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Intrinsically disordered lprotein regions
are required for cell wall homeostasis
in Bacillus subtilis
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Intrinsically disordered protein regions (IDRs) have been implicated in diverse nuclear and cytoplasmic functions in
eukaryotes, but their roles in bacteria are less clear. Here, we report that extracytoplasmic IDRs in Bacillus subtilis
are required for cell wall homeostasis. The B. subtilis ¢' transcription factor is activated in response to envelope
stress through regulated intramembrane proteolysis (RIP) of its membrane-anchored anti-¢ factor, Rsgl. Unlike ca-
nonical RIP pathways, we show that ectodomain (site-1) cleavage of Rsgl is constitutive, but the two cleavage
products remain stably associated, preventing intramembrane (site-2) proteolysis. The regulated step in this pathway
is their dissociation, which is triggered by impaired cell wall synthesis and requires Rsgl’s extracytoplasmic IDR.
Intriguingly, the major peptidoglycan polymerase PBP1 also contains an extracytoplasmic IDR, and we show that
this region is important for its function. Disparate IDRs can replace the native IDRs on both Rsgl and PBP1, arguing
that these unstructured regions function similarly. Our data support a model in which the RsgI-¢" signaling system
and PBP1 represent complementary pathways to repair gaps in the PG meshwork. The IDR on Rsgl senses these gaps
and activates o', while the IDR on PBP1 directs the synthase to these sites to fortify them.
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Intrinsically disordered proteins (IDPs) and protein regions
(IDRs) have been implicated in diverse cellular processes
in eukaryotes, including differentiation, transcription,
pre-mRNA processing, DNA condensation, and signal
transduction (Oldfield and Dunker 2014). In most cases,
these regions are intracellular and function as interaction
hubs in multiprotein networks (Wright and Dyson 2015).
Some of these IDPs and IDRs have also been shown to pro-
mote the formation of membraneless organelles via lig-
uid-liquid phase separation and have been associated
with neurodegeneration and cancer (Boeynaems et al.
2018). In contrast, the functions of IDRs in bacteria are
less clear. A few IDRs have been found to serve as cytoplas-
mic interaction hubs, including regions found on the cell
division protein FtsZ and the polar organizer PopZ (Gard-
ner et al. 2013; Buske et al. 2015; Du et al. 2015; Holmes
etal.2016). Similarly, some IDRs, like the intrinsically dis-
ordered linker on the single-strand DNA-binding protein
SSB, have been shown to promote phase-separated conden-
sates (Harami et al. 2020; Lasker et al. 2020; Azaldegui
et al. 2021). Here, we provide evidence for a new role for
bacterial IDRs that are present on broadly conserved pro-
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teins involved in cell wall biogenesis: sensing and respond-
ing to defects in the cell wall.

The cell wall peptidoglycan (PG| specifies cell shape and
protects bacteria from osmotic lysis, and its synthesis is
the target for some of the most successful antibiotics
(Typas et al. 2012; Rohs and Bernhardt 2021). It is a cova-
lently closed macromolecule composed of long glycan
strands cross-linked together by short peptide bridges.
Two types of PG synthases are responsible for the assem-
bly of this essential exoskeleton (Rohs and Bernhardt
2021). Class A PBPs (aPBPs) are bifunctional enzymes
that contain glycosyltransferase (GT) domains that poly-
merize glycan strands and transpeptidase (TP) domains
that cross-link them into the PG meshwork (Goffin and
Ghuysen 1998). SEDS proteins are glycan strand polymer-
ases that work with cognate class B PBPs (bPBPs) that have
peptide cross-linking activity (Meeske et al. 2016; Taguchi
etal.2019; Sjodt et al. 2020). Evidence suggests that in rod-
shaped bacteria, the SEDS polymerase RodA and its cog-
nate, bPBP, synthesize foundational glycan strands in the
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context of multimeric membrane complexes called the
Rod complex, while the aPBPs act semiautonomously to
fortify the wall and repair or fill gaps (Cho et al. 2016; Lai
et al. 2017). In Gram-negative bacteria, outer membrane-
localized Lpo factors are essential for the PG synthesis ac-
tivity of aPBPs (Paradis-Bleau et al. 2010; Typas et al. 2010).
These Lpo factors interact with their cognate inner mem-
brane-localized aPBPs across the cell wall meshwork that
separates them. Accordingly, this trans-PG interaction
targets aPBP synthesis to gaps or pores in the meshwork,
enabling their fortification (Typas et al. 2012; Vigouroux
et al. 2020; Rohs and Bernhardt 2021). No equivalent sys-
tem has been identified in Gram-positive bacteria that
have a thicker multilayered cell wall and lack an outer
membrane.

Expansion of the PG meshwork during growth also re-
quires cell wall hydrolases that cleave bonds in the mesh-
work to allow insertion of new material (Weidel and Pelzer
1964; Doyle and Koch 1987; Uehara and Bernhardt 2011;
Rohs and Bernhardt 2021). How cells monitor PG biogen-
esis and make adjustments to its synthesis and/or hydroly-
sis remains poorly understood. We recently reported that
the broadly conserved WalR-WalK two-component sig-
naling system in B. subtilis modulates the levels and activ-
ities of two PG hydrolases (LytE and CwlO) that are
required for cell wall expansion during growth by monitor-
ing the extent of cell wall hydrolysis (Dobihal et al. 2019).
Here, we describe a second cell envelope homeostatic
pathway that responds to defects in the cell wall mesh-
work and involves the alternative o factor o' and its mem-
brane-anchored anti-o factor, Rsgl.

o' was originally identified as a heat-shock o factor
(Zuber et al. 2001; Asai et al. 2007); however, most of its
validated targets are genes involved in cell wall biogenesis
(Tseng and Shaw 2008; Tseng et al. 2011; Salzberg et al.
2013), suggesting that the Rsgl-¢' pathway senses and re-
sponds to envelope stress. In support of this idea, o™-depen-
dent transcription was recently shown to increase in the
absence of aPBPs, and aPBP-deficient cells require o' for vi-
ability (Patel et al. 2020). What this pathway senses re-
mains unknown. However, evidence suggests that the
signal transduction pathway that activates ¢' involves reg-
ulated intramembrane proteolysis (RIP) of the Rsgl anti-o
factor (Liu et al. 2017; Patel et al. 2020). RIP signaling path-
ways in bacteria control extracytoplasmic function (ECF) o
factors through the regulated intramembrane cleavage of
their membrane-anchored anti-o factors (Ho and Ellerme-
ier 2012; Schneider and Glickman 2013). In these path-
ways, a so-called site-1 protease (SIP) cleaves and
releases the extracytoplasmic domain of the anti-o factor.
Removal of the ectodomain allows cleavage by a site-2 pro-
tease of the S2P/RseP family. These membrane-embedded
metalloproteases cleave their substrate within or adjacent
to the lipid bilayer and release the cytoplasmic anti-o fac-
tor domain, which is further degraded, liberating the active
transcription factor. S2P/RseP family members have
extracytoplasmic PDZ domains, and analysis of E. coli
RseP indicates that these domains function as size exclu-
sion filters, preventing substrates with intact ectodomains
from accessing the recessed catalytic center of the mem-

IDRs respond to envelope defects

brane protease (Hizukuri et al. 2014; Akiyama et al.
2015). Thus, in all characterized examples, the regulated
step in RIP signaling pathways is site-1 proteolysis (Kroos
and Akiyama 2013).

