-endopeptidase domain (oligonucleotide primers
oYB264 and oYB265 and PY79 genomic DNA) and pYB095 cut with NheI.
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pYB100 [yvbJ::Phyperspank-(optRBS)-(lysM)3-lytF(D,L-endo) (cat)]
pYB100 was generated in a 2-way isothermal assembly reaction with a PCR product containing
3' end of the lytF gene encoding the D,L-endopeptidase domain (oligonucleotide primers
oYB266 and oYB267 and PY79 genomic DNA) and pYB095 cut with NheI.

pYB101 [yvbJ::Phyperspank-(optRBS)-(lysM)3-cwlS(D,L-endo) (cat)]
pYB101 was generated in a 2-way isothermal assembly reaction with a PCR product containing
3' end of the cwlS gene encoding the D,L-endopeptidase domain (oligonucleotide primers
oYB268 and oYB269 and PY79 genomic DNA) and pYB095 cut with NheI.

pYB102 [yvbJ::Phyperspank-(optRBS)-(lysM)3-mepS(D,D-endo) (cat)]
pYB102 was generated in a 2-way isothermal assembly reaction with a PCR product containing
3' end of the mepS gene encoding the D,D-endopeptidase domain (oligonucleotide primers
oYB270 and oYB271 and E. coli MG1655 genomic DNA) and pYB095 cut with NheI.

pYB103 [yvbJ::Phyperspank-(optRBS)-(lysM)3-lytD(glucosaminidase) (cat)]
pYB103 was generated in a 2-way isothermal assembly reaction with a PCR product containing
3' end of the lytD gene encoding the glucosaminidase domain (oligonucleotide primers oYB272
and oYB273 and PY79 genomic DNA) and pYB095 cut with NheI.
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pYB114 [yvbJ::Pspank-(optRBS)-lytE (spec)]
pYB114 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the lytE gene and optimized RBS (oligonucleotide primers oYB245 and oJM104 from PY79
genomic DNA) and pMS050 [yvbJ::Pspank (spec)] cut by SpeI and SphI. pMS050 is an ectopic
integration vector containing the Pspank promoter for insertion at the yvbJ locus (M. Stanley and
D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

pYB139 [ycgO::PyocH-(optRBS)-lacZ (erm)]
pYB139 was generated in a 2-way ligation with an EcoRI-HindIII fragment containing the yocH
promoter from pGD055 [amyE::PyocH-(optRBS)-venus (cat)] and pYB064 [ycgO::Pveg-(optRBS)lacZ (erm)] cut with the same enzymes.

pYB140 [ycgO::PiseA-(optRBS)-lacZ (erm)]
pYB140 was generated in a 2-way ligation with an EcoRI-HindIII fragment containing the iseA
promoter from pGD056 [amyE::PiseA-(optRBS)-venus (cat)] and pYB064 cut with the same
enzymes.

pYB142 [yhdG::PxylA-(nativeRBS)-lytE (kan])
pYB142 was generated in a 2-way ligation with an EcoRI-BamHI fragment containing PxylA(nativeRBS)-lytE from pYB061 [yvbJ:: PxylA-(nativeRBS)-lytE (cat)] [25] and pCB059 [yhdG::Pspank
(kan)] cut with the same enzymes. pCB059 is an ectopic integration vector for insertions at the
yhdG locus (R. Barajas and D.Z.R., unpublished).
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pYB159 [yvbJ::Phyperspank-(optRBS)-lytE(C247S) (spec)]
pYB159 was generated in a 3-way isothermal assembly reaction. Two of the fragments
contained the 5' and 3' regions of the lytE gene PCR amplified from B. subtilis PY79 genomic
DNA using oYB245 and oGD165 and oGD166 and oJM104. Assembly of these two products
generated the C247S mutation. The third fragment was pMS052 [yvbJ::Phyperspank (spec)] cut
by SpeI and SphI. The resulting plasmid was sequence-confirmed.

pYB161 [yvbJ::lytE(WalR box2 mut) (spec)]
pYB161 was generated in a 3-way isothermal assembly reaction. Two of the fragments
contained the 5' and 3' regions of the lytE gene PCR amplified from B. subtilis PY79 genomic
DNA using oligonucleotide primers oYB352 and oYB336, and oYB337 and oYB353. Assembly of
these two products generated the WalR binding site box 2 mutations (WalR box2 mut). The
third fragment was pCB043 [yvbJ::spec] cut with EcoRI and BamHI. pCB043 is an ectopic
integration vector for insertions at the yvbJ locus (R. Barajas and D.Z.R., unpublished). The
resulting plasmid was sequence-confirmed.

pYB162 [yvbJ::lytE (spec)]
pYB162 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the lytE gene (amplified from PY79 genomic DNA with oligonucleotide primers oYB352 and
oYB353) and pCB043 [yvbJ::spec] cut with EcoRI and BamHI. The resulting plasmid was
sequence-confirmed.
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pYB164 [ycgO::PlytE(walR box2 mut)-(optRBS)-lacZ (erm)]
pYB164 was generated in a 2-way ligation with an EcoRI-HindIII PCR product containing PlytE(WalR
box2-mut)

(amplified from pYB161 [yvbJ::lytE(WalR box2 mut) (spec)] with oligonucleotide primers

oYB195 and oYB196) and pYB064 [ycgO::Pveg-(optRBS)-lacZ (erm)] cut with the same enzymes.
The resulting plasmid was sequence-confirmed.

pYB169 [yhdG::PxylA-(optRBS)-walI (erm)]
pYB169 was generated in a 2-way isothermal assembly reaction with a PCR product containing
the walI gene with optimized RBS (amplified from PY79 genomic DNA with oligonucleotide
primers oYB351 and oYB361) and pCB106 [yhdG::P xylA (erm)] cut with HindIII and XhoI. pCB106
is an ectopic integration vector containing the PxylA promoter for insertions at the yhdG locus (R.
Barajas and D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

pYB170 [yhdG::PxylA-(optRBS)-walI∆ECD(36-280) (erm)]
pYB170 was generated in a 2-way isothermal assembly reaction with a PCR product containing
walI∆ECD(36-280) (amplified from PY79 genomic DNA with oligonucleotide primers oYB359 and
oYB361) and pCB106 [yhdG::PxylA (erm)] cut with HindIII and XhoI. The resulting plasmid was
sequence-confirmed.

pYB177 [amyE::PlytE-(optRBS)-venus (cat)]
pYB177 was generated in 2-way isothermal assembly reaction with a PCR product containing
the lytE promoter (amplified from PY79 genomic DNA with oligonucleotide primers oYB376 and
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oYB377) and pGD015 [amyE::(optRBS)-venus (cat)] cut with EcoRI. The resulting plasmid was
sequence-confirmed.

pYB190 [ycgO::Phyperspank-(optRBS)-iseA (erm)]
pYB190 was constructed in a 2-way ligation with a PCR product containing iseA (amplified from
PY79 genomic DNA with oligonucleotide primers oYB398 and oYB399) cut with SpeI and HindIII,
and pCB089 [ycgO::Phyperspank (erm)] cut with the same enzymes. pCB089 is an ectopic
integration vector containing the Phyperspank promoter for insertions at the ycgO locus (R. Barajas
and D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

pGD015 [amyE::(optRBS)-venus (cat)]
pGD015 was constructed in a 2-way isothermal assembly reaction with a PCR product
containing the venus gene and an optimized RBS (amplified from plasmid pLPT10 (kindly
provided by Johan Paulsson) using oligonucleotide primers oGD59 and oGD60) and pDG364
[amyE::cat] cut with EcoRI and BamHI. The resulting plasmid was sequence-confirmed.

pGD018 [amyE::PiseA-(optRBS)-venus (cat)]
pGD018 was created in a 2-way isothermal assembly reaction with a PCR product containing
the iseA promoter (amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers
oGD68 and oGD69) and cloned pGD015 [amyE::(optRBS)-venus (cat)] cut with EcoRI. The
resulting plasmid was sequence-confirmed.
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pGD021 [yhdG::PxylA-spoIVFB(E44Q)-gfp (kan)]
pGD021 was constructed in a 2-way ligation with a HindIII-BamHI fragment containing
spoIVFB(E44Q)-gfp from pKM260 [(ycgO::PIVF-spoIVF(E44Q)-gfp (erm)] and pMS033 [yhdG::PxylA
(kan)] cut with the same enzymes. pMS033 is an ectopic integration vector with P xylA for
insertions at the yhdG locus (M. Stanley and D.Z.R., unpublished). The resulting plasmid was
sequence confirmed.

pGD022 [yhdG::PxylA-(optRBS)-mciZ (kan)]
pGD022 was constructed in a 2-way ligation with a HindIII-BamHI fragment containing the mciZ
gene from pRB099 [(yvbJ::PxylA-mciZ (erm)] and pMS033 [yhdG::PxylA (kan)] cut with the same
enzymes. The resulting plasmid was sequence confirmed.

pGD055 [amyE::PyocH-(optRBS)-venus (cat)]
pGD055 was constructed in a 2-way isothermal assembly reaction with a PCR product
containing the yocH promoter (amplified from B. subtilis PY79 genomic DNA using
oligonucleotide primers oGD148 and oGD149) and pGD015 cut with EcoRI. The resulting
plasmid was sequenced-confirmed.

pGD061 [yhdG::PxylA-(optRBS)-mciZ (phleo)]
pGD061 was constructed in a 2-way ligation with a HindIII-BamHI fragment containing the mciZ
gene from pRB099 [(yvbJ::PxylA-mciZ (erm)] and pCB109 [yhdG::phleo] cut with the same
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enzymes. pCB109 is an ectopic integration vector for insertions in the yhdG locus (R. Barajas
and D.Z.R., unpublished).

pGD062 [yhdG::walRK (kan)]
pGD062 was constructed in a 2-way isothermal assembly reaction with a PCR product
containing walRK (amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers
oGD172 and oGD173) and pCB037 [yhdG::kan] cut with EcoRI and SpeI. pCB037 is an ectopic
integration vector for insertions in the yhdG locus (R. Barajas and D.Z.R., unpublished). The
plasmid was sequenced and used for the construction of pGD073.

pGD073 [yhdG::walRKHI (kan)]
pGD073 was constructed in a 2-way isothermal assembly reaction using a PCR product
containing walKHI (amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers
oGD188 and oGD189) and pGD062 cut with XhoI. XhoI cuts in the middle of walK; this feature
was used to insert walKHI into pGD062. The resulting plasmid was sequenced-confirmed.

pGD090 [yhdG::walRK(∆44-167)-walHI (tet)]
pGD090 was constructed in a 3-way isothermal assembly reaction with a PCR product
containing walR-walK(1-43) (amplified from B. subtilis PY79 genomic DNA using oligonucleotide
primers oGD172 and oGD215); a PCR product containing walK(168-611)-walHI (amplified from
B. subtilis PY79 genomic DNA using oligonucleotide primers oGD214 and oGD189) and pCB036
[yhdG::tet] cut with EcoRI and XhoI. pCB036 is an ectopic integration vector for insertions in the
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yhdG locus (R. Barajas and D.Z.R., unpublished). The resulting plasmid was sequencedconfirmed.

pGD101 [ycgO::PxylA-(optRBS)-walH (kan)]
pGD101 was constructed in a 2-way isothermal assembly reaction with a PCR product
containing walH with an optimized RBS (amplified from B. subtilis PY79 genomic DNA using
oligonucleotide primers oGD227 and oGD228) and pCB136 [yhdG::P xylA (kan)] cut with XhoI and
BamHI. pCB136 is an ectopic integration vector with a P xylA promoter for insertions into the
yhdG locus (R. Barajas and D.Z.R., unpublished). The resulting plasmid was sequencedconfirmed.

pGD102 [ycgO::PxylA-(optRBS)-walH∆ECD(61-455) (kan)]
pGD102 was constructed in a 2-way isothermal assembly reaction with a PCR product
containing walH ECD(61-455) and an optimized RBS (amplified from B. subtilis PY79 genomic
DNA using oligonucleotide primers oGD227 and oGD229) and pCB136 cut with XhoI and BamHI.
The resulting plasmid was sequenced-confirmed.

Bacterial two-hybrid plasmids:
pGD115 [T25-walK]
pGD115 was constructed in a 2-way ligation with a PCR product containing the walK gene
(amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers oGD278 and
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oGD279) cut with XbaI and KpnI and pKT25 cut with the same enzymes. The resulting plasmid
was sequenced-confirmed.

pGD118 [T18-walH]
pGD118 was constructed in a 2-way ligation with a PCR product containing the walH gene
(amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers oGD282 and
oGD283) cut with XbaI and KpnI and pCH364 cut with the same enzymes. The resulting plasmid
was sequenced-confirmed.

pGD120 [T18-walI]
pGD120 was constructed in a 2-way ligation with a PCR product containing the walI gene
(amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers oGD284 and
oGD285) cut with XbaI and KpnI and pCH364 cut with the same enzymes. The resulting plasmid
was sequenced-confirmed.

pGD122 [T18-walHI]
pGD122 was constructed in a 2-way ligation with a PCR product containing the walHI genes
(amplified from B. subtilis PY79 genomic DNA using oligonucleotide primers oGD282 and
oGD285) cut with XbaI and KpnI and pCH364 cut with the same enzymes. The resulting plasmid
was sequenced-confirmed.

pGD123 [T25-walK(∆44-167)]
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pGD123 was constructed in a 2-way ligation with a PCR product containing the walK(∆44-167)
gene (amplified with genomic DNA from bGD500 using oligonucleotide primers oGD278 and
oGD279) cut with XbaI and KpnI and pKT25 cut with the same enzymes. The resulting plasmid
was sequenced-confirmed.

pJM063 [PT7-SUMO-6xHis-cwlO cc]
pJM063 was constructed in a 2-way isothermal assembly reaction with a PCR product
containing the C-terminal domain of CwlO (cwlO cc, amino acids 334-473) (amplified from B.
subtilis PY79 genomic DNA using oligonucleotide primers oJM117 and oJM320) and pTB146 [71]
cut with SacI and BamHI. The resulting plasmid was sequenced-confirmed.
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Table 3.1: Bacterial strains used in this study.
Strain

Source

Genotype

PY79

wildtype

bGD110

Youngman et al.,
1983
This study

bGD229

This study

ΔwalH::erm amyE::PiseA-optRBS-venus (cat)

bGD230

This study

ΔwalI::erm amyE::PiseA-optRBS-venus (cat)

bGD294

This study

bGD300

This study

yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)
amyE::PyocH-optRBS-venus (cat)

bGD302

This study

ΔwalH::erm amyE::PyocH-optRBS-venus (cat)

bGD303

This study

ΔwalI::erm amyE::PyocH-optRBS-venus (cat)

bGD308

This study

bGD312

This study

bGD315

This study

bGD325

This study

bGD326

This study

bGD327

This study

bGD328

This study

bGD329

This study

bGD347

This study

bGD348

This study

bGD371

This study

ΔcwlO::kan ycgO::Pspank-cwlO (erm) amyE::PyocH-optRBSvenus (cat)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PyocH-optRBSvenus (cat)
ΔwalH::erm yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseAoptRBS-venus (cat)
yvbJ::Phyperspank-optRBS-lytE'-yebA(mepM) (spec)
amyE::PiseA-optRBS-venus (cat)
yvbJ::Phyperspank-optRBS-lytE'-lytF (cat) amyE::PiseA-optRBSvenus (spec)
yvbJ::Phyperspank-optRBS-lytE'-cwlS (cat) amyE::PiseA-optRBSvenus (spec)
yvbJ::Phyperspank-optRBS-lytE'-yrvJ (cat) amyE::PiseA-optRBSvenus (spec)
yvbJ::Phyperspank-optRBS-lytE'-lytH (cat) amyE::PiseA-optRBSvenus (spec)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat) yhdG::PxylA-optRBS-mciZ (kan)
ΔcwlO::kan ycgO::Pspank-cwlO (erm) amyE::PyocH-optRBSvenus (cat) yhdG::PxylA-optRBS-mciZ (phleo)
ΔlytE::kan amyE::PiseA-optRBS-venus (cat)

bGD372

This study

ΔsigI::kan amyE::PiseA-optRBS-venus (cat)

amyE::PiseA-optRBS-venus (cat)
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bGD373

This study

ΔlytE::kan amyE::PyocH-optRBS-venus (cat)

bGD374

This study

ΔsigI::kan amyE::PyocH-optRBS-venus (cat)

bGD375

This study

bGD376

This study

bGD389

This study

bGD421

This study

bGD422

This study

bGD426

This study

bGD427

This study

bGD446

This study

bGD435

This study

bGD436

This study

bGD452

This study

bGD479

This study

bGD500

This study

bGD501

This study

bGD502

This study

bGD559

This study

bGD562

This study

ΔlytE::kan yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseAoptRBS-venus (cat)
ΔsigI::kan yvbJ::Phyperpsank-optRBS-lytE (spec) amyE::PiseAoptRBS-venus (cat)
yvbJ::Phyperspank-optRBS-lytE*C247S (spec) amyE::PiseAoptRBS-venus (cat)
ΔwalI::lox72 yhdG::PxylA-optRBS-walI (erm)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)
ΔwalI::lox72 yhdG::PxylA-optRBS-walIΔECD(36-280) (erm)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)
ΔwalH::lox72 yhdG::Pxyl-natRBS-walH (kan) yvbJ::PhyperspankoptRBS-lytE (spec) amyE::PiseA-optRBS-venus (cat)
ΔwalH::lox72 ycgO::Pxyl-natRBS-walHΔECD(61-455) (erm)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)
ΔwalRK::erm yhdG::walRKHI (kan) yvbJ::Phyperspank-optRBSlytE (spec) amyE::PiseA-optRBS-venus (cat)
yhdG::walRKHI (kan) amyE::PiseA-optRBS-venus (cat)
DwalRK::erm
yhdG::walRKHI (kan) amyE::PyocH-optRBS-venus (cat)
DwalRK::erm
ΔwalI::erm yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseAoptRBS-venus (cat)
ΔwalHI::tet yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseAoptRBS-venus (cat)
ΔwalRK::erm yhdG::walRK(Δ44-167)HI (tet) amyE::PiseAoptRBS-venus (cat)
ΔwalRK::erm yhdG::walRK(Δ44-167)HI (tet) amyE::PyocHoptRBS-venus (cat)
ΔwalRK::erm yhdG::walRK(Δ44-167)HI (tet) yvbJ::PhyperspankoptRBS-lytE (spec) amyE::PiseA-optRBS-venus (cat)
ΔwalHI::tet yhdG::PxylA-optRBS-walI (erm) ycgO::PxylAoptRBS-walH (kan) yvbJ::Phyperspank-optRBS-lytE (spec)
amyE::PiseA-optRBS-venus (cat)
ΔwalHI::tet yhdG::PxylA-optRBS-walIΔECD(36-280) (erm)
ycgO::PxylA-optRBS-walHΔECD(61-455) (kan)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)

131

bGD591

This study

bGD592

This study

bGD629

This study

bJM58

bYB282

Meisner et al.,
2013
Meisner et al.,
2013
Meisner et al.,
2013
Meisner et al.,
2013
Meisner et al.,
2013
Meisner et al.,
2013
Brunet et al.,
2019
This study

bYB508

This study

lytE::cat ycgO::Pspank-natRBS-lytE (spec) sacA::Pveg-mcherry
(tet) DcwlO::kan
sacA::Pveg-mcherry (tet)

bYB668

This study

sacA::Pveg-mcherry (tet) DlytE::cat

bYB669

This study

sacA::Pveg-mcherry (tet) DcwlO::cat

bYB729

This study

ycgO::PlytE-optRBS-lacZ (erm)

bYB902

This study

amyE::PlytE-optRBS-lacZ (kan)

bYB919

This study

amyE::PlytE-optRBS-lacZ (kan) ΔsigI::cat

bYB921

This study

amyE::PlytE-optRBS-lacZ (kan) ΔcwlO::cat

bYB927

This study

amyE::PlytE-optRBS-lacZ (kan) ΔrsgI::spec

bYB942

This study

amyE::PlytE-optRBS-lacZ (kan) ΔlytE::cat

bYB962

This study

∆lytE::kan yvbJ::Phyperspank-optRBS-lysM3-mepM(D,D-endo)
(spec)

bJM54
bJM76
bJM406
bJM433
bJM967
bYB21

ΔwalH::lox72 ycgO::PxylA-optRBS-walH (kan)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)
ΔwalH::lox72 ycgO::PxylA-optRBS-walHΔECD(61-455) (kan)
yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat)
DwalRK::lox72 yhdG::walRK(Δ44-167)HI (tet) ycgO::Pspank5'UTR-cwlO(erm) DcwlO::kan amyE::PyocH-optRBS-venus (cat)
ΔlytE::kan
ΔcwlO::cat
ΔlytE::cat
ΔcwlO::cat ycgO::Pspank-5’UTR-cwlO (erm) ΔlytE::kan
ΔcwlO::kan ycgO::Pspank-5’UTR-cwlO (erm)
ΔcwlO::kan ycgO::Pspank-5’UTR-cwlO (erm) ΔsigI::cat
ycgO::Pspank-natRBS-lytE (spec)
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bYB1065

This study

ycgO::PlytE-optRBS-lacZ yvbJ::Phyperspank-optRBS-lytE (spec)

bYB1081

This study

ycgO::PlytE-optRBS-lacZ (erm) ΔrsgI::spec

bYB1117

This study

bYB1185

This study

bYB1296

This study

ycgO::PlytE-optRBS-lacZ (erm) ΔrsgI::spec yvbJ::PhyperspankoptRBS-lytE (spec)
sacA::Pveg-mcherry (tet) ΔlytE::cat yvbJ::Pspank-optRBS-lytE
(spec) ΔcwlO::kan
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet

bYB1303

This study

bYB1304

This study

bYB1305

This study

bYB1306

This study

bYB1307

This study

bYB1309

This study

bYB1313

This study

bYB1344

This study

∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yhdG::Phyperspank-optRBS-lytE (cat)
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yvbJ::Phyperspank-optRBS-lytE’-lytF (cat)
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yvbJ::Phyperspank-optRBS-lytE’-cwlS (cat)
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yvbJ::Phyperspank-optRBS-lytE’-mepS (cat)
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yvbJ::Phyperspank-optRBS-lytE’-yrvJ (cat)
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yvbJ::Phyperspank-optRBS-lytE’-lytH (cat)
∆cwlO yhdG::PxylA-natRBS-lytE (kan) ΔlytE::tet
yvbJ::Phyperspank-optRBS-lytE’-mepM (spec)
ycgO::PyocH-optRBS-lacZ (erm)

bYB1348

This study

ycgO::PiseA-optRBS-lacZ (erm)

bYB1362

This study

ycgO::PiseA-optRBS-lacZ yvbJ::Phyperspank-optRBS-lytE (spec)

bYB1363

This study

ycgO::PiseA-optRBS-lacZ (erm) ΔcwlO::cat

bYB1365

This study

ycgO::PiseA-optRBS-lacZ (erm) ΔsigI::cat

bYB1367

This study

ycgO::PyocH-optRBS-lacZ (erm) ΔcwlO::cat

bYB1369

This study

ycgO::PyocH-optRBS-lacZ (erm) ΔsigI::cat

bYB1370

This study

ycgO::PyocH-optRBS-lacZ yvbJ::Phyperspank-optRBS-lytE (spec)

bYB1379

This study

ycgO::PlytE(∆walR2-box)-optRBS-lacZ (erm)

bYB1382

This study

yvbJ::Phyperspank-optRBS-lytE*C247S (spec) ycgO::PlytEoptRBS-lacZ (erm)
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bYB1383

This study

yvbJ::Phyperspank-optRBS-lytE*C247S (spec) ycgO::PyocHoptRBS-lacZ (erm)
yvbJ::Phyperspank-optRBS-lytE*C247S (spec) ycgO::PiseAoptRBS-lacZ (erm)
ΔwalH::lox72 ycgO::PlytE-optRBS-lacZ (erm)

bYB1384

This study

bYB1400

This study

bYB1402

This study

bYB1426

This study

bYB1432

This study

bYB1433

This study

bYB1471

This study

ΔcwlO::cat ycgO::Pspank-5’UTR-cwlO (erm) ΔlytE::kan
yvbJ::lytE (spec)
ΔcwlO::cat ycgO::Pspank-5’UTR-cwlO (erm) ΔlytE::kan
yvbJ::lytE(∆walR2-box) (spec)
∆walH ycgO::PlytE-optRBS-lacZ (erm) yvbJ::PhyperspankoptRBS-lytE (spec)
ΔwalH::lox72 ycgO::PlytE-optRBS-lacZ (erm) yvbJ::PhyperspankoptRBS-lytE (spec)
amyE::PlytE-optRBS-venus (cat)

bYB1473

This study

amyE::PlytE-optRBSvenus (cat) ΔcwlO::kan

bYB1474

This study

bYB1475

This study

bYB1504

This study

amyE::PlytE-optRBS-venus (cat) yvbJ::Phyperspank-optRBS-lytE
(spec)
amyE::PlytE-optRBS-venus (cat) yvbJ::Phyperspank-optRBSlytE*C247S (spec)
sacA::Pveg-mcherry (tet) yhdG::PxylA-spoIVFB(E44Q)-gfp (kan)

bYB1505

This study

bYB1506

This study

bYB1507

This study

BTH101

Bernhardt Lab

sacA::Pveg-mcherry (tet) yhdG::PxylA-spoIVFB(E44Q)-gfp (kan)
cwlO::cat
sacA::Pveg-mcherry (tet) yhdG::PxylA-spoIVFB(E44Q)-gfp (kan)
ycgO::Phyperspank-optRBS-iseA (erm)
sacA::Pveg-mcherry (tet) yhdG::PxylA-spoIVFB(E44Q)-gfp (kan)
ycgO::Phyperspank-optRBS-iseA (erm) cwlO::cat
F-, cya-99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2,
mcrA1,mcrB1
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Table 3.2: Plasmids used in this study.
Plasmid

Source

Description

pCH364

Plac-T18 lacIq bla pUC ori

pLPT10

Bendezú et al.,
2009
Paulsson Lab

pGD015

This study

amyE::optRBS-venus (cat)

pGD018

This study

amyE::PiseA-optRBS-venus (cat)

pGD021

This study

yhdG::PxylA-spoIVFB(E44Q)-gfp (kan)

pGD022

This study

yhdG::PxylA-optRBS-mciZ (kan)

pGD055

This study

amyE::PyocH-optRBS-venus (cat)

pGD061

This study

yhdG::Pxyl-optRBS-mciZ (phleo)

pGD062

This study

yhdG::walRK (kan)

pGD073

This study

yhdG::walRKHI (kan)

pGD090

This study

yhdG::walRK(D44-167)-walHI (tet)

pGD101

This study

ycgO::PxylA-optRBS-walH (kan)

pGD102

This study

ycgO::PxylA-optRBS-walHDECD(61-455) (kan)

pGD115

This study

pKT25_Plac-T25-walK kan pACYC ori

pGD118

This study

pCH364_Plac-T18-walH lacIq bla pUC ori

pGD120

This study

pCH364_Plac-T18-walI lacIq bla pUC ori

pGD122

This study

pCH364_Plac-T18-walHI lacIq bla pUC ori

pGD123

This study

pKT25_Plac-T25-walK(∆44-167) kan pACYC ori

pJM63

This study

PT7-6xHis-SUMO-cwlODcc (amp)

pKT25

Karimova et al.,
2001

Plac-T25- kan pACYC ori

proC-UA-VenusNatBio-T1
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pKT25-zip

Plac-T25-leucine zipper region from yeast GCN4. kan pACYC ori

pUT18Czip
pYB018

Karimova et al.,
2001
Bendezú et al.,
2009
Karimova et al.,
2001
Karimova et al.,
2001
This study

pYB061

Brunet et al., 2019

yvbJ::PxylA-natRBS-lytE (cat)

pYB064

This study

ycgO::Pveg-optRBS-lacZ (erm)

pYB066

This study

ycgO::PlytE-optRBS-lacZ (erm)

pYB069

This study

amyE::PlytE-optRBS-lacZ (kan)

pYB083

This study

yhdG::Phyperspank-optRBS-lytE (cat)

pYB087

This study

yvbJ::Phyperspank-optRBS-lytE (spec)

pYB905

This study

yvbJ::Phyperspank-optRBS-lytE’(N-term) (cat)

pYB097

This study

yvbJ::Phyperspank-optRBS-lytE’-yvrJ (cat)

pYB098

This study

yvbJ::Phyperspank-optRBS-lytE’-lytH (cat)

pYB100

This study

yvbJ::Phyperspank-optRBS-lytE’-lytF (cat)

pYB101

This study

yvbJ::Phyperspank-optRBS-lytE’-cwlS (cat)

pYB102

This study

yvbJ::Phyperspank-optRBS-lytE’-mepS (cat)

pYB103

This study

yvbJ::Phyperspank-optRBS-lytE’-lytD (cat)

pYB114

This study

yvbJ::Pspank-optRBS-lytE (spec)

pYB139

This study

ycgO::PyocH-optRBS-lacZ (erm)

pYB140

This study

ycgO::PiseA-optRBS-lacZ (erm)

pYB142

This study

yhdG::PxylA-natRBS-lytE (kan)

pTB146
pUT18C

PT7-SUMO-6xHis (amp)
Plac-T18-, bla
Plac-T18-leucine zipper region from yeast GCN4. bla
PT7-6xHis-SUMO-lytEDlysMx3 (amp)
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pYB159

This study

yvbJ::Phyperspank-optRBS-lytE*C247S (spec)

pYB161

This study

yvbJ::lytE(∆walR box2) (erm)

pYB162

This study

yvbJ::lytE (spec)

pYB164

This study

ycgO::PlytE-optRBS-lacZ (∆walR box2) (erm)

pYB169

This study

yhdG::PxylA-optRBS-walI (erm)

pYB170

This study

yhdG::PxylA-optRBS-walI∆ECD(36-280) (erm)

pYB177

This study

amyE::PlytE-optRBS-venus (cat)

pYB190

This study

ycgO::Phyperspank-optRBS-iseA (erm)
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Table 3.3: Oligonucleotides used in this study.
Name

Sequence

oAM473 GCGCCCGGGGGCAGGAGGAAAATCAAAATG
oAM474 CGCACTAGTTCCCCCATGTAAAAACAAGACTG
oAM475 CTTTTCCGACTGAGCTGAAAG
oAM476 CTGAGCGAGGGAGCAGAATTATCCATCATTTTGATTTTCCTC
oAM477 GTTGACCAGTGCTCCCTGTATAAAGAGGAACAAGAGGATG
oAM478 ATGACTTCATATTCTTTGCCGG
oGD59