Here, we report that, unlike canonical RIP pathways,
site-1 cleavage of Rsgl is constitutive, but the two cleavage
products remain stably associated, preventing intramem-
brane proteolysis. In response to envelope stress, the cleav-
age products dissociate, triggering S2P proteolysis and o'
activation. Importantly, Rsgl has an extracytoplasmic
IDR, and we demonstrate that this region is required to ac-
tivate ¢' in response to impaired cell wall synthesis and is
likely responsible for generating the force that pulls the
site-1-cleaved products apart. Intriguingly, the major
aPBP in B. subtilis (PBP1) and its homologs in Gram-posi-
tive bacteria also contain extracytoplasmic IDRs, and we
show that this region is important for PBP1 function. We
further demonstrate that disparate IDRs from PBP1 and
Rsgl homologs can replace the native IDRs on both B. sub-
tilis proteins, suggesting that these regions function simi-
larly. Finally, we show that both Rsgl and PBP1 retain full
function when the order of the amino acids in their native
IDRs is scrambled, indicating that disorder itself is central
to their activity. Collectively, our data support a model in
which the IDR on Rsgl senses gaps in the cell wall matrix
and activates o through mechanotransduction to promote
their repair, while the IDR on PBP1 functions like the Lpo
factors in Gram-negative bacteria, localizing the PG syn-
thase to these same sites to fortify them.

Results

The Rsgl-o* pathway is involved in homeostatic control
of PG biogenesis

In B. subtilis, the cell wall hydrolases LytE and CwlO are
required for cell wall elongation (Bisicchia et al. 2007;
Hashimoto et al. 2012). To identify factors that regulate
LytE, we performed a synthetic lethal screen taking advan-
tage of the fact that LytE and CwlO are functionally redun-
dant and essential for growth. We used transposon
sequencing (Tn-seq) to screen for genes that could tolerate
Tn insertions in wild type but not in a AcwlO mutant and
identified IytE, sigl, rasP, ecsA, and ecsB (Supplemental
Fig. S1). Using a CwlO depletion strain, we confirmed
that null mutations in all five genes were synthetic lethal
with AcwlO (Supplemental Fig. S2A). The product of sigl,
d', was previously shown to regulate IytE transcription
(Tseng et al. 2011) and have a synthetic lethal relationship
with CwlO (Salzberg et al. 2013). RasP is the B. subtilis
site-2 protease of the S2P/RseP family, and recent work in-
dicates that it is required for o' activity (Liu et al. 2017;
Patel et al. 2020). Finally, EcsA and EcsB are homologous
to ABC transporter complexes and are required for RasP-
mediated cleavage of the anti-o factor RsiW (Heinrich
et al. 2008). These findings are consistent with previous
studies suggesting that RasP and EcsAB control ¢’-depen-
dent transcription of IytE through regulated intramem-
brane proteolysis (RIP) of the anti-o' factor Rsgl (Liu et al.
2017; Patel et al. 2020). In support of this model, deletion
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of rsgl, resulting in constitutive o' activity, suppressed the
synthetic lethality of AcwlOArasP and AcwlOAecsAB but
not AcwlOAsigl or AcwlOAIytE (Supplemental Fig. S2B).
Analysis of LytE levels and ¢ activity provides further
support for RIP signaling. As can be seen in Figure 1A,
LytE levels were reduced in exponentially growing cells
lacking ¢, RasP, or EcsA. Furthermore, using the o™-respon-
sive promoter of the berC gene fused to lacZ (Supplemental
Fig. $3; Tseng and Shaw 2008), we found that o' activity was
reduced in cells lacking RasP and EcsA and strongly in-
creased in the absence of the anti-¢* factor Rsgl (Fig. 1B.
o' was originally identified as a heat-shock o factor
(Zuber et al. 2001; Asai et al. 2007); however, most of its
targets are involved in cell wall biogenesis (Tseng and
Shaw 2008; Tsenget al. 2011; Salzberg et al. 2013), suggest-
ing that the o'-Rsgl pathway senses and responds to enve-
lope stress. To gain insight into the signals that activate o',
we used Tn-seq to screen for genes that become essential
in the absence of sigl. In addition to cwlO and the genes re-
quired forits activity (Supplemental Fig. S4A; Dominguez-
Cuevas et al. 2013; Meisner et al. 2013; Brunet et al. 2019),
insertions in ponA encoding the major class A penicillin-
binding protein PBP1 were underrepresented in cells lack-
ing o' (Supplemental Fig. S4B). A reciprocal screen aimed at
identifying genes that become essential in the absence of
this important cell wall synthase identified sigl (Supple-
mental Fig. S4C; Patel et al. 2020). Depletion of PBP1 in
the Asigl mutant confirmed the synthetic lethal relation-
ship (Supplemental Fig. S4E). These findings raised the
possibility that cells lacking PBP1 induce o'-dependent
gene expression, and that was indeed the case (Fig. 1C; Sup-
plemental Fig. S4D; Patel et al. 2020). To investigate
whether B. subtilis modulates ¢ activity in response to
changes in PBP1-mediated cell wall synthesis, we varied

r & P CSOO P(berc)-lacZ

PBP1 levels using an IPTG-regulated promoter and moni-
tored o’-dependent lacZ expression (Fig. 1C). We observed
a graded increase in o' activity in response to decreasing
levels of PBP1. These results support the idea that this
RIP signaling pathway functions in the homeostatic con-
trol of cell wall biogenesis.

o is regulated by intramembrane proteolysis of Rsgl

To investigate whether Rsgl is subject to RasP-mediated
intramembrane proteolysis, we constructed a GFP-Rsgl-
His fusion to monitor the N-terminal and C-terminal
Rsgl cleavage products (Fig. 2A). The fusion maintained
o-dependent gene expression at levels that were lower
than the native Rsgl protein, but the fold induction in
the absence of PBP1 was similar to wild type (Supplemen-
tal Figs. S3, S5), indicating that GFP-Rsgl-His is subject to
similar regulatory control. Immunoblot analysis from ex-
ponentially growing cells revealed four predominant Rsgl
species: full-length GFP-Rsgl-His, a C-terminal cleavage
product recognized by anti-His antibodies, and two N-ter-
minal cleavage products recognized by anti-GFP antibod-
ies (Fig. 2B). In the absence of the RasP site-2 protease,
the smaller N-terminal cleavage product was absent, and
the levels of the larger N-terminal cleavage product in-
creased (Fig. 2B). These data indicate that Rsgl is subject
to RasP proteolysis and suggest that the larger N-terminal
(GFP-containing) cleavage product and the C-terminal
(His-containing) cleavage product are generated by a site-
1 protease. Finally, consistent with the increased o' activ-
ity in cells lacking PBP1 (Fig. 1C), in the AponA mutant,
the levels of the site-1 cleavage products were reduced, pre-
sumably due to increased cleavage by RasP (Fig. 2B). The
RasP-dependent cleavage product accumulated to a
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and ¢® to control for loading. (B) Bar graph
showing p-galactosidase activity in the indi-
cated strains harboring the o'-responsive
promoter of bcrC fused to lacZ (PbcrC-
lacZ). Error bars represent standard devia-
tion from three biological replicates. (C) o"
activity inversely correlates with the level
of PBP1. The bar graph shows p-galactosi-
dase activity from the o -responsive reporter
in a strain lacking PBP1 (A) and strains har-
boring IPTG-regulated alleles of ponA. The
first through third lanes, fifth lane, and sixth
lane harbor P(IPTG)*-ponA. The fourth lane
contains P(IPTG)-ponA. P(IPTG)* harbors a
mutation in the —10 element of P(IPTG), re-
ducing its activity (Griffith and Grossman
2008). p-Galactosidase activity was assayed

in exponentially growing cultures in LB supplemented with 250 uM, 125 uM, 50 uM, 0 pM, 25 uM, or no IPTG in the first through sixth
lanes, respectively. Error bars represent standard deviation from three biological replicates. PBP1 levels were assessed under the same con-
ditions using bocillin and SDS-PAGE. Labeled proteins were visualized with a Typhoon fluorescence scanner. PBP2A (2A), PBPH (H),
PBP2D (2D), and PBP4 (4) are from the same gel and control for loading.
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proteolysis of Rsgl. (A) Schematic diagram of
the anti-o' factor Rsgl with GFP and His tags.
An unknown site-1 protease (S1P) and the
site-2 protease RasP are shown as scissors.
(B) Representative immunoblot of GFP-
Rsgl-His in the indicated strains that lack
the native rsgl gene and harbor a xylose-reg-
ulated allele of gfp-rsgl-his. All lanes are
from the same two blots, with unrelated
lanes removed. Schematics show the identi-
ty of each band. A strain harboring cytoplas-
mic GFP (GFP) is included as a size marker.
Molecular weight markers are in kilodal-
tons. (C) Immunoblots showing the stability

-——

of each GFP-Rsgl-His cleavage product in wild type, AponA, or ArasP. Strains were grown in LB medium supplemented with 10 mM xylose
to midexponential phase and then treated with spectinomycin and chloramphenicol to inhibit protein synthesis. Samples were collected
at the indicated time points (in minutes) before and after inhibition of translation, and GFP-Rsgl-His was assessed by immunoblot.

variable degree in this background, and we suspect it is fur-
ther degraded to release o', as has been reported for the anti-
6" and anti-¢V factors RsiW and RsiV (Zellmeier et al.
2006; Liu et al. 2017; Ho and Ellermeier 2019).