CGATGATAAGCTGTCAAACATGAGAATTCCCAGATAAGCTTACATAAGGAGGAACTACTATGAG
TAAAGGAGAAGAACTTTTCAC

oGD60

GGTAATGGTAGCGACCGGCGCTCAGGATCCTTATTTGTATAGTTCATCCATGCC

oGD68

GATAAGCTGTCAAACATGAGAATTCGGCGTATTTTTTGTGAG

oGD69

GTAGTTCCTCCTTATGTAAGCTTTCAAAATCTCTTTCTCTTATG

oGD137

CGAGAGAGCTTGAAGATGC

oGD148

GTAGTTCCTCCTTATGTAAGCTTAGCTTTTTATTGGCGGCTAAC

oGD149

GATAAGCTGTCAAACATGAGAATTCGAAATCCTTCATGTAAAGGAAC

oGD150

CTGAGCGAGGGAGCAGAAGGAGTAAGTAATATCGTTTTTATATTTTCACGCTTCAT

oGD151

GTTGACCAGTGCTCCCTGGTCCAATGAAAATAATGGAGTGAG

oGD152

CTTATAGATGACGCCAGAGC

oGD165

GGCTTTGACAGCAGCGGATTC

oGD166

GAATCCGCTGCTGTCAAAGCC

oGD172

CAGAAAAGAGGCGGCCTGTATGGCCGAATTCCCGTCCCGAGCCACTTACC

oGD173

CCATGCTAGCATCTCGAGACACTAGTCAAGACTGATGACGACGAGTACC
138

oGD188

GGAGCTTGCGAAAGGGAATTTCTCGAG

oGD189

GGGATCCATGCTAGCATCTCGAGCGCTAAATTGCAAGCTCATG

oGD214

GGTAGAGAAGTCGCTGATCAGCGCGAGTATGGAAGATGTC

oGD215

GCTGATCAGCGACTTCTCTACC

oGD227

GAATGAAGCTTGAGCTAGCATCTCGAGACATAAGGAGGAACTACTATGAAGCGTGAAAATATA
AAAACG

oGD228

ACCTCAAATGGTTCGCTGGGATCCTTATTCCACTCCACTGTTAG

oGD229

CCTCAAATGGTTCGCTGGGATCCTTATACCGTTTCAGACAGCTTTTGGG

oGD278

GCGCTCTAGAGAATAAGGTTGGTTTTTTTCGGTCGATCC

oGD279

CGCGGTACCTCACGCTTCATCCCAATCATCCTC

oGD282

GCGTCTAGAGAAGCGTGAAAATATAAAAACG

oGD283

CGCGGTACCTTATTCCACTCCACTGTTAGC

oGD284

GCGCTCTAGAGGAGTGGAATAAGACAAAATC

oGD285

CGCGGTACCTCATTGATCTGTATCTAAAATCG

oJM104

CCACCGAATTAGCTTGCATGCAATGAACGGGTTTTCTCTAAAAATTAG

oJM117

CTTCCTGCAGTCACCCGGGCTTATTGAACAACACGTCTTACAACAC

oJM320

CTCACAGAGAACAGATTGGTGGTGGCACTGTTATCAGCAACTC

oJM342

TCGGTGAAAATTGGAAGGCAG

oJM343

CTGAGCGAGGGAGCAGAATTCACCTCAGTTCCTCCCTATAAC

oJM344

GTTGACCAGTGCTCCCTGTAAAGGGGTGCTGCACTCATG

oJM345

ACATTCTATAGTCTGCGCCAC

oWX438 GACCAGGGAGCACTGGTCAAC
oWX439 TCCTTCTGCTCCCTCGCTCAG
139

oYB54

CGCCTCGAGTTAGAATCTTTTCGCACCGAGGTAAC

oYB66

GCGGGATCCCAAGTATTGAAGGTGAAAGGAACAAGC

oYB178

GGAATGTATTCCGGAAACAAAGTCG

oYB179

CTGAGCGAGGGAGCAGAAGGATCCCTCTTCTCATGAGTGCAGC

oYB180

GTTGACCAGTGCTCCCTGGTCCCCGGCGAATAAAGACCTGAATTTATTTAG

oYB181

GAAGAATAGCTTTTAAGCGTCCGC

oYB189

CAATTTTGAGGGTTGCCAGAGTTAAAGGATCCTGCTAGCTTATTTTTGACACC

oYB190

GATGTCACAAGCAGCTGGGAAGGAATTCTTGAAAACCTGCATAGGAG

oYB195

CTGAAGCTTAACTCTATATATATGTATCTCTTTTTTTAAATTAATCTTATTGATTTC

oYB196

CCTGAATTCGTTGAAAAACATCCCATAAAACATGAC

oYB213

TGGACGGCCATCATCCCTAC

oYB214

CTGAGCGAGGGAGCAGAAGGAAGCACTGGTTTCACCTCAGTTC

oYB215

GTTGACCAGTGCTCCCTGGTCATTGAGAGAAACAGAAAATATATTATTGCGATGTG

oYB216

CTGTAAAGTACGTCCCGACTCC

oYB245

AATTAAGCTTGTCCCGGGTAAACATAAGGAGGAACTACTATGAAAAAGCAAATCATTACAGCTA
CGAC

oYB246

GAATCCTTTCGCCAGACCAGTACCTGATGTAGATGACGTTTTGCTGC

oYB247

CATCTACATCAGGTACTGGTCTGGCGAAAGG

oYB248

CCACCGAATTAGCTTGCATGCTTAATCAAACCGTAGCTGCGGC

oYB257

GAATTAGCTTGCATGCGGCTAGCCCTGATGTAGATGACGTTTTGCTGCTTG

oYB260

GCAGCAAAACGTCATCTACATCAGGGTCAGGCAGCGCAGAAGAAGCAGGTG

oYB261

CCACCGAATTAGCTTGCATGCGGTTATTGGAAGTATTTCTCTAATCCGCTTTC

oYB262

GCAGCAAAACGTCATCTACATCAGGGTCAGGTGGAAGGCGGATTCATG
140

oYB263

CCACCGAATTAGCTTGCATGCGGTTACTTCTTTTTTTGGTATTCATATCGCTCC

oYB264

GCAGCAAAACGTCATCTACATCAGGGAAAAAAGGGAATATTGTCACCTATGCAAGAG

oYB265

CCACCGAATTAGCTTGCATGCGGCTAGTTAGGAATCATCTCCAAGTGGG

oYB266

GCAGCAAAACGTCATCTACATCAGGGCAAAAGCTGGTCATTTCCGGAAAAG

oYB267

CCACCGAATTAGCTTGCATGCGGTTAGAAATATCGTTTTGCACCGAGATAGC

oYB268

GCAGCAAAACGTCATCTACATCAGGGTCAGGGTCAAACATTCAAATAGGTTCGAAG

oYB269

CCACCGAATTAGCTTGCATGCGGTTAAAAATAACTTCTTGCGCCCAAGTAC

oYB270

GCAGCAAAACGTCATCTACATCAGGGTCAGGCAAAGGCGTACGTTATCGTCTGG

oYB271

CCACCGAATTAGCTTGCATGCGGTTAGCTGCGGCTGAGAACC

oYB288

GCAGCAAAACGTCATCTACATCAGGGGGTACTGGTCTGGCGAAAGG

oYB289

CCACCGAATTAGCTTGCATGCGGTTAATCAAACCGTAGCTGCGGC

oYB336

ATAGATTCCCATCAGAAATAGTCTACTGTTCATGTGACAAATTTCTTAATTATTCGTTCT

oYB337

GTCACATGAACAGTAGACTATTTCTGATGGGAATCTATCCTTATAATAGAAATCAATAAG

oYB351

TGAGGGTTGCCAGAGTTAAAGGATCCATCTCGAGGCAAGCTCATGTTTG

oYB352

CCCTTCCCGCTCTTGATGTCGAATTCGCCTGTCGCTAATGCTGTTCC

oYB353

GAAAATCGCCATTCGCCAGGGGGATCCGCAATGAATACGGAAACAGAAATGGCG

oYB359

GCCAGAGTTAAAGGATCCATCTCGAGTCAGCCTTCATACGTGATATGATCGG

oYB361

AATAAAATGCATCTGTATTTGAATGAAGCTTACATAAGGAGGAACTACTATGGAGTGGAATAAG
ACAAAATCAATCTTC

oYB376

TTGCCGATGATAAGCTGTCAAACATGAGAATTCGTTGAAAAACATCCCATAAAACATGAC

oYB377

ATAGTAGTTCCTCCTTATGTAAGCTTAACTCTATATATATGTATCTCTTTTTTTAAATTAATCTTATT
GATTTC

oYB398

ATTAAGCTTACATAAGGAGGAACTACTATGAAAAAATGTCTTCTATTTCTAACAACCATTGC

oYB399

AGTTACTAGTCCGCTTATACCGGGCG
141
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4.1 Summary
The WalR-WalK two-component signaling system in Bacillus subtilis functions in the
homeostatic control of the peptidoglycan (PG) hydrolases LytE and CwlO that are required for
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cell growth. When the activities of these enzymes are low, WalR activates transcription of lytE
and cwlO and represses transcription of iseA, a secreted inhibitor of LytE. Conversely, when PG
hydrolases activity is too high, WalR-dependent expression of lytE and cwlO is reduced and iseA
is de-repressed. In a screen for additional factors that regulate this signaling pathway, we
discovered that over-expression of the membrane-anchored PG deacetylase PdaC increases
WalR-dependent gene expression. We show that increased expression of PdaC, but not
catalytic mutants, prevents cell wall cleavage by both LytE and CwlO, explaining the WalR
activation. Importantly, the pdaC gene, like iseA, is repressed by active WalR. We propose that
de-repression of pdaC when PG hydrolase activity is too high results in modification of the
membrane-proximal layers of the PG, protecting the wall from excessive cleavage by the
membrane-tethered CwlO. Thus, the WalR-WalK system homeostatically controls the levels and
activities of both elongation-specific cell wall hydrolases.
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4.2 Introduction
The cell wall peptidoglycan (PG) is composed of glycan strands that are cross-linked
together by short peptides. This three-dimensional exoskeleton protects the cell from osmotic
lysis and specifies cell shape. To grow, cells must enlarge this covalently closed macromolecule.
This requires both the synthesis of new material and hydrolysis of the existing meshwork to
allow for PG expansion [2]. How these potentially autolytic enzymes are regulated remains
incompletely understood. Bacillus subtilis contains two functionally redundant D,Lendopeptidases (CwlO and LytE) that cleave peptide crosslinks to allow expansion of the PG.
LytE is a secreted factor that interacts with the cell wall via its LysM domains [3], while CwlO is
regulated by a membrane complex composed of FtsEX and SweDC and therefore acts on
membrane-proximal layers of the PG [4-6]. The genes encoding these enzymes are under the
transcriptional control of the essential and broadly conserved WalR-WalK (WalRK) twocomponent system [7]. We have previously shown that this regulatory pathway monitors the
activity of LytE and CwlO by sensing their cleavage products and, in response, modulates their
levels [8]. Specifically, when D,L-endopeptidase activity is too high, WalRK responds by
decreasing the production of LytE and CwlO; conversely, when D,L-endopeptidase activity is
low, WalRK increases their transcription in response [8].

In addition to adjusting the expression of these enzymes, WalRK modulates the activity
of LytE. Specifically the WalRK system reciprocally controls IseA, a secreted inhibitor of LytE [9,
10]. Accordingly, when D,L-endopeptidase activity is too high and WalRK signaling drops, not
only is transcription of cwlO and lytE reduced but iseA is de-repressed allowing the cell to
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rapidly adjust PG cleavage activity [8]. A second gene, pdaC, is negatively regulated by activated
WalR [7] and is therefore also de-repressed when PG hydrolase activity is high and WalRK
signaling is reduced. pdaC encodes a membrane-anchored PG deacetylase that removes the Nacetyl group from the MurNAc sugars in the PG matrix [11]. Previous studies suggest that
deacetylation by PdaC reduces LytE activity [12], providing a second mechanism to modulate
D,L-endopeptidase activity. Thus, the WalRK system controls the levels of LytE and CwlO and
reciprocally modulates LytE activity.

The sensor histidine kinase, WalK, is thought to monitor the cleavage products produced
by LytE and CwlO through its extracellular sCache domain [8, 13]. However, WalK also contains
an intracellular Per-ARNT-Sim (PAS) sensing domain [14] that was found to be essential for
WalK function [15], suggesting it might respond to additional inputs. Intriguingly, a paralog of
WalK, involved in phosphate homeostasis called PhoR, is thought to monitor intracellular
precursors of wall teichoic acid synthesis via its PAS domain [16]. These data raise the
possibility that the conserved intracellular PAS domain of WalK could modulate kinase activity
in response to a cytoplasmic signal, like intermediates in the PG precursor pathway [17].

In a screen aimed at identifying signals sensed by WalK's intracellular PAS domain, we
discovered that increasing levels of PdaC activates WalRK signaling. Our data indicate that
WalRK activation is due to inhibition of PG hydrolysis and therefore is related to the signal
sensed by the extracellular sCache domain. Strikingly, our analysis revealed that PdaC-mediated
deacetylation of the cell wall impaired the activity of both LytE and CwlO. Our data support a
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model in which de-repression of pdaC when PG hydrolase activity is too high results in
deacetylation of the membrane-proximal layers of the PG, which reduces cleavage by the
membrane-tethered CwlO enzyme. More broadly, our findings indicate that the WalRK system
is finely tuned to homeostatically control the levels and activities of both elongation-specific
cell wall hydrolases.

4.3 Results
A genetic screen for regulators of WalRK signaling identifies pdaC
To identify perturbations that could be sensed by the intracellular PAS domain on WalK,
we performed a genetic screen for activators of WalRK signaling. We used a WalR-responsive
transcriptional reporter that contains the promoter of the WalR-activated gene yocH (PyocH)
fused to lacZ [8]. yocH codes for a putative lytic transglycosylase and is one of most highly
expressed genes under WalR control [7, 18]. A B. subtilis strain harboring this fusion was
mutagenized with a transposon containing an outward-facing promoter (Ppen) [19] that can
generate both loss-of-function insertions and over-expression of adjacent genes. The library
was plated on LB agar plates containing the chromogenic substrate X-gal. ~200,000 colonies
were screened and ~1,000 appeared dark blue, indicative of increased WalRK signaling. We
picked and pooled these colonies and mapped their insertion sites and the orientation of the
transposon by transposon-sequencing (Tn-seq) (see Methods). In validation of our screen, we
isolated transposon insertions in the genes encoding CwlO and its regulators FtsEX (Figure 4.1D
and 4.1E). Both reduce PG hydrolase activity and increase WalRK signaling [8]. Similarly, we
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Figure 4.1: Transposon-sequencing screen for activators of WalR-WalK signaling identifies
pdaC. To identify mutants that increase WalRK signaling, a transposon containing a strong
outward facing promoter (insert) was used to mutagenize a strain harboring the WalR activity
reporter P(yocH)-lacZ. (A) Transposon insertion profile from a region of the B. subtilis genome
containing pdaC. Each line indicates a transposon insert site, its height represents the number
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of sequencing reads, and its color (red or blue) indicates its orientation. Oriented insertions
upstream of pdaC suggest over-expression of pdaC activates WalR-WalK signaling. (B)
Increased expression of pdaC in a strain harboring an IPTG-regulated promoter fused to pdaC
results in high P(yocH)-lacZ transcription. (C) Strains harboring deletions of the genes into which
the transposons had inserted did not affect WalRK signaling. Cells harboring the P(yocH)-lacZ
reporter were spotted on LB agar plates containing 100 µg/mL X-gal with and without IPTG (500
µM). Images were taken after overnight incubation at 37˚C. (D) Transposon insertion profile
from three regions of the B. subtilis genome. Insertions in cwlO, ftsEX, walH, and walI that are
known to regulate WalRK signaling are shown. (E) Strains harboring the indicated deletions in
the P(yocH)-lacZ background were confirmed to increase WalRK signaling when strains were
spotted on LB agar plates containing 100mg/mL X-gal. Images were taken after overnight
incubation at 37˚C. Transposon insertions in walJ were hits in the screen but a deletion mutant
did not validate.
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isolated insertions in walH and walI (Figure 4.1D and 4.1E) that encode negative regulators of
WalK, and thus result in high WalR activity [20].

Our screen identified several additional insertions predicted to cause loss-of-function or
over-expression of genes previously unknown to impact WalRK signaling (Table S1). To validate
these hits, we generated gene deletions by allelic replacement or IPTG-inducible promoter
fusions in our PyocH-lacZ reporter strain and analyzed colony color on LB agar plates containing
X-gal. Surprisingly, most hits exhibited modest or no change in P yocH-lacZ compared to wild-type
(see Discussion). However, over-expression of the gene encoding the PG deacetylase PdaC [11],
identified by oriented transposons inserted upstream of its coding sequence (Figure 4.1A),
reproducibly increased WalR-dependent transcription from PyocH-lacZ (Figure 4.1B).
Importantly, deletions of cotT and ctaO, the genes upstream of pdaC that contained the
transposon insertions, did not affect PyocH-lacZ activity (Figure 4.1C).

PG deacetylase activity of pdaC is required to activate WalRK signaling
To investigate the impact of pdaC over-expression on WalR activity during exponential
growth, we used a fluorescent PyocH transcriptional reporter (PyocH-venus) [8] and monitored the
cells by fluorescence microscopy. We induced pdaC expression at an OD600 of 0.15 and imaged
the cells before and 60 minutes after IPTG addition. Consistent with our population-based plate
assay, PyocH-venus fluorescence increased by ~2.5-fold after pdaC induction (Figure 4.2A and
4.2C).
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Figure 4.2: Over-expression of pdaC, but not catalytic mutants, activates WalRK signaling.
(A) Over-expression of pdaC during exponential growth activates WalR-dependent transcription.
Representative images of YFP fluorescence in the indicated strains harboring the WalR activity
reporter P(yocH)-venus and IPTG-regulated promoter fusions to pdaC or iseA. Cells were grown
to OD600 ~0.15 in LB medium and analyzed by fluorescence microscopy before (0 min) and
after (60 min) IPTG addition (500 µM). (B) Over-expression of pdaC activates WalR in the
absence of CwlO or LytE while activation of WalR by over-expression of iseA requires LytE.
Representative fluorescent images of cells grown to OD600 ~0.15 in LB medium before (0 min)
and after (60 min) induction with 500 µM IPTG. (C) Quantification of average fluorescence
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intensity, normalized to cell area, of strains shown in (A) and (B). >300 cells were analyzed for
each strain. (D) Over-expression of pdaC catalytic mutants does not affect WalRK signaling. The
indicated strains with His-tagged PdaC variants were grown to OD600 ~0.15 in LB medium, and
images were taken before (0min) and after (60 min) addition of IPTG (500 µM). (E) Immunoblot
analysis of PdaC-His protein levels from cultures shown in (D). ScpB was used to control for
loading. Images are from one of three biological replicates. Representative immunoblots are
from one of two biological replicates.