Site-1 cleavage of Rsgl is constitutive

In virtually all characterized RIP signaling pathways that
use RseP/RasP homologs, site-1 proteolysis on the extra-
cytoplasmic side of the membrane is the regulated and
rate-limiting step (Kroos and Akiyama 2013). In these cas-
es, the membrane-anchored site-1 cleavage product is only
detectable in cells lacking the site-2 protease (Alba et al.
2002; Kanehara et al. 2002; Schobel et al. 2004; Ellermeier
and Losick 2006; Sklar et al. 2010; Hastie et al. 2013). In
contrast, Rsgl’s site-1 cleavage products were readily
detectable in wild-type cells (Fig. 2B). To investigate
whether these products were transient intermediates, we
treated exponentially growing cultures with protein syn-
thesis inhibitors and followed the fate of the cleavage prod-
ucts over time. As can be seen in Figure 2C, the substrate
for RasP, the N-terminal membrane-anchored site-1 cleav-
age product, was stable during the 30-min time course. In
contrast, in the AponA mutant, this cleavage product was
rapidly lost. The extracytoplasmic site-1 cleavage product
followed a similar fate: It remained stable in wild type and
was rapidly lost in cells lacking PBP1 (Fig. 2C). Further-
more, and as anticipated, depletion of PBP1 in the ArasP
mutant resulted in loss of the extracytoplasmic site-1
cleavage product, while the membrane-anchored site-1
product remained stable (Supplemental Fig. S6). These
findings led us to hypothesize that the two site-1 cleavage
products stably associate, preventing RasP-mediated site-
2 proteolysis, and that the regulated step in this signaling
pathway is their dissociation.

The juxtamembrane domain of Rsgl is required for
ectodomain retention

The extracytoplasmic C terminus of Rsgl is composed of
two regions (Supplemental Fig. S7): a juxtamembrane

domain (~140 amino acids) that is conserved among Rsgl
homologs and has predicted secondary structural ele-
ments (Drozdetskiy et al. 2015; Jumper et al. 2021) and a
C-terminal region (~157 amino acids) that is poorly con-
served and is predicted to be disordered (Supplemental
Figs. S8, S9). To investigate whether the juxtamembrane
domain of Rsgl is important for the regulation of o' activity,
we generated amino acid substitutions in six of the most
highly conserved residues and analyzed o'-dependent
lacZ expression. In most cases, these mutants resulted in
constitutive o activity (Fig. 3A; Supplemental Fig. S10).
To analyze the impact on Rsgl cleavage, we rebuilt one
of these mutations (D95A) in the context of the GFP-
Rsgl-His fusion. Consistent with constitutive o' activity,
both site-1 cleavage products in the point mutant failed
to accumulate and were rapidly lost upon inhibition of pro-
tein synthesis (Fig. 3B). Importantly, in cells lacking RasP,
the membrane-anchored site-1 cleavage product was sta-
ble, while the C-terminal ectodomain was lost in a manner
similar to the RasP* cells (Fig. 3B). These data are consis-
tent with a model in which the conserved juxtamembrane
domain functions to maintain an interaction between the
two site-1-cleaved products. Mutations that disrupt this
interaction cause ectodomain release, RasP-mediated
intramembrane proteolysis, and constitutive o' activity.

Stable association between the Rsgl site-1 cleavage
products

We reasoned that if the N-terminal and C-terminal site-1
cleavage products interact, the soluble extracytoplasmic
fragment should remain membrane-associated. To
investigate this possibility, we performed fractionation ex-
periments using a strain expressing GFP-Rsgl-His. Expo-
nentially growing cells were treated with lysozyme in
isotonic buffer to remove the cell wall, and the resulting
protoplasts were washed and then lysed in hypotonic buff-
er. The soluble and membrane-associated proteins were
separated by ultracentrifugation and analyzed by immu-
noblot. As can be seen in Figure 4A, the soluble extracyto-
plasmic Rsgl cleavage product was present in the
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Figure 3. The juxtamembrane domain of
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in LB. Error bars represent standard deviation
from three biological replicates. (B) Represen-
tative immunoblots showing the stability of
GFP-Rsgl-His cleavage products in the indi-
cated strains that lack the native rsgl gene
and harbor a xylose-regulated allele of gfp-
rsgl-his. Cells were grown in LB medium sup-
plemented with 10 mM xylose to midexpo-
nential phase and then treated with
spectinomycin and chloramphenicol to in-
hibit protein synthesis. Samples were col-

lected at the indicated time points (in minutes) before and after addition of antibiotics, and GFP-Rsgl-His was assessed by immunoblot

using anti-His and anti-GFP antibodies.

protoplast lysate (lysate), indicating that it remained cell-
associated after removal of the cell wall. Furthermore,
the majority of this soluble cleavage product fractionated
with the membranes (Fig. 4A). A similar fractionation pat-
tern was observed for full-length GFP-Rsgl-His, the N-ter-
minal site-1 cleavage product, and a control membrane
protein, EzrA (Fig. 4A; Levin et al. 1999). In contrast, the
site-2 cleavage product and a control cytoplasmic protein,
ScpB (Soppa et al. 2002), were present in the soluble frac-
tion. Importantly, all the proteins and cleavage products
that fractionated with the membranes were solubilized
in the presence of the nonionic detergent Triton X-100
(Fig. 4A), arguing that their presence in this fraction was
not due to aggregation. These data are consistent with
the idea that the N-terminal and C-terminal site-1 cleav-
age products remain stably associated.

To more directly test this model, we purified the soluble
C-terminal cleavage product from detergent-solubilized
membranes using Ni>* agarose. The immunoblots in Fig-
ure 4B show that the eluate contained the C-terminal His-
tagged cleavage product in addition to the membrane-an-
chored N-terminal cleavage product. Analysis of the elu-
ates from an independent purification by SDS-PAGE
followed by silver staining (Fig. 4C) revealed two proteins
that were specific to the GFP-Rsgl-His lysate. These pro-
teins had molecular weights similar to those of the site-
1 cleavage products, and mass spectrometry confirmed
that the larger was the C-terminal His-tagged cleavage
product, while the smaller was the membrane-anchored
N-terminal GFP-tagged cleavage product. Similar results
were obtained by coimmunoprecipitation using anti-His
antibody resin (Supplemental Fig. S11). These data argue
that the site-1 cleavage products stably associate, prevent-
ing RasP-mediated site-2 proteolysis.

The intrinsically disordered region on Rsgl is required to
regulate intramembrane proteolysis

We next turned our attention to how the site-1 cleavage
products are pulled apart to activate o". The C-terminal re-
gion of Rsgl is poorly conserved among Rsgl homologs but
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in all cases is predicted to be intrinsically disordered (Sup-
plemental Figs. S8, S9). Figure 5A shows the amino acid
sequence of this region from four Rsgl homologs. All
four IDRs have similar compositional bias, enriched in
charged and polar amino acids and depleted in aromatic
and hydrophobic residues, but their frequency and ar-
rangement differ. To investigate whether the B. subtilis
IDR plays a role in regulating intramembrane proteolysis,
we generated a deletion that lacked the last 157 amino ac-
ids (rsgIAID) and compared o' activity in wild type and the
AponA mutant. In ponA* cells, ¢' activity was similar
whether or not the IDR was present (Fig. 5B). However,
the rsgIAID mutant failed to activate o' in the absence of
PBP1 (AponA) (Fig. 5B). Analysis of GFP-RsgIAID-His by
immunoblot supports the idea that the IDR is required
to sense envelope stress and trigger intramembrane prote-
olysis. As can be seen in Figure 5C and Supplemental Fig-
ure S12, the site-1-cleaved GFP-RsgIAID-His products in
both wild type and the AponA mutant remained stable
over 30 min. We note that the C-terminal GFP-RsgIAID-
His cleavage product could be resolved into two discrete
bands due to its smaller size (Fig. 5C; Supplemental Fig.
S12). The smaller of the two was stable over 30 min, while
the larger one was lost. Analysis of these cleavage prod-
ucts and those from full-length Rsgl suggests that the
smaller product stably associates with its N-terminal
partner, while the large one cannot (Supplemental Fig.
S14). This provides an explanation for why cells harboring
RsgIAID retain basal o' activity (Fig. 5B) and are viable in a
AponA mutant (Fig. 5C), while cells lacking RasP have sig-
nificantly lower o' activity (Fig. 1C) and are synthetic le-
thal with AponA (Supplemental Fig. S4E).

Our analysis of the RsgIAID suggests that the IDR on
Rsgl is important for sensing and responding to envelope
stress. To investigate whether the amino acid composi-
tion of the IDR is important for sensing envelope stress,
we generated chimeras between B. subtilis RsgIAID and
the IDRs from Bacillus cereus, Bacillus pumilus, and Pae-
nibacillus luteus (Fig. 5A). In all three cases these domains
restored inducible o' activity (Fig. 5B), suggesting that in-
trinsic disorder rather than a specific sequence is required
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Figure 4. Site-1-cleaved Rsgl products remain

associated. (A) Representative immunoblots of

GFP-Rsgl-His fractionation. Protoplasts were

generated from exponentially growing B. subti-

ILis cells expressing GFP-Rsgl-His. The proto-

plasts were washed in hypertonic buffer to
-100  remove proteins that were not membrane-asso-
“70  ciated and then lysed in hypotonic buffer, and
the lysate was subjected to ultracentrifugation
to separate soluble (S100) and membrane-asso-
ciated (P100) proteins. The membrane fraction
was dispersed in buffer or buffer containing Tri-
ton X-100 and subjected to a second round of
ultracentrifugation to separate detergent-solu-
bilized proteins (S100) from insoluble material
(P100). Equivalent amounts of each fraction
were separated by SDS-PAGE and analyzed by
immunoblot. Full-length GFP-Rsgl-His and
both N-terminal and C-terminal site-1 cleav-
age products fractionated with the membrane.
The N-terminal GFP-Rsgl site-2 cleavage prod-

GFP-Rsgl-His

Rsgl

uct was soluble. The membrane protein EzrA and cytoplasmic protein ScpB served as fractionation controls. (B) Immunoblots of Ni** af-
finity purifications from detergent-solubilized membrane fractions of B. subtilis cells expressing GFP-Rsgl-His or GFP-Rsgl. The load (L),
flowthrough (FT), and elution (Elu) are shown. EzrA served as a negative control. Molecular weight markers are in kilodaltons. (C) Silver-
stained gel of elutions from a similar purification from B. subtilis expressing GFP-Rsgl-His or Rsgl. N-terminal and C-terminal site-1
cleavage products identified by mass spectrometry are indicated (black carets). A silver-stained gel from a complementary coimmunopre-
cipitation experiment using anti-His antibody resin is shown in Supplemental Figure S10.

to respond to envelope stress. To further explore this pos-
sibility, we scrambled the order of the amino acids in the
native B. subtilis IDR (Supplemental Fig. S15). We tested
two scrambled IDRs, and both retained inducible o' activ-
ity (Fig. 5D). In contrast, replacing the IDR with the folded
extracellular domain of the sporulation protein SpoIVFA
(4FA) failed to support regulated o' activity (Fig. 5B). Im-
portantly, analysis of the B. cereus and 4FA chimeras
by immunoblot indicates that the impact on ¢ activity
correlates with regulated proteolysis of Rsgl (Fig. 5C; Sup-
plemental Fig. S12). These data indicate that an intrinsi-
cally disordered region on Rsgl is required to respond to
envelope stress and are consistent with a model in which
Rsgl’s IDR monitors the cell wall and, in the presence of
defects or gaps in the meshwork, generates a pulling force
that pulls the two site-1-cleaved products apart, triggering
intramembrane proteolysis and o' activation (see the
Discussion).

Class A PBPs have IDRs that can support Rsgl signaling

In the course of our analysis of the IDR on Rsgl homologs,
we discovered that B. subtilis PBP1 and homologs in many
Gram-positive bacteria contain similar intrinsically disor-
dered regions at their extreme C termini (Fig. 6A; Supple-
mental Fig. S16). IDRs from a few of these homologs are
shown in Figure 6A and Supplemental Figure S17. To in-
vestigate whether these regions can substitute for the
IDR on Rsgl, we generated chimeras and tested them for
the regulation of o' activity. Although the IDR from B.
subtilis PBP1 did not restore activity when appended to
RsgIAID, three distinct IDRs from PBP1 homologs from
different B. cereus strains all restored RsgIAID’s ability

to respond to the absence of B. subtilis PBP1 (Fig. 5B).
These data suggest that many but not all aPBP IDRs are
functional in responding to envelope defects and raised
the possibility that class A PBPs could use their IDRs to
direct cell wall synthesis to sites that require repair.

The IDR on PBP1 promotes efficient cell wall synthesis

To investigate whether PBP1’s IDR is important for its
function, we deleted the 12l-amino-acid C-terminal
IDR, leaving the adjacent fibronectin type III (FN3)
domain intact (Fig. 6A). We fused the full-length gene
and the deletion mutant to an IPTG-regulated promoter
and compared growth in an aPBP-deficient strain. In the
presence of 100 uM IPTG, both PBPI1 variants restored
normal colony size to the aPBP mutant (Supplemental
Fig. S18A). However, when their levels were reduced us-
ing 15 pM IPTG, only full-length PBP1 restored normal
colony size and cell morphology, while cells expressing
the PBP1AID grew more slowly (Supplemental Fig.
S18A), had morphological defects (Supplemental Fig.
$19), and induced o' activity (Supplemental Fig. S18B). Im-
portantly, appending IDRs from PBP1 or Rsgl homologs
onto PBP1AID restored wild-type growth and morphology
and suppressed o' induction (Supplemental Figs. S18, S19).
In contrast, fusing the folded extracellular domain of
SpoIVFA (4FA) onto PBP1AID phenocopied the AID mu-
tant (Supplemental Figs. S18, S19).