160

PdaC has an N-terminal transmembrane segment followed by a PG deacetylase domain
that belongs to the carbohydrate esterase family 4 (CE4) [21, 22]. Biochemical characterization
of the soluble domain indicates that it catalyzes the removal of the N-acetyl group of Nacetylmuramic acid (MurNAc) in PG [11]. To investigate whether PdaC’s effect on WalRK
signaling requires deacetylase activity, we generated previously characterized catalytically
inactive mutants of PdaC (D285A and H427A) [23] and fused them to the identical IPTGregulated promoter. Both mutants and a matched wild-type control were expressed as Histagged fusions to enable assessment of protein levels using anti-His antibodies. Overexpression of either catalytic mutant had little to no impact on PyocH-venus transcription
compared to the matched wild-type control (Figure 4.2D). Importantly, the expression levels of
the mutants were similar to wild-type PdaC (Figure 4.2E). These data argue that PdaC's
deacetylase activity is required for WalRK activation.

Over-expression of pdaC impacts LytE and CwlO
Over-expression of pdaC was previously reported to prevent cell death in a strain with
hyperactive WalR activity [12]. Furthermore, suppression of walRK essentiality by
overexpressing lytE required deletion of pdaC [12]. Based on these findings, Takada and coworkers proposed that the deacetylation of the PG by PdaC reduces the affinity of LytE for its
substrate, thereby lowering LytE activity. Accordingly, we suspected that the increase in WalRK
signaling we observed when pdaC was over-expressed was due to reduced LytE activity. To test
this, we used a strain lacking CwlO (∆cwlO) in which the only elongation-specific D,Lendopeptidase was LytE. In this background, over-expression of pdaC for 60 min increased
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WalR-dependent expression of PyocH-venus by ~3-fold (Figure 4.2B and 4.2C). These data are
consistent with the idea PdaC-mediated deacetylation of the PG reduces LytE activity resulting
in WalRK activation. As a positive control for these experiments, we over-expressed the LytE
inhibitor IseA. In wild-type, PyocH-venus transcription was largely unchanged. However, in the
∆cwlO mutant, WalR-dependent transcription dramatically increased (Figure 4.2B and 4.2C).

To investigate whether over-expression of pdaC also impaired CwlO activity, we
analyzed WalRK signaling in a ∆lytE mutant in which CwlO was the only elongation-specific PG
hydrolase. Consistent with the idea that PdaC-mediated deacetylation of the PG not only
impacts the activity of LytE but also the activity of CwlO, over-expression of pdaC increased
PyocH-venus transcription in this background (Figure 4.2B and 4.2C). As a control for these
experiments, we analyzed WalR-dependent transcription in the ∆lytE mutant when iseA was
over-expressed. As anticipated, PyocH-venus fluorescence was largely unchanged (Figure 4.2B
and 4.2C), consistent with previous findings [10].

Over-expression of pdaC reduces LytE and CwlO activity
To more directly investigate whether PdaC inhibits LytE activity, we took advantage of
the fact that high levels of LytE activity reduce WalRK signaling and de-repress a PiseA-venus
transcriptional reporter [8] (Figure 4.3A). If PdaC activity impairs LytE's ability to cut the cell
wall, then over-expressing pdaC at the same time as over-expressing lytE should prevent or
reduce de-repression of PiseA-venus. As can be seen in Figure 4.3A, this was indeed the case.
Importantly, this effect required the deacetylation activity of PdaC, as a catalytic mutant did not
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Figure 4.3: Over-expression of pdaC counteracts inhibition of WalRK signaling in response to
high D,L-endopeptidase activity. (A) Representative fluorescent images of the P(iseA)-venus
transcriptional reporter in the indicated strains containing an IPTG-regulated promoter fusion to
lytE. Cells were grown to OD600 ~0.15 and images were taken before (0 min) and after (60 min)
addition of IPTG (50 µM). Over-expression of both iseA and pdaC prevents inhibition of WalRK
signaling in response to over-expression of lytE. (B) Representative fluorescent images of the
P(iseA)-venus transcriptional reporter in the indicated strains before (0 min) and after (30 min)
the addition of recombinant CwlO (rCwlO) (70 µg/mL final concentration). rCwlO inhibited WalRK
signaling and de-repressed P(iseA)-venus in wild-type (WT) and the ∆pdaC mutant. Overexpression of pdaC (25 µM IPTG) for 60 min prior to addition of rCwlO prevents inhibition of
WalRK signaling. (C) Quantification of average fluorescence intensity, normalized to cell area, of
strains shown in (B). >300 cells were analyzed for each strain.
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alter the WalRK response to lytE over-expression (Figure 4.4A). Similarly, co-over-expression of
iseA and lytE also prevented PiseA-venus de-repression (Figure 4.3A). These data argue that both
IseA and PdaC inhibit LytE, one by directly inhibiting LytE enzymatic activity [10], the other by
modifying its substrate.

Next, we investigated whether PdaC impacts CwlO's PG hydrolase activity. Unlike overexpression of lytE, over-expression of cwlO does not affect WalRK signaling, likely due to its
post-translational regulation by FtsEX and SweDC [6]. Instead, we took advantage of the fact
that recombinantly produced CwlO (rCwlO), when added exogenously, reduces WalRK signaling
and de-represses PiseA-venus (Figure 4.3B). Importantly, when rCwlO was added to a strain
lacking PdaC (∆pdaC), we detected a subtle but reproducible increase in PiseA-venus derepression (Figure 4.3B and 4.3C). Reciprocally, when we added rCwlO to a strain overexpressing pdaC, WalRK activity remained unchanged and PiseA-venus expression remained low
(Figure 4.3B and 4.3C). Finally, as anticipated, over-expression of iseA had no impact on derepression of PiseA-venus caused by rCwlO (Figure 4.5).

De-repression of PiseA-venus is an indirect assay for CwlO and LytE activity. To more
directly assess whether PdaC-mediated PG deacetylation inhibits LytE and CwlO, we took
advantage of the fact that high levels of either enzyme impair cell growth and/or cause lysis. As
can be seen in Figure 4.4B and 4.6B, chronic over-expression of lytE caused a cessation of
growth. However, this defect could be suppressed by over-expression of wild-type pdaC, but
not a catalytic mutant (Figure 4.4B). Similarly, addition of rCwlO to wild-type cells reduces
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Figure 4.4: Impaired growth and WalRK inhibition due to lytE over-expression can be
suppressed by over-expression of pdaC but not a catalytic mutant. (A) Representative
fluorescent images of the P(iseA)-venus transcriptional reporter in the indicated strains
containing an IPTG-regulated promoter fusion to lytE. Cells were grown to OD600 ~0.15 and
images were taken before (0 min) and after (60 min) addition of IPTG (50 µM). Over-expression
of the catalytic mutant PdaC(D285A) fails to prevent inhibition of WalRK and de-repression of
P(iseA)-venus. (B) The indicated strains were grown in LB medium to mid-log, normalized to
OD600 = 0.02 in LB, and grown at 37˚C. After 1 hour, IPTG (50 µM) was added to the culture,
and growth was resumed. OD600 measurements were taken every 6 minutes for 5 hours.
Representative growth curves are from one of three biological replicates.
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Figure 4.5: WalRK inhibition due to the addition of recombinant CwlO cannot be suppressed
by iseA over-expression. Representative fluorescent images of the P(iseA)-venus transcriptional
reporter in the indicated strains before (0 min) and after (30 min) the addition of 70 µg/mL
(final) recombinant CwlO (rCwlO). rCwlO inhibited WalRK signaling and de-repressed P(iseA)venus in wild-type. Over-expression of iseA (500 µM IPTG) for 60 min prior to addition of rCwlO
did not prevent inhibition of WalRK.
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Figure 4.6: Over-expression of pdaC inhibits PG hydrolase activity of LytE and CwlO. (A) Spot
dilutions of the indicated strains harboring an IPTG-regulated promoter fusion to pdaC on LB
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agar plates with and without 500 µM IPTG. Strains were grown to mid-log in LB medium and
normalized to OD600 = 0.5. Serial 10-fold dilutions were spotted on LB agar plates with or
without IPTG, and imaged after overnight incubation at 37˚C. (B) Growth curves of the
indicated strains. Cells were grown to mid-log in LB medium, normalized to OD600 = 0.02 in LB,
and grown at 37˚C. After 1 hour, IPTG was added (500 mM), and growth resumed. OD600 was
measured every 6 min for 8 hours. (C) Growth curves of the indicated strains after addition of
recombinant CwlO (rCwlO). The indicated strains were grown to mid-log in LB medium,
normalized to OD600 = 0.02 in LB containing the specified concentration of IPTG to overexpress pdaC, and grown at 37˚C. After 1 hour, 70 µg/mL (final) rCwlO was added, and growth
was resumed. OD600 measurements were taken every 6 minutes for 8 hours. (D)
Representative fluorescent images of the P(iseA)-venus transcriptional reporter, propidium
iodide (PI) staining, and a BFP cytoplasmic marker in the indicated strains. Strains were grown
to OD600 to ~0.15 in LB medium with IPTG, if indicated, at 37˚C. After 1 hour of growth, rCwlO
was added (70 µg/mL final) and cultures were imaged after 30 minutes. Scale bar indicates 3
mm. (E) Representative images of fluorescently labeled sacculi incubated with rCwlO. Sacculi
were purified from cultures harboring an IPTG-regulated promoter fusion to pdaC that were
grown for 1.5 hours in the presence of HADA and concurrently for 1 h in the presence (25 µM
IPTG) or absence (no IPTG) of IPTG. Fluorescent sacculi were resuspended in 25mM MES pH 5.5
at 2.5 mg/mL, and rCwlO was added to 5 µg/ml (final). Reactions were incubated with agitation
at 37˚C, and images were taken at the indicated time. Representative data from one of two
biological replicates.
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growth and causes lysis (Figure 4.6C and 4.6D). As anticipated, cells lacking PdaC were even
more growth-impaired and susceptible to lysis by rCwlO (Figure 4.6C and 4.6D). Furthermore,
over-expression of pdaC (but not iseA) protected cells from rCwlO (Figure 4.6C and 4.6D, Figure
4.7). Consistent with these findings, we found that over-expression of pdaC in cells lacking CwlO
or LytE impaired growth on LB agar (Figure 4.6A). Altogether, these results provide strong
genetic evidence that PdaC deacetylase activity inhibits both LytE and CwlO activity.

PdaC-deacetylated sacculi are inefficiently cleaved by recombinant CwlO
To directly test whether CwlO activity is influenced by deacetylation of its substrate, we
analyzed rCwlO cleavage of sacculi isolated from a strain harboring an IPTG-regulated allele of
pdaC that was grown in the presence or absence of inducer. The fluorescent D-amino acid
HADA was included in the growth medium to fluorescently label the cell wall. We then
incubated the fluorescently labeled purified sacculi with rCwlO and monitored the loss of
fluorescence over time. As can be seen in Figure 4.6E, sacculi derived from cells in which pdaC
was not induced lost fluorescence within 10 minutes. By contrast, sacculi derived from cells in
which pdaC was over-expressed were less efficiently cleaved by rCwlO and retained fluorescent
signal even after 30 minutes. These results indicate that PdaC-mediated deacetylation of the PG
impairs CwlO's ability to cleave it.

PG deacetylation by PdaC in the absence of the major class A PBP inhibits cell growth
During the course of characterizing the function of PdaC, we noticed that cells overexpressing pdaC exhibited a morphology that didn’t fit with the simple model that its
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Figure 4.7: Over-expression of iseA does not protect from exogenously-added CwlO.
(A) Growth curves of the indicated strains. Wild-type, ∆pdaC, and strains harboring an IPTGregulated promoter fused to iseA or pdaC were grown for 1 hour in LB medium (with the
indicated amount of IPTG) to OD600 of ~0.15. Recombinant CwlO was then added (70 µg/mL

170

final) and growth at 37C̊ was resumed. OD600 measurements were taken every 6 minutes for 8
hours. (B) Representative phase-contrast images of the indicated strains before (0 min) and
after (30 min) addition of rCwlO.
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deacetylase activity inhibits D,L-endopeptidase cleavage. For instance, depletion of CwlO and
LytE leads to a characteristic phenotype in which cells shorten in length, and eventually bulge
and lyse [5, 24] (Figure 4.8A, right panel). However, we noted that when pdaC is overexpressed, cells did not bulge or lyse (Figure 4.8A, left panel). We wondered whether these
phenotypic differences were the result of pleiotropic consequences stemming from pdaC overexpression, in addition to decreasing CwlO and LytE cleavage. Since PdaC deacetylates PG,
which is the substrate of both PG hydrolases and PG synthases, we wondered whether its overexpression could inhibit both processes of cell wall metabolism. To test this, we examined the
effects of PdaC in a strain that lacks the major class A peptidoglycan binding protein PBP1a
(∆ponA), and is therefore crippled for PG synthesis. Surprisingly, we observed a complete halt
in growth when pdaC was over-expressed in a ∆ponA strain background (Figure 4.8B and 4.8C).
Importantly, this inhibition of growth required the deacetylase activity of PdaC, as overexpression of a catalytic dead mutant had no impact on cell viability (Figure 4.9).

To further analyze the mechanism by which deacetylation by PdaC halts growth in the
absence of PBP1a-dependent PG synthesis, we first tested whether cell death occurs through
the inhibition of D,L-endopeptidases. Although PBP1a is normally non-essential for growth, we
speculated that it may become crucial when D,L-endopeptidase activity is lowered. If this were
true, we hypothesized that cell death from D,L-endopeptidase depletion would be enhanced
when PBP1a was absent. However, we observed that equivalent levels of D,L-endopeptidase
expression resulted in cell death in wildtype or a ∆ponA mutant (Figure 4.10A). Furthermore,
we found that the phenotype observed when pdaC is over-expressed in ∆ponA cells is

172

Figure 4.8: Over-expression of pdaC inhibits cell growth when class A PG synthesis is
disrupted. (A) Representative fluorescent images of three independent experiments in which
pdaC (left panel) or iseA (right panel) was over-expressed in a background harboring ∆cwlO and
P(yocH)-venus. Cultures were grown to OD600 ~0.15 in LB medium and imaged 60 minutes after
addition of IPTG (500 mM). Overlay of phase (red) and P(yocH)-venus (green) are shown.
Yellow carats indicate lysis in iseA over-expressed cells. (B) The indicated strains were grown to
mid-log in LB medium and normalized to OD600 = 0.5. Serial 10-fold dilutions were prepared,
and cells were spotted on LB plates containing the noted concentration of IPTG. Plates were
incubated overnight at 37°C and imaged. (C) Growth curve of the indicated strains. Cultures
were grown to mid-log in LB medium, normalized to OD600 = 0.02 in LB, and grown at 37°C.
After 1 hour of growth, the specified concentration of IPTG was added to cultures, and growth
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was resumed at 37°C. OD600 measurements were taken every 30 minutes for 6 hours. Growth
curve is representative of four independent experiments.
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Figure 4.9: Over-expression of catalytic mutants of PdaC do not inhibit growth when class A
PG synthesis is disrupted. Strains harboring an IPTG-inducible over-expression construct of
pdaC or catalytic mutant (D285A) in a background with (+ ponA) or without (∆ponA) the major
class A PBP were grown to mid-log in LB medium. Cultures were normalized to OD 600 = 0.5,
serial 10-fold dilutions were performed, and cells were spotted on LB agar with (25 mM) or
without (0 mM) IPTG. Plates were incubated overnight at 37°C and imaged. Plates are
representative of two independent experiments.
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Figure 4.10: pdaC over-expression inhibits cell growth through a mechanism distinct from its
inhibition of CwlO and LytE. (A) Strains with (wildtype) or without (ponA) the major class A
PBP were depleted for the major D,L-endopeptidases involved in cell elongation. Cultures were
grown to mid-log in LB medium, normalized to OD600 = 0.5, and serial 10-fold dilutions were
performed. Cells were spotted on agar containing incrementally decreasing concentrations of
IPTG (as indicated) and growth was monitored after incubation overnight at 37°C. (B)
Representative phase-contrast image of strains over-expressing pdaC (left panels) or depleted
for lytE/cwlO (right panels) in strain backgrounds with (top panels) or without (bottom panels)
ponA. Cultures harboring the IPTG-inducible pdaC over-expression construct were grown in LB
medium, then induced for 60 minutes with 25 M IPTG. Cultures harboring cwlO and the
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IPTG-depletable construct of lytE were grown in LB medium containing 500 M IPTG, washed
twice, then resuspended in LB medium lacking IPTG and imaged after 60 minutes of growth.
Both cultures were incubated at 37°C. Data in (A) and (B) are representative of two
experimental replicates.
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drastically different from that of a CwlO/LytE depletion strain (Figure 4.10B). Both results
indicate that PdaC is affecting another process, separate from its inhibition of D,Lendopeptidase activity. To elongate and survive, cells lacking PBP1a are reliant on PG synthesis
by class B PBPs and SEDS proteins that are part of the Rod complex [25]. Thus, we hypothesize
that PG hyper-deacetylation by PdaC somehow inhibits the Rod complex and that this underlies
the cell death phenotype we observe.