To more rigorously test whether disparate IDRs are
functional when appended onto PBP1AID, we sought a
sensitized background that would enhance the growth
and morphology defects of the AID mutant. The GpsB pro-
tein is thought to function as a cytoplasmic scaffold for
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Figure 5. An intrinsically disordered region on Rsgl is required to respond to loss of the PG synthase PBP1. (A) Examples of the intrin-
sically disordered (ID) regions on Rsgl homologs from B. subtilis, Bacillus cereus, Bacillus pumilus, and Paenibacillus luteus. Residues
with similar properties are highlighted with the same color. An alignment of 26 Rsgl homologs is shown in Supplemental Figure S8
and Supplemental Table S4. (B) Bar graph showing p-galactosidase activity from the o"-responsive reporter P(bcrC)-lacZ in the presence
(+) or absence (A) of ponA. All strains lack the native rsgl gene and harbor the indicated rsgl variant at an ectopic locus. The rsgl variant
lacking its ID region (AID) and the one with the ID region replaced with the extracellular domain (ECD) of the B. subtilis sporulation pro-
tein SpoIVFA (4FA) do not respond to the absence of PBP1. (C) Stability assays of the GFP-Rsgl-His cleavage products. Immunoblot anal-
ysis of GFP-Rsgl-His, GFP-RsgIAID-His (AID), and GFP-RsgIAID-ID(Bc14)-His [ID(Bc14)] in wild-type and AponA backgrounds. Strains
were grown in LB medium supplemented with 10 mM (WT) or 20 mM [AID and ID(Bc14)] xylose to midexponential phase. Cultures
were then treated with spectinomycin and chloramphenicol to inhibit protein synthesis. Samples were collected before and 30 min after
addition of the translation inhibitors, and GFP-Rsgl-His was assessed by immunoblot using anti-GFP and anti-His antibodies. For a full
time course of these and other Rsgl chimeras, see Supplemental Figure S11. (D) Bar graph showing p-galactosidase activity from a o’-re-
sponsive reporter in the indicated strains lacking the native rsgl gene. The amino acids in the B. subtilis ID region were scrambled,
and separately the ID regions from PBP1 homologs from three B. cereus strains were fused to rsgIAID. Activity was assayed in exponen-
tially growing cultures in LB. Error bars represent standard deviation from three biological replicates. The P(bcrC)-lacZ reporter was in-
serted at an origin-distal chromosomal locus in the strains used in this figure, accounting for the reduced response compared with those in
Figure 1 (see Supplemental Fig. S13).

PBP1 and other membrane proteins involved in PG synthe- IDRs from PBP1 and Rsgl homologs as well as two scram-
sis (Cleverley et al. 2019). Accordingly, we compared PBP1 bled versions of the native PBP1 IDR largely restored nor-
and PBP1AID in a AgpsB background. As can be seen in Fig- mal growth and morphology, while a chimera that
ure 6B, the PBP1AID mutant was severely growth-im- contained the folded 4FA ECD did not (Fig. 6A,D; Supple-
paired when expressed using 50 uM IPTG. The growth mental Figs. $20-S22). In all cases, these variants were pro-
defect was even more pronounced using 25 pM IPTG but duced at levels similar to full-length PBP1 (Fig. 6B;
was also apparent at concentrations as high as 250 pM Supplemental Fig. S20A). Finally, we show in Figure 6E
IPTG (Supplemental Fig. S20). As can be seen in Figure that purified PBP1 lacking its IDR retained wild-type gly-
6B, the PBP1AID mutant was severely growth-impaired. cosyltransferase activity in vitro, suggesting that the re-
The growth defect was pronounced using 25 uM IPTG quirement for the IDR on PBPI is not related to its
but was readily apparent at 50 and 250 uM IPTG (Supple- enzymatic activity. Collectively, these data indicate that
mental Fig. S20). Importantly, in this sensitized back- an intrinsically disordered region on PBP1 is required for
ground, the PBP1AID mutant cells were thinner, twisted, the full function of the PG synthase and are consistent
and more prone to lysis compared with full-length PBP1 with a model in which the IDR helps localize PBP1 to sites
(Fig. 6D; Supplemental Fig. S21). PBP1 chimeras harboring in the PG meshwork that require fortification or repair.
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Figure 6. The IDR on PBP1 is important for function. (A) Schematic diagram of B. subtilis PBP1 showing the transmembrane (TM) seg-
ment, the glycosyltransferase (GT) and transpeptidase (TP) domains, the fibronectin 3-like (FN3) domain, and the intrinsically disordered
region (IDR). The IDRs from B. subtilis PBP1 and three B. cereus strains are shown below. Residues with similar properties are highlighted
with the same color. (B) Schematic of PBP1 and spot dilutions on LB agar plates supplemented with 50 uM IPTG. The first strain lacks gpsB
and three of the four aPBP genes (A3) and is ponA*. All other strains lack gpsB and the four native aPBP genes (A4). The indicated variants of
ponA are expressed under IPTG control. (C) Bocillin gel of the gpsB* versions of the strains in B. (D) Representative fluorescence and
phase-contrast images of cells expressing wild-type ponA or the variant with its IDR (AID) lacking or replaced with the IDR from B. subtilis
Rsgl. All three strains lack gpsB and the four native aPBP genes (A4) and expressed cytoplasmic GFP. Cells were grown in LB medium with
100 uM IPTG and subcultured for three to four generations in LB with 25 nM IPTG. (E) PBP1AID has glycosyltransferase activity similar to
that of the full-length PBP1 protein. Coomassie-stained gel of the purified proteins used in the GT assay. PBP1* has an E115A substitution
in the predicted GT catalytic residue. Representative Western blot of glycan strand polymerization assay using purified proteins and lipid
II. Time points (in minutes) are indicated above the blot. The reaction products and remaining substrate were labeled with biotinylated D-
lysine using S. aureus PBP4, resolved by SDS-PAGE, and detected by IRDye 800CW streptavidin. A 60-min time point in the presence of
the GT inhibitor moenomycin (mo) is shown. Free lipid II (Il) and glycan strands (PG) are indicated. Some PBP4 became biotinylated in the
labeling reaction and was detected (asterisk) by IRDye 800CW streptavidin.

Discussion both proteins. Importantly, both Rsgl and PBP1 are func-

tional when the order of the amino acids in their native
Previous work by Helmann and coworkers (Patel et al. IDRs is scrambled, indicating that disorder is central to
2020) established that cells lacking PBP1 require o' for via- their activity. It is currently unknown how these unstruc-
bility and that o' activity increases in cells that lack PBP1. tured regions function or what they do in the Gram-posi-
Here, we have confirmed and extended these findings and tive periplasm, but the simplest interpretation of our
shown that ¢ activity inversely correlates with the level data, given that these IDRs are appended to a factor that re-
of the PG synthase. These data suggest that the Rsgl-o' sponds to cell wall defects and an enzyme that synthesizes
pathway responds in a graded manner to reduced PG syn- peptidoglycan, is that they enter gaps in the PG meshwork
thesis and therefore functions in cell wall homeostasis. (Fig. 7). In the case of Rsgl, interaction with the PG that
Our analysis has further revealed that intrinsically disor- lines the gap could generate force to activate o (discussed
dered regions lie at the heart of cell wall maintenance. below), and in the case of PBP1 it would transiently localize
We have showp that the IDR on Rsgl is requireﬁi to activate the synthase to this site to repair it, akin to the Lpo factors
o in cells lacking PBP1, while the IDR on PBP1 is necessary in Gram-negative bacteria (Vigouroux et al. 2020). Recent
for the full function of the PG synthase. Since IDRs from high-resolution atomic force microscopy (AFM) studies of
Rsgl homologs can function on B. subtilis PBP1 and since the B. subtilis cell wall identified gaps or holes in the mem-
most PBP1 IDRs can function on B. subtilis Rsgl, our brane-proximal layers of the meshwork that range in size
data further suggest that these regions act similarly on from 5 to 8 nm in diameter (Pasquina-Lemonche et al.
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Figure 7. Intrinsically disordered regions sense defects in the Gram-positive cell wall. Model for intrinsically disordered regions on Rsgl
and PBP1. ¢' (I) is held inactive at the membrane by Rsgl. Rsgl is constitutively cleaved by an unknown site-1 protease, but the two prod-
ucts remain stably associated. When the IDR on Rsgl encounters a gap in the cell wall meshwork, it enters this region, resulting in dis-
sociation of the two cleaved products, which enables intramembrane proteolysis by the site-2 protease RasP. Intramembrane proteolysis
leads to release of o' and activation of genes that help repair the defect. The IDR on PBP1 transiently restrains the PG synthase at these
same gaps in the meshwork, facilitating their repair. The function of the IDR on PBP1 is analogous to the transenvelope interaction be-
tween Lpo factors and their cognate aPBPs in Gram-negative bacteria. The Rsgl2 paralog in C. thermocellum has a carbohydrate-binding
module (CBM) appended to the end of its intrinsically disordered region. This domain binds extracellular cellulose and activates SigI2 that
controls genes involved in cellulose degradation. We hypothesize that Sigl2 activation is mediated by an analogous mechanotransduction
pathway in which cellulose binding to the CBM pulls the cleaved Rsgl2 apart and activates intramembrane proteolysis. In this model, the

IDR on Rsgl2, which has a distinct amino acid composition, threads through the wall rather than filling gaps.