4.4 Discussion
Our data support a model in which the WalRK two-component system is able to
maintain precise PG hydrolase activity during cell growth through both transcriptional and posttranscriptional control of the elongation-specific cell wall hydrolases, CwlO and LytE (Figure
4.11). We previously demonstrated that when D,L-endopeptidase activity is too high, WalRK
signaling decreases lowering transcription of these enzymes [8]. However, a purely
transcriptional response is likely to be too slow to effectively decrease hydrolytic activity
mediated by these enzymes. To reduce D,L-endopeptidase activity at short time scales, a
reduction in WalRK activity also leads to de-repression of the secreted protein IseA that directly
inhibits LytE activity [9, 10, 12]. Furthermore, we have shown that CwlO has a half-life of 5-7
minutes and this likely contributes to reducing PG cleavage activity on short time scales [8].
Here, we add an additional level of post-transcriptional control to this picture. A reduction in
WalRK signaling due to high D,L-endopeptidase activity causes de-repression of the PG
deacetylase PdaC (Figure 4.11). Deacetylation of the MurNAc sugars reduces PG cleavage by
both D,L-endopeptidases. Since PdaC is anchored in the cytoplasmic membrane, we
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Figure 4.11: Schematic model for the homeostatic control of CwlO and LytE by WalRK.
Phosphorylated WalR (WalR~P) activates transcription of lytE and cwlO and represses iseA and
pdaC (left panel). When D,L-endopeptidase activity gets too high, the cleavage products
generated by these enzymes are thought to inhibit the sensor kinase WalK. The drop in WalR~P
leads to a reduction in lytE and cwlO expression and de-repression of iseA and pdaC (right
panel). IseA directly inhibits LytE activity, while PdaC deacetylates the N-acetyl groups (green
balls) of the MurNAc sugars in the PG matrix. Deacetylation impairs cleavage by both CwlO and
LytE. Finally, the short half-life of CwlO (shown schematically as translucent with dashed lines)
further ensures a rapid adjustment in CwlO levels. CwlO is controlled by the FtsEX/SweDC
membrane complex (not shown). Since PdaC and CwlO act on the membrane-proximal layers of
the PG, it is hypothesized that PdaC principally modulates CwlO activity.
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hypothesize that it acts on the membrane-proximal layers of the peptidoglycan, and therefore
exerts much of its immediate influence on membrane-associated CwlO (Figure 4.11).

The conclusion that PdaC-mediated deacetylation of the cell wall prevents its cleavage
by CwlO and LytE principally comes from experiments involving over-expression of the
deacetylase. However and importantly, even when we expressed PdaC at levels similar to those
observed when pdaC is de-repressed due to increased LytE activity, we could detect WalRdependent activation of PyocH-venus (Figure 4.12). Furthermore, cells lacking PdaC exhibited
increased sensitivity to rCwlO compared to wild-type (Figure 4.6C and 4.6D). Based on these
findings, we propose that the levels of PdaC produced in response to high PG hydrolase activity
likely function to modulate or reduce cell wall cleavage, rather than to completely inhibit it.

Our original goal was to identify mutants that would provide information about the role
of the intracellular PAS domain of WalK [15]. However, we did not identify any hits related to its
function. One possibility is that our screen was not saturating. Alternatively, the signal that is
sensed by the intracellular PAS domain could cause inhibition of signaling rather than
activation. If so, a screen that monitors a reduction in WalRK signaling using the P iseA promoter
that is inhibited by active WalR would be more sensitive. A third possibility is that the
intracellular PAS domain is not involved in signal sensing but instead functions in transducing
the signal sensed by the extracellular sCache domain to the histidine kinase domain.

We note that many of the hits from our Tn-seq screen did not confirm when we tested
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Figure 4.12: Comparing IPTG-regulated expression of pdaC and induction of native pdaC in
response to increased levels of the D,L-endopeptidase LytE. (A) Representative images of
P(yocH)-venus fluorescence in the indicated strains harboring an IPTG-regulated promoter
fusion to pdaC. Increased WalR-dependent expression of P(yocH)-venus can be detected in the
presence of 10 µM IPTG for wild-type, and 5 µM for the strain in which CwlO is the only
elongation-specific D,L-endopeptidase present (∆lytE). Strains were grown to OD600 ~0.15 in LB
medium, induced with IPTG, and imaged 60 min later. (B) Immunoblot analysis of His-tagged
PdaC protein levels. Strains contained pdaC-his fused to an IPTG-regulated promoter, or under
native control at its native locus with an IPTG-regulated promoter fusion to lytE. Cells were
grown to OD600 ~0.15 in LB medium and samples were taken 60 minutes after induction with
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the indicated concentration of IPTG. The levels of PdaC-His that result from increased levels of
LytE are similar to the levels of PdaC-His produced with 10 µM IPTG. ScpB was used to control
for loading.
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in-frame deletions or over-expression. When picking blue colonies in our screen, we were very
liberal in assessing color change, and likely included colonies with more modest increases in
PyocH-lacZ transcription. A work-intensive improvement to this screen would be to streak all
potential hits before pooling them. Alternatively, one could use a fluorescent reporter and
screen by Fluorescence Activated Cell Sorting (FACS). This latter method has the additional
advantage of eliminating false-positives that result from envelope permeability defects that
increase the ability of X-Gal to access ß-galactosidase in the cell cytoplasm.

Previous studies on the effects of PG deacetylation have focused on how removal of
acetyl groups from GlcNAc or MurNAc sugars affect enzymes that cleave glycan strands [26].
Accordingly, we were surprised to find that MurNAc deacetylation by PdaC had inhibitory
effects on the D,L-endopeptidase activities of LytE and CwlO. LytE contains three PG-binding
LysM domains [3], that have been modeled to interact with acetyl groups in the glycan strand
[27], and could explain how PdaC modulates LytE's ability to cleavage PG [12]. However, CwlO
lacks domains that are known to be influenced by the acetylation state of its PG substrate.
Instead, we hypothesize that MurNAc deacetylation alters the conformation of the PG such that
cleavage of the peptide crosslink by CwlO is less efficient. Establishing the molecular basis for
this regulation awaits future structural studies.

We observed that over-expression of pdaC resulted in a drastic loss of viability when PG
synthesis is crippled in a ∆ponA mutant (Figure 4.8). In this strain background, B. subtilis is
reliant on PG synthesis by the Rod complex to grow [25]. Therefore, we suggest that the
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decreased levels MurNAc acetylation somehow impedes Rod complex synthesis, perhaps by
decreasing the affinity of the PG substrate for the glycan strand polymerizing enzyme RodA or
by affecting transpeptidation by the class B PBP. Alternatively, altering the acetylation state of
the PG matrix may also impact the activity of other cell wall remodeling enzymes, which could
then indirectly affect the ability of the Rod complex to synthesize and incorporate new material
into the cell wall. For instance, work in E. coli and S. aureus has shown the importance of lytic
transglycosylases in regulating PG synthesis and incorporation into the existing meshwork [2831]. Interestingly, we have observed that a deletion of the putative transglycosylase YocH in B.
subtilis has a very high fitness cost in a strain background lacking PBP1a (Fig 4.13). Therefore, it
is intriguing to hypothesize that deacetylation of the glycan strand may inhibit the activity of
YocH, and that this may underlie the lethality of PdaC activity in the absence of class A PBP
synthesis. Further work to understand the mechanism of cell death, and its connection to
WalRK’s regulation of PG hydrolysis, will be necessary to differentiate between these two
possibilities.

In their seminal study of WalRK essentiality, Takada and co-workers suggested that PdaC
may play a role in inhibiting CwlO when D,L-endopeptidase cleavage is too high, but speculated
that this could be indirect [12]. Here, we confirm and extend their findings and provide
evidence that PG deacetylation by PdaC directly impairs cleavage by both CwlO and LytE. Thus,
homeostatic control of D,L-endopeptidases by WalRK involves multiple layers of regulation,
both transcriptional and post-translational, to continually adjust hydrolase activity during cell
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Figure 4.13: Synthetic sickness of ponA and yocH mutants. Wildtype B. subtilis or strains
containing deletions of the major class A PBP (∆ponA) and/or the putative lytic transglycosylase
YocH (∆yocH) were grown to mid-log in LB medium. Cultures were normalized to OD600 = 0.5,
serial 10-fold dilutions were performed, and cells were spotted on LB agar. Plates were
incubated overnight at 37°C and imaged.
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growth (Figure 4.12). Deacetylation of the cell wall is a well-established mechanism of
protection from the innate immune response [32, 33]. Our data add to the growing body of
evidence that PG deacetylases may play equally important roles in controlling cell shape,
growth, and cell separation [34-36].
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4.5 Materials and Methods

General Methods
All B. subtilis strains were derived from the prototrophic strain PY79 [37]. Cells were grown in LuriaBertani (LB) medium at 37°C. Unless otherwise indicated, B. subtilis strains were constructed using
genomic DNA and a 1-step competence method. Antibiotic concentrations were used at: 100 µg/mL
spectinomycin, 5 µg/mL chloramphenicol, 10 µg/mL tetracycline, 10 µg/mL kanamycin, 1 µg/mL
erythromycin and 25 µg/mL lincomycin. A list of strains, plasmids, and oligonucleotide primers used in
this study can be found in Table 4.2, Table 4.3, and Table 4.4, respectively.

Transposon-sequencing and screen for activators of WalRK signaling
Tn-seq was performed as described previously [25] with modifications described below. The
transposon library was generated using a modified B. subtilis mariner-based transposon
plasmid [38]. The E. coli - B. subtilis shuttle vector contained a temperature-sensitive replicon
for B. subtilis, a hyperactive allele of mariner-Himar1 transposase, and a spectinomycinresistance cassette flanked by inverted repeats recognized by the transposase. An MmeI
restriction site was engineered within one of the inverted repeats and an outward-facing Ppen
promoter was inserted adjacent to it [19]. The plasmid was transformed into a B. subtilis strain
harboring PyocH-lacZ. Transformants were selected at 30°C and grown in liquid medium at 22°C
overnight selecting for resistance to spectinomycin. Transposants were selected on LB agar
plates contain spectinomycin at 42°C. ~750,000 transposants were pooled, aliquoted, and
frozen at -80°C. An aliquot was thawed and plated on LB agar containing 100 µg/mL 5-Bromo-4-
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chloro-3-indolyl-ß-D-galactopyranoside (X-Gal). Dark blue colonies were picked and pooled, and
genomic DNA was isolated followed by cleavage with MmeI. After adapter-ligation
chromosome-transposon junctions were amplified using 16 cycles of PCR . The PCR products
were purified and sequenced using an Illumina MiSeq v3 (150-cycle) Reagent Kit, and
transposon insertion sites were mapped to the B. subtilis 168 genome (NCBI NC_00964.3).

Fluorescence microscopy
Exponentially growing cells were harvested and concentrated by centrifugation at 6800 x g for
1.5 min, re-suspended in 1/10th volume growth medium, and then immobilized on 2% (wt/vol)
agarose pads containing growth medium. Fluorescence microscopy was performed on a Nikon
Ti inverted microscope equipped with a Plan Apo 100x/1.4 Oil Ph3 DM phase contrast
objective, an Andor Zyla 4.2 Plus sCMOS camera, and Lumencore SpectraX LED Illumination.
Images were acquired using Nikon Elements 4.3 acquisition software. Propidium iodide (PI) was
added at a final concentration of 5 µM. Venus was imaged using a Chroma ET filter cube for YFP
(49003) with an exposure time of 800 ms; mTagBFP was visualized using a Chroma ET filter
cube for DAPI (49000) with an exposure time of 800 ms; PI was visualized using a Chroma ET
filter cube for mCherry (49008) with an exposure time of 100 ms; HADA was visualized using a
Chroma ET filter cube for DAPI (49000) with an exposure time of 500 ms. Image processing was
performed using Metamorph software (version 7.7.0.0) and Oufti [39] was used for quantitative
image analysis.
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Immunoblot analysis
Immunoblot analysis was performed as described previously [40]. Briefly, for each culture, 1 mL
of cells, normalized to OD600 = 0.5, was collected and the cell pellet resuspended in 50 µL lysis
buffer (20 mM Tris pH 7.0, 10 mM MgCl2, 1mM EDTA, 1 mg/mL lysozyme, 10 µg/mL DNase I,
100 µg/mL RNase A, 1x protease inhibitor cocktail (Roche)). The cells were incubated at 37 °C
for 10 min followed by addition of an equal volume sample buffer (0.25 M Tris pH 6.8, 4% SDS,
20% glycerol, 10 mM EDTA) containing 10% β-mercaptoethanol. Samples were heated for 15
min at 65 °C prior to loading. Proteins were separated by SDS-PAGE on 12.5% polyacrylamide
gels, electroblotted onto PVDF membranes (Thermo) and blocked in 3% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) with 0.5% Tween-20. The blocked membranes were
probed with anti-His (1:4,000) (Genscript) or anti-ScpB (1:10,000) [40] diluted into 3% BSA in 1x
PBS with 0.05% Tween-20. The anti-His antibody was detected using anti-mouse IgG (BioRad);
anti-ScpB was detected using anti-rabbit IgG (BioRad), and the Clarity Western ECL Blotting
Substrate chemiluminescence reagent as described by the manufacturer (BioRad). Signal was
detected using an Azure 400 Imager (Azure Biosystems).

Growth curves
Exponential cultures of indicated strains grown in LB medium at 37 °C were back-diluted to
OD600 = 0.02 in 96-well, clear, flat-bottom plates (Corning). Plates were incubated in an Infinite
M Plex microplate reader (Tecan) at 37 °C with shaking, and growth was monitored by
measuring OD600 every 5 min. After 1 h, rCwlO was added (70 µg/mL final) or lytE was induced
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(50 µM IPTG), and incubation was resumed. The figures that report growth curves are
representative of experiments that were performed on at least two independent samples.

Purification of recombinant CwlO (rCwlO)
Recombinant CwlO lacking its N-terminal coiled coil domain was expressed in E. coli BL21(DE3)
∆fhuA (NEB) using pJM63. Cells were grown in 1L Terrific Broth (TB) supplemented with 100
µg/mL ampicillin at 37 °C to OD600 = 0.5. Cultures were allowed to equilibrate to room
temperature for 30 minutes and then transferred to 18 °C. His6-SUMO-CwlO∆cc expression was
induced with 1 mM IPTG for 18 h. Cells were collected by centrifugation, resuspended in 50 mL
Buffer A (20 mM Tris HCl pH 7.4, 500 mM NaCl, 20 mM Imidazole, and 2X complete protease
inhibitor tablets (Roche)), and stored at -80˚C. The cell suspension was thawed on ice and lysed
by two passes through a cell disruptor (Constant Systems Ltd.) at 25,000 psi. The lysate was
clarified by ultracentrifugation at 35,000 rpm for 30 minutes at 4 °C. The supernatant was
mixed with 1 mL Ni2+-NTA resin (Qiagen) and rolled for 1 hour at 4 °C. The suspension was
loaded into a 10 mL column (BioRad), washed twice with 4 mL Buffer A, and eluted with 2.5 mL
Buffer B (20mM Tris HCl pH 7.4, 500 mM NaCl, 300 mM Imidazole). 10 µL of purified His 6-Ulp1
(1.25 mg/ml) was added to the eluate, and the mixture was dialyzed into storage buffer (20 mM
Tris HCl pH 8, 250 mM NaCl, 10% glycerol, 1 mM 1,4-Dithithreitol (DTT)) overnight at 4 °C. The
next morning 10 µL more His6-Ulp1 was added to the dialysate and incubated for 1 h at 30 °C.
The dialysate was mixed with 1mL of Ni2+-NTA resin for 1 h at 4 °C to remove free His 6-Ulp1 and
His6-SUMO. The suspension was loaded onto a column and the CwlO∆cc-containing flowthrough was collected, aliquoted, and stored at -80°C.
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Sacculi preparation
B. subtilis cells harboring Phyperspank-pdaC were grown in 100 mL LB at 37 °C to OD600 of ~0.2
and HADA (Tocris Bioscience) was added to a final concentration of 25 µM. After 30 minutes of
growth, the culture was split between two flasks and one was induced with 500 µM IPTG. After
1 h, cultures were normalized to OD600 = 0.5, pelleted, re-suspended in 1 mL 0.1 M Tris HCl pH
7.5 with 2% SDS (wt/vol) and boiled for 2 h. The samples were cooled to room temperature and
incubated with Proteinase K Solution (Invitrogen) at a final concentration of 0.4 mg/mL at 50°C
for 1 h. Sacculi were pelleted at 20,000 x g and washed five times with 1 mL ddH2O until free of
SDS. The sacculi were then subjected to acid hydrolysis by suspension in 1 mL 1M HCl at 37 °C
for 4 h. The sacculi were then washed five times with 1 mL ddH2O. Sacculi pellets, each
containing 100 mg of peptidoglycan, were stored at -80°C.

Sacculi cleavage assay
B. subtilis sacculi aliquots were resuspended in cleavage buffer (25 mM MES pH 5.5, 1mM DTT)
to a final concentration of 2.5 mg/mL and dispersed in a water-bath sonicator for 30 min. rCwlO
(CwlO∆cc) was added to sonicated sacculi at a final concentration of 5 µg/mL and incubated
while shaking at 37 °C. Samples were removed at the indicated time points and imaged by
fluorescence microscopy.
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Strain and plasmid construction

Insertion-deletion mutants
Insertion-deletion mutants were generated in PY79 using genomic DNA from the Bacillus knockout (BKE) collection [41] or by isothermal assembly [42] of PCR products followed by direct
transformation into B. subtilis. All BKE mutants were back-crossed twice into B. subtilis PY79. All
deletions were confirmed by PCR. The following oligonucleotide primers were used to make the
indicated strains:
∆cwlO::cat and ∆cwlO::kan (oJM36/37, 38/39); ∆ftsEX::cat (oJM54/55, 56/57); ∆lytE::kan
(oJM40/41, 42/53); ∆pdaC::erm (BKE collection); ∆ctaO::erm (BKE collection); ∆cotT::erm (BKE
collection); ∆walH::erm (BKE collection); ∆walI::erm (BKE collection); ∆walJ::erm (BKE
collection); ∆ponA::kan (oJM1/2, 5/6); ∆yocH::erm (BKE collection); Antibiotic cassettes were
amplified with (oJM3/4 or oJM28/29).

Plasmid construction
bGD919 [∆pdaC::erm yhdG::P(pdaC)-pdaC-his6 (kan)]
The yhdG::P(pdaC)-pdaC-his6 could not be propagated in E. coli due to toxicity. The strain was generated
by direction transformation of a 2-piece isothermal assembly reaction containing (1) a PCR product of
the pdaC gene and its native promoter (oligonucleotide primers oGD521/525 and PY79 genomic DNA)
and (2) pCB37 digested with EcoRI and XhoI. pCB37 is an ectopic integration vector for insertions at the
yhdG locus (R. Barajas and D.Z.R., unpublished). The resulting reaction was directly transformed into
bGD170 to generate strain bGD919. The construct was PCR-amplified and sequence-confirmed.
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bGD965 [pdaC-his6 (kan)] was generated by direct transformation of a 2-piece isothermal assembly
reaction containing (1) a PCR product from bGD919 that contained the 3' half of the pdaC gene including
a C-terminal 6x-Histidine tag and the kanamycin cassette (oligonucleotide primers oGD517/571 and
genomic DNA from bGD919) and (2) the 1.5kb region directly downstream of pdaC (oligonucleotide
primers oGD572/573 and PY79 genomic DNA). The resulting reaction was directly transformed into PY79
to generate bGD965. The construct was PCR-amplified and sequence-confirmed.

bGD950 [yvbJ::Phyperspank-(optRBS)-pdaC-his6 (spec)] was generated by direct transformation of a 2piece isothermal assembly reaction containing (1) a PCR product containing an optimized RBS and the
pdaC gene with a C-terminal 6x-Histidine tag (oligonucleotide primers oGD509/565 from genomic DNA of
bGD919) and (2) pCB126 digested with HindIII and SpeI. pCB126 is an ectopic integration vector for
insertions at the ycgO locus (R. Barajas and D.Z.R., unpublished). The resulting reaction was directly
transformed into BDR3899 [yvbJ::cat] selecting for Spec(R) and screening for Cm(S). The resulting
construct was PCR-amplified and sequence-confirmed.

bGD729 [ycgO::PyocH-(optRBS)-lacZ (kan)] was generated by direct transformation of a 2-piece
isothermal assembly reaction containing (1) a PCR product containing the PyocH promoter, an optimized
RBS, and the lacZ gene (oligonucleotide primers oGD487/486 from genomic DNA of bYB1344 [8] and (2)
pCB41 [ycgO::kan] digested with EcoRI and BamHI. pCB41 is an ectopic integration vector for insertions
at the ycgO locus (R. Barajas and D.Z.R., unpublished). The resulting reaction was directly transformed
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into bDR2036 [ycgO::cat] selecting for Kan(R) and screened for Cm(S). The resulting construct was PCRamplified and sequence-confirmed.

pGD179 [yvbJ::Phyperspank-(optRBS)-pdaC (spec, amp)] was generated in a 2-piece isothermal
assembly reaction containing (1) a PCR product containing pdaC and an optimized RBS (oligonucleotide
primers oGD509/510 and PY79 genomic DNA) and (2) pCB126 [yvbJ::Phyperspank (spec)] digested with
HindIII and SpeI. pCB126 is an ectopic integration vector with Phyperspank for insertions at the yvbJ locus (R.
Barajas and D.Z.R., unpublished). The resulting construct was sequence-confirmed.

pGD187 [ycgO::Phyperspank-(optRBS)-pdaC (erm, amp)] was generated in a 2-piece isothermal
assembly reaction containing (1) a PCR product containing pdaC and an optimized RBS (oligonucleotide
primers oGD509/510 and PY79 genomic DNA) and (2) pCB089 digested with HindIII and SpeI. pCB089 is
an ectopic integration vector with Phyperspank for insertions at the yvbJ locus (R. Barajas and D.Z.R.,
unpublished). The resulting construct was sequence-confirmed.

pGD196 [ycgO::Phyperspank-(optRBS)-pdaC(D285A) (erm, amp)] was generated in a 3-piece isothermal
assembly reaction containing (1) a PCR product containing an optimized RBS and amino acids 1-285 of
pdaC including a point mutation to create D285A (oligonucleotide primers oGD509/541 and PY79
genomic DNA), (2) a PCR product containing amino acids 285-474 of pdaC including a point mutation to
create D285A (oligonucleotide primers oGD540/510 and PY79 genomic DNA), and (3) pC0B89 digested
with HindIII and SpeI. The resulting construct was sequence-confirmed.
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pGD197 [ycgO::Phyperspank-(optRBS)-pdaC(H427A) (erm, amp)] was generated in a 3-piece isothermal
assembly reaction containing (1) a PCR product containing an optimized RBS and amino acids 1-427 of
pdaC including a point mutation to create H427A (oligonucleotide primers oGD509/543 and PY79
genomic DNA), (2) a PCR product containing amino acids 427-474 of pdaC including a point mutation to
create H427A (oligonucleotide primers oGD542/510 and PY79 genomic DNA), and (3) pCB089 digested
with HindIII and SpeI. The resulting construct was sequence-confirmed.

pGD203 [yvbJ::Phyperspank-(optRBS)-pdaC(D285A)-6xHis (spec, amp)] was generated in a 3-piece
isothermal assembly reaction containing (1) a PCR product containing an optimized RBS and amino acids
1-285 of pdaC including a point mutation to create D285A (oligonucleotide primers oGD509/541 and
PY79 genomic DNA), (2) a PCR product containing amino acids 285-474 of pdaC including a point
mutation to create D285A (oligonucleotide primers oGD540/565 from genomic DNA of bGD919), and (3)
pCB126 digested with HindIII and SpeI. The resulting construct was sequence-confirmed.

pGD204 [yvbJ::Phyperspank-(optRBS)-pdaC(H427A)-6xHis (spec, amp)] was generated in a 3-piece
isothermal assembly reaction containing (1) a PCR product containing an optimized RBS and amino acids
1-427 of pdaC including a point mutation to create H427A (oligonucleotide primers oGD509/543 and
PY79 genomic DNA), (2) a PCR product containing amino acids 427-474 of pdaC including a point
mutation to create H427A (oligonucleotide primers oGD542/565 from genomic DNA of bGD919), and (3)
pCB126 digested with HindIII and SpeI. The resulting construct was sequence-confirmed.
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Strains containing [ytoI::Pveg-(optRBS)-mTagBFP (kan)] were generated using genomic DNA
from BDR2678. This strain was built by direct transformation of a 2-piece ligation reaction
containing (1) an EcoRI-BamHI digestion product from pER083 [sacA::Pveg-(optRBS)-mTagBFP
(phleo)] containing the Pveg promoter, an optimized RBS, and the mTagBFP gene and (2) pBB289
digested with EcoRI and BamHI. pBB289 [ytoI::kan] is an ectopic integration vector for
insertions at the ytoI locus (B. Burton and D.Z.R., unpublished). The resulting reaction was
directly transformed into BDR2257 [ytoI::cat] selecting for Kan(R) and screening for Cm(S).

pIR242 [Himar1C9 IR-spec Ppen-IR terminators (erm, amp)] was generated in a 2-way ligation with
pWX642 digested with PstI and SpeI, and a gBlock (IDT) containing the Ppen promoter, a mariner
inverted repeat insertion element, the rrnB T1 and T2 terminators, and the lambda t0 terminator,
amplified using oIR541 and oIR542. The resulting plasmid was sequence-confirmed. pWX642 [Himar1C9
IR-spec-IR (erm) (amp)] contains the repG(ts) origin, erm(R) cassette and Himar1C9 from pMarA [38] and
also contains the spec(R) cassette flanked by inverted repeats with one harboring an MmeI site.

pWX642 [pACYC MmeI-TnKRM (spec, erm, amp)] was generated in three steps. First, an MmeI site was
introduced into the mariner-based transposon TnKRM [43] to generate pWX634. This was achieved by
annealing oWX1154 and oWX1155 and ligating the linker into pDP383 [43] cut with EagI and HindIII. The
insert was sequence-confirmed using oML78 and oWX1156. Second, the fragment containing the HiMar
transposase, repG(ts), and erm from pKB176 [43] were cloned into a pACYC-based low-copy-number
plasmid by isothermal assembly of two PCR products: (1) the HiMar transposase, repG(ts), erm fragment
was amplified from pKB176 with oWX1159 and oWX1160; (2) the pACYC replication origin and the
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ampicillin resistance gene were amplified from pWX294 with oWX1157 and oWX1158. Third, the MmeITnKRM transposon from pWX634 was liberated using HindIII and PstI, and cloned into pWX638 cut with
HindIII and PstI. The resulting plasmid was pWX642.
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Table 4.1: Primary hits from Tn-seq screen for high WalRK activity.
Gene

Hit type

Validation?

yycIJ

inactivation

weak

ydhE

inactivation

no

yvrGH

inactivation

weak

cwlO, ftsEX

inactivation

yes

walHI

inactivation

yes

dacA

inactivation

weak

ponA

inactivation

weak

tagVUEC

inactivation

no

tagFGH

over-expression

intermediate

ggaAB

inactivation

no

pdaC

over-expression

yes

ltaS

inactivation

intermediate

pgcA

inactivation

no

gtaB

inactivation

weak

manA

inactivation

no

galE

inactivation

yes

fliDST

inactivation

weak

degSU

inactivation

no

lytA

inactivation

no

ybfF

inactivation

no

Validation of hits isolated from Tn-seq screen for high PyocH-lacZ signaling. Genes, or gene
clusters, that were isolated with transposon insertions are listed. Deletions contained insertions
within the coding region. Over-expression hits contained insertions upstream of the coding
region, oriented in a direction that the Ppen promoter was co-directional with gene
transcription. Hits were validated by spotting insertion-deletion mutants harboring P(yocH)-lacZ
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on LB agar plates containing 100 µg/mL X-Gal. Mutants that generated a subtle or modest
increase in blue color compared to wild-type after >24 hours of incubation were designated
"weak" or "intermediate", respectively. We suspect the impact on WalRK signaling in these
mutants is indirect and/or results from defects in envelope permeability that increases the
ability of X-Gal to access ß-galactosidase in the cell cytoplasm as is likely to be the case for the
galE mutant. Importantly, the increase in blue color was substantially stronger for insertions in
cwlO, ftsEX, walHI, and when pdaC was over-expressed.
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Table 4.2: Bacterial strains used in this study.
Strain

Genotype

Source

PY79

wildtype

bGD729

ycgO::PyocH-optRBS-lacZ (kan)

Youngman
et al., 1983
This study

bGD780

ycgO::PyocH-optRBS-lacZ (kan) ∆pdaC::erm

This study

bGD819

This study

bGD910

ycgO::PyocH-optRBS-lacZ (kan) yvbJ::Phyperspank-optRBSpdaC (spec)
ycgO::PyocH-optRBS-lacZ (kan) ∆ctaO::erm

bGD911

ycgO::PyocH-optRBS-lacZ (kan) ∆cotT::erm

This study

bGD731

ycgO::PyocH-optRBS-lacZ (kan) ∆cwlO::cat

This study

bGD902

ycgO::PyocH-optRBS-lacZ (kan) ∆ftsEX::cat

This study

bGD781

ycgO::PyocH-optRBS-lacZ (kan) ∆walH::erm

This study

bGD895

ycgO::PyocH-optRBS-lacZ (kan) ∆walI::erm

This study

bGD901

ycgO::PyocH-optRBS-lacZ (kan) ∆walJ::erm

This study

bGD300

amyE::PyocH-optRBS-venus (cat)

bGD818

amyE::PyocH-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC (spec)
amyE::PyocH-optRBS-venus (cat) ycgO::Phyperspank-optRBSiseA (erm)
yvbJ::Phyperspank-optRBS-pdaC (spec) ∆cwlO::kan
amyE::PyocH-optRBS-venus (cat)
ycgO::Phyperspank-optRBS-iseA (erm) ∆cwlO::kan
amyE::PyocH-optRBS-venus (cat)
yvbJ::Phyperspank-optRBS-pdaC (spec) ∆lytE::kan
amyE::PyocH-optRBS-venus (cat)
ycgO::Phyperspank-optRBS-iseA (erm) ∆lytE::kan
amyE::PyocH-optRBS-venus (cat)
∆pdaC::erm

Dobihal et
al., 2019
This study

bGD709
bGD857
bGD853
bGD855
bGD851
bGD170
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This study

This study
This study
This study
This study
This study
This study

bGD919

∆pdaC::erm yhdG::PpdaC-pdaC-6xHis (kan)

This study

bGD950

yvbJ::Phyperspank-optRBS-pdaC-6xHis (spec)

This study

bGD975

amyE::PyocH-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC-6xHis (spec)
amyE::PyocH-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC(D285A)-6xHis (spec)
amyE::PyocH-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC(H427A)-6xHis (spec)
amyE::PiseA-optRBS-venus (cat)

This study

bGD983
bGD984
bGD110
bGD294
bGD708
bGD870
bGD871

amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSlytE (spec)
amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSlytE (spec) ycgO::Phyperspank-optRBS-iseA (erm)
amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSlytE (spec) ycgO::Phyperspank-optRBS-pdaC (erm)
amyE::PiseA-optRBS-venus (cat) ∆pdaC::erm

bGD869

This study
This study
Dobihal et
al. 2019
Dobihal et
al. 2019
This study
This study
This study

amyE::PiseA-optRBS-venus (cat) ycgO::Phyperspank-optRBSpdaC (erm)
bGD707 amyE::PiseA-optRBS-venus (cat) ycgO::Phyperspank-optRBSiseA (erm)
bGD1018 yvbJ::Phyperspank-optRBS-lytE (spec) amyE::PiseA-optRBSvenus (cat) ycgO::Phyperspank-optRBS-pdaC(D285A) (erm)
bGD810 yvbJ::Phyperspank-optRBS-pdaC (spec)

This study

bGD847

yvbJ::Phyperspank-optRBS-pdaC (spec) ∆lytE::kan

This study

bGD848

yvbJ::Phyperspank-optRBS-pdaC (spec) ∆cwlO::kan

This study

bGD997

amyE::PiseA-optRBS-venus (cat) ytoI::Pveg-mTagBFP (kan)