2020). Some of these gaps appear to extend through multi-
ple layers of the sacculus and, if unattended, could lead to
lysis. The work presented here suggests that Rsgl and
PBP1 and their associated IDRs represent complementary
pathways that sense and respond to these defects.

It is noteworthy that cells harboring PBP1 lacking its
IDR (PBP1AID) only displayed growth and morphological
defects when expressed at low levels or in a sensitized
background lacking GpsB. These data indicate that, un-
like Gram-negative Lpo factors (Paradis-Bleau et al.
2010; Typas et al. 2010), the IDR on PBP1 is not essential
for PBP1 activity. However, despite the normal growth
and morphology of cells expressing wild-type levels of
PBP1AID, o'-dependent gene expression was induced (Sup-
plemental Fig. S23). These findings suggest that IDR-less
PG synthases produce sufficient quantities of cell wall
material to maintain growth and morphology but lack
the ability to identify gaps in the meshwork and therefore
inefficiently fill them, leading to their detection by Rsgl
and, in turn, activation of ¢'.

o' controls the expression of a small set of factors
involved in cell wall biogenesis that includes the PG hy-
drolase LytE, the MreB paralog MreBH, and the undecap-
renyl-pyrophosphate (UndPP) phosphatase BcrC that
recycles the lipid carrier UndP. How these factors func-
tion to repair defects in the meshwork is currently
unknown. However, work in E. coli indicates that overex-
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pression of PG endopeptidases required for cell wall ex-
pansion stimulates PG synthesis (Lai et al. 2017), and
the increase in LytE expression under ¢' control could
function similarly here. An alternative but not mutually
exclusive model is that LytE could enlarge the gaps in
the meshwork, enabling repair by Rod complexes orga-
nized by MreBH. Future experiments will be focused on
establishing how the factors under ¢' control promote
PG synthesis and repair.

Mechanotransduction as a possible mechanism of o!
control.

Previous genetic analyses had implicated the S2P/RseP
family member RasP in the control of ¢' activity (Liu
et al. 2017; Patel et al. 2020). Here, we demonstrated
that the anti-¢* factor Rsgl is indeed subject to regulated
intramembrane proteolysis. However, unlike canonical
RIP signaling pathways, our data indicate that site-1 cleav-
age of Rsgl is constitutive, but the cleaved products re-
main stably associated, preventing intramembrane
proteolysis by the site-2 protease. Instead, the regulated
step in this signaling pathway is the dissociation of the
cleaved ectodomain, which triggers intramembrane pro-
teolysis and o' activation.

This Rsgl-¢ signaling pathway shares strikingly similar
features with mechanotransduction pathways involved in
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metazoan development. The Notch transcription factor
plays a central role in the communication between adja-
cent cells to modulate cell fate decisions and is controlled
by an unrelated intramembrane-cleaving protease, y secre-
tase (Kopan and Ilagan 2009; Sprinzak and Blacklow 2021).
Surface-anchored ligands of the Delta-Serrate-lag-2 (DSL)
family on a signal-sending cell interact with membrane-
anchored Notch receptors on a signal-receiving cell. Inter-
nalization of the Notch-ligand complex via receptor-me-
diated endocytosis in the signal-sending cell is thought
to generate a pulling force that causes a conformational
change in the juxtamembrane domain of Notch on the sig-
nal-receiving cell (Nichols et al. 2007; Musse et al. 2012;
Gordon et al. 2015). The conformational change exposes
a sterically occluded protease site, and cleavage at this po-
sition by a site-1 protease releases the ectodomain and
triggers intramembrane proteolysis by y secretase (Kopan
and Tlagan 2009; Sprinzak and Blacklow 2021). The intra-
cellular domain then enters the nucleus and controls
developmental gene expression. Similarly, adhesion G
protein-coupled receptors (aGPCRs) control tissue specifi-
cation during development by transducing information re-
ceived from adjacent cell surface proteins or components
of the extracellular matrix (ECM) (Bjarnadéttir et al. 2004;
Langenhan et al. 2013). aGPCRs contain a juxtamem-
brane autoproteolysis domain that cleaves the nascent re-
ceptor into two fragments that remain stably associated,
concealing a peptide agonist. It is thought that the interac-
tion between the extracellular domain and the ECM or
surface ligands on neighboring cells generates a pulling
force that dissociates the ectodomain, exposing the teth-
ered agonists that trigger G protein activation (Liebscher
et al. 2014, Stoveken et al. 2015). Thus, in both cases, a
pulling force triggers information transduction across
the lipid bilayer.

The force that dissociates the site-1-cleaved ectodo-
main of Rsgl is currently unknown. However, we have
shown that dissociation requires the presence of an extra-
cytoplasmic IDR. Importantly, even IDRs in which the or-
der of the amino acids was scrambled retained their
signaling function. This finding argues that the IDR does
not function by templated folding upon recognition of
some feature of the cell envelope. Instead, we hypothesize
that nonspecific multivalent interactions between the
charged and polar residues in the IDR and the PG that
lines the gap in the meshwork generate force. Defining
the length requirement and amino acid composition for
afunctional IDR on Rsgl in vivo and determining the force
necessary to dissociate the ectodomain in vitro are the
first steps toward establishing whether ¢ activation is
controlled by mechanotransduction.

Interestingly, Rsgl homologs in the bacterium Clostrid-
ium thermocellum may have evolved a distinct mecha-
nism of force generation. This bacterium assembles
large multienzyme complexes called cellulosomes on its
cell surface that efficiently convert plant cell wall polysac-
charides like cellulose and hemicellulose into soluble sug-
ars (Artzi et al. 2017). C. thermocellum contains eight
sigl-rsgl loci (Kahel-Raifer et al. 2010). Several of the o'
paralogs encoded in these bicistronic operons control cel-
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lulosome-associated enzymes involved in plant cell wall
degradation and are induced in the presence of cellulose
and related polysaccharides in the medium (Kahel-Raifer
et al. 2010; Nataf et al. 2010; Mufnoz-Gutiérrez et al.
2016; Ortiz de Ora et al. 2018). The cognate Rsgl paralogs
have conserved juxtamembrane domains that resemble
the one from B. subtilis and are followed by an IDR. Im-
portantly, several of these paralogs have carbohydrate-
binding modules (CBMs) that bind plant polysaccharides
appended to the C termini of their IDRs (Fig. 7; Kahel-Rai-
fer et al. 2010; Nataf et al. 2010; Yaniv et al. 2013). Since
cellulose and related carbohydrates are too large to enter
the PG meshwork, it has been proposed that the IDRs
span the C. thermocellum envelope, displaying the
CBMs on the cell surface. How biomass sensing is trans-
duced across the lipid bilayer has remained a mystery.
Based on the work presented here, we hypothesize that
cellulose bound to the CBM generates a shear force that
pulls the site-1-cleaved Rsgl products apart, triggering
site-2 proteolysis and activation of the cognate o\. Al-
though it is currently unknown whether C. thermocellum
Rsgl paralogs are regulated by intramembrane proteolysis,
this mechanotransduction model provides a novel mech-
anism by which Gram-positive bacteria could sense and
respond to macromolecules in their environment. It is
noteworthy that the IDRs on the C. thermocellum Rsgl
paralogs that possess CBMs have many fewer polar and
charged residues compared with the IDRs characterized
here. This difference could ensure that the C. thermocel-
Ium IDRs interact more weakly with the PG meshwork
that they span, enabling them to function as neutral link-
ers that transduce the force applied to the polysaccharide—
CBM complex to the juxtamembrane domain. Analysis of
chimeras between these Rsgl paralogs and B. subtilis Rsgl
in the future will help test this model and have the poten-
tial to establish whether these biomass-sensing signaling
pathways also involve mechanotransduction.