This study

bGD998

This study

bGD965

amyE::PiseA-optRBS-venus (cat) ∆pdaC::erm ytoI::PvegmTagBFP (kan)
amyE::PiseA-optRBS-venus (cat) ycgO::Phyperspank-optRBSpdaC (erm) ytoI::Pveg-mTagBFP (kan)
pdaC::pdaC-6xHis (kan)

bGD976

pdaC::pdaC-6xHis (kan) yvbJ::Phyperspank-optRBS-lytE (spec) This study

bGD999
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This study
This study
This study

This study
This study

bGD880

amyE::PiseA-optRBS-venus (cat) ∆ponA::kan

bGD817

amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC (spec)
bGD882 amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC (spec) ∆ponA::kan
bGD905 amyE::PiseA-optRBS-venus (cat) ycgO::Phyperspank-optRBSiseA (erm) ∆ponA::kan
bGD946 ΔcwlO::kan amyE::PiseA-optRBS-venus (cat) yvbJ::PspanknatRBS-lytE (spec) ∆lytE::tet
bGD957 ΔcwlO::kan amyE::PiseA-optRBS-venus (cat) yvbJ::PspanknatRBS-lytE (spec) ∆lytE::tet ∆ponA::erm
bGD939 amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC*(D285A) (spec)
bGD960 amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC*(D285A) (spec) ∆ponA::kan
bGD1029 amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC (spec) ∆yocH::erm
bGD1030 amyE::PiseA-optRBS-venus (cat) yvbJ::Phyperspank-optRBSpdaC (spec) ∆yocH::erm ∆ponA::kan

202

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Table 4.3: Plasmids used in this study.
Plasmid

Description

Source

pGD179

yvbJ::Phyperspank-optRBS-pdaC (spec, amp)

This study

pGD187

ycgO::Phyperspank-optRBS-pdaC (erm, amp)

This study

pGD196

ycgO::Phyperspank-optRBS-pdaC(D285A) (erm, amp)

This study

pGD197

ycgO::Phyperspank-optRBS-pdaC(H427A) (erm, amp)

This study

pGD203

yvbJ::Phyperspank-optRBS-pdaC(D285A)-6xHis (spec, amp)

This study

pGD204

yvbJ::Phyperspank-optRBS-pdaC(H427A)-6xHis (spec, amp)

This study

pIR242

Himar1C9 IR-spec Ppen-IR terminators (amp, erm)

This study

pJM63

PT7-His6-SUMO-cwlO∆cc

Dobihal et al., 2019

pYB190

ycgO::Phyperspank-optRBS-iseA (erm)

Dobihal et al., 2019

pWX294

empty vector with pACYC origin and MCS (amp)

This study

pWX634

MmeI-TnKRM (spec, amp)

This study

pWX638

pACYC HiMar repG(ts) (amp)

This study

pWX642

pACYC MmeI-TnKRM (spec, erm, amp)

This study
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Table 4.4: Oligonucleotides used in this study.
Oligonucleotidede
oJM36

Sequence
agaagcggccgcttattctg

oJM37

ctgagcgagggagcagaactcactttttatatcctcccttttac

oJM38

gttgaccagtgctccctgtaataaatatgacaagggccttct

oJM39

tcatccgtctgaagcacac

oJM54

tgctatcggagagcattgg

oJM55

ctgagcgagggagcagaaatcatgaaatcacctaatcttttatatc

oJM56

gttgaccagtgctccctgtaaagtgaaaaagccgttccag

oJM57

taatgtctctgcagtgcgag

oJM40

agttgcaatcacaagtgtatg

oJM41

ctgagcgagggagcagaattcatattttcctccccaaatgtt

oJM42

gttgaccagtgctccctgtaatttttagagaaaacccgttcattgg

oJM53

tcacctgtgagcatataatagtag

oJM3

gattaacgaaaggttgagatgttatgGAGGGAGGAAAGGCAGGA

oJM4

caatggatgatgagtttgtttgtgtCGCCGTATCTGTGCTCTC

oJM1

ccaatctgttttcgttccgtc

oJM2

TCCTGCCTTTCCTCCCTCcataacatctcaacctttcgttaatc

oJM5

GAGAGCACAGATACGGCGacacaaacaaactcatcatccattg

oJM6

ctggcaggaccaggatcagc

oJM28

TTCTGCTCCCTCGCTCAG

oJM29

CAGGGAGCACTGGTCAAC
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oGD509
oGD510

GTGAGCGGATAACAATTAAGCTTacaTAAGGAGGaactactttgTTGGCAAAAA
GAATCAAATGGTTTCATG
GCTAGCatCTGCAGttACTAGTttaTTTCGCTTCTCTTTGTTTTTTAACCTC

oGD517

CGTTGACCAAGAGCATAC

oGD521

gaggcggcctgtatggccGAATTCTTTTATGATGAAATTCCTTAAAAAGGATTGAC

oGD525
oGD540

gaagAATTgGATCCatGCTAGCatCTCGAGTttaGTGATGATGATGATGATGTTT
CGCTTCTCTTTGTTTTTTAACCTCTTC
GCTTACTTTCGCCGACGGCCCGAATC

oGD541

GATTCGGGCCGTCGGCGAAAGTAAGC

oGD542

CCATTTTGATTGCCGATATTTACCG

oGD543

CGGTAAATATCGGCAATCAAAATGG

oGD486

cctcaaatggttcgctgGgatccttatttttgacaccagaccaactggtaatggtagcg

oGD487

gtcacaagcagctgggaagGAATTCGAAATCCTTCATGTAAAGGAAC

oGD565

GCTAGCatCTGCAGttACTAGTttaGTGATGATGATGATGATGTTTCGCTTCTC
TTTGTTTTTTAACCTCTTC

oGD571

ccttttgataaagagagcgtcGAc

oGD572

CgacgctctctttatcaaaaggATTAGAAAAGGCTGTCCGTACG

oGD573

GCAAGTCTTCATGATCAAAACG

oIR541

gccactagttCGAAAAAACGG

oIR542

cggCTGCAgCAACGTTCTTG

oML78

CCATTAGAACATAGGGAGAG

oWX1154

GGCCGGTCGACCAGACCGGGGACTTATCATCCAACCTGTTAGCGGCCGCA

oWX1155

AGCTTGCGGCCGCTAACAGGTTGGATGATAAGTCCCCGGTCTGGTCGACC

oWX1156

TAGTCCACTCTCAACTCCTGATCC
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oWX1157

GTCGACCTGCAGGCATGCAAGCTTGAGGGAAACCGTTGTGGTCTCCC

oWX1158

AATAACTAGCATAACCCCTTGGGG

oWX1159

GAGGCCCCAAGGGGTTATGCTAGTTATTGAATTCGTCCAGAAGGTCGATAG

oWX1160

GTTTCCCTCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGG
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Chapter 5:
Discussion
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Although essential for cell growth, the action of PG hydrolases represents a potentially
deadly threat to the cell envelope and therefore to bacterial survival. Despite this, a thorough
understanding of the regulatory mechanisms that bacteria utilize to control the activity of PG
hydrolases remains lacking. Additionally, whether bacteria have evolved signaling systems to
combat cell envelope stress incurred through over- or mis-activated PG hydrolases is unclear.
Perhaps the shortage of examples of cell envelope stress responses responsible for controlling
cell wall hydrolase activity stems from a mischaracterization of what constitutes a cell envelope
“stress” response.

Traditionally, cell envelope-related two-component systems (TCS) and extracytoplasmic
function (ECF) sigma factors are thought to sense acute, transient stress on the cell envelope
[1]. Fitting with this model, most of these signaling modules are dispensable for survival under
normal growth conditions, and only become essential under the stress conditions they evolved
to respond to. A few TCSs are known to be essential, although their activity does not center
around cell envelope stress. In Caulobacter crescentus, cell cycle progression is governed by a
complex, cyclic phospho-signaling system initiated by the HK CckA and numerous downstream
transcription factors [2]. Additionally, in Mycobacterium tuberculosis (Mtb), the MtrAB TCS is
responsible for initiating DNA replication and growth [3]. Interestingly, the essentiality of these
systems is not always conserved, even among close relatives of C. crescentus and Mtb [2, 3]. In
contrast, the cell envelope-related WalRK TCS is, with few exceptions, essential in all species
that encode it [4].
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While the essentiality of a “stress” response system seems unusual, the importance of
these signaling systems during normal growth may be more common than we believe.
Although many cell envelope stress responses have been studied via the addition of antibiotics
and other antimicrobial molecules, a few lines of evidence suggest that these extreme stressors
may not be the endogenous signals for the signaling systems. Data from the Helmann lab, using
B. subtilis as a model organism, shows that several ECF sigma factors are active even when no
exogenous stress has been applied [5]. Additionally, the B. subtilis PhoPR TCS is believed to
continuously monitor the status of cell surface polymer metabolism during growth [6]. These
examples hint that the true roles of some cell envelope “stress” responses may be to maintain
internal cellular processes, rather than respond to moments of severe damage. As noted, a
good example of an internal process that must be tightly regulated to avoid cellular damage is
cleavage by cell wall hydrolases during cell proliferation. Here, we demonstrate that the WalRK
TCS functions during normal growth to maintain a homeostatic level of cell wall hydrolase
activity. This novel understanding of the role of a cell envelope stress response system adds to
the complexity and importance of this TCS.

5.1 Summary of results
In my dissertation research, I showed that the essentiality of the WalRK signaling system
is rooted in its transcriptional activation of the two main PG hydrolases essential for cell
elongation in B. subtilis, CwlO and LytE (Chapter 2). I additionally demonstrated that WalRK
senses changes in the activity of these hydrolases by monitoring the levels of their released PG
cleavage products. In response to levels that are too high or too low, the system adjusts the
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transcription of cwlO and lytE to maintain hydrolase levels at a steady state. This regulation
allows for proper cell elongation and accounts for the essentiality of this TCS (Chapter 3).
Moreover, I discovered that WalRK is also able to post-translationally inhibit CwlO and LytE
when their activity is too high, through the action of another member of the WalR regulon, the
PG deacetylase PdaC. Transcription of pdaC, normally repressed by active WalR [7], increases
when WalRK signaling drops in response to high hydrolase activity. Its subsequent
deacetylation of the PG meshwork inhibits PG cleavage by CwlO and LytE (Chapter 4). Thus, the
B. subtilis WalRK TCS homeostatically controls the levels and activity of these essential
hydrolases, maintaining enough for cell growth, but not so much as to cause catastrophic lysis
of the PG meshwork.

5.2 WalK-mediated sensing of D,L-endopeptidase cleavage products
In Chapter 3, I put forth evidence that WalK senses cleavage products produced by the
D,L-endopeptidases CwlO and LytE through its extracellular sCache domain, and that these
cleavage products have an inhibitory effect on WalRK activity. However, several questions
remain concerning the mechanism by which WalK senses input signals. First, we demonstrated
that an in-frame truncation of the sCache domain of WalK results in hyper-active WalRK
signaling, presumably because the truncated protein is unable to sense the inhibitory cleavage
products. However, future biochemical or structural studies are necessary to confirm that this
domain is indeed responsible for directly binding the released PG cleavage products. Second,
we did not isolate and identify the specific D,L-endopeptidase (i.e. CwlO and LytE) cleavage
product that is sensed by WalK. It could be a cross-linked peptide product released from the PG
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by D,L-endopeptidase cleavage, or alternatively the glycan/peptide moiety that remains
attached to the meshwork after PG cleavage. Notably, if the glycan/peptide unit is what is
sensed by WalK, it would imply that the extracellular domain can reach into the existing
meshwork to access these products. Alternatively, the action of additional hydrolases on the
glycan strand could possibly enhance their release, and therefore contribute to ligand
recognition by WalK. Interestingly, another gene within the WalR regulon, yocH, encodes for a
putative PG transglycosylase (Figure 1.6). Further work to understand whether YocH can
influence WalK signaling is needed to tease these models out.

Finally, we and others have shown that WalH and WalI are negative regulators of WalK
signaling [8], but we don’t fully understand their mechanism of inhibition or whether they
participate in signal sensing. We demonstrated that strains containing a deletion of either
cannot sense D,L-endopeptidase activity (Figure 3.8), but that the system becomes responsive
upon complementation with the transmembrane domains of WalH and WalI alone (Figure 3.8).
However, signaling is not fully restored, raising the possibility that their large extracytoplasmic
domains also are involved in WalK ligand sensing. Perhaps they play a role in directly sensing
D,L-endopeptidase cleavage products, or alter the conformation of the sCache domain of WalK
and thereby affect its binding activity. Importantly, we were not able to determine how protein
levels of the truncation mutants compared to wildtype; a less intriguing possibility is that the
truncated proteins are less stable, and thus cannot fully complement WalRK signaling.
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5.3 PG deacetylation by PdaC
In addition to transcriptional regulation of hydrolases, I demonstrated in Chapter 4 that
WalRK also modulates hydrolase activity post-translationally by controlling levels of the PG
deacetylase PdaC. Although I provided in vitro evidence that deacetylation by PdaC directly
inhibits cleavage by D,L-endopeptidases (Figure 4.6), this was a somewhat surprising result and
raised several questions. First, CwlO and LytE exclusively cleave within the peptide stem,
whereas PdaC deacetylates the N-acetyl group of MurNAc (Figure 5.1). This leaves a
conundrum of how a chemical modification to the glycan strand could affect D,L-endopeptidase
hydrolysis between two peptide groups. In addition to its catalytic domain, LytE contains three
LysM domains that are thought to interact with acetyl groups within the glycan strand which
facilitates LytE binding to the PG. So, in this case, MurNAc deacetylation by PdaC may inhibit
the association of LytE with its PG substrate in vivo and thereby decrease its activity. Notably,
CwlO doesn’t contain any domains known to interact with the PG. However, structural studies
of other PG hydrolases have demonstrated that interactions between enzyme and substrate
often extend beyond the specific catalytic site [9-12]. Perhaps PG deacetylation inhibits the
association of CwlO with PG by affecting interactions with ancillary residues outside of the
catalytic pocket. Additionally, PG deacetylation might alter the conformation of the PG matrix
in a way that decreases the ability of CwlO to access the peptide stem. Further in vitro analyses
will be necessary to elucidate the structural or biochemical mechanism behind this inhibition.

I also demonstrated that increased PG deacetylation by PdaC has an inhibitory effect on
growth in the absence of class A PBP PG synthesis (Chapter 4). We interpret this to imply that
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Figure 5.1: Schematic of a B. subtilis PG monomer. The PdaC deacetylase removes the Nacetyl group of MurNAc in the glycan strand, whereas D,L-endopeptidases, such as CwlO and
LytE, cleave between D-glutamic acid and meso-diaminopimelic acid in the peptide stem.
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PG deacetylation somehow inhibits Rod complex synthesis. However, we currently cannot
determine whether this effect is direct or indirect. Deacetylation of MurNAc, either in the
preexisting PG matrix or the PG precursor lipid II, may directly decrease its ability to be used as
a substrate by the Rod complex. Alternatively, PG deacetylation could increase or decrease the
activity of PG-remodeling enzymes, such as other PG hydrolases (e.g. YocH, Figure 4.13), lower
molecular weight PBPs, or alternative transpeptidases. The subsequent change in PG
modifications could then indirectly alter Rod complex function.

Notably, these results suggest that in response to high D,L-endopeptidase activity WalRK
up-regulates expression of pdaC to concomitantly inhibit both PG synthesis and PG hydrolysis.
At first thought, this seems illogical. Why would a cell want to decrease PG synthesis when PG
hydrolysis is too high? However, work from the Errington lab suggests that these two processes
are intimately linked in B. subtilis, and that the activity of D,L-endopeptidases can be affected
by proteins involved in PG synthesis [13, 14]. I propose that WalRK has evolved a mechanism to
simultaneously inhibit PG cleavage and synthesis to maintain these two processes in balance.
Further investigations are necessary to determine the extent to which deacetylation by PdaC
affects PG synthesis, and the physiological importance of this regulation.

5.4 WalRK signaling in response to changes in PG synthesis
My data supports the model that the WalRK TCS controls cell elongation through its
regulation of cell wall hydrolysis. But, cell proliferation and growth requires not just PG
hydrolysis, but also the synthesis and incorporation of new PG material [15]. It is also
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understood that these two processes must be in balance with each other, and that a misactivation of one out of sync with the other can cause cell damage or lysis [16-20]. Therefore, it
begs the question of whether the status of PG synthesis can also affect WalRK signaling. In this
way, WalRK activity could be adjusted in response to changes in PG synthesis, to allow downregulation of hydrolysis when synthesis is inhibited, and vice versa. Previous reports identified
changes in WalRK signaling in response to compounds that inhibit cell wall synthesis [21-23]. It
has also been shown that WalRK activity decreases upon entry into stationary phase, when PG
synthesis also decreases [24]. Furthermore, I have observed that WalRK signaling consistently
decreases upon addition of cell wall synthesis-targeting antibiotics and depletions of enzymes
involved in lipid II synthesis (Figure 5.3).

Decreasing WalRK activity (and therefore cell wall hydrolase activity) in response to
inhibited PG synthesis makes sense in regards to a model in which synthesis and hydrolysis
should be balanced for proper cell growth. When PG synthesis decreases, a cell could lyse if PG
hydrolysis is not concurrently decreased. However, the mechanism underlying how WalRK
(directly or indirectly) senses changes in PG synthesis is unknown. In addition to the
extracellular sCache domain, WalK also contains an intracellular PAS domain (Figure 1.4). This
domain family is often involved in ligand binding [25], so it is tempting to hypothesize that it
may be sensing a cytoplasmic precursor or metabolic byproduct of PG synthesis. Notably, a
domain analysis of WalK in B. subtilis identified a truncation of this domain to be inviable [26].
This truncation could affect the function of the neighboring kinase/ATPase domain, essential for
signal transduction to WalR. Alternatively, the intracellular PAS domain could be necessary for
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Figure 5.3: WalRK signaling decreases when PG synthesis is inhibited. Representative
fluorescent images of the PiseA-venus WalR-repressed reporter are shown after antibiotic
addition (top panels) or depletion of enzymes involved in lipid II synthesis (bottom panels). For
experiments involving antibiotic addition, strains were grown at 37°C in LB medium to OD600
~0.15, then drugs were added at the following concentrations: fosfomycin 400 µg/mL, penicillin
G 50 µg/mL, vancomycin 0.5 µg/mL, D-cycloserine 10 µg/mL, tunicamycin 5 µg/mL. Images
were taken after 30 minutes. For experiments in which enzymes of the lipid II synthesis
pathway were depleted, strains were grown at 37°C in LB medium containing inducer (IPTG) to
OD600 ~0.15. Cultures were washed with plain LB, resuspended in LB medium lacking inducer,
and allowed to resume growth at 37°C. Images were taken after 60 minutes.
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binding an activating signal, perhaps stemming from active PG synthesis.

An equally plausible scenario is that WalRK indirectly senses changes in PG synthesis
through downstream effects on PG hydrolysis. As I showed, WalRK signaling decreases in
response to high levels of D,L-endopeptidase activity (Chapter 3). Thus, the decrease in WalRK
activity observed upon inhibition of PG synthesis may occur in response to hyper-active D,Lendopeptidase cleavage. How PG hydrolytic enzymes could be affected by changes in PG
synthesis is unclear. Perhaps, analogous to work in S. pneumoniae, the addition of cell walltargeting antibiotics directly alters the activity of cell wall hydrolases [17]. Or, akin to work
from the Bernhardt lab in E. coli, cell wall-active antibiotics may alter the PG in a way that
increases the amount of the preferred substrate of hydrolases, thus increasing their relative
activity [27]. Finally, it is possible that PG synthetic and hydrolytic enzymes work in concert,
perhaps even within the same complex. Previous studies suggest that the CwlO-FtsEX-SweDC
hydrolytic complex is directly associated with members of the PG synthesizing Rod complex [13,
14]. It is plausible that interactions between hydrolases and synthases are able to reciprocally
influence each other’s activities. Regardless of how WalRK signaling is altered in response to
alterations in PG synthesis, my data supports that PG hydrolysis and PG synthesis are linked
during cell wall growth. Further studies are needed to understand the mechanistic interplay
between these two processes, and how WalRK activity is influenced by this relationship.

5.5 Essentiality of WalRK
Although WalRK is essential in most organisms, there are a few species in which it is not
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entirely indispensable for growth. Specifically, some Streptococcus species have been shown to
tolerate deletions of the kinase WalK, although growth is slowed and cells do not maintain
wildtype morphology [28-30]. Notably, WalR in S. pneumoniae can be phosphorylated in vitro
in the presence of acetyl phosphate as a phosphodonor [31]. Therefore, it’s possible that WalR
can also be activated in vivo without WalK, and that this explains why a deletion of WalK can be
tolerated. Intriguingly, this genus also always lacks the WalK regulators WalH and WalI and any
significant extracellular domain in WalK [4]. It’s possible that these two observations are
linked. In S. pneumoniae, the Serine-Threonine kinase StkP has been shown to interact with
and regulate the activity of WalK [32, 33], and has been demonstrated to bind PG fragments
through its extracellular domains [34]. This hints that StkP may fulfill the sensing role of the
WalK extracellular domain, and the function(s) WalH and WalI play in the system in other
Firmicutes.

5.6 Conservation of WalRK homeostatic hydrolase regulation
One of the distinguishing features of the WalRK TCS is its conservation across almost all
species of the Firmicutes phylum of bacteria, including human pathogens like S. aureus, Listeria
monocytogenes, and S. pneumoniae [35]. Analogous to B. subtilis, the WalR regulons studied in
other bacterial species also are enriched in genes encoding cell wall hydrolases and other genes
involved in cell envelope biogenesis [28, 30, 31, 36, 37]. Additionally, hydrolase regulation by
WalRK has also been determined to underly its essentiality in both S. pneumoniae and S. aureus
[28, 38]. These similarities support a hypothesis that WalRK homologs in other Firmicutes
perform an equivalent role to its homeostatic control of hydrolase activity in B. subtilis.
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Interestingly, though, the catalytic activity of the hydrolases in each WalR regulon is not
well conserved. In B. subtilis D,L-endopeptidases are the crucial hydrolases controlled by
WalRK, whereas, in S. aureus, growth depends on expression of either a glycyl-glycyl
endopeptidase (LytM) or an amidase (SsaA) regulated by WalRK [38]. In S. pneumoniae the
critical member of the WalR regulon is PcsB, an essential hydrolase involved in cell elongation
and division [28]. The catalytic activity of PcsB has not been able to be experimentally
validated, though it has high homology to RipA of Mtb, a known D,L-endopeptidase [39, 40].
The identities of amino acids within the peptide stem of PG in each species differ, perhaps
explaining why different classes of hydrolases in each regulon are important for cell growth.
Specifically, the crosslink between peptide stems in B. subtilis is composed of mDAP-D-Ala,
while in S. pneumoniae the crosslink is formed between L-Lys-D-Ala, and in S. aureus through a
pentaglycine bridge [41-43]. One could speculate that the essential activity of WalR-regulated
cell wall hydrolases is specifically to destroy peptide crosslinks, as opposed to cleavage within
the glycan strand. Thus, each species may employ different classes of cell wall hydrolases to
cleave the specific chemical structure of their PG crosslinks.

Notably, the crucial hydrolases under the control of WalRK in B. subtilis and S. aureus
perform cleavage reactions that leave the resulting PG disaccharide/peptide stem unusable for
subsequent crosslinking. This is in contrast to the Gram-negative bacteria E. coli [44] and
Pseudomonas aeruginosa (T. Bernhardt, personal communication), in which D,Dendopeptidases that produce a re-usable peptide stem after cleavage are critical for growth.
One hypothesis to explain this distinction is that differences in cell wall structure between

224

Gram-positive and Gram-negative bacteria necessitate different hydrolase activities. While
Gram-positive bacteria have a thick, multi-layered cell wall, Gram-negative bacteria have at
most 2-3 monolayers of PG [45]. Perhaps “dead-end” hydrolysis in Gram-positives ensures that
cleavage events are maintained, allowing the thick cell wall to expand. In comparison, Gramnegatives may protect their thin cell wall from over-cleavage by enabling subsequent crosslinking events on any cleaved peptide stem.

5.7 Concluding remarks
Together, my work demonstrates that WalRK plays a crucial role in the regulation of cell
wall hydrolase activity in B. subtilis. By continuously sensing the amounts of PG cleavage
products being released during cell elongation, WalRK is able to transcriptionally and posttranslationally modulate the activity of hydrolases in response, to maintain homeostasis.
Detailed mechanistic information about the specific sensing mechanism, and roles of accessory
proteins in the WalRK signaling system remain. But, it is clear that this system is critical for
hydrolase regulation in B. subtilis, and likely plays a similar role in other Gram-positive bacteria.
Additionally, important questions remain about how the regulation of PG hydrolysis is
connected to PG synthesis, and whether WalRK is involved in crosstalk between these two
processes. Tight regulation of PG hydrolases and balancing their activity with the status of PG
synthesis during growth is crucial for cell survival. Understanding the molecular mechanisms
underlying these processes could uncover new vulnerabilities to exploit in the development of
novel antibacterial therapeutics.
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5.8 Materials and Methods

General Methods
All B. subtilis strains were derived from the prototrophic strain PY79 [46]. Cells were grown in LuriaBertani (LB) medium at 37°C. Unless otherwise indicated, B. subtilis strains were constructed using
genomic DNA and a 1-step competence method. Antibiotic concentrations were used at: 100 µg/mL
spectinomycin, 5 µg/mL chloramphenicol, 10 µg/mL tetracycline, 10 µg/mL kanamycin, 1 µg/mL
erythromycin and 25 µg/mL lincomycin. A list of strains, plasmids, and oligonucleotide primers used in
this study can be found in Table 5.1, Table 5.2, and Table 5.3, respectively.

Fluorescence microscopy
Exponentially growing cells were harvested and concentrated by centrifugation at 6800 x g for
1.5 min, re-suspended in 1/10th volume growth medium, and then immobilized on 2% (wt/vol)
agarose pads containing growth medium. Fluorescence microscopy was performed on a Nikon
Ti inverted microscope equipped with a Plan Apo 100x/1.4 Oil Ph3 DM phase contrast
objective, an Andor Zyla 4.2 Plus sCMOS camera, and Lumencore SpectraX LED Illumination.
Images were acquired using Nikon Elements 4.3 acquisition software. Venus was imaged using a
Chroma ET filter cube for YFP (49003) with an exposure time of 800 ms. Image processing was
performed using Metamorph software (version 7.7.0.0) and Oufti [47] was used for quantitative
image analysis.
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Strain and plasmid construction

Insertion-deletion mutants
Insertion-deletion mutants were from the Bacillus knock-out (BKE) collection [48] or were
generated by isothermal assembly [49] of PCR products followed by direct transformation into
B. subtilis. The following oligonucleotide primers were used to make the indicated strains:
∆murC::tet (oGD410/411, oGD412/413); ∆murD::tet (oGD414/415, oGD416/417); ∆murE::tet
(oGD418/419, oGD420/421); ∆murF::tet (oGD422/423, oGD424/425); ∆amj::erm (BKE
collection); Antibiotic cassettes were amplified with oJM28/29.

Plasmid construction
pGD163 [ycgO::Pspank-optRBS-murC (amp, spec)] was generated by direction transformation of a 2piece isothermal assembly reaction containing a PCR product of the murC (oGD397/398) and pCB84
digested with HindIII/SpeI. pCB84 is an ectopic integration vector for insertions at the ycgO locus (R.
Barajas and D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

pGD164 [ycgO::Pspank-optRBS-murD (amp, spec)] was generated by direction transformation of a 2piece isothermal assembly reaction containing a PCR product of the murD (oGD399/400) and pCB84
digested with HindIII/SpeI. pCB84 is an ectopic integration vector for insertions at the ycgO locus (R.
Barajas and D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.
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pGD165 [ycgO::Pspank-optRBS-murE (amp, spec)] was generated by direct transformation of a 2-piece
isothermal assembly reaction containing a PCR product of the murE (oGD401/402) and pCB84 digested
with HindIII/SpeI. pCB84 is an ectopic integration vector for insertions at the ycgO locus (R. Barajas and
D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

pGD165 [ycgO::Pspank-optRBS-murF (amp, spec)] was generated by direct transformation of a 2-piece
isothermal assembly reaction containing a PCR product of the murF (oGD403/404) and pCB84 digested
with HindIII/SpeI. pCB84 is an ectopic integration vector for insertions at the ycgO locus (R. Barajas and
D.Z.R., unpublished). The resulting plasmid was sequence-confirmed.

[∆murAA::tet ycgO::Pspank-optRBS-murAA (amp, spec)], [∆murG::tet ycgO::Pspank-optRBS-murG
(amp, spec)], [∆mraY::tet ycgO::Pspank-optRBS-mraY (amp, spec)], and [∆murJ::tet ycgO::PspankoptRBS-murJ (amp, spec)] were gifts from Ian Roney (unpublished).
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Table 5.1: Bacterial strains used in this study.
Strain

Genotype

Source

PY79

wildtype

bGD110

amyE::PiseA-optRBS-venus (cat)

bGD674

ycgO::Pspank-murAA (spec) ∆murAA::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-murC (spec) ∆murC::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-murD (spec) ∆murD::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-murE (spec) ∆murE::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-murF (spec) ∆murF::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-murG (spec) ∆murG::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-mraY (spec) ∆mraY::tet amyE::PiseA-optRBSvenus (cat)
ycgO::Pspank-murJ (spec) ∆murJ::tet amj::erm amyE::PiseAoptRBS-venus (cat)

Youngman
et al.,
1983 et
Dobihal
al. 2019
This study

bGD698
bGD700
bGD702
bGD704
bGD663
bGD664
bGD669
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This study
This study
This study
This study
This study
This study
This study

Table 5.2: Plasmids used in this study.
Plasmid

Description

Source

pGD163

ycgO::Phyperspank-optRBS-murC (spec, amp)

This study

pGD164

ycgO::Phyperspank-optRBS-murD (spec, amp)

This study

pGD165

ycgO::Phyperspank-optRBS-murE (spec, amp)

This study

pGD166

ycgO::Phyperspank-optRBS-murF (spec, amp)

This study
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Table 5.3: Oligonucleotides used in this study.
Oligonucleotidede

Sequence

oGD410

CGAACCGCACGAGCAAGG

oGD411

CTGAGCGAGGGAGCAGAAGGAACAGTcatAATTGTACCTCCAAC

oGD412

GTTGACCAGTGCTCCCTGGTCATGGCAtaaTAAAAAGCAGTG

oGD413

CACTTCACCGTTCTGGATG

oGD414

CGGAAGGAAAGCTATTTGTC

oGD415

CTGAGCGAGGGAGCAGAAGGATGTAAAAATTGATCATTTTCCAC

oGD416

GTTGACCAGTGCTCCCTGGTCCTTAAGTAAGGGCTTGTCTTGAAG

oGD417

GTTGGACAGGGTTATCGCATC

oGD418

CACTTGCAGCAGCCCTTGAAG

oGD419

CTGAGCGAGGGAGCAGAAGGAAGCTTTGTAAGTTTcatCGTATC

oGD420

GTTGACCAGTGCTCCCTGGTCAATTCAtagGAAAGAGATG

oGD421

CTCTGCTTCCTGAACCATG

oGD422

CCGGTGAAAATGATAAGATAG

oGD423

CTGAGCGAGGGAGCAGAAGGAGTTCGCTTAATcaaGTAAGG

oGD424

GTTGACCAGTGCTCCCTGGTCCCGCTTTCAtaaGAAAATATTTTGCG

oGD425

CCTGCGTTAAGTCACCGTG

oJM28

TTCTGCTCCCTCGCTCAG

oJM29

CAGGGAGCACTGGTCAAC

oGD397

GAGCGGATAACAATTAAGCTTCGTTTGTTGGAGGTACAATTatgACTGTTTAT
CATTTTGTTGG
GCTAGCatCTGCAGttACTAGTttaTGCCATGACGTTTTCG

oGD398
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oGD399
oGD400
oGD401
oGD402
oGD403
oGD404

GAGCGGATAACAATTAAGCTTACATCGAGGTGTGGTTATAAGTGGAAAATG
ATCAATTTTTACAGAAACAGC
GCTAGCatCTGCAGttACTAGTTTACTTAAGCATATGCACGGC
GAGCGGATAACAATTAAGCTTATGTTGAGAGGTTTGATACGatgAAACTTAC
AAAGCTGCTTAC
GCTAGCatCTGCAGttACTAGTctaTGAATTCGTCTTATTCTTATTGAG
GAGCGGATAACAATTAAGCTTAAGAAAGAGAGGGACCTTACttgATTAAGCG
AACAGTAAAAAACATTGCCG
GCTAGCatCTGCAGttACTAGTttaTGAAAGCGGGCTCTC
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