Materials and methods

General methods

All B. subtilis strains were derived from the prototrophic strain
PY79 (Youngman et al. 1983). Unless otherwise indicated, cells
were grown in LB or defined rich (casein hydrolysate [CH]) medi-
um (Harwood and Cutting 1990) at 37°C. Insertion-deletion mu-
tations were generated by isothermal assembly (Gibson 2011) of
PCR products followed by direct transformation into B. subtilis.
Tables of strains, plasmids, and oligonucleotide primers are avail-
able as Supplemental Tables S1-S3, and a description of strain
and plasmid construction is in the Supplemental Material.

B-Galactosidase assays

B. subtilis strains were grown in LB medium at 37°C to an ODggg
of ~0.7. The optical density was recorded, and 1 mL of culture was
harvested and assayed for p-galactosidase activity as previously
described (Rudner et al. 1999). Briefly, cell pellets were resuspend-
edin 1 mL of Z buffer (40 mM NaH,PO,, 60 mM Na,HPO,, ]l mM
MgSO,, 10 mM KCl, 50 mM B-mercaptoethanol). Two-hundred-
fifty microliters of this suspension was added to 750 pL of Z buffer
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supplemented with 0.25 mg/mL lysozyme, and the samples were
incubated for 15 min at 37°C. The colorimetric reaction was ini-
tiated by addition of 200 pL of 4 mg/mL 2-nitrophenyl-p-D-galac-
topyranoside (ONPG) in Z buffer and stopped with 500 pL of 1 M
Na,COj;. The reaction time and the absorbance at 420 nm and
ODssq of the reactions were recorded, and the p-galactosidase-
specific activity in Miller units was calculated according to the
formula [A4o0— 1.75x(ODssg)]/[time  (minutes)x ODggg] x dilu-
tion factor x 1000 (Miller 1972).

Immunoblot analysis

Immunoblot analysis was performed as described previously
(Wang et al. 2015). Briefly, 1 mL of culture was collected and re-
suspended in lysis buffer (20 mM Tris at pH 7.0, 10 mM MgCl,,
1 mM EDTA, 1 mg/mL lysozyme, 10 ng/mL DNase I, 100 pg/
mL RNase A, 1 mM PMSF, 1 ng/mL leupeptin, 1 png/mL pepstatin)
to a final ODgg of 10 for equivalent loading. The cells were incu-
bated for 10 min at 37°C, followed by addition of an equal volume
of sodium dodecyl sulfate (SDS) sample buffer (0.25 M Tris at pH
6.8, 4% SDS, 20% glycerol, 10 mM EDTA) containing 10% 2-
mercaptoethanol. Samples were heated for 15 min at 65°C prior
to loading. Proteins were separated by SDS-PAGE on 12.5% poly-
acrylamide 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) (Dobihal et al. 2019), anti-SigA
(1:10,000) (Fujita and Sadaie 1998), anti-His (1:4000; Sigma), and
anti-GFP (1:10,000) (Rudner and Losick 2002) antibodies diluted
into 3% BSA in PBS with 0.05% Tween-20. Primary antibodies
were detected using horseradish peroxidase-conjugated goat anti-
rabbit or antimouse IgG (Bio-Rad) and the Super Signal chemilu-
minescence reagent as described by the manufacturer (Pierce).
Signal was detected using a Bio-Techne FluorChem R system.

In vivo protein turnover assay

B. subtilis strains were grown in LB medium at 37°C to an ODggg
of 0.5. Protein translation was inhibited by the addition of both
spectinomycin (200 png/mL final concentration) and chloram-
phenicol (10 pg/mL final concentration). One-milliliter samples
were collected immediately prior to antibiotic treatment and at
the indicated times after. Cells were pelleted by centrifugation
for 5 min and immediately flash-frozen in liquid nitrogen. The
cell pellets were thawed on ice, lysed, and analyzed by immuno-
blot as described above.

Bocillin labeling

B. subtilis strains were grown in LB medium supplemented with
the indicated concentrations of IPTG at 37°C to an ODggg of ~0.7.
Ten milliliters of cells was pelleted, washed with PBS, resuspend-
ed with 100 pL of PBS containing 15 uM bocillin (Invitrogen), and
incubated for 15 min at 22°C. Cells were washed three times with
PBS, resuspended in 0.5 mL of PBS containing 1 mg/mL lyso-
zyme, and incubated for 30 min at 37°C. The cells were lysed
by sonication, followed by a low-speed spin at 3000g for 5 min
to remove unbroken cells. The lysate was subjected to ultracen-
trifugation at 100,000g for 45 min at 4°C. The membrane pellet
was resuspended with 50 pL of sample buffer, and total protein
was determined using the NI protein assay (G-Biosciences).
Twenty micrograms of total protein was incubated for 20 min
at 65°C and resolved by SDS-PAGE on 10% polyacrylamide
gels. Bocillin-labeled proteins were visualized using a Typhoon
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9500 fluorescence imager (GE Healthcare) with excitation at
488 nm and emission at 530 nm.

Fluorescence microscopy

Fluorescence microscopy was performed on a Nikon Ti micro-
scope equipped with a plan apo 100x/1.4 NA phase-contrast oil
objective and a CoolSnapHQ? camera. Cells were immobilized
using 1.5% agarose pads containing LB medium. Envelope integ-
rity was monitored with 5 uM propidium iodide (PI; Molecular
Probes). Exposure times were 200, 300, and 800 msec for phase,
PI, and mCherry, respectively. Images were cropped and adjusted
using MetaMorph software (Molecular Devices).

Transposon insertion sequencing

Transposon insertion sequencing (Tn-seq) was performed as de-
scribed previously (van Opijnen et al. 2009; Johnson and Gross-
man 2014; Meeske et al. 2015). Libraries of >100,000
independent transposants were separately generated in wild
type or AcwlO, Asigl, or AponA mutants. Genomic DNA was ex-
tracted from each library and digested with Mmel, followed by
adapter ligation. Transposon—-chromosome junctions were ampli-
fied by PCR (17 amplification cycles). PCR products were pooled,
gel-purified, and sequenced on the Illumina HiSeq platform using
TruSeq reagents (Tufts University Core Facility Genomics Facil-
ity). Reads were mapped to the B. subtilis 168 genome (NCBI
NC_000964.3) and tallied at each TA site, and genes in which
reads were statistically underrepresented were identified using
the Mann-Whitney U-test and by visual inspection using Sanger
Artemis genome browser and annotation tool (Carver et al. 2012).

Rsgi fractionation

Twenty-five milliliters of exponentially growing cells of strain
BYB1156 (PxylA-GFP-Rsgl-His) was collected, washed, and resus-
pended in 5 mL of 1x SMM buffer (0.5 M sucrose, 20 mM MgCl,,
20 mM maleic acid at pH 6.5) (Harwood and Cutting 1990) supple-
mented with 2 mg/mL lysozyme. Cells were gently agitated for 30
min at room temperature. When >95% of the cells had converted
to protoplasts as assayed by microscopic observation, they were
collected by centrifugation at 5000 rpm, washed twice in 1x
SMM, and lysed with 1 mL of hypotonic buffer (buffer H: 20
mM HEPES at pH 8, 200 mM NaCl, 1 mM dithiothreitol) with
protease inhibitors (1 mM phenylmethylsulfonyl fluoride and
EDTA-free protease inhibitor cocktail complete [Roche]). MgCl,
and CaCl, were added to 1 mM, and lysates were treated with
10 pg/mL DNase I (Sigma-Aldrich) and 20 pg/mL RNase A
(USB| for 1 h on ice. The membrane fraction was separated by ul-
tracentrifugation at 200,000g for 1 h at 4°C. The supernatant was
carefully removed, and the membrane pellet was dispersed in 100
uL of buffer H. The dispersed membranes were split into two ali-
quots, incubated with buffer H with or without 1% Triton X-100
for 1 h at 4°C, and separated by ultracentrifugation at 200,000g for
1 h at 4°C. The supernatant and pellet fractions were then ana-
lyzed by immunoblot as described above.

Rsgi purification and mass spectrometry identification

Strains BDRI1 (WTJ), BYB1156 (PxylA-GFP-Rsgl-His) and
BYB1123 (PxylA-GFP-Rsgl) were precultured in LB to an ODggg
of 0.4 and used to inoculate 500 mL of LB supplemented with xy-
lose (30 mM final concentration) at an ODgqg of 0.01. Strains were
grown at 37°C with aeration until an ODgqg of 0.4. Cells were col-
lected by centrifugation at 5000 rpm, washed twice in 50 mL of 1x
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SMM, and resuspended in 20 mL of 1x SMM with lysozyme (0.5
mg/mL final concentration). The suspension was gently agitated
for ~30 min at room temperature until >95% of the cells had
formed protoplasts as monitored by phase-contrast microscopy.
The protoplasts were divided into two 10-mL aliquots, pelleted
by centrifugation at 5000 rpm for 5 min, and flash-frozen in
Ny(l). Lysates were generated from individual aliquots (equivalent
to 250 mL of culture) by the addition of 3 mL of hypotonic buffer
(buffer H: 20 mM HEPES at pH 7.6, 200 mM NaCl, 1 mM dithio-
threitol) supplemented with 1x complete protease inhibitor
(Roche) and 125 U of benzonase (Sigma). Lysates were incubated
for 1 h on ice, followed by centrifugation at 5000 rpm for 10 min
at 4°C to pellet cell debris. The supernatant was subjected to ultra-
centrifugation at 200,000¢ for 1 h at 4°C. The membrane pellet was
dispersed in 200 pL of buffer H with 10% glycerol and flash-frozen
in two aliquots. Detergent solubilization of membrane proteins
was performed on individual aliquots by mixing the thawed mem-
branes with 500 pL of solubilization buffer (buffer S: buffer H con-
taining 20% glycerol, 1% Triton X-100). The mixture was rotated
for 1 h at 4°C and then subjected to ultracentrifugation at 100,000g
for 1 h at 4°C. The supernatant containing detergent-solubilized
proteins was mixed with 25 uL of Ni>*-NTA resin (Qiagen), equil-
ibrated with buffer S, and rotated for 2 h at 4°C. The resin was pel-
leted by centrifugation at 3000 rpm for 2 min at 4°C, washed three
times with 500 pL of buffer S containing 30 mM imidazole, and
eluted with 50 pL of buffer S containing 300 mM imidazole. The
eluted proteins were resolved by SDS-PAGE on a 12.5% polyacryl-
amide gel and visualized by silver staining (Bio-Rad) or immuno-
blot as described above. Individual silver-stained bands were
excised and treated with trypsin or chymotrypsin, and the eluted
peptides were identified by mass spectrometry (Taplin Mass Spec-
trometry Facility, Harvard Medical School). The MS identified 14
unique peptides in the His-tagged C-terminal domain of Rsgl and
16 unique peptides in the GFP-tagged N-terminal domain, nine
of which were unique to GFP.

Coimmunoprecipitation and protein identification using anti-
His antibody resin (Genscript) were performed identically except
imidazole was excluded from all buffers and immunoprecipitated
proteins were eluted with 50 pL of 2x SDS-sample buffer without
BME. Ten percent BME was added prior to SDS-PAGE.

Purification of PBP1 and variants

E. coli strain BL21 DE3 AtonA was transformed with plasmid
pYB259 (His-SUMO-ponA), pCH037 [His-SUMO-ponA(E115A]],
or pYB260 (His-SUMO-ponAAID), and fresh transformants were
precultured in Terrific broth (TB) supplemented with 100 ng/
mL ampicillin. Cultures were rolled at 37°C until an ODggg of
0.4 and then were used to inoculate 1 L of TB supplemented
with 100 pg/mL ampicillin at an ODggg of 0.01. The cultures
were grown at 37°C with shaking until an ODgg of 0.2, at which
time they were moved to a 20°C shaker. When the ODggo reached
0.4, IPTG was added to 0.5 mM final concentration, and the cul-
tures were grown overnight at 20°C. Cells were harvested by cen-
trifugation at 5000 rpm for 15 min, resuspended in 50 mL of buffer
A (50 mM HEPES at pH 7.5, 500 mM NacCl, 10% glycerol), and
frozen at —80°C.

The pellet from each strain was thawed and lysed by two passes
through a cell disruptor at 25,000 PSI at 4°C (Constant System).
Benzonase (125 U; Sigma) and 1x complete protease inhibitor
(Roche) were added to each lysate and incubated for 15 min on
ice. The lysates were subjected to ultracentrifugation at 40,000
rpm for 1 h at 4°C. The membrane pellets were dounce-homoge-
nized in 30 mL of buffer B (20 mM HEPES at pH 7.5, 500 mM
NaCl, 10% glycerol, 25 mM imidazole). Three milliliters of
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10% (w/v) Triton X-100 was layered on top of dispersed mem-
branes and rapidly mixed by inverting. The detergent/membrane
mixture was then rolled for 1 h at 4°C, followed by ultracentrifu-
gation at 40,000 rpm for 1 h at 4°C. The supernatant (S100) was
applied to 1 mL of Ni**-NTA resin and then washed with 50 col-
umn volumes of buffer B+0.1% Triton X-100. The protein was
eluted with buffer B containing 350 mM imidazole and 0.1 % Tri-
ton X-100. The peak fractions were pooled, treated with 6.25 pg of
His-Ulpl1 protease, and dialyzed overnight at 4°C in 2 L of buffer D
(20 mM HEPES at pH 7.5, 500 mM NaCl, 0.1% Triton X-100, 10%
glycerol, 5 mM BME). The dialyzed elutions were mixed with 1
mL of Ni*>*-NTA resin equilibrated with buffer D. The mixture
was loaded onto a Bio-Rad column, and the flowthrough contain-
ing purified PBP1 variants was collected after three passes over
the column. The flowthrough was concentrated using an Amicon
centrifugal filter unit (MWCO 10 kDa), and the protein was ana-
lyzed for purity and concentration by SDS-PAGE using 10% poly-
acrylamide gels stained with Instant Blue (Abcam).

Glycosyltransferase activity assay

Glycosyltransferase (GT) activity assays were performed using a
protocol adapted from Qiao et al. (2014). Reactions were per-
formed in a 10-uL volume with 20 mM HEPES (pH 7.5), 20 mM
MnCl2, 0.1% (w/v) Triton X-100, and 10 1M lipid I in DMSO
(2% final concentration) purified from E. faecalis (Qiao et al.
2017). Moenomycin A (50 pM final concentration; gift from
Suzanne Walker) was added where indicated. Reactions were ini-
tiated by the addition of 2 uL of recombinant PBP1, PBP1AID, or
PBP1(E115A)at 1.25 pM final concentration and incubated for the
indicated times at 25°C. Reactions were stopped by heat denatu-
ration for 5 min at 95°C. Following inactivation, S. aureus PBP4 (5
M final concentration) (Welsh et al. 2017) and biotinylated D-ly-
sine (10 uM final concentration; Sigma) were added, and the sam-
ples were incubated for 1 h at 25°C. Reactions were quenched by
the addition of 15 pL of 2x Laemmli SDS sample buffer containing
10% B-mercaptoethanol, and half the reaction was resolved by
SDS-PAGE on a 4%-20% acrylamide gel for 80 min at 35 mA.
The samples were transferred to a PVDF membrane and washed
with PBS. The membrane was incubated in 0.4% paraformalde-
hyde for 1 h, washed with PBS, and then blocked for 1 h in Super-
Block (Thermo). The membrane was then incubated in
SuperBlock with IRDye 800CW streptavidin (diluted 1:5000) for
1 h at room temperature. Membranes were washed three times
in TBS/Tween20 and once in PBS and imaged using an Odyssey
CLx system (LI-COR Biosciences).
